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4 4  INTRODUCTION 

The programs o f  .the Ea r th  Sciences Divis ion are organized under f o u r  headings: 
Geosciences, Geothermal Energy Development, Nuclear Waste Isolation, and Marine Sciences.  
U t i l i z i n g  both b a s i c  and app l i ed  r e sea rch  i n  a wide spectrum of  topics, t h e s e  programs 
are providing r e s u l t s  t h a t  w i l l  be o f  va lue  i n  helping to secu re  t h e ' n a t i o n ' s  energy 
f u t u r e .  More s p e c i f i c a l l y ,  t h e  d i v i s i o n ' s  r e s e a r c h e r s  are applying themselves to  t h e  
many problems which have surfaced as energy issues have extended man's a c t i v i t i e s  and 
i n t e r e s t s  deeper  i n t o  t h e  e a r t h .  
is slowing t h e  e x p l o i t a t i o n  of  energy and mineral  r e sources  and p reven t ing  a f u l l  compre- 
hension of  important environmental  i s s u e s  such as s t o r a g e  o f  nuc lea r  wastes. 

The l a c k  o f  c r e d i b l e  knowledge and r e l i a b l e  technology 

The Geosciences i n v e s t i g a t i o n s  are designed to  provide an improved understanding o f  
the  behavior of  rock-f luid systems i n  t h e  e a r t h ' s  c r u s t .  The research is concerned wi th  
t h e  phys i c s  and chemistry o f  such systems and wi th  t h e  development o f  much needed data on 
material properties so t h a t  a p p r o p r i a t e  mathematical  models can be constructed.  Measure- 
ments on earth materials are conducted both i n  the  l a b o r a t o r y  and i n  t h e  f i e l d  w i t h  the 
a i m  o f  i n t e r p r e t i n g  cond i t ions  far b e l o w  t h e  su r face .  Other  work i n  geosciences is 
involved with improvements i n  i n s t r u m e n t a t h n  t h a t  are needed to  addres s  s p e c i a l i z e d  
problems. 

The Geothermal i n v e s t i g a t i o n s .  i nc lude  s t u d i e s  on e x p l o r a t i o n  technology, r e s e r v o i r  
eng inee r ing ,  and energy u t i l i z a t i o n .  
s t a r t e d  some y e a r s  ago to apply v a r i o u s  s u r f a c e  geophysical  techniques to  t h e  problem o f  
l o c a t i n g  geothermal systems. Some important advances i n  electrical, e lectro-magnet ic ,  
and seismic geophysical  methods are reported.  The r e s e r v o i r  engineer ing work summarizes 
r e c e n t  developments i n  mathematical modeling and some new techniques i n  well-test analy- 
sis t h a t  are now p o s s i b l e  us ing  improved f i e l d  equipment. R e s u l t s  o f  s t u d i e s  on s e v e r a l  
d i f f e r e n t  geothermal r e s e r v o i r s  are also p resen ted ,  i nc lud ing  a Mexican-American cooper- 
a t i v e  program o f  i n v e s t i g a t i o n s  on t h e  Cerro P r i e t o  geothermal f i e l d  i n  Mexico. 
energy u t i l i z a t i o n  work has  been concen t r a t ing  on t h e  development o f  a d i r e c t - c o n t a c t  
h e a t  exchanger and t h e  use  of b i n a r y  f l u i d s  i n  energy conversion. 
y e a r  ' 8  e f f o r t s  are summarized. 

The e x p l o r a t i o n  work is a con t inua t ion  of  a program 

The 

R e s u l t s  o f  t h e  past 

* The Nuc lea r  Waste I s o l a t i o n  s t u d i e s  are concerned wi th  t h e  complex problem o f  
developing a b e t t e r  understanding o f  t h e  many d i v e r s e  f a c t o r s  t h a t  are involved i n  
geologic s t o r a g e  of  r ad ionuc l ides .  The key problem is t h a t  of  chemical t r a n s p o r t ;  t h e  
r e s u l t s  of s e v e r a l  i n v e s t i g a t i o n s  are included. 
there is the a d d i t i o n a l  complication of  working w i t h  rock-f luid systems i n  which t h e r e  
is an important coupl ing o f  thermal,  mechanical, and h y d r a u l i c  e f f e c t s .  
v e a r s  ago a major f i e l d  program o f  i n v e s t i g a t i a n s  was i n i t i a t e d  i n  an abandoned i ron-ore 

The c u r r e n t  e f f o r t  i n  t h i s  Swedish-American coope ra t ive  program 
is to analyze and report the  results of  i n v e s t i g a t i o n s  on thermomechanical e f f e c t s  and 

S ince  nuclear waste can g e n e r a t e  h e a t ,  

About t h r e e  

u ' n e  a t  S t r i p a ,  Sweden. 
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f r a c t u r e  hydrology. The f r a c t u r e  hydrology program invo lves  a new method o f  measuring 
t h e  pe rmeab i l i t y  o f  a very l a r g e  mass of  f r a c t u r e d  rock. An important f a c t o r  a t  S t r i p a  
is t h e  i n i t i a l  s ta te  of  stress i n  t h e  rocks; r epor t ed  h e r e  are r e s u l t s  o f  two indepen- 
d e n t  methods o f  f i e l d  measurement: hydrau l i c  f r a c t u r i n g  and overcoring.  CS, 

The Marine Sciences program is cont inuing research a c t i v i t y  on t h e  b a s e l i n e  environ- 
ment for and t h e  p o s s i b l e  environmental e f f e c t s  o f  the overall program o f  ocean therma.1 
energy conversion. O t h e r  a c t i v i t i e s  include compiling marine geo log ic  and other oceano- 
g raph ic  data for the w e s t  coast of  the United States and i n v e s t i g a t i o n s  on the p o t e n t i a l  
for petroleum accumulations i n  the  deep sea beds o f f  t h e  coast of C a l i f o r n i a .  

P. A. Witherspoon 
Head, Ea r th  Sc iences  Divis ion 
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GEOSCIENCES 

The summary papers  i n  t h i s  s e c t i o n  describe fundamental and app l i ed  s t u d i e s  address- 
ing a v a r i e t y  o f  ear th  sc i ence  problems i n  suppor t  of t h e  U. S. Department of  Energy's 
missions.  They have a p p l i c a t i o n s  i n  such  d i v e r s e  areas as energy conversion,  geothermal 
energy, o i l  and gas  recovery,  and r a d i o a c t i v e  waste i s o l a t i o n .  Most of t h e  s t u d i e s  are 
conducted under ongoing p r o j e c t s .  For  d e s c r i p t i o n s  of earlier work, t h e  reader is re- 
f e r r e d  to  t h e  1977, 1978, and 1979 annual r e p o r t s  of  t h e  Earth Sciences Divis ion (LBL-7028, 
LBL-8648, and LBL-10686) and t h e  1975 and 1976 annual r e p o r t s  of t h e  Energy and Environ- 
ment Divis ion of  Lawrence Berkeley Laboratory (LBL-5299 and LBL-5982). 

The first f i f t e e n  pape r s  summarize work performed under t h e  U. S. Department of 
Energy, O f f i c e  of  Basic-Energy Sciences (OBES). Of these, f i v e  by T. N. Narasimhan, 
C. F. Tsang, and t h e i r  co-workers address v a r i o u s  problems r e l a t i n g  t o  t h e  f l o w  of  
groundwater through porous and f r a c t u r e d  rocks. Seven o t h e r  papers ,  t hose  by I. S. E. 

Carmichael, C. L. Carnahan, J. M. N e i l  and J .  A. Apps, S. L. P h i l l i p s  and co-workers, 
K. S. P i t z e r ,  and A. F. White addres s  chemical aspects r e l a t i n g  t o  n a t u r a l  systems. The 
p h y s i c a l  p r o p e r t i e s  of rock-f luid systems a t  e l eva ted  p r e s s u r e s  and temperatures are be- 

ing s t u d i e d  by W. H. Somerton, who describes t h e  measurement of  a wide range of phys ica l  
properties--as many as  possible, made simultaneously--on sedimentary rocks  a t  e l eva ted  
temperatures  and pressures. Two pape r s ,  one by M. J. W i l t  and one by S. Coen, describe 
r e c e n t  developments i n  geophysical  e x p l o r a t i o n  methods. 

Eight  papers  d i scuss  problems having direct a p p l i c a t i o n  to  v a r i o u s  technologies .  
These include t w o  papers r e l a t i n g  t o  o i l  recovery by C. L. Radke and W. H. Somerton; 
t h r e e  papers concerned w i t h  ins t rument  development by S. M. K la ine r  and co-workers and 
by M. C. Michel; one C. F. Tsang and h i s  co-workers on aquifer energy s to rage :  one by 
H. R. Bowman and h i s  co-workers d e s c r i b i n g  t h e  occurrence of i r i d i u m  i n  t h e  s p r i n g  waters 
o f  M t .  Hood; and one on coal mine v e n t i l a t i o n  by M. Hood. 

i 

This  work was supported by (1) t h e  Of f i ce  of Energy Research, O f f i c e  of Basic Energy 
Sc iences ,  D iv i s ion  of Engineering, Mathematics, and Geosciences; ( 2 )  t h e  A s s i s t a n t  Secre- 
t a r y  f o r  Conservation -and Renewable Energy, O f f i c e  o f  Renewable Technology, D iv i s ion  o f  
Geothermal and Hydropower Technologies;  (3 )  t h e  A s s i s t a n t  S e c r e t a r y  for Conservation and 
Solar Energy, O f f i c e  of Advanced Conservation Technology, Divis ion of  Thermal and Mechan- 
i ca l  S to rage  Systems; and ( 4 )  t h e  A s s i s t a n t  S e c r e t a r y  f o r  F o s s i l  Energy, O f f i c e  of  Coal 
Technology, D iv i s ion  of Coal Mining: and ( 5 )  t h e  A s s i s t a n t  S e c r e t a r y  for F o s s i l  Energy, 
O f f i c e  of  O i l ,  Gas, and Shale  Technology, Divis ion of  O i l  o f  t h e  U. S. Department o f  
Energy under Con t rac t  N o .  W-7405-ENG-48. 
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BASIC SCIENCES h.) 

A FEASIBILITY STUDY OF TWO-WELL STORAGE SYSTEMS FOR COMBINED HEATING 
AND AIR-CONDIllONING BY GROUNDWATER HEAT PUMPS IN SHALLOW AQUIFERS 

i 

W. Pelka* and C. F. Tsang 

In warmer climates, air-source heat pumps have 
gained wide acceptance for  a i r  conditioning because 
of the i r  commercial availabil i ty,  re l iab i l i ty ,  and 
moderate capital  costs. However, the application 
of air-source heat pumps i n  colder climates has 
several disadvantages. 
ture is extremely low i n  times of great heating 
demand and very high when space cooling is  neces- 
sary. 
air implies high air throughput and low efficiency. 

Obviously the a i r  tempera- 

This together with the low heat capacity of 

The same is t rue  for the direct  use of solar 
energy, especially i n  northern climates, since 
during the heating season the solar radiation is 
a t  its minimum. Figure 1 shows qualitatively the 
heating and cooling demand compared with the air 
temperature and the daily available energy from 
solar radiation in  northern climates. 

Figure 1. 
a i r  temperature and solar radiation (quali tative).  

Heating and cooling demand compared with 

[XBL 808-111511 

Water-source heat pumps have several advantages 
over air-source heat pumps. For example, the per- 
formance coefficient is about 4 fo r  today's comer- 
c ia l ly  available water-source equipment, whereas 
tha t  for  air-source equipent  is much less. The 
source for  this kind of heat pump can be ei ther  
surface water or groundwater. 

A short study has been completed showing tha t  
the two-well storage system with groundwater heat 

s MY be a feasible method of providing energy 
heating and/or cooling offices and homes. 

APPROACH 

The basic idea of a two-well storage system 
consisting of a cold water well and a warmrater 
w e l l  is as  follows: In winter, when space heating 
is required, water is pumped from the warmrater 
w e l l .  The heat is extracted from the warm w p e r  
by the heat pump, a f te r  which the cooled water is 
reinjected into the aquifer through the cold-water 
(recharge) well. The extracted energy is then used 
for  heating purposes. 

In summer, colder water, which was injected 
during winter is withdrawn from the cold-water well. 
This water is a t  a temperature below the average 
aquifer temperature and absorbs heat from the air 
conditioning system. 
warm-water well a t  a temperature equal to o r  higher 
than the average aquifer temperature. 

It is then injected into the 

Any use of an aquifer for  space heating or a i r  
conditioning, of course, implies changes i n  the 
thermal f i e ld  of the aquifer. These changes could 
lead t o  problems tha t  should be considered before 
exploitation of an aquifer. One potential problem 
is the effect  tha t  the r i s e  and f a l l  of groundwater 
temperature might have on the biological environ- 
ment and chemical equilibrium in the aquifer. 

In order t o  avoid or minimize negative effects 
and to optimize the economic benefits, it i s  neces- 
sary t o  know how the thermal anomaly w i l l  spread in  
the aquifer. That i s ,  what w i l l  be the s ize  of the 
affected area, and w i l l  the anomaly affect  other 
heat pumps i n  the surrounding area? 

In  our feas ib i l i ty  study, a numerical model - 
It 

was constructed for the calculation of changes in  
the flow and temperature f i e ld  of the aquifer. 
is used to  evaluate the influences of the planned 
system on the environment and t o  optimize the re- 
charge and discharge process- 

The transport of heat and mass i n  an aquifer 
is a diffusion-convection problem, governed by a 
system of nonlinear par t ia l  different ia l  equations, 
which is solved by applying Galerkins's approach-- 
Le.,  using quadrilateral f i n i t e  elements for  the 
discretization of the solution area. 
finite-difference scheme is used for  the integra- 
t ion with respect t o  time. Heat transfer i n  both 
the saturated and the unsaturated zone is consid- 
ered. 

A weighted 
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RESULTS 

The application of the numerical model t o  the 
problem of two-well storage systems is made for  a 
number of hypothetical examples based on r ea l i s t i c  
aquifer parameters and climatic data. The tran- 
s ient  flow f i e ld  and temperature f i e ld  around the 
warm-water and cold-water wells, extraction tem-  
peratures, recovery factors, and energy fluxes are 
calculated for a period of three years. 

Consider, for  example, a simple cold-water 
storage system. 
zone and a 25-m saturated zone is used as  an energy 
source for space heating and a i r  conditioning by 
means of a two-well storage system. In winter, 
groundwater is extracted from the warmrater well. 
Water a t  the natural groundwater temperature is 
led t o  the water-source heat pump, where part of 
its energy content is transferred t o  the heating 
system. The water is cooled by about 6OC and rein- 
jected i n t o  the aquifer via the cold-water well. 
In summer, when air conditioning is required, water 
is pumped from the co ld ra t e r  well to the heat pump. 
This water is colder than the natural groundwater 
and can remove more heat from the cooling system. 
This process heats the water t o  the natural ground- 
water temperatme, whereupon it is pumped back into 
the aquifer via the wann-water w e l l .  

An aquifer with a 6-m unsaturated 

Figure 2 shows the heating/cooling demand of 
750 families, l iving i n  multifamily apartment houses 
under the climatic conditions shown qualitatively 
in  Figure 1. The dependence of the energy demand of 
each apartment on i ts  position i n  the house, its 
area, etc. has been included in  our consideration. 

Figure 2. Heating and cooling demand for  750 
families. [XBL 808-1 11 7 11 

Since the water pumped back into the aquifer 
a t  the warm-water well is a t  the natural ground- 
water temperature of the aquifer, there w i l l  be no 
changes i n  the temperature f ie ld  around t h i s  well, 
so tha t  only the temperature f ie ld  around the cold- 
water well need be monitored. 

The flow f i e ld  is  described by an impermeable 
lower boundary of the aquifer and by a constant- 
pressure boundary condition on the circumference. - 

During the injection period, the temperature 
and the mass flux of the injected water are known, 
so that  a t  the injection well the temperature f i e ld  
can be described by a time-dependent Dirichlet con- 
dit ion and the flow ra te  by a time-dependent Neumann 
condition. 

li' 

For the extraction period, only the cooling 
demand and the desired reinjection temperature are  
known. 
extracted is unknown'and depends on the extraction 
history. 
t o  sat isfy the respective cooling demand, and is des- 
cribed as an i terat ively determined time-dependent 
Neumann condition. Start ing with an estimated mass 
flux for the time interval under consideration, the 
cooling capacity is calculated by means of this flux 
and the result ing available temperature. Comparison 
with the actual cooling demand yields a correction 
of the mass flux and a new calculation of the time- 
step. This i t e ra t ive  process is carried out un t i l  
a satisfactory agreement between cooling demand and 
cooling capacity is reached for  the timestep. The 
upper Dirichlet condition of the thermal f ie ld  a t  
the ground surface changes its temperature with the 
a i r  temperature (see Fig. 1). The lower boundary 
of the aquifer, on the other hand, is assumed t o  be 
isothermal. 

The temperature a t  which the water can be 

The extraction mass flux must be adjusted 

Three injection/extraction cycles were calcu- 
lated for a three-year period. 
changes, natural groundwater temperature distribu- 
tion, and coolingfieating demand are assmed t o  be 
the same i n  all three years. 
mass flux in  the well for  the f i r s t  year, including 
the i terat ively determined fluxes during the extrac- 
t ion period and the assumed mass fluxes based on an 
estimated l inear relation between extraction temper- 
ature and time. 

Surface temperature 

Figure 3 s h m  the 

Figure 3. Calculated and estimated mass flow 
? f i r s t  cycle). [XBL 808-111661 
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I 
In our calculations, 715.4 Gg water with a to- 

t a l  cooling capacity of 18.03 T J  was injected during 
the period October 15 t o  April 30 and 566.3 Gg was 

racted during the rest of the year t o  sat isfy a 
a1 cooling demand of 9.06 TJ. 

The horizontal extent of the ver t ical ly  aver- 
aged temperature anomaly can be seen i n  Figure 4, 
i n  which the temperatures of the saturated zone are 
plotted against the radius from the storage well for 
several characterist! times. It is obvious tha t  

I 

4- 

l " " I - ' . ' I - - "  
0 SO ma B O  I Y m  

Figure 4. 
versus radius. [XBL 808-1 11691 

Average temperature of the aquifer 

the radius of the influenced area changes insigni- 
f icantly a f t e r  two or  three injection/extraction 
cycles. Our resul ts  also indicate that, i n  sp i t e  
of t h e  l o w  heat conductivity i n  the unsaturated 
wne, the temperature changes above the free sur- 
face are  significant. The temperature gradients 
change both i n  magnitude and direction. The heat 
fluxes between the surface and deeper layers are 
interrupted, result ing i n  an overall decrease i n  
the temperatures of the aquifer. Since the average 
temperature of the aquifer a t  the cold-water w e l l  
d i f fers  l i t t l e  from tha t  of the injected water, and 
since the temperature difference a t  the warm-water 
well is zero, it is expected that  the two-well s t o r  
age system described here would have minimal envi- 
ronmental effects. 

Improving the system poses several problems. 
The cooling capacity is limited by the air temper- 
atures and by the freezing point of the  infected 
water, and can be increased only by injecting 
larger volumes of water. Another possibil i ty is 
t o  optimize the cooling capacity input and output 
by adjusting the injection and extraction fluxes. 

Improvements on the warm-water side are  not 
so diff icul t ,  since there is sufficient distance 
to the boiling point. 
cooling capacity, it would be simpler to raise  the 
temperature of t he  injected water. 
of the available a i r  temperature could be overcome 
by replacing the secondary heat exchanger d t h  a 
solar collector. This, however; would produce sig- 
nificant changes i n  the natural groundwater temper- 
atures i n  the saturated and unsaturated zones, and 
the environmental effects would have t o  be assessed. 

Rather than optimizing the 

The restr ic t ion 

Numerical models are  invaluable tools fo r  the 
calculating changes i n  the flow and temperature 
f i e lds  in the aquifer. 
engineer to  evaluate the influences of the planned 
system on the environment. 
also powerful tools fo r  optimizing the recharge 
and discharge process. 
environmental fequirements adequately into consid- 
eration. 

They enable the designing 

Numerical methods are  

This optimization must take 

%%e main uncertainties i n  the present study 
are found t o  be the heat transport i n  the unsatur- 
ated =ne, effects of meteorological changes, and 
exact determination of the boundary conditions. 
A more detailed study of these problems is l e f t  
for further investigation. 

* I n s t i t u t  fur  Wasserbau und Wassemirtschaft, 
Rheinisch-Westfalische lkchnische Hochschule 
Aachen, Mies-van-der-Rohe-Str. I, D-5100 hachen, 
Federal Republic of Germany 
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STATE-OF-THE-ART MODELS FOR GEOTHERMAL RECOVERY PROCESSES 
C. F. Tsang and 1. S. Y. Wang 

Geothermal reservoirs are  sometimes classified 
into two categories on the basis of the i r  f luid com- 
position. The first category includes those tha t  
primarily produce steam. 
i n  California, Larderello in  I ta ly ,  and Matsukawa 
i n  Japan. 
produce steam and generate e lec t r ic i ty  for  many 
years, they are  relatively rare. The majority of 
geothermal reservoirs are in  the second category-- 
those whose f lu id  is predominantly water i n  the 
liquid phase. 
New Zealand, Mexico, Iceland, ~l Salvador, and 
other countries. 
power production and several for space heating or 
industrial  processing. Recently the U. S. Depart- 
ment of Energy (DOE) began a demonstration experi- 
ment i n  cooperation with industry a t  the Baca e i t e  
i n  New Mexico, and a second DOE demonstration exper  
iment has been under negotiation for  the reservoir 
a t  Heber, California. Both these systems are  con- 
sidered t o  be liquid-daainated reservoirs. 
cases, as a hot-water reservoir is being produced 
and f luid pressure is reduced, the reservoir w i l l  
turn two-phase. For example, this is  believed to 
be the case i n  Wairakei, New Zealand. 

Examples are  The Geysers 

Though such reservoirs have been used to 

Hot-water reservoirs are  known in 

A few have been exploited for  

In many 

With such interest  and ac t iv i t ies  i n  geother  
mal energy development over the years, analytic 
and numerical models t o  simulate the system are 
quite w e l l  advanced. 
t h i s  area, and many models were developed. However, 
there still remain key areas that require further 
understanding and study. Recent review papers 
include Wang, Sterbentz, and Tsang (1980), Pinder 
(19791, and Sudol, Harrison, and Ramey (1979). 
The last two papers include the resul ts  of work 
performed under the DOE Geothermal mgineering 
Management Program managed by the Lawrence Berkeley 
Laboratory (LBL). 

Much work has been done in  

KEY PROCESSES 

The flows of f lu id  and energy are  the key 
processes involved in  geothermal reservoir engineer- 
ing. Subsidence effects  associated with depletion 
of reservoir f luid may also be important i n  some 
cases. bck-fluid interaction and chemical trans- 
port and dispersion w i l l  be of significance, espe- 
c ia l ly  in  reservoirs where water is or  w i l l  be 
reinjected. 

Fluid Flow 

In geothermal reservoir engineering, Darcy's 
law is usually assumed, implying a laminar flow. 
This  is reasonable for f lu id  flow in  a porous medium 
or i n  t ight  fractures. The assumption w i l l  not hold 
for  many wellbore fluid-flow problems. 
presence of heat, many parameters associated with 
f luid flow w i l l  be affected. viscosity depends 
strongly on temperatures varying by a factor of 3 
over a 200% temperature difference fo r  the liquid 
phase, and density varies by approximately 20%. 

W i t h  the 

W 

These parameters will vary even more drast ical ly  
when the two-phase condition se t s  in. Thus much of  
a reservoir's behavior w i l l  be outside the range of  
experience in  isothermal hydrology or petroleum 
engineering. 
of a rock sample has been shown t o  depend on temper- 
ature. Under reservoir conditions, however, the 
significance of t h i s  relation is not clearly under  
stood, and i n  nearly a l l  the geothermal m o d e l s  it 
has not been taken into account. 

In the laboratory, the permeability 

Energy Flow 

The flaw of heat takes place mainly by con- 
duction and convection. 
lems, both transfer mechanisms are well understood 
in  single-phase problems. 
considerable work has also been done. However, 
much care has t o  be exercised in  the modeling of 
boiling and natural convection, especially i n  
the sensi t ivi ty  of these phenomena on mesh choice 
(nonphysical) and on local geological inhomogeneity 
(physical). The geological inhomogeneity also 
induces thermal dispersion. 
i n  some experiments, but has not been properly 
understood and modeled. 
further study is the problem of f luid and heat 
flow i n  fractured rock masses. Though several 
authors have addressed the problem of isothermal 
fracture flaw, a basic formulation of two-phase, 
two- or  three-dimensional fracture-porous flow is 
still lacking. 

Subsidence 

Except for  numerical prob- 

For two-phase problems 

This has been noticed 

Another area requiring 

with depletion of reservoir fluid, the pressure 
in  the reservoir wil l  decrease and the formation may 
deform under the werburden pressure. Land subsi- 
dence may thus occur. 
hydrology and petroleum production cases as  well as 
a t  the Wairakei geothermal field.  Much less  work 
has been done i n  the modeling of t h i s  phenomenon. 
One liquid-phase model CCC assumes one-dimensional 
reservoir compaction based on the Terzaghi theory 
coupled w i t h  a deformable overburden model. 
has been applied to simulate subsidence of systems 
similar to tha t  a t  Wairakei. W e  are  not aware of 
any two-phase models tha t  calculate deformation 
simultaneously. lbgether with the lack of model- 
ing, there is also a lack of understanding of the 
associated basic parameters, such as  the elast ic i ty-  
p las t ic i ty  property and the effective-stress formu- 
lation. 

This has been observed in  

It 

Chemical Transport and Dispersion 

A number of models have included simple solute 
transport and dispersion. 
tha t  the solute moves with the f luid and tha t  dis- 
persive effects  may be represented by a simple 
persive coefficient tha t  is a l inear  function o 
velocity. 
i n  the models. 

The usual assumptions are 

LJ 
Source and sink terms are also included 



Chemical Reactions and Rock-Fluid Interactions 

I Scaling and corrosion are major problems in 
development and use of geothermal energy. Many I%' e periments were made to study the chemical reac- 

tions of geothermal fluid with the well casing, 
fluid pipelines, and power generation systems. 
Empirical understanding and remedial procedures have 
been developed, but it may be difficult to model 
these phenomena in detail as a function of tempera- 
ture, pressure, and time. Rock-fluid interaction 
may be important when coaled water, or water with a 
chemical composition different from the native water, 
is injected. Much work has been done in modeling 
chemical reactions. However, the modeling of cou- 
pled fluid flow and chemical reactions is still in a 
primitive state. 

COMPARATIVE REVIEW OF MODELS 

As discussed in the previous section, most of 
the models have been developed for fluid and energy 
flaws. 
persion. In this section we shall select a few key 
models for a comparative review to illustrate the 
present state of the art. This selection is not in- 
tended to be complete, but includes the models with 
which we have some familiarity. Analytic and zero- 
dimensional lwped models are not considered here. 

Some have included solute transport and dis- 

Table 1 lists the models reviewed. The em- 
phasis is on two-phase models, including those of 
Coats; Faust and Mercer; Pritchett and Garg; Pruess; 
Thomas and Piersoni Voss and Pinder; and Toronyi and 
ai. There are many more single-phase models, but 
we have chosen only one for illustration. This is 
the model developed by Lippnann, which is one of 
the most well-validated and well-used single-phase 
nonisothermal models currently available. For 
fractured systems, the modeling of heat and fluid 
flow is still in an unsatisfactory state. One 
approach is the double-porosity model, in which two 
porosities simultaneously exist and interact with 
each other, one corresponding to the porosity of 
the unfractured rock mass and the other to the 
porosity of fractures. For this approach we have 
selected the one developed initi 

The main features of these selected models are 
summarized in Table 1, which indicates that many of 
them are three-dimensional models; the numerical 
approaches used include finite-difference, finite- 
element and integrated-finite-difference methods. 
Some characteristics of the governing equations of 
these models are compared in Table 2. The combina- 
tions of thermodynamic variables employed are 
pressure-temperature, pressure-enthalpy, or density- 
internal energy. Toronyi and a i ' s  model assumes as 
its variables pressure and vapor saturation, and is 
thus limited to the study of two-phase systems. In 
most of the two-phase models, similar approaches are 
used in the formulation of the governing equations, 
and they all assume the same relative permeability 
functions--Corey's formula. The relative permea- 
bility function of steam-water f l o w  in porous media 
has not been well established. Most of the recent 
F--surements were made at Stanford, and more work 

eeded not only to obtain more measurements but w a so to improve our understanding of the physics of 
the phenomenon and its proper inclusion in numer- 
ical models. 
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Table 1. Summary of some of the models. 

Current 
Model development Main characteristics 

ccc M. uppnann, Flaw-heat-consolidation, 
LBL 3D, IFD,  geothermal 

aquifer storage, 
waste isolation 

O'Neill K. OWeill, Flow-heat, double- 
CRRE porosity, 3D, FE, 
A. Shapiro, geothermal 
Princeton 

Coats K. Coats, Flourheat, two-phase, 3D, 
Intercomp FD, geothermal, petroleum 

Faust- C. Faust, Flaw-heat, two-phase, 3D, 
Mercer J. Mercer, FD, geothermal 

Geotrans 

s. Garg, S3 
MUSE34 J. Pritchett, Flourheat-solute, two- 

phase, 3D, FD, 
geothermal, geopressure 

SHAFT79 K. Pruess, Florheat, two-phase, 3D, 
LBL IFD, geothermal, waste 

isolation 
Thomas- L. Thomas, Flourheat, two-phase, 3D, 
Pierson R. Pierson, FD, geothermal 

Philliw 
voss- c. Voss, Flow-heat, two-phase, 3D, 
Pinder G. Pinder, FD, geothermal 

Princeton 
R. Toronyi, ,81, Flow-heat, two-phase, 2D, Toronyi- 

A l i  , geothermal 
Alberta 

Table 2. Governing equations. 

Formation 
Model Variables Fluid . properties 

ccc P, T Formula and +(u - PI 
tables k(4) 

O'Neill P, Tf, Formula 9f* P, 
kf, km 

Coats P, T, or Formula and kr - krrp 
p, s steam tables 

Faust- PI H Formula Carey's kr 
Mercer 

Formula Corey's kr MUSHRM P I  u 

SHAFT79 p,  U Steam tables Corey's k, 

Thomas- PI T Formula and Corey's k, 
Pierson steam tables 

voss- P, H Formula, or C6rey's or 
Pinder package Arihara's kr 

Toronyi- P, S Formula Corey's kr 
Ali 
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Table 3. Numerical methods. 

mael Upstreapl weighting Implicit factor Nonlinear coefficients Matrix solver 

CCC 0.5 < a < 1 x = 0, 0.5, 1 Direct (Duff) 
(0.57 - 1.) 

x = 0.5, 1 Direct (Eisenstat and O'Neill 
Sherman) 

a =  1 x = i  Newton-Raphson Direct (Price and Coats) 

a =  1 x = 1  Newton-Raphson Direct (Price and Coats) 

Coats , 

Faust-Mercer 

MUSHRM a =  1 x = i  Newton-Raphson Alternating direction 
implicit 

SHAFT79 0.5 < a < 1 X = l  Newton-Raphson Direct (Duff) 

Thomas-Pierson a =  1 x = i  Implicit pressure- Direct (Price and Coats) 
explicit saturation 

~~ 

Voss-Pinder Asymmetric weighting 0.5 < A < 1 Total increment method. Block interactive 
function (semi-implicit) (BIFEPS) 

Direct (Varga) Toronyi-Aj i a =  1 x = 1  Newton-Raphson 

Table 3 campares the numerical methods used in 
the models. A major numerical problem encountered 
is the very nonlinear coefficients in the governing 
equations, especially in cases of phase transition. 
Most of the models use the Newton-Raphson method 
to Qvercome this problem. 
status of the computer codes and some key references. 

A good model that can be used with some con- 
fidence requires proper validations against field 
data. Unfortunately not too many long-term case 
histories in geothemal energy development are 
available. In the United States, the major case 
history should be that of The Geysers geothermal 
reservoir. However, it is not in the public domain. 
So far the best available data are those from the 
Wairakei field in New Zealand. Data from Cerro 
Prieto, Mexico, and the Italian geothermal fields 
are also being compiled and organized and will be 
of considerable use in the validation of numerical 
models. Table 5 summarizes the field validation 
and applications of the major model selected for 
various applications. Obviously, more validations 
are needed, and further generic studies will be 
useful. 

Table 4 summarizes the 

NEED FOR FURTHER STUDIES 

As mentioned earlier, one of the major needs 
for further work is the validation of currently 
available models. Not only should they be valida- 
ted against special cases where analytic solutions 
are available, but they should also be validated 
against field data. Another validation that should 
be done is to verify the models against each other. 
The Department of Energy (SAN office) has published 
a Fequest for Proposal (DOE, 1980) in which six 
problems are formulated and suggested for proposers 
to solve with their numerical models. The DOE 
hopes to make 6-12 awards for this work. Thus 6-12 

models could be compared for consistency. No dwel- 
opment work is expected under the guidelines of this 
request for proposal. 

However, development and study are necessary 

Specific problems that 
for the further understanding and better simulation 
of geothermal reservoirs. 
merit further study are listed b e l o w  under two cate- 
gories: (a) conceptual models and physical formula- 
tion and (b) problems in constitutive equations and 
numerical solutions. 

Problems in Conceptual Models and Physical 
Formulation 

1. The conceptual models for most geothermal 
fields now being studied are generally well con- 
structed. However, in many cases the fluid recharge 
and heat source are not well known. In general, 
boundary conditions are hard to determine. 
tivity studies will be needed. 

Sensi- 

2. Many geothermal reservoirs, such as The 
Geysers and the Baca field, New Mexico, are fracture 
systems. However, basic formulation of heat and 
fluid flaw in two- or three-dimensional fracture 
systems are still lacking. 
tween the porosity of interconnected pore spaces 
and the porosity of fractures are not clear. 
approaches may be taken. 
crete fractures and models the system in detail. 
This is possible only for systems that have a few 
major fractures. 
becomes formidable. Furthermore, it is probably 
impossible to obtain such detailed fracture mapping . -_ 
in the field. 
all the fractures into a secondary porosity i n b -  
tion to the porosity due to pore space. This double- 
porosity model has been formulated and constructed. 
Such averaging may not be valid, however, especially 

The relationships be- 

Two 
The first considers dis- 

Otherwise the computational time 

A second approach is to "smear 



Table 4. Computer codes. 

Code U s e r s  Computer ul lis t ing  manual systems References 

ccc Y e s  Y e s  CDC, IBM Lippman e t  al., 
1977 

Mangold e t  al., 
1979 

Bodvarsson 
' e t  al., 1979 
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Table 5. Model f i e l d  validation and applications. 

ccc Auburn, Cerro Prieto, r e i n j e c  
aquifer storaqe tiont generic studies: 

aquifer storage, 
geothermal, repository1 
w e l l  tes t ing 

O ' N e i l l  Hot-water injection 

O'Neill Y e s  Y e s  IBM O ' N e i l l ,  1978 Coats 

Coats Intercanp Coats, 1977 
Coats et  a l a ,  

1977 

Faust- USGS 
Mercer 

Faust & Mercer, 
1979a, b 

Mercer & Faust, 
1979 

MUSHRM s3 Pritchett  e t  

Garg e t  al., 
al., 1975 

1977, 1980 

SHAFT79 Y e s  Y e s  CDC Pruess e t  al., 
1979a, b 

Pruess h 
Schroeder, 1979 

Thomas- 
Pierson Phill ips 

Thomas & 
Pierson, 1978 

voss- Voss, 1978 
Pinder Y e s  Y e s  IBM voss & Pinder, 

1977 

Toronyi- Penn Toronyi, 1974 
A j  i State Toronyi 8 mi, 

1977 

near any point of observation which is strongly 
affected by nearby discrete fractures. 
the two may be the proper approach. 

A hybrid of 

3. Tracer dispersivity has been much studied. 
However, thermal dispersion re&res further study. 
The effect  of molecular dispersion or fluid-path 
tortuosity dispersion is probably unimportant. The 
major part would probably be due t o  geological in- 
homogeneity. A proper formulation has t o  be made, 
and one should question the validity of the simple 
l inear dependence of dispersivity coefficient on 
velocity. 

, 
4. The dependence of permeability on temper- 

ature also needs t o  be studied and understood. 

Problems i n  Constitutive Equations and Numerical c; 
Relative permeability curves for  steam 

and water need t o  be better determined. 

Two-phase flow i n  
fractures! convection 

Faust- Wairakei, Steam near canister 
Mercer geothermal 

mlf Coast, geopressuret 

t ion 

MUSHRM Wairakei , 
. Salton Sea, precipita- geothermal 

SHAFT79 Serraezano, mafla,  geothermalt 

Sandia, repository 
geothermal reservoir depletiont 

Thomas- 
Pierson 

Stanford depletion 
experiment t production 
studies 

~~~~ ~ 

voss- Stanford depletion 
Pinder exprimenti production 

studies 

Toronyi- 
A j  i 

Production studies 

2. 

understood. 

Capillary effects  and steam-water inter- 
face thermodynamics i n  two-phase systems should be 

3. mdeling of phase change, we believe, is 
still in an early stage of development. 

4. Elasticity-plasticity behavior of the 
fractured-porous systems requires further investi- 

~ gation. 

5. modeling of coupled fluid flow and chem- 
i c a l  reactions is still primitive. 

6. Developent of modeling methods fo r  param- 
eter uncertainties is needed to prwide confidence 
l imits fo r  a l l  the modeling resultis, even i f  the 
model is assumed t o  be mathematically correct. 

Many other problems could be l i s t ed  whose 
solutions w i l l  improve our modeling capability i n  
geothermal reservoir engineering. 
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I JOYANCY FLOWS IN FRACTURES INTERSKTllNG A NUCLEAR WASTE REPOSITORY w 
1. S. Y. Wang and C. F. Tsang 

Heat released from a nuclear waste repository 
in a geological formation significantly increases 
the temperature of surrounding rock MSSeS as well 
as the groundwater in the formations, inducing buoy- 
ancy fluid f low.  
perturbation of the original regional hydrological 
pattern may be crucial in determining the perfor- 
mance of repositories in which nuclear waste mate- 
rials are to be isolated from the biosphere. 

An understanding of the resulting 

In lowpermeability crystalline rocks, such as 
granite, groundwater flow is mainly through frac- 
tures. In simulating regional flow, several authors 
have approximated the rock formation with models of 
porous media representing multiple fractures (Dames 
and Moore, 1978; Bourke and Hodgkinson, 1979; 
Burgess et al., 1979). In our study, we adopted a 
different approach. We assumed that several major 
fractures may be important and should be simulated 
in detail. This would be the case if there are 
natural faults near the repository or if section- 
ally connected fractures were present. 
this kind of study may also be used to give a worst- 
scenario order-of-magnitude result which will pro- 
vide guidance in our understanding of the problem. 

Because of the el? decay of actinides in the 

Further, 

nuclear waste and the low thermal conductivity of 
rocks, the thermohydrological impact of the reposi- 
tory is expected to persist for thousands of years 
after the emplacement of the wastes. 
tions are carried out to 10,000 years. 

Our simula- 

'MODEL IDEALIZATION 

In our study, the nuclear waste repository is 
idealized to be a flat, circular disk with a given 
time-varying power density dependent on the parti- 
cular form of nuclear waste stored. The repository 
is assumed to be 1500 m in radius and 500 m below 
the land surface. only spent fuel waste is consid- 
ered, and a surface cooling period of 10 years is 
arbitrarily taken from the time of discharge from 
a pressurized water reactor to burial in the repos- 
itory. Nuclear waste density is  adjusted so that 
the initial areal power density is 10 W/m2. 
Figure 1, a power decay curve for such a case is 
compared with a corresponding curve for reprocessed 
high-level waste. 

In 

Two types of fracture geometry are assumed. 
In the first, a single major fracture intersects 
the sepository vertically so that the axis of the 
repository lies in the plane of the fracture. , 
Recharge and discharge zones are assumed to be , 

situated 5 km on either side of the repository. 
Studies were made of the thermally induced buoyancy 
flow in the fracture plane and of its interaction 

h the natural regional hydrostatic gradient from u recharge to the discharge zones. Three values 
of hydrostatic gradient were used: 0, i, and 41, 
where i is a typical value given by 

I 10 Id IO3 104 10' 
. Time after discharge t, (years) 

Figure 1. 
the nuclear wastes stored in a repository. 

Areal power density of heat generated by 

[XBL 7810-119621 

i = 0.001 m/m; ( 1  1 

i.e., the water level in the recharge zone is 10 m 
higher than that in the discharge zone. 
fracture with aperture b = 1 pm and a corresponding 
"parallel-plate" permeability of 

For a 

( 2 )  

the initial horizontal flow velocity near the land 
surface (at 2 0 V )  is found to be 

v 

( 3 )  
where p ,  p ,  and g are, respectively, density, vis- 
cosity, and the gravitational constant. Results of 
flow velocities will be presented in units of vo. 

The second type of geometry studied consists 

- lses i = 8.11 x 10-l' m/s = 2.6 x km/yr, 
O M  

of a two-fracture system. 
fracture described for the first type, a second 
vertical fracture intersects the original fracture 
normally, either at the repository axis or at some 
distance from it. 
section along the axis of the repository as well as 
intersection away from the axis. studies were made 
on these models to understand the interaction, or 
interference, between two intersecting fracture 

In addition to the 

Figure 2 shows examples of inter 
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Figure 2. Geometry of tm-fracture systems with 
the E-W fracture (along the regional hydraulic 
gradient) intersected normally by the N-S fracture 
at the repository axis (soliC; N-S fracture) or away 
fran it (broken N-S fracture). [XBL 805-7061 I 

planes as a function of the intersection locations 
(one in the E-W direction and the other in the N-S 
direction). 

In both sets of calculations, the upper 
boundary is maintained at a fixed temperature of 
2OoC. 
assumed. The side boundaries (i.e., recharge or 
discharge boundary) of each fracture is maintained 
at hydrostatic pressure and ambient temperature. 
The lower boundary, at 2 km below the repository 
and 2.5 km below the land surface, is a no-flow 
(closed) boundary. 

An ambient geothermal gradient of 30°C/km is 

MATHEMATICAL APPROACH 

The numerical model CCC, developed at Iawrence 
Berkeley Laboratory (Lippann et al., 1 9 7 7 1 ,  was 
used to study the thermohydrological flow in the 
fractures. The program CCC (named for conduction, 
convection, and consolidation) uses an integrated- 
finite-difference scheme to compute single-phase 
mass and heat flow in a three-dimensional system 
in which effects of gravity- and temperature- 
dependent density and viscosity are included. The 
one-dimensional theory of lkrzaghi is used in this 
program to calculate land subsidence or swelling. 
It has been well validated, having been verified 
against nine analytic or semianalytic solutions and 
one field experiment. 

Because of the small volume of water present 
in the fractures (fracture aperture being only 
about a micron), the convective contribution to the 
thermal field is minimal and conduction is the main 
heat transfer mechanism. Thus the calculation way 
be carried out in two steps. Conduction calcula- 
tions were made either by CCC or equivalently by a 

semianalytical program (Wang et al., 1 9 7 9 )  to ob- 
tain the temperature field as a function of time. 
Then, using these results, convection in the frac- 
tures was calculated by CCC to obtain fluid vel 
ities as a function of various key parameters. 
Fluid velocity is of course what is of particular 
interest in a waste isolation problem. Values of 
thermal conductivity for granite of 2.5 W/m/OC and 
thermal aiffwivity of 1 - 1 5  x 10-6 mZ/s were- 
sen as inputs to our calculations. 

Q 

Figure 3 displays the mesh design correspond- 
ing to one-half the fracture plane. It is StNC- 
tured to describe the best possible heat and flaw 
gradients and to keep the elements to within a 
reasonable number to optimize computer cost. 
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Figure 3. Mesh design corresponding to one-half of 
the fracture plane. [XBL 805-70621 

INTERACTION OF BUOYANCY FLOW AND REGIONAL FLOW 

First let us discuss the temperature field as 
a function of time after waste emplacement in the 
repository. 
versus depth profile along the axis of the reposi- 
tory for different times after waste burial, the 
rqpository being assumed to be fully occupied by 
waste at t = 0. Before waste burial, the profile 
is a straight line representing a normal original 
geothermal gradient. The temperature rise is at 
first localized near the repository depth. After 
1 0 0 0  years, however, heat from the repository has 
reached the land surface and begun to leak out, 
and a linear temperature profile again prevails 
from the land surface to the repository. The ver- 
tical temperature gradients, both above and below 
the repository, drive the bouyancy flow. Radially, 
the temperature is fairly uniform within the boun- 
dary of the repository, beyond which the temperature 
decreases sharply. 

Figure 4 displays the temperature 

To study the interaction of buoyancy flow and 
regional flow, a single major fracture through the 
axis of the repository is assumed. 
induced flow patterns within the fracture plane 
after 1 0 0 0  years are shown in Figure 5 for a region- 
al hydraulic gradient of zero. In this case, two 
symmetrical convection cells are developed around 
the edges of the repository. Heated water flaws m 
from the central area of the repository, 
is drawn in both from the recharge zones, which 
situated about 5 km from the repository center on 

The thermally 

and wakLd 
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Figure 4. 
axis of the repository for  different times a f te r  
waste burial. [XBL 805-70641 

Temperature vs. depth prof i le  along the 

opposite sides of the fracture, and from the ground 
surface fa r  away from the center of the repository. 
It is t o  be noted tha t  large convection ce l l s  (i.e., 
w i t h  diameters about equal t o  the repository depth) 
are induced during the l i f e  of the repository. This 
cannot be ignored i n  considering thennohydrological 
behavior around a repository. 

Figure 6 shows the flow velocit ies a t  differ-  
ent times a s  a function of position on the land 
surface along the length of the fracture. 
re la t ive magnitude of the ver t ical  flow velocit ies 

Thus the 

i =O 
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Figure 6. 
length of the fracture a t  different times for  the 
case of zero regional hydraulic gradient. 

Surface outflow velocit ies along the 

[XBL 805-9391 

near the land surface can be studied. It is seen 
that  these outflow velocit ies a t  early times maxi- 
mize a t  two symmetric off-center locations, a resu l t  
of the convective f lu id  movements. A t  l a t e r  times, 
however, the heat leakage a t  the surface interferes 
with the convective flow, and a central  maximum 
develops. The ver t ical  velocit ies €or different 
times along the axis of the repository are  shown i n  
Figure 7. After the i n i t i a l  transient period, the 
ver t ical  velocit ies above the repository are approx- 
imately independent of depth because of the surface 
constant-temperature constant-pressure boundary. 
The zero velocity a t  depth -2.5 km is due t o  the 
imposed no-flow boundary a t  tha t  depth. 

W i t h  the  presence of a regional hydraulic 
gradient of i = 0.001 m/m, the  flow patterns a re  
distorted from the symmetric zero-regional-gradient 
resul ts  (Fiq. 8 ) .  On the recharge side (i.e., the 

Figure 5. 
1000 years a f t e r  waste burial  for the case of zero regional hydraulic 
gradient. [XBL 806-100341 

Thermally induced flow patterns within the fracture plane 
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Figure 7.  Vertical velocit ies along the axis of 
the repository a t  different t i m e s  for  the case of 
zero regional hydraulic gradient. [XBL 805-7063] 
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side with higher hydraulic head), the regional flow 
counteracts the horizontal convective movement above 
the repository. On the discharge side (with lower 
hydraulic head), the opposite effects  occur. The 
influence of the regional flow on vertical  outflow 
velocit ies along the length of the fracture is 
shown i n  Figure 9. Only a s l ight  suppression of 
the ver t ical  velocity on the recharge side and a 
s l ight  increase on the discharge side are  observed, 
indicating a weak coupling of buoyancy and natural 
regional flows. 
regional gradients of i = 0 .  0.001, and 0.004 m/m 

Results are  also obtained for 

6 I I 1 I I I I I 

X(km) 

Figure 9. 
length of the fracture a t  different times fo r  the 
case of regional hydraulic gradient i = 0.001 m/m. 

Surface outflow velocit ies along the 

[XBL 805-9401 

a t  t i m e  t = 1000 years. The l a s t  case for 
i = 0.004 m/m. with a near-surface velocity of 4v0, 
is  approximately equal i n  magnitude t o  the ver t ical  
outflow velocity a t  the repository epicenter. 

EFFECTS OF FRACTURE-FRACTURE INTERACTION 

To investigate the interaction of the buoyancy 
flows i n  two intersecting vertical  fractures, the 
basic geometry is the same as  tha t  shown i n  Fig- 
ure 2. 
through the axis of the circular-disk repository 
with or without a regional hydraulic gradient along 
it. 
intersects the f i r s t  fracture normally a t  the axis 
of the repository or a t  different distances away 
from it. 
ence of the N-S intersecting fracture on the flow 
velocit ies i n  the f i r s t  E-W fracture. 

A plane fracture i n  the E-W direction passes 

A second plane fracture in  the N-S direction 

This geometry is used t o  study the influ- 

Figure 8. 
1000 years a f t e r  waste burial for  the case of regional hydraulic 
gradient i = 0 0 1  m/m. 

Thermally induced flow patterns within the fracture plane 

[XBL 806-1 00351 

u 
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The f i r s t  case considered is the intersection 
of the two vertical  fractures a t  the axis of the - X)sitory (see Fig. 2). A regional hydraulic gra- 

ture,  w i t h  the recharge and discharge zones assumed 
to  be a t  equal distance (5 k m )  on ei ther  side of 
the repository. The N-S fracture has zero regional 
gradient. W i t h  such a symmetrical geometry, but 
different regional flows i n  the two fractures? the 
interference is found t o  be negligible. 
havior i n  each fracture is the  same as  tha t  i n  a 
single fracture. 
i t i e s  along the E-W fracture and the 8-6 fracture 
are  exactly the same as those show in  Figure 9 and 
Figure 6, respectively. Furthermore, the net re- 
charges drawn from a l l  four sides are  equivalent. 

Iiowever,'if the E 4  fracture is fixed (i.e., 

of i = 0.001 m/m is imposed on the E-W frac- 

Flow be- 

Thus the ver t ical  outflow veloc- 

passes through the repository axis), significant 
interaction is noticed when the N-S fracture i n t e r  
sects the E-W fracture a t  locations away from the 
repository axis. Calculations were made for  i n t e r  
sections a t  x = -800, -1500, and -2000 m from the 
repository axis, corresponding t o  locations within, 
a t ,  and outside the repository radius. 
hydraulic gradient is still maintained in  the E 4  
fracture. 

A regional 

The case of x - -800 yields the resul ts  shown 
i n  Figure 10. The curves labeled E-W fracture (i.e., 
x-axis). The location a t  which the N-S fracture 
intersects it is indicated by the black dot. Thus 
the intersection point is off center on the x-axis 
i n  the E-W direction. The curves labeled N-S give 
the ver t ical  veloci t ies  along the N-S fracture (i.e., 
y-axis). 
the location a t  which it is intersected by the  E-W 
fracture (x-axis). It is always a t  the point of 
symmetry i n  the y direction. In the xy-plane, the 
t w o  black dots represent the same point and thus 
should have the same value for ver t ical  velocity. 

The black dot en these curves indicates 

6 F  I I I I I I I I 1 - 1  - Intersecting fmaum --- Non-intersecting 
fmchrrsr 

I W - y e o r  

c 
0 I -  - 
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x- y- intersection 
I .  
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Figure 10. Surface outflow velocit ies a t  1000 
KS along the length x of the E-W fracture and 

The fracture- length y of the N-S fracture. $J racture intersection is located a t  x = -800 m and 
[XBL 805-9451 y - 0 within the repository radius. 

The resul ts  for  each fracture without the presence 
of the other are shown as broken lines. For the 
case of x = -800 m (Lee., intersection point within 
the repository radius), only minor interaction is 
noticed. 

--- Nm-intarecting 

- Repository - 

x or y (km) 

Figure 11. 
years along the length x of the E-W fracture and 
the length y of the N-S fracture. The fracture- 
fracture intersection is located at  x = -1500 m and 
y = 0 through the rim of the repository. 

[ItBL 805-9441 

'Surface outflow Velocities a t  1000 

For the cases of x = -1500 m and -2000 m, 
corresponding respectively t o  intersection loca- 
t ions a t  the rim of the repository and outside the 
repository, there is much stronger interactiqn 
between the fracture flaws. Results for  the case 
.of x = -1500 m are shown in Figure 11. 
easi ly  be understood as  followsr For the case of 
x - 0, the ver t ical  flaw velocit ies a t  the i n t e r  
section point i n  e i ther  fracture in the absence of 
the other u e  equal. since, as shown In the prewiaus 
section, effects  of regional gradient on ver t ical  
velocit ies are  negligible. Thus, when $he intersec- 
t ion is made, no adjustments i n  flow velocity are 
necessary i n  the common location and the system 
behaves a s  independent fractures. On the other 
hand, for  other values of xI the velocit ies a t  the 
interaction point in these fractures i n  the absence 
of each other would be quite different,  since the 
temperature f ie lds  they experience are quite dif- 
ferent. In general, the E-W fracture through the 
repository axis experiences a much higher tempera- 
tu re  r i s e  than the off-axis N-S fracture. Thus 
when intersection is imposed, f lu id  flaw velocit ies 
make strong adjustments. Essentially, the N-S 
fracture acts  as an additional recharge to  the 
stronger flaw velocit ies i n  the E-W fracture. 
influences the convection pattern not only locally 
but globally over large distances. 

This can 

This  

DISCUSSION 

The magnitude of the groundwater flow depends 
on the fracture system of the rock formation and 
the driving forces on the groundwater present. 
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The proper characterization of a fractured-rock 
mass is site-specific and an outstanding problem 
of research. In our study we made considerable 
idealization so t ha t  we could focus on two impor- 
t an t  physical processes: (1) interaction between 
buoyancy flow and regional hydraulic gradient and 
(2 )  fracture-fracture interference. 

The resul ts  reported i n  this paper show tha t  
the repository represents a finite-extent heat 
source which perturbs the original groundwater flaw 
and Induces convective movements over thousands of 
years. 
by the hydraulic gradient and the buoyancy force of 
the heated water relative to the surrounding colder 
water. Although the gravitational force ac t s  ver- 
t i ca l ly  along the z-direction, the developent of 
convective cells around the edges of the repository 
induces changes i n  the pressure f ie ld ,  which i n  turn 
couple t o  the natural horizontal regional gradient. 
The regional flaw slightly suppresses the vertical  
movement on the recharge side and enhances it on the 
discharge side. As the wastes heat up the rock for- 
mation around the repository, the presence of the 
ground surface begins to affect the thermally in- 
duced convective movements. Although the regional 
flaw only weakly affects the ver t ical  component of 
the flaw velocity, the addition of the regional 
horizontal component allows the water particles and 
radionuclei to flow through possibly longer paths. 
This, of course, may have important implications i n  
the consideration of radionuclei-rock interactions, 
such a s  adsorption and dissolution. 

The nonisothermal groundwater flow is driven 

The buoyancy flow depends strongly on the 
available recharge. 
as additional recharge paths from one t o  another 
w i t h  strong influence on f luid flow patterns. 
demonstrates the need for  careful considerations 
when studying single-fracture results. 

Intersecting fractures may ac t  

This 

Although the intersecting fracture model used 
i n  our analysis is very simple, it exhibits some 
of the same physical behavior shown by more complex 
fracture systems. 
porous-medium and other types of models, should pro- 
vide insight into the dynamics of the thermohydro- 
logical flaw i n  fractured rock masses. 

This made, complemented with 
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k+!lBABILISTlC SIMULATION OF TRANSIENT GROUNDWATER FLOW 
AN ALTERNATIVE TO THE MONTE CARLO SCHEME? 
T. N. Narasimhan, T. E. Buscheck, and P. A. Witherspoon 

The use of predictive m o d e l s  for  effective 
management of hydrogeologic systems is now widely 
recognized. Among these models, numerical methods 
have become especially well established because of 
t he i r  generality and p e r .  
ing Group of the Earth Sciences Mvision has devel- 
oped several numerical computer codes for  mass and 
energy transport i n  geologic systems. These include 
TERZAGI (isothermal, saturated flaw with subsidence)t 
TRUST (isothermal, saturated-unsaturated flaw with 
subsidence)t CCC (nonisothermal, single-phase flow 
w i t h  subsidence), and SHAFT79 (nonisothermal, t w o -  
phase flow). Powerful though they are, these models 
are of a deterministic nature. That is, they accept 
a s  inputs, parameters tha t  are assumed to be known 
with certainty. 
possess the same certainty as  the inputs. Despite 
the fac t  tha t  these models are  Internally self-  
consistent, they are, i n  real i ty ,  subject t o  a 
limitation tha t  transcends the i r  logic. This l i m -  
i t a t ion  relates  t o  the fac t  that . the model inputs, 
which seek to characterize natural f i e ld  systems, 
are  seldom known with certainty. The uncertainty 
of f i e ld  parameters stems from a variety of causes, 
including inadequacy of sampling, spat ia l  variabil- 
i t y  of geologic features, and l a s t ,  but not least ,  
the scale of observation. 

The Reservoir Wgineer- 

The outputs from these models also 

The problem of uncertainty has come in to  ever- 
increasing focus within the past f ive years or:.so, 
and there is a serious desire to input model param- 
e te rs  a s  probabilist ic quantit ies and obtain outputs 
i n  the form of mean values w i t h  associated estimates 
of variances from the mean. Presumably such an out- 
put w i l l  greatly help in optimal decision making, 
The 'desire to incorporate uncertainty in to  models 
is particularly strong i n  approaching the problem 
of long-term disposal of radioactive wastes i n  geo- 
logic repositories. 

The most widely followed method for incorpor- 
a t ing uncertainty into deterministic subsurface 
f luid f l o w  models is the so-called mnte Carlo 
method. This is a brute-force method in  which each 
parameter is repeatedly sampled from its probabil- 
i s t i c  structure t o  make large numbers of determin- 
i s t i c  runs with the sampled quantities. The model 
outputs so obtained should give the probabilist ic 
structure of the output. Obviously, the greater 
the number of sample runs, the bet ter  is the proba- 
b i l i s t i c  structure of the output. Moreover, it 
should also be expected that i f  one is interested 
i n  the probabilist ic structure about the mean value, 
the Monte Carlo simulation w i l l  require fewer 
sample experiments than i f  one were interested i n  
extreme events governed by the "tails" of the input 
d -+:ibutions. In the l a t t e r  case, the Monte Carlo 

e could become extremely laborious. 

Hence it appears desirable to look for  a 
b 
method that provides an alternative to the Monte 

Carlo scheme. Preliminary work on such a method 
was in i t ia ted  during f i s ca l  1979 (Narasimhan and 
Buscheck, 19791, when the theoretical basis of the 
method was carefully examined. 
method consists i n  replacing arithmetic operations 
on numbers with arithmetic operations on probabil- 
i t y  distributions. 
is derived-directly from the axiomatic foundations 
of probability theory. 

Basically, the 

The logic for such operations 

On the basis of favorable indications of the  
preliminary work, the necessary computer subroutines 
for  handling probability arithmetic were generated 
and incorporated in to  an expl ic i t  version for  pro- 
gram TERZAGI, which is an integral  finite-difference 
method (IFDN) (Narasimhan and Witherspoon, 1976). 
.phis program solves the transient groundwater flow 
equation (based on principles identical  to  those of 
the heat conduction equation) in  one, two, or  three 
dimensions. During f i s ca l  1980, the modified 
TERZAGI called PROGRES (acronym for  s b a b i l i s t i c  
ERundwater gquat iog)  was developed and verified 
against resul ts  from Mbnte Carlo simulations avail- 
able from the l i terature .  In addition, a new two- 
dimensional problem was studied, the resul ts  of ' 

which were f i l ed  as a dissertation in  par t ia l  ful- 
fillment of the degree of master of Science a t  the 
University of California, Berkeley (Buscheck, 1980). 

The Logic 

Consider two discrete probabilist ic quantit ies 
A and B, each described by a histogram d t h  a given 
number of bars. i = 1 ,  2, 3. ..., I. W i t h  each bar 
i n  the histomam is associated a magnitude M(At) and 
its associated probability P (  
Similarly, we shal l  have M(Bi 

I I 

i- 1 i= 1 

The problem now is t o  find the discrete probabil- 
i s t i c  structure (histograms) of the output C when A 
and B are  added, subtracted, multiplied, or  divided. 
W e  shal l  use the symbol to denote, i n  general, 
any one of the four arithmetic operations. 

Note tha t  because of the i r  probabilist ic na- 
ture, any one of the magnitudes of A 'can occur 
simultaneously with any one of the magnitudes of B. 
Since there are I possibi l i t ies  of each, the result- 
ing quantity w i l l  have 12 possibil i t ies.  m t  this 
quantity be temporarily denoted C'r 
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It can be seen from ( 2 )  that the probability that 
event M(Cij) will be realized depends on the simul- 
taneous occurrence of the events WAi) and M(Bj). 
Axiomatically, this is the product of the probabil- 
ities associated with M(Ai) and M(Bj 1. Hence 

P(Cij) P(Ai) X P(B 1. ( 3  1 
j 

Since each Ai can occur in conjunction with each Bj, 
there will be I2 events of C, so that 

I I 

(4 1 
i=l j=1 

In so far as our input quantities are characterized 
by I discrete values, we shall need the final out- 
put C to be characterized also by I discrete values, 
whereas the temporary output C'i has I2 discrete 
values. we therefore need to collapse C'ij into ci. 
In order to achieve this, we divide the interval 
between WC'i )min and w(c'i 1- into I equal sub- 
intervals. rite mean magnitude M(Ci) associated 
with the ith interval can be defined either as the 
midpoint of the interval, as has been done here, or 
as an average of all the events falling within the 
interval, weighted according to their probabilities. 
Thus 

( 5 )  

Once again, we conclude from the axioms that P(Ci) 
is equal to the sum of the probabilities of all the 
events occurring in the ith interval. n u s  

In order to implement the algebra of distribu- 
tions into any numerical model such as TERZAGI--in 
which one has to operate on several probability 
quantities such as hydraulic conductivity, specific 
storage or fluid potential, taken two at a time-- 
one first has to generate the array 

C'Cij, ij) (C'(M(C;j), P(C;j)) (7 1 

using equations ( 2 )  and ( 3 ) .  Next the C' array has 
to be collapsed into the C array by 

C(i, i) C(M(Ci), P(Ci)) (8 1 

using equations ( 5 )  and ( 6 ) .  In the program 
PROGRES, (7) is implemented in subroutine PRODIST 
while (8) is implemented in subroutine COLAPSE. 
Thus, whenever one has to operate on distributions 
A and B, each with I discrete values, one simply 
enters PRODIST with the arrays A, B, and I, and the 

output is the array C'. 
COLAPSE, which takes in array C' and generates 
array C. 

we then calls subroutine 

Now consider the explicit form of the 
sient groundwater equation (Narasimhan and 
Witherspoon, 1976) , 

where A4g is the average change in potential over 
volume element I; At is the size of the explicit 
time step subject to appropriate restrictions; V t  
is the volume of element t i  Sst is the specific 
storage of the material in t i  Utm is the conduc- 
tance of the interface between elements t and m, 
defined by 

'tmArtm 
I- 

'Em D~, , 

where Kgm is the mean hydraulic conductivity at the 
interface, Artrn is the area of the interface; and 
DE,,, is the distance between the nodal points 
and mi 4f and 4g are the fluid potentials at P and 
m during the commencement of time step At; and 
m - 1, 2, ..., M denotes the volume elements cammu- 
nicating with element t. 

We now wish to compute A + t  in a probabilistic 
fashion, given the probabilistic distributions of 
Utrn, e, a&, and Ssg and assuming that the geometric 
quantities Vg, A r t m ,  and Dgm are known exactly. 
In order to do this, we proceed in the following 
order, going through subroutines PRODIST and COLAPSE 
at each stage ( W  and P denote magnitudes and proba- 
bilities, respectively): 

In the above, Fgm, HE, and Gt are intermediate 
arrays. 

In developing PRODIST and COLAPSE, the algebra 
of distributions was first investigated carefully 
for distributive, associative, and commutative laws 
of operation. 
(1980). 
aforesaid subroutines was to have them in a modular 
form so that they could be incorporated easily 
any deterministic model. 

The details are given in Buscheck 
One of the basic aims in developing the 
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RESULTS 

The obvious first task a f t e r  constructing 

&? e i r  very nature, however, probabilist ic models do 
not have unique solutions. 
i n  a sense, an estimation of chance, and this est i -  
mate can vary somewhat between the logics involved 
in  handling discrete quantit ies i n  the input as 
well as the output data. Brice the best tha t  one 
can do in verifying the model is f i r s t  t o  make sure 
tha t  the computations are internally consistent and 
second to solve problems already solved by the Monte 
Carlo technique. 

RES is t o  verify its practicali ty.  Because of 

The eutput generated is, 

We have done both. 

In our work, we chose t o  verify the one- 
dimensional transient groundwater flow problem al- 
ready studied by Freeze (1975). Our investigations 
have shown tha t  there is reasonable agreement w i t h  
Freeze's Monte Carlo results a t  ear ly  times but 
tha t  there were some disagreements a t  l a t e  times as 
well as  for steady state. It is not immediately 
clear  whether the discrepancy is  inherent i n  the 
different logics of the algorithms or whether we 
did not carry the computations for a sufficient 
number of cycles. It should be noted here tha t  
TERZAGI solves the steady-state problem by l e t t ing  
the transient problem go t o  a steady state over a 

method solves the  steady-state problem via a one- 
s tep matrix solution. 
t ion deserving mention is tha t  even a f t e r  a large 
number of cycles, w e  could not get t rue steady ' 

s t a t e  i n  OUT calculations. Instead, we obtained 
oscil lations about an approximate mean value. Is 
it possible tha t  i n  a t ruly probabilist ic model of ' 

diffusion there cannot be a unique steady s ta te?  

' large number of cycles, whereas the Hante Carlo 

Another interesting observa- 

. 
For purposes of i l lustrat ion,  we give the 

following sample results.  

One-dimensional Steadystate  Flow 

Consider a 100-cm column divided into 10 vol- 
ume elements, each 10 cm wide. A t  one end of this 
column, 0 is maintained a t  a value of 100 cm; a t  
the other, 4 is 0. 
problem as  a transient one, eventually attaining 
steady state. We s t a r t  with the i n i t a l  condition 
that  everywhere within the column 4 is about 5 cm 
more than the deterministic steady-state solution. 
Two cases were considered. In both cases, the mean 
value of hydraulic conductivity was 1.0, and the 
specific storage was a rb i t ra r i ly  held constant 
aince the steady solution is independent of speci- 
f i c  storage. 
0.5 and 0.25 i n  the two cases. 

using PROGRES we solve the 

But the standard deviation, GTD, was 

The variation of the potentials a t  the end of 
780 explicit time steps is given i n  Figure 1, along 
with an error bar indicating one standatd deviation. 
A similar solution for  ]tsm - 0.25 is given i n  Fig- 
ure 2. 
t ion of 4 at two points in the coltnun, one 5 cm fran 
the zero-boundary-condition end and the other 55 cm 
from the same end a f t e r  780 time cycles. 

h scan in  t h i s  figure is qualitatively very sim- 
r to tha t  obtained by Freeze (1975). 

Figure 3 shows the probabilist ic distribu- 

The pat- 

Distoom (cm) 

Figure 1. One-dimensional steady-state problem, 
%sTD - 0.5. Profile of 4 with standard deviation. 

[XBL 805-8091 

Distance (cm) 

Figure 2. One-dimensional steady-state problem, 
QTD = 0.25. Profile of 4 with standard deviation. 

[XBL 805-8171 

0.m I I I I I I I I I I 

4 (cm) 

Figure 3. One-dimensional steady-state problem, 
QTD = 0.5. 
points i n  the column. 

Probability distribution of 4 a t  two 
[XBL 805-8121 
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The influence of the standard deviation of 
hydraulic conductivity on the standard deviation 
of the output Q was studied by Freeze for several 
values of Qm (ay i n  Fig. 4). a i s  values for  the 
standard deviation of Q as  a function of distance 
are  given in Figure 4. We obtained a similar plot  
for lfsm = 0.5 (Fig. 5).  As can be seen from Fig- 
ure 5, as  the nrrmber of transient cycles is in- 
creased the results tend toward the shape obtained 
by Freeze. mr simulations for  QTD = 0.25 (Fig. 6)  
show tha t  the standard deviation is smaller toward 
the center than toward the boundaries of the column. 
This result is a t  variance with Freeze's findings 
that the standard deviation of 4 increases toward 
the center of the column. The reason for  th is  dis- 
agreement is not clear. 
ence is in t r ins ic  to the present algorithms as  
opposed to the Monte Carlo scheme, or it may be 
tha t  i n  a time-probabilistic simulation the concept 
of steady s t a t e  is not well defined. Further study 
seems warranted. 

It may be that this differ- 
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Figure 5. One-dimensional steady-state problem. 
Standard deviation of Q versus distance for 
lfsm = 0.5 a t  various time cycles. [XBL 805-8041 

100 

aa 

60 

x 
40 

20 

0 

Figure 4. 

IO 20 40 

s o  

One-dimensional steady-state problem. 
Standard deviation of 4 as a function of-distance 
for various values of standard deviation of hydrau- 
l i c  conductivity (uy) [af ter  Freeze, 1975). 
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Figure 6. One-dimensional steady-state problem 
Standard deviation of 0 versus distance for  
Qm = 0.25 a t  various time cycles. [XBL 805-8051 
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One-dimensional Transient Flow 

Freeze (1975) also studied the transient prob- 
of a darkly draining 100-cm column with an ini- 

Q10 = 100 cm everywhere i n  the column draining 
a t  a constant 4 = 0 a t  the ends. Kis resul ts  for 
KSTD = Qy - 0.5 and 0.25 are  given in  Figure 7. 
solved a similar problem for  a 200-cm column, but 
actually considered only one-half the column sym- 
metry considerations. For 4m = 0.5, the varia- 
t ion of 0 as  a function of distance is given i n  
Figure 8. 
resul t  and indicates the general pattern tha t  the 
mean potential i n  a probabilistic simulation w i l l  
lag behind the corresponding deterministic solution 
i n  time. 
ture from Freeze's observation i n  regard t o  the 
spat ia l  variation of the standata deviation of 0. 

W e  

This r e su l t  is very similar to Freeze's 

However, we found a rather marked depar- 

Note from the upper r ight  plot  of Figure 7 t h a t  a t  
early t i m e s  the standard deviation is higher toward 
the boundaries. 
deviation a t  the center exceeds t h a t  toward the 
boundary. 
ation for GTD = 0.5 as  obtained i n  our study is 
given i n  Figure 9. This plot Will qualitatively 
correspond to the lower half of the upper right-hand 
plot i n  Figure 7 .  By comparing Figures 7 and 9, it 
can be seen that . in  our case the standard deviation 
a t  the center of the coluum (toward X = 100 cm) 
never exceeds tha t  toward the margin. Whether more 
simulations a t  more than 1000 cycles will give 
agreement with Freeze's findings is not clear. 
the other hand, w e  may also recognize one important 
difference between our algorithms and the Monte 
Carlo algorithm. ~n the Monte Carlo algorithms, it 
is possible t o  sample the parameters and run through 

AS t i m e  progresses, the standard 

The spat ia l  dependence of standard devi- 

On 

Output plots of 4(x,t) and So(x,t) for uy = 0.50. 

40 

Figure 7 .  One-dimensional transient flaw. Variations of 5 and standard 
deviation versus distance for GTD = 0.5 and Qn, = 0.25 (af ter  Freeze, 1975). 

[XBL 805-8281 
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Figure 8: One-dimensional transient flaw. Varia- 
t ion of 4 as a function of distance a t  various time 
cycles for  Qn, = 0.5. [XBL 803-8151 
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exactly how Freeze made his calculations, b u t t h e  
algorithms presented i n  t h i s  work are  tantamount 
t o  considering the probabili t ies of every transient 
time-step calculation. 
present is tha t  further studies are  required to b, 
understand the process better. 

All_that can be said at  

In  addition to the above, w e  also studied 
certain new problems not already considered i n  the 
l i terature .  These included one-dimensional steady 
and nonsteady flaw in  a heterogeneous med ium and 
two-dimensional nonsteady flow i n  a heterogeneous 
medium. .For want of space, we shal l  not consider 
them here. Instead, the reader is referred to 
Buscheck's thesis. 

FURTHER WORK 

A serious limitation of the algorithms we used 
is  tha t  a simple arithmetic operation is replaced 
by cumbersome matrix multiplication as well as oper- 
ations involving the collapsing of matrices. 
i n  the conventional mode of sequential camptation, 
the probabilist ic calculations are  very tedious even 
on the powerful CM: 7600 machine. 
our study shows tha t  i f  the computations can be 
speeded by one to two orders of magnitude, it may 
actually become competitive with the Monte Carlo 
simulation. A most interesting recent developnent 
ih this regard is the development of the so-called 
paral le l  processors which can simultaneously per- 
form a multitude of noncoupled operations, thereby 
speeding up computations in  certain kinds of mathe- 
matical models. The Earth Sciences Mvision is 
currently i n  the process of acquiring a VAX comp- 
ter for  dedicated usagL A computer manufacturer 
i n  Palo Alto, California, specializes i n  paral le l  
processors compatible with the VAX machine. 
Experimental computations a re  being carried out 
a t  LBL and Palo Alto t o  check the feas ib i l i ty  of 
speeding up the algebra of distributions using 
paral le l  processors. During f i s ca l  1981, the 
feas ib i l i ty  of using paral le l  processors w i l l  be 
further investigated. 

Done 

Nevertheless, 
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I JJMERICAL SIMULATION OF FRACRJRED POROUS 'MEDIA AS MULTIPLE w 
INTERACTING CONTINUA 
T. N. Narasimhan 

Interest  i n  studying the hydrogeology of 
fractured rock systems has increased considerably 
within the past few years i n  connection with the 
geological disposal of radioactive wastes. 
predictive point of view, the mathematical modeling 
of fractured rock systems can be approached from 
three different perspectives, depending on the 
scale of modeling. 
crete fracture approach in which fractures and 
discontinuities, and intervening rock blocks are 
a l l  modeled individually. This approach, which is 
generally considered to be essential  for  the near- 
repository region, is limited by its excessive 
data requirement and canputational detail. 
second approach is t o  t r e a t  the fractured system 
as  an equivalent porous medium. A l imitation of 
this approach is tha t  no satisfactory technique is -  
as  ye t  available to evaluate large-scale equivalent 
permeabilities of low-permeability fractured rocks. 
Yet t h i s  is generally taken to be the most real- 
i s t i c  way of handling regions f a r  away from the 
repository. 
diate position. 
e t  al. (1960) in  the Soviet Union, t h i s  approach 
consists of lumping all the fractures in to  one 
equivalent continuum, a l l  the porous blocks in to  
another continuum, and le t t ing  the two continua 
interact  hydraulically. The fractured continuum 
is characterized by high permeability and l o w  
storage, and the rock continuum is characterized 
by l o w  permeability and high storage. Aence, i n  a 
transient si tuation the fractured continuum con- 
t r o l s  early-time response of the system while the 
late-time behavior is controlled by the matrix 
continuum, through a process of "delayed drainage." 
This approach is mathematically analogous t o  the 
idealized behavior of unconfined aquifers proposed 
ear l ie r  by Boulton (1954). 
uum approach has found considerable attention in  
the petroleum engineering l i terature ,  i n  which it 
is occasionally known as the "double-porosity" 
concept. * 

sively used t o  derive analytic solutions (c.g., 
Streltsova, 1976) and numerical simulations 
(e.g., Warren and Mot, 1963; Du&d and Lee, 197710 
Recent examination of the par t ia l  different ia l  equa- 
t i o w  governing the interacting continuum approach 
has indicated that t h i s  approach is indeed contained 
as  a subset within the Integrated Finite-Difference 
Models (IFDM) (Narashhan and Witherspoon, 1976) 
currently used extensively i n  the Earth Sciences 
Division for isothermal and nonisothermal multiphase 
flows. Indeed, It appears that  restating the inter- 
acting continua approach i n  terms of integrals 
rather than in the classical  different ia l  equation 

-mat not only leads to a much cleaner, simpler L! tement of the problem but a lso suggests the pos- 

From a 

The first of these is the dis- 

The 

The third approach takes an interme- 
Originally proposed by Barenblatt 

The intaracting contin- 

The double-porosity' concept 

o ib i l i ty  of extending the idea to numerically Viable 
multiple interacting continua- 

These ideas were presented in  a recent work- 
shop conducted at  LBL fo r  the Office of Nuclear 
Waste Isolation and are included in  two forthcaning 
publications (Narasimhan, 1980a, b). This report 
br ief ly  summarizes the basic concepts involved and 
a few new resul ts  obtained w i t h  computer program 
TEFZAGI. 

TXEORY 

Conceptual Framework 

The basic law of mass conservation is appli- 
cable to any elemental volume I of the flow region, 
whether that elemental volume constitutes a pottion 
of a fracture, a portion of the rock m a t r i x ,  or 
even a combination of both. 
of mass conseyation, the algebraic sum of the 
fluxes crossing the surface-enclosing volume element 
and the arbitrary withdrawal of f luids  from L (the 
sources) equals the ra te  of change of f luid mass 
i n  L. Thus 

Aocording to the l a w  

'L 

where pg is average f luid density within L; GL is 
the volumetric ra te  of f lu id  generation fraa L; 
p is the  f luid density a t  dl't I: is the hydraulic 
conductivity a t  dl't + = e + $ is the  f luid pozential, 
where z is elevation and J, is pressure head; n is 
the  unit  outernormal to dl'; &,& is the mass of 
water contained in 11 and rL is the closed surface 
bounding the volume element 8 .  
be f u l l y  saturated with water, and should the fluid 
potential vary smoothly over the volume element, 
then M,,,,t can be related to the average pressure 
head Fg a t  an inter ior  nodal point i n  the system by 
the relations 

S~ould  the system 

and 

aMlp,dd*L = VLPLSs,L ' (3) 

where %,E is the mass content of L a t  +L = 0 ,  
VL i s  the  volume of L, and Ss,g is  the  specific 
storage of the material in P, given by 

(4) 

where g is the acceleration due to gravity, n is 
the porosity, B is the ccrapressibility of water, 
and III,,,~ is the coefficient of volume change ( ra te  
of change of bulk volume with external pressure) of 
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the material in element f , .  Additionally, i f  w e  
neglect time-dependent changes i n  elevation of the 
nodal Eints due t o  very small deformations, then, 
A$& = 648. Moreover, l'l may ei ther  be completely 
inter ior  t o  the flow region (rf,,i) or portions of 
it may coincide with the external bounding surface 
of the system (rf,,b). 
as  

mnce w e  may rewrite (1') 

where &,f, * &+,,/a$ is the f luid mass capacity of 
the volume element f , ,  defined as  the change in  mass 
of water i n  f ,  due t o  a unit  change in head under 
conditions of drainage. In heat-flow problems, the 
analogous quantity is the heat capacity of an arbi- 
t rary mass of material. Note tha t  in ( 5 )  the sec- 
ond integral  on the right-hand side incorporates 
the known boundary conditions ei ther  i n  the form of 
known 4 (prescribed potential condition) or in the 
form of known kV+g (prescribed flux condition). 
That is, ( 5 )  embeds the boundary condition in to  the 
conservation statement. 

For purposes of numerical computations, one 
may use the following discretized form of (51, 

m 

b 

in  which m denotes a l l  inter ior  surface segments 
and b denotes a l l  exterior surface segments. 
tha t  (6) applies to any arbitrary volume element 
and hence is an invariant statement. As shown in  
Figure 1, (6) may be applied to a portion of a frac- 
tu re  or a portion of a porous medium. When ( 6 )  is 
applied t o  a fracture (Fig. lB), then for  the seg- 
ment of r& that represents the fracture-rock inter-  
face (AI'f,= i n  Fig. la) one has t o  use %,= i n  
applying (6), where lCf,r is the  hydraulic conductiv- 
i t y  of the rock-fracture interface. It is of inter-  
est t o  note here tha t  i n  the double-porosity model, 
the flux across this surface is treated as  a source 
term included in Gf,. 
nal boundary condition linking the f issure  regime 
and the porous regime. 
model, the term (Pf,K&, $4 nd for  the f r a c t u r e  
rock interface is replaced by an equivalent t e r m  
pta%(+m - 4g), where 4m is the average potential 
i n  the block, 48 is the Wtent ia l  i n  the fracture, 
KQ, = I$,, i n  the matrix hyaraulic conductivity, and 
a* is a function of the surface area of the fracture 
interface and a characterist ic length of the block. 
As we shal l  see la te r ,  the model described here is 
flexible enough to deal with ei ther  of the two 
methods of handling the rock-fracture interface. 

Note 

This source term is the  inter- 

n the doubleporosity 
'Ih?, # 

C 

Figure 1. Examples of volume elements, nodal 
poihts, and bounding surfaces. [XBL 807-72361 

In the present work, we shal l  implement the 
discretized equation (6) by means of the  Integral 
Finite-Difference Method (IFDM). 'Ihe IFDM algorithm 
has already been published elsewhere (Edwards, 1972; 
Narasimhan e t  al., 1978). 

Computer Programs 

The basic IFDM model was originally developed 
by Edwards for  heat transport with conduction, con- 
vection, and radiation and was incorporated in to 'a  
program called TRUMP. Subsequently, this model was 
adapted a t  the Lawrence Berkeley Laboratory t o  solve 
fluid-flow problems i n  porous media. These programs 
include: TRUST, for  solving saturated-unsaturated 
flow in deformable media (Narashhal e t  al., 1978); 
TERZAGI, for  saturated flow i n  deformable media; 
CCC, for  heat and water transport i n  deformable 
media (LipEmann e t  a l e ,  1977); and SHAFT79, for  
two-phase transient flow of heat and mass (Pruess 
and Schroeder, 1977). The following discussions 
about simulation of fractures are  applicable to all 
the,aforesaid programs subject t o  suitable modifi- 
cations. However, the actual applications tha t  
follow have been carried out with TERZAGI. 

Systems Idealized by Double Porosity 

It is perhaps best t o  discuss the relation of 
the double-porosity model to a simple idealized 
system of horizontal fractures as  shown in  Figure 2. 
Consider a system of I horizontal fractures with 
spacing S. 
given by H = (I + 1)s. It is clear that  i n  t h i s  
system water moves horizontally i n  the fractures 
and drains ver t ical ly  from the intervening blocks 
t o  the fractures bounding the matrix. 
replace this system by two interacting continua, 
each of thickness H, one representing the flow 
phenomenon i n  the fractured milieu; the other, t ha t  
i n  the matrix milieu. Obviously, the fracture con- 
tinuum is characterized only by horizontal flows 
and the matrix continuum only by vert ical  flows. 

The thickness, E, of t h i s  system is 

We wil l  now 

L J  
If we assume tha t  flow i n  the fracture obe 

the cubic lawt then the to t a l  horizontal flux in 
horizontal direction i n  the layer equals I times the 
flux in  each fracture. We may therefore -define the 
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Figure 2. 
permeable medium. [XBL 809-2844] 

system of horizontal fractures i n  a 

average hydraulic conductivity, 6, of the fracture 
continuum by 

Similarly, i f  S,,f is the s torat ivi ty  fo r  one frac- 
kure, then SE f ,  the average s torat ivi ty  f o r  the 
fracture continuum, is 

Since the fracture aperture is f a r  smaller than the 
fracture spacing, z K and s ~ , ~ ,  where < and 
SElr are the average hydraulic conductivities and 
s to ra t iv i t i e s  of the rock continuum. 

Consider an area 4 a t  the interface between a 
fracture and an adjoining matrix block. 
from the block t o  the fracture is given by 

The flux 

and the t o t a l  flux from blocks to fzacture: is given 
by Inf,, - (1%+/0.5s). 
average pbtentials i n  the element of each continuum. 

In (91, +r and 4f a r e  

If we consider two volume elements a t  a given 
location, one i n  the fracture continuum and one i n  
the porous continuum, each clement 

’cross section Af and height H, the 
For each of these volume elmuents we may now write 

- 

and for  the rock continuum element, 

(11) 

Noting tha t  V: = V: = AfH and dividing through by 
V; i n  (1 0 )  and V: i n  (1 1 
tend t o  zero i n  the l i m i t ,  w e  now obtain the dif- 
ferential  equation 

and l e t t i ng  the elements 

t a+: * *  * - %,f at - P a p r  - + f )  (12) 

= ‘s,r at 8 

where 

Since H = IS, w e  see that a is obviously a factor 
controlled by the spacing and the specific surface 
of the rock blocks. Note also tha t  i n  the fracture 
continuum water flows within the Continuum as w e l l  
a s  across an imaginary interface t o  the m a t r i x  con- 
tinuum. Hence (12) has a source tenn as well as  a 
divergence term on the left-hand side. However, it 
is assumed that, because of the strong permeability 
contrast between the fracture and the blocks, flow 
of water within the blocks is restricted to  lines 
normal to fracture-block interfaces. Hence in (13) 
the divergence term is absent. 

In view of (10) and (111, we may now proceed 
t o  apply ( 6 )  $0 a double-porosity system. Firs t ,  
w e  discretize, the flaw region in to  subdornains 

, 2. 3, .... L t o  represent the elements of 
tacture continuum, w i t h  + and s:,* defined as 

i n  ( 7 )  and (8). For each of these subdomains we 
shall provide a l l  required input data, such as GI, 
inter ior  connection data, exterior connection data, 
and pulk volumes so t ha t  one equation such as ( 6 )  
can be developed for  each of the L elements. 

t the location of 
each I = 1, 2, , L fracture-continuum element 

element j = 1, 2, 
I = j. In order to 

couple the two continua, we w i l l  now connect, fo r  
each I = j, the fracture-continuum element L with 
the matrix-continuum element j i n  such a fashion 
tha t  the conductance O t , j  is given by . 

We thus obtain conservation equations for  2L volume 
elements i n  a l l ,  w i t h  one equation for  each fracture- 
continuum and matrix-continuum element. Note that 
the time constant for the respective elements are 
given by 
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- J  ... 
where 8 ,  m are fracture continuum elements, j is a 
matrix continuum element, and j = %; and by 

(16) 

where j is a fracture-continuum element, & is a 
matrix-continuum element, and j = &. 

Since the IFDM is so structured tha t  the geo- 
metric quantit ies (Arg,,,, and DE,m) needed for  com- 
puting the conductances are  directly provided as  
input data, the handling of Vra needed as input for 
computing U t , j  i n  (16) poses no special problem. 
Moreover, since the 2L simultaneous equations are  
formulated, they can be solved by the mixed explicit- 
implicit method. Indeed, since the double-porosity 
model gives r i s e  to a s t i f f  matrix (because of the 
marked differences i n  the time constants between 
the fracture-continuum elements and the matr ix-  
continuum elements), the  mixed explicit-implicit 
method is particularly desirable for  solution. 

A DOUBLE-POROSITY PROBLEM 

The i l lus t ra t ive  problem is concerned w i t h  a 
fractured system idealized as  an equivalent system 
of two interacting continua. %b provide a physical 
feel for  the i l lustrat ion,  we shall comider a 
system of 10 horizontal fractures, each with a uni- 
form aperture of 1 0 4  m and separated by m a t r i x  
slabs 1 m in thickness. The aggregate thickness of 
the rock and fracture is 10 m. If the cubic law is 
assumed, each fracture has an absolute permeability 
of kf = 8.333 x But i f  we assume tha t  the 
combined effect  of the fractures can be replaced by 
a fracture continuum 10 m thick,  then the equivalent 
permeability of the fissured continuum amounts t o  
k; = 8.333 x m2. Similarly, i f  the  fracture 
canpressibility is assumed negligible, the specific 
storage of the fracture continuum is approximately 
s:,f = 1 x 10-9/~ of water. 
assume that the permeability of the matrix may be 
smaller than k; by one to three orders of magnitude 
or more, and a value of io++/, is reasonable for 
the specific storage of the rock, Ss,r. 

m2. 

It is reasonable to 

m t  us now consider the mechanics of f lu id  
transfer between the fissures and the matrix 
continua. 
wil l  drain ver t ical ly  frcnn the m a t r i x  s lab upward 
and downward inte adjoining fractures, with the 
centerline of the s lab forming a l ine  of synrmetry. 
If we consider a thin prism of a matrix slab with 
cross-sectional area A, then the amount of water 
draining from a s lab to one adjoining fracture is 
given by 

Obviously, i n  the actual problem, water 

(17) 

where a* = 
slab is doubly draining, the actual volume of water 
transfer fran a given prism of the matrix continuum 
of thickness 8 t o  the prism of fracture continuum 
a t  the same location is 20 times Qf,r and is equal 
t o  (bpg/v) (20a*) (9, - 9f) 

It is of in te res t  here to canpare a* with the 

and Df,= = 0.5 m. Since each Lf 

geometric parameter often used to quantify the 
coupling term in the different ia l  expression of the 
double-porosity d e l .  For th is ,  consider a prism 
of each medium at  the same location, with cross- 
sectional area A and height H, where H is the thick- 
ness of the media. Then, i f  we normalize a* with 
reference to bulk volume, we get a volume-normalized 
parameter related to a. That is, a has a dimension 
of reciprocal area and i n  the present case a is 
related by l/(S)(H). 

In order to solve this interacting-continua 
problem using TERZAGI, a problem tha t  has been 
studied by Barenblatt e t  al. (19601, Warren and 
m o t  (19631, Odeh (19651, and many others, was 
chosen. 
fractured-continuum tha t  is areal ly  inf ini te .  
w e l l  is produced a t  a constant rate Q. As has been 
done by Warren and Faot (19631, this problem can be 
analyzed i n  terms of four dimensionless groups, 

The problem involves a well piercing the 
The 

* 
* kfP* 

I- * 2 '  
TDf ss,fww 

and 

1 

%,f 
w =  s + s  s,f s,r 

Using TERZAGI, 

(20) 

(22) 

number of runs were maae to 
study the effect  of varying X, 0 ,  and the magnitude 
of wellbore storage capacity. I n  addition, one M 
was made with a spat ia l ly  varying k; t o  consider 
the "skin effect" near the wellbore a s  w e l l  as in- 
creased fracture intensity beyond about 110 m fran 
the w e l l  axis. The results are  srmunarized i n  three 
dOuble-lOgaritbiC plots  (Figs. 3-5). 

In Figure 3 the  doubleporosity resul ts  are 
compared with the Theis solution for  three values 
of 1. 
ateability. ~n the numerical model, a well of 0 . S  
radius was assumed. In one case, in order t o  L' 
approximate the line-source solution, the w e l l  was 
assumed to be packed-off, and hence deriving stora- 

Increasing X implies increasing m a t r i x  pey. 
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Figure 3. 
Effect of varying X. 

Gimulation of a double-porosity medium. 
[XBL 8010-28491 
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4. Simulation of flow i n  a double-porosity medim. 
Effect of varying 0. [XBL 8010-28481 
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Figure 5. Simulation of a double-porosity media. Effect of 
varying permeability. 

t i v i t y  only f r m  the compressibility of water. In 
another case, the well was asslrmed to have a fluc- 
tuating free surface.' In the former case, the 
capacity of the wellbore was assumed to be m3 
of water per meter of head charge and i n  the l a t t e r  
it was (O.1l2w. As can be seen from Figure 3, the  
different cases clear ly  show effects  of delayed 
drainage from the blocks i n  the range lo1 < tDf < 
106 when the wellbore storage is small. 
4-teresting to note, however, t ha t  a r ea l i s t i c  w e l l -  

Lf 1 gives a solution which to t a l ly  masks a l l  the 
effects  tha t  one could hope to see due to variable 1 
or, equivalently, variable matrix permeability. 

It is 

radius of 0.1 m with f ree  f luid surface in  the 

[XBL 80 10-28471 

Study of the double-porosity system by many 
workers has showed tha t  the late-time behavior of 
the system is dominated by the combined storativ- 
i t i e s  of the matrix and the fractured media but 
that the Lntermediate-time behavior is influenced 
by W, the  r a t io  of the f issure  s torat ivi ty  to 
matrix a tora t iv i t  In Figure 4 two cases are 
compared, 0 = 1O"'and w = log2. As should be 
expected, the late-time solutions for  these two 
cases are d is t inc t  from each other. 

The f ina l  case shown in  Figure 5 was actually 
chosen to i l l u s t r a t e  the generality of the numer- 
ical approach Over the analytical approach. In a 
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general integral, nmerical  model, the system is 
described as a complex of several isolated continua, 
each interacting with the other. In so f a r  a s  the 
numerical approach is concerned, the double-porosity 
problem is a simplified special case which can be 
handled with ease. 
considers the fissure-continuum t o  have radially 
varying k;, t o  simulate the existence of a low- 
permeability skin close t o  the w e l l ,  and t o  account 
for increased permeability due t o  fracturing beyond 
about 100 m from the w e l l .  

The case considered i n  Figure 5 

As can be seen from Figure 5, the presence of 
the low-permeability skin causes much higher draw- 
downs than the X = 2 x case a f t e r  tDf - lo2. 

FURTHER WORK 

The fac t  that  the IFDM is eminently suitable 
for handling not only two but an arbitrary number 
of interacting continua makes this method a very 
powerful tool for analyzing coraplex natural f i e l d  
systems. On the basis of resul ts  presented here, 
Dr.  Karsten Pruess and I have recently ini t ia ted 
work t o  simulate the injection of cold water into 
a fractured-porous geothermal reservoir. 
actively pursue t h i s  problem through f i s ca l  1981. 

W e  shal l  
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~ERMODYNAMICS OF HIGH-TEMPERATURE BRINES 
K. S. Pitzer, P. Z. Rogers, G. C. Flowers, and J. C. Peiper 

Current interest in the utilization of geother 
mal resources and geopressured brines has focused 
attention on the need for a model of aqueous solu- 
tion properties at high temperatures and pressures. 
The number of different brines encountered in ge 
thermal applications is large, so that detailed 
measurement of each of them is impractical. Neve 
theless, it is desirable to find a'model that can 
predict the properties of complex brines yet be 
based on a minimum amount of experimental data fr 
a few key systems. Consequently, a program was ini- 
tiated in 1975 to study the solution thermodynamics 
of brine systems, including both modeling and exper- 
imental imrk. 

Initial modeling work involved testing a sys- 
tem of equations developed by Pitzer and m o r k e r s  
(Piteer, 1973; Piteer and Mayorga, 1973, 1974; 
Pitzer and Kim, 1974) for its ability to reproduce 
experimental data for strong electrolytes at room 
temperature. Existing data were reproduced to with- 
in experimental error, up to concentrations of 6 E, 
in terms of parameters having physical significance. 
The model has been extended to cwer weak electro- 
lytes (Pitzer and Silvester, 1976; Piteer et al., 
1977). 
up to 300.C to reproduce the thermodynamic proper- 
ties of sodium chloride solutions (S 
Pitzer, 1977; Pitzer et a 79). 

The model also has been used at temperatures 

Extension of the model & a complex mixture 
res some knowledge of the properties of each 
e pure electrolytes which make up the solution. 

wever, few experimental data for electrolytes, 
ther than sodium chloride, are available at high 

temperatures and pressures. Thus a major part of 
the effort to build a model for natural brines has 
been to obtain basic thermodynamic data. Both a 
calorimeter and a densimeter, designed to obtain 
data at high temperatures and at pressures along 
and abwe the liquid-vapor saturation curve, have 
been constructed and suc 

m e  usefulness of a 
tions is not limited to geothetmal energy systems. 
Research and engineering design in the fields of 
desalination, industrial waste treatment, hydre 
metallurgy, materials corrosion, solution mining, 
and hydrothermal ore deposition all depe 
knowledge of brine chemistry. 

PROGRAM IN 1980 

Calculational and experimental programs have 
been combined during the past year to yield compact 
models for two major electrolyte systems, sodium 
chloride and sodim sulfate. 
tial step was taken toward modeling of carbonate 
-stems. 

In addition, an ini -  

Experimental density data for sodium 
oride solutions at 20 bar and 25-200% have been 64 tained with a high-temperature densimeter. These 

data have been used to complete a model of the vol- 
umetric properties of sodium chloride solutions to 

300.C and 1 #bar: The model reproduces the experi- 
mental data from this study and fram the literature 
data quite accurately, to within 60 p p  below 85.C 
and to within 300 ppm at higher temperatures. 
ful attention also has been paid to reproducing 
expansivity and compressibility behavior. Figure 1 
sh&s the differences between the specific volume 
of water and that of sodium chloride solutions as a 

Care- 

The computer model has been used to correct 
existing heat capacity data from saturation pres- 
sure to constant pressure values. 3.n addition, the 
pressure dependences of heat capacity, enthalpy, 
and activity data have been calculated, and data 
obtained for these properties from the literature 
have been adjusted from the saturation pressure to 
a convenient constant pressure near 200 barb This 
adjustment makes it possible to complete a true 
isobaric model for the thermal and activity proper- 
ties of sodium chloride solutions. Combination of 
the isobaric model and the volumetric model will 
provide a final equation of state for aqueous 
sodium chloride. 

I I 

100 200 3 
0' 

Temperature ("c) 

Figure 1. Difference in the specific volmes of 
water and NaCl solutions at 200 bar pressure as a 
function of temperature. [XBL 801 1-64941 
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The main thrust behind the developnent of an 
equation of state for sodium chloride, of course, 
is in the technical utilization of geothermal re- 
sources. The equation of state also will be useful 
in many industrial design problems, where the ther- 
modynamic properties of natural brines or industrial 
fluids can be estimated using sodium chloride solu- 
tions as a model. 
application will be in the calculation of isochore 
tables for fluid inclusion research. 

A flow microcalorimeter has been used to obtain 

A specific area of geochemical 

heat capacity data for Na2SO4, another electrolyte 
important in geochemical and geothermal systems. 
The data extend from 30.12 to 200OC. fran saturation 
pressure to 200 bar, and from 0.05 to 2.5 m. pre- 
cision of the data is better than 3 x 10-4-cal/OC-g. 
The heat capacity data have been fit as a function 
of molality and temperature using the model system 
of equations. 
capacity data and the corresponding calculated 
curves. 
ing the appropriate thermodynamic relationships and 
including data from Domes and Pitzer (1976) and 
Silvester and Pitzer (1978) at 25OC to evaluate the 
integration constants. The resulting values for 
the osmotic coefficient are shown as a function of 
molality for several temperatures in Figure 3, which 
also shows the few experimental osmotic coefficients 
that have been measured above roan temperature ( M u  
and Lindsay, 19718 Humphries et al., 1968). Since 
these osmotic data were not used in the modeling, 
the agreement is excellent and indicates that t h i s  
general approach will be useful for other solutes. 

Figure 2 shows representative heat 

These equations have been integrated, us- 

08 1.0 I .5 
Molality 

Figure 2. 
tions. Golid lines are calculated from the overall 
fit, are data points. [XBL 80 1 1-64951 

Specific heat capacity of Ua2SO4 solp- 
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Figure 3. 
Solid lines are calculated from heat capacity data, 
circles are data of Liu and Lindsay (19711, and 
squares are data of Humphries et al. (1968). 

Osmotic coefficients of NazS04 solutions. 

[XBL 80 1 1-64961 

An initial step was taken toward comprehensive 
modeling for carbonate solutions by a treatment for 
dilute bicarbonate-chloride mixtures with sodium as 
the positive ion. The effectiveness of the general 
equations for other mixed electrolytes provided the 
justification for applying them to published meas- 
urements at temperatures 0-50°C of the electrochem- 
ical cell 

These data had been extrapolated to infinite dilu- 
tion to yield the first ionization constant of 
carbonic acid. 
lyte equations together with existing knowledge of 
the parameters for sodium chloride allowed the 
determination of parameters for sodium bicarbonate 
(Pitzer and Peiper, 1980). The generally very use- 
ful isopiestic method cannot be used for bicarbo- 
nates because of the partial disproportionation and 
resulting vapor pressure of carbo,n dioxide. Also 
there are no electrodes which are reversible to bi- 
carbonate ion. Thus the present results represp . 
the first precise determination of the a c t i v i t u  
osmotic coefficients of sodium bicarbonate--either 
pure or mixed with chloride. 

Application of the mixed electro- 
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FUTURE WORK 

The calorimeter is currently being rebui l t  
special corrosion-resistant hastellay, which 
permit extension of the measurements on sodium 

sulfate  fran 2OOOC t o  300T.  Calorimetric and den- 
s i t y  measurements w i l l  continue for  solutes of geo- 
chemical interest ,  including magnesium sulfate. 
The modeling program w i l l  be extended to include 
(1 
sium sulfates, ( 2 )  carbonate-bicarbonate systems 
more generally, and ( 3 )  other systems of geochem- 
i ca l  interest  a s  opportunity arises.  

the new experimental data for  sodium and magne- 

REFERENCES CITED 

Domes, C. J. and Pitzer,  K. S., 1976. Thermody- 
namics of electrolytes, binary mixtures formed 
from aqueous mC1, Na2SO4, CaCl2, and Cas04 a t  
25OC. J. Soh. Chem. V. 5, p.389. 

fiumphries, W. T., Ilohrt, C. F., and Patterson, C. S., 
1968. Osmotic properties of some aqueous 
electrolytes a t  60.. J. Chem. Wg. Data, 
V. 13, p. 327. 

U u ,  C. T. and Lindsay, W. T., 1971. Thermodynamic 
properties of aqueous solutions a t  high 
temperatures. OSW Research and Development 
Progress Report No. 722. 

Pitzer, K. S., 1973. Thermodynamics of electro- 
lytes. I. meoretical  basis and general 
equations. J. Phys. Chem. V. 77, p. 268. 

Pitzer, K. S. and Kim, J. J., 1974. Thermodynamics 
of electrolytes. IV. Activity and osmotic 
coefficients for  mixed electrolytes. J. Am. 
Chem. SOC., V. 96, p. 5701. 

Pitzer, K. S. and MayDrga, G., 1973. Thermodynamics 
of electrolytes. 11. Activity and osmotic 
coefficients for  strong electrolytes with one 
or  both ions univalent. J. Phys. Chem., V. 77, 
p. 2300. 

-8 1974. Thermodynamics of electrolytes. 1110 
Activity and osmotic coefficients for  2-2 elec- 
trolytes.  J. Soh. Chem. V. 3, p. 539. 

Pitzer, K. S. and Peiper, J. C., 1979. The act ivi ty  
J. Phys. Chem., coefficient of aqueous NaHCO3. 

V. 84, P. 23%. 

Pitzer, A. 6. and Silvester, L. F., 1976. Thermo- 
dynamics of electrolytes. VI. Weak electro- 
lytes including HjPOq. J. Soh. Chem., V. 5, 
p. 269. 

Pitzer, K. S., Bradley, D. J., Ftogers, P. 8. 2.. 
and Peiper, J. C., 1979. Thermodynamics of 
high-temperature brines. Berkeley, Lawrence 
Berkeley Laboratory, LBL-8973. 

Pitzer, K. S., my, R. N., and Silvester, L. P., 
1977. Thermodynamics of electrolytes. 
VII. Gulfutic Acid. J. Am. Chem. SOC., V. 99, 
p. 4930. 

Silvester, L. F. and Pitzer, K. S., 1977. Thermo- 
dynamics of electrolytes. VIII. Eigh-temper- 
a tye  properties, including enthalpy and heat 
capacity, with application to sodim chloride. 
J. Phys. Chem., V. 81, p. 1822. 

-, 1978. mthalpy and the effect  of tempera- 
ture  on the ac t iv i ty  coefficient. J. Soh. 
Chem., V. 7, p. 327. 

t 



34 

THE BEHAVIOR OF ROCK-FLUID SYSTEMS AT ELEVATED TEMPERATURES AND 
PRESSURES 
W. H. Somerton 

With the increased use of underground proc- 
esses--some involving heating of rocks and others 
occurring in natural high-temperature environments-- 
knowledge of the physical properties and behavior 
of rock-fluid systems-under stress and at elevated 
temperatures has become important in designing, 
controlling, and analyzing those processes. We 
have an active research project in progress in 
which we are studying the following properties: 
deformation properties, including pore and bulk 
compressibilities and thermal expansions; P- and 
Swave velocities; absolute permeability; elec- 
trical resistivity factor; and thermal properties, 
including conductivity, diffusivity, and specific 
heats. In addition to this ongoing research, we 
are also developing a new apparatus which will 
increase the range of temperature and pressure 
under which we can operate and will allow us to 
measure most of the above properties during the 
same test on the same test specimen. Data from 
these tests are needed to confirm our correlation 
and modeling work. 

In this paper we will review the work we have 
accomplished during the past year in three areas: 
pore and bulk compressibilities and thermal expan- 
sions, absolute permeability, and thermal conduc- 
tivity. Progress on the new multiproperties appa- 
ratus will also be reviewed. 

ROCK PROPERTIES RESEARCH 

Compressibility 

Earlier work (Somerton, 1974) has shown that 
bulk compressibility of reservoir type rocks in- 
czeases substantially with increased temperature.. 
This has important implications in cases where pore 
fluid pressure declines in hot or heated reservoir 
formations. Surface subsidence can be expected to 
be of greater importance in such cases. Since pore 
volume compressibility behavior parallels bulk com- 
pressibility, substantial contraction of reservoir 
volume can also be expected when pore pressure de- 
creases. This must be accounted for in material 
balance calculations. 

- Measurement of rock compressibility is a dif- 
ficult and time-consming procedure. Greenwald 
(1980) has recently completed a model from which 
pore volume compressibility may be estimated know- 
ing only some simple properties of the rock. These 
include mineral composition and elastic moduli of 
the minerals, porosity, grain size, and a parameter 
which is related to roundness of the mineral grains. 
Knowledge of the clay content of the porous rock is 
also needed to predict the effect of stress on pore 
volume compressibility. 

_ -  

,- . 

Agreement between the model and experimental 
results of pore volume compzsssibility measurements 
for three outcrop sandstones is shown in Figure 1. 
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Figure 1. 
results of pore volume compressibilities 
(Greenwald, 1980). [XBL 812-26691 

Comparison of model and experimental 

In general, the agreement between experimental and 
calculated results is within 10%. 

Greenwald (1980) also tested the validity of 
the Reciprocal Theorem, which states that change in 
pore volume with respect to confining stress is 
equal but opposite in sign to the change in bulk 
volume with respect to pore pressure. 
cally this states: 

Mathemati- 

( z ) p e = - ( z )  pi 

Experimental results shown in Figure 2 for the 
Berea Sandstone indicate fairly good agreement at 
higher stress levels, but poorer agreement at lower 
stress levels. 

Tests of the effects of temperature on pore 
volume compressibility by Greenwald were inconclu- 
sive, and further tests on this subject are now in 
progress. We expect to see a substantial increase 
in pore volume compressibility with increased 
temperature. 

Thermal Expansion 

Earlier work by Somerton and Selim (1961) 
demonstrated that bulk thermal expansion of dry, 
unstressed sandstones is very close to that of pure 
quartz. Quartz, having the largest thermal expan- 
sion of the common minerals found in sandstones, 
seems to dominate the expansion behavior of sand- 
stones with quartz contents as low as 35%. In, I- 
trast to quartz crystals, however, most s a n d s u  
show substantial irreversible volume changes upon 
cooling to initial temperature values. 
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Figure 2. 
Sandstone (Greenwald, 1980). [XBL 81 2-26701 

Ashqar (1979) has measured bulk thermal expan- 

Results of 

Test of Rociprocal Theorem for Berea 

sion of liquid-saturated sandstones under elevated 
confining and pore pressure conditions. 
his work on the three sandstones are  shown in  Fig- 
ure 3. The thermal expansion of Boise and Bandera 
Sandstones seem reasonable and give values close to 
those found for dry, unstressed sandstones. The 
unusual behavior of Berea, which was rerun giving 
a similarly shaped curve, is not understood and 
requires further investigation. 
are  currently being rerun w i t h  some modifications 
i n  the equipnent and by a new graduate student. 
believe the resul ts  are  essentially correct but ao 
require verification. 

A l l  of these t e s t s  

We 
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Figure 3. 
saturated sandstones (Ashqar, 1979). [XBL 813-5326] 

Linear thermal expansions of liquid 

Janah (1980) recently completed a ser ies  of 
t e s t s  of the pore volume expansion (contraction) 
of the three standard sandstones. Results shown i n  
Figure 4 indicate that  pore volume contracts w i t h  
increased temperature for  sandstones under stress. 
The relat ively small change in  pore volume for a l l  
three samples a t  temperatures up t o  about llO°C and 
then the rather sharp increase a t  higher tempera- 
tures are  probably related to the basic "looseness" 
of the structure of these porous rocks, which 
appears t o  tighten up a t  higher temperatures. 
Porosity seems t o  have an important effect  i n  that 
the lower-porosity sample (Bandera) tightens up 
sooner and shows a sharper change in  pore volume 
with increased temperature. 
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Figure 4. Pore volume contraction w i t h  temperature 
for  sandstones. [XBL 809-58741 

Janah also studied the effects  of s t ress  level 
on pore volume thermal contraction and noted that 
differences i n  confining s t ress  level had l i t t l e  
effect  but tha t  increase in  pore f lu id  pressure 
level had a marked effect ,  decreasing substantially 
the pore volume contraction with increased tempera- 
ture. 
stone in  Figure 5. 

The latter point is shown for Bandera Sand- 

TEMPERATURE (E) 

Figure 5.  
volume contraction of sandstones (Sanah, 1980). 

Effect of pore f l u i d  pressure on pore 

[XBL 809-58751 
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Porosity I. I I I I I I 

0.9L 
On the basis of earlier work, it has been 

suggested (Somerton, (1980) that porosity of porous 
rocks under stress would decrease with increased 
temperature. Subsequent work, discussed above, has 
confirmed t h i s  contention. The combined effects of 
bulk thermal expansion and pore volume contraction 
with increased temperature are to decrease porosity 
by a few percent. Although the amount of decrease 
with increased temperature is small, the combined 
effect with decreasing pore fluid pressure could 
decrease porosity substantially. Further work in 
progress will test these observations and will pro- 
vide input data for models of the behavior current- 
ly under development. 

Fluid Flow Behavior 

Wong (1979) has shown that the absolute per- 
meability of sandstones decreases with increased 
temperature when brine is flowing and the system 
is at elevated stress levels. Permeability reduc- 
tion is about 30 to 50% in the range of 25-165OC. 
The reduction is most pronounced in the lower tem- 
perature ranger with a tendency to flatten out at 
higher temperatures. One of the suggested causes 
of permeability reduction is thermal expansion of 
mineral grains, with consequent reduction in pore 
volume when the rock is under confining stress. 
The permeability-temperature behavior is consistent 
with a reduction in pore volume with increased 
temperature, since the small pores and pore necks 
would be first to closer followed by larger pore 
volume reductions in the larger pores at higher 
temperatures. 

Wong ran permeability tests during heating of 
the cores. His results (Fig. 6) were somewhat 
erratic because it was difficult to control pore 
pressure with the precision needed in relation to 
the small pressure differentials across the cores. 
Okoh (1980) recently completed tests on Berea and 
Bandera Sandstones in which the temperatures were 
stabilized at each measuring level. 
showed a lower magnitude of permeability reduction 
than wong's, and the results were more consistent, 
as shown in Figures 7 and 8. 

His results 
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Okoh used Marshall's equation to test the pos- 
sible order of magnitude of permeability reduction 
due to thermal expansion of mineral grains under 
stress. He assumed that pore necks decreased in 
diameter as a direct consequence of, and in propor- 
tion to, thermal expansion of the mineral grains. 
Some smaller pore necks would close completely at 
certain temperature levels and would thus cut off 
some of the flow channels. Using typical pore-size 
distribution curves and canpatible grain-size dis- 
tributions, he calculated permeability reduction as 
a function of temperature; the results are shown 
in Figure 8. Comparing those results with measured 
values, it is apparent that thermal expansion can- 
not explain the full magnitude of permeability 
reduction with increased temperature. This is 
especially true when considering that calculated 
values are probably the extreme values which could 
be expected by this cause. 

Yo - 
Y 

Berea sandstone 
runs I, 2, & 3 

Temperature ("C) 
Figure 8. 
ture for -rea samples--stabilized temperature 
measurement and calculated (Okoh, 1980). 
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Other causes of permeability reduction include 
s i l i c a  dissolution, migration and plugging by fines, 
and clay swelling. ~ 0 t h  Wong and okoh found 

eased sil icon content i n  the effluent with u reased temperature. Although particulate matter 
was never observed i n  the effluent, instantaneous 
increases i n  permeability upon reversal of flow 
direction indicate tha t  migration and subsequent 
plugging by fines did occur and was probably a 
major cause of permeability reduction. This was 
further confirmed by the  observations tha t  permea- 
b i l i t y  decrease was more pronounced a t  higher flow 
rates  and in  smaller grain s ize  sandstones. Re- 
duced rates  of permeability reduction a t  higher 
temperatures are  probably due to reduced viscosity 
and thus reduced carrying capacity of the flowing 
f luid a t  elevated temperatures. 

In  a l l  tests run, there was some restoration 
of original permeability upon decreasing the 
temperature, but results were not vesy consistent. 
In general, it was noted that  greater permanent 
permeability reduction occurred i n  the finer grain 
size cores. Other than this effect,  the amount of 
permanent damage to a core by heating is probably 
related t o  the s t a t i s t i c a l  nature of the mlgration 
of fines and the plugging process. 

Thermal Properties 

In our thermal properties study and research 
program our main e f fo r t  has been t o  develop models 
t h a t  w i l l  allow thermal behavior of rock-fluid 
systems t o  be predicted from other properties of 
the system which are  known o r  are easy t o  measure. 
Reliable thermal properties a re  d i f f i cu l t  to meas- 
ure, requiring f a i r l y  elaborate equipment and sub- 
s t an t i a l  amounts of time. Models and correlations 
have been developed (Somerton, 1973, 1975) which 
permit estimation of thermal conductivity, thermal 
diffusivity and specific heat by knowing only the 
mineral composition of the rock (mainly, the quartz 
content), the porosity of the rock, and the type 
and amount of f luid saturation. In addition, a 
correlation was developed tha t  allows thermal prop 
erties a t  various temperatures to be predicted from 
known values a t  a specific base temperature. These 
correlations give accuracies within t ? O %  fo r  most 
rock-fluid systems. 

t igation aimed a t  improving the model so that it 
would have more general application. 
els were based on unidirectional heat flow through 
a cubic packing of spheres flattened a t  their  con- 
tact points to'give continuously variable porosity. 
W e  considered tha t  unidirectional heat flow i n  the 
earlier model was probably unrealist ic for  a three- 
dimensional system (basically the asslnnption was 
made that  isothermal surfaces were planes perpen- 
dicular t o  the direction of applied temperature 
gradient). In addition, the basis for f lattening 
of ver t ical  and horizontal contacts was controlled 
more by porosity considerations than by heat flow 
requirements (flattening of vertical contacts, par- 
a l l e l  to direction of heat flow, had very l i t t l e  to 
dn with thermal conductance, whereas flattening of 

Ghaffari (1980) recently completed his inves- 

Previous mod- 

zontal contacts had a major effect  on heat flow). w finally,  the ear l ier  models applied somewhat 
unrealist ic distributions of wetting and nonwetting 
phase fluids because of geometric complexitiese 

. Ghaffari attempted t o  rect i fy  the above dlf- 
H e  developed a f i cu l t i e s  and made good progress. 

two-dimensional model with cylindrical coordinates 
(R and 2) and solved the resulting equations by 
using a finite-difference technique. 'Ib determine 
the relative flattening between vertical  and hori- 
zontal contacts, he developed a thermal formation 
r e s i s t i v i ty  factor, which bears a reciprocal rela- 
tionship t o  the electr ical  formation r e s i s t i v i ty  
factor, since most of the heat flows i n  the mineral 
grains. With the cylindrical coordinate system, he 
was able to use a more r ea l i s t i c  distribution of 
wetting and nonwetting phase fluids. 

Working graphs developed from Ghaffari's work 
a re  shown as  Figures 9, 10, and 11. Comparing re- 
sults derived from this work with experimental data 
showed improved accuracy of the model wet a wider 
range of rock types. 
adequate at  very low wetting phase saturations, but 
data i n  t h i s  range are not important i n  normal 
applications. 

%e agreement is still not 

Figure 9. 
parameter (Ghaffari, 1980). [XBL 812-2674] 

Evaluation of horizontal f lattening 
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ities of consolidated sandstones (Ghaffari, 1980). 

Chart for estimating thermal conductiv- 

[XBL 812-26761 

MULTIPROPERTIES APPARATUS 

Measuring Methods 

The new multiproperties apparatus has been 
discussed in detail in earlier reports (Somerton, 
1977; Kuo, 1979). The apparatus is designed to 
permit the measurements of the following properties 
dying the same test on the same test specimen: 

P; and S-wave velocities, absolute permeability, 
electrical resistivity factor, pore and bulk com- 
pressibilities and thermal expansion, thermal 
conductivity and thermal aiffusivity. Methoas of gi 
measuring these properties are reviewed briefly in 
the following paragraphs. 

Compressional (PI and shear (SI wave veloc- 
ities are measured by use of piezoelectric crystals 
mounted on alumina anvils which are placed on both 
ends of the cylindrical test specimen. One set of 
crystals transmits, sequentially, compressional and 
shear waves, and the other set is used to detect 
the arrival of the waves at the other end of the 
test specimen. King (1978) gives details of the 
design and mounting of the transducer stack. It is 
important to note that a cooling water circulating 
system is used around the transducer stack so that 
the temperature of the crystals will never exceed 
15OOC. 
temperatures much in excess of this value. 

Performance of the crystals deteriorates at 

Permeability is measured by pumping brine of 
desired composition through the core and measuring 
the pressure drop directly across the core and the 
temperature of the flowing fluid. 
passed through filters external to the cell to 
remove any particulates which could plug the core. 
The incoming brine is heated to system temperature 
as it passes through the test specimen heater and 
then through holes drilled through the velocity 
transducer anvils. Disks of porous alundum about 
one cm thick are mounted between the anvils and the 
test specimen, their purpose being to distribute 
the flowing fluid uniformly across the face of the 
test specimen. The measuring and data acquisition 
equipnent is discussed by okoh (1980) and Kuo 

%e brine is 

(1979) 

Bulk compressibilities and thermal expansion 
are currently measured by use of strain gauges. 
Greenwald (1980) and Ashqar (1979) mounted strain 
gauges directly onto the test specimen. Some dif- 
ficulties were encountered in isolating the strain 
gauges from test specimen pore fluids, resulting in 
shorting of the,gauges. In the new apparatus, we 
plan to mount the strain gauges onto the copper 
sheathing used to jacket the test specimen. 
are in progress to make certain that the externally 
mounted gauges follow the specimen strain. 
present strain gauges are limited to operating tem- 
peratures of 29OOC and will have to be replaced for 
higher temperature applications. 

Tests 

The 

Pore volme compressibility and thermal con- 
traction are currently measured by a hand-operated 
precision metering pump with a least count of 0.005 
d .  This precision is adequate for the test speci- 
men size used in the present work (5 cm dia x 5 can 
long). 
system actuating an LVDT will be used to measure 
pore volume changes with temperature and stress. 
This will greatly simplify data acquisition. 

For the new apparatus a precision plunger 

Formation resistivity is measured with a 
needle electrode located in the cylindrical axis of 
the test specimen, the outer electrode being the 
copper sheathing which jackets the core. A c c u r a c b  
of this method is strongly influenced by the qual- 
ity of contact between the inner needle electrode 
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Figure 12. (A)  Photograph of multiproperties test assembly. (B) Photo- 
graph showing components of apparatus. 

[(A) CBB 8011-12857t (B) CBB 8011-128551 

and the test specimen. A high-temperature, elec- 
t r i ca l ly  conductive cement which has very limited 
penetration into the pores of the test specimen is 
used for  t h i s  purpose. 

Thermal conductivity w i l l  be measured by use 
of a needle probe. 
tance heating w i r e  and a thermocouple a t  its t ip .  
Thermal conductivity w i l l  be determined from the 
temperature-time record a f t e r  a brief heating 
period. The outer sheathing of the needle mobe 
serves a s  the inner electrode for  the r e s i s t i v i ty  
measurement. The same problem of obtaining good 
contact between the probe and the test specimen is 
dealt  with by use of a good heat-conducting cement. 
Thermal diffusivity can also be obtained by record- 
ing the temperature different ia l  between the probe 
thermocouple and a thermocouple located on the 
outer circumference of the test specimen during a 
heating cycle. Details of these measurements are 
given by Kuo (1979). 

Apparatus 

The probe contains a resie- 

The assembly fo r  measuring the above rock 
properties is mounted i n  a pressure vessel with an 
inter ior  working space of about 18 an diameter by 

The vessel has a working pressure of :b’,”:z: Although the vessel is a double clo- 
sure type to assure high quality, only the top cap 
w i l l  normally be used for  assembly mounting. 

Photographs of the measuring assembly are  shown 
i n  Figure 12. Figure 12B shows the various cornpa- 
nents of the apparatus. 
used for  cooling the velocity transducers. 
of the tubing is necessary t o  allow freedom of axial  
movement of the t e s t  specimen. 
designed to operate up to a maximum temperature of 

The large coiled tubing is 
Coiling 

The apparatus is 

400’C. 

Argon gas w i l l  be used as the pressuring medi- 
um. An argon compressor operating i n  conjunction 
with a series of solenoid-actuated metering valves 
w i l l  be used t o  control the confining pressure a t  
constant values o r  permit it t o  be changed a t  con- 
s t an t  rates. This part of the system has been de- 
signed but not yet constructed. 

In i t i a l ly  the apparatus w i l l  be operated under 

When the system has been thoroughly 
manual control and data w i l l  be taken on appropri- 
a te  recorders. 
tested, w e  plan to convert t o  a computer control- 
data acquisition system. This has been discussed 
i n  detail by Kuo (1979) and is now under further 
development. 

Conclusions 

1. Substantial progress has been made in de- 
veloping methods of measuring a number of physical 
properties of rock-fluid systems a t  elevated tem-  
peratures and pressures. Data obtained have been 
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used to test correlations and models of the behav- 
io r  of these systems. Specifically, the following 
have been accomplished i n  the past year. 

a. Methods have been developed or improved for 
the measurement of bulk and pore volume compressi- 
b i l i t i e s  and thermal expansions of fluid-saturated 
rocks, and data have been obtained. A simple model 
has been developed which permits estimation of pore 
volume compressibilities from a few known properties 
of the system. 

b. Further tests have confirmed 20-300 reduc- 
t ion i n  absolute permeability of sandstones subjec- 
ted to s t ress  i n  which brine is the flowing fluid. 
Calculations have shown that therkal expansion of 
mineral grains can account for  part  of the permea- 
b i l i t y  reduction but tha t  a large amount of the 
reduction must be due t o  s i l i ca  dissolution with 
r e su l t an t  release, migration, and plugging by fines. 

C. An improved two-dimensional model of heat 
flow i n  multifluid saturated porous media has been 
developed. This model permits estimation of ther- 
mal  conductivity knowing only the mineral content, 
porosity, formation res i s t iv i ty  factor,  and the 
nature and saturations of contained fluids. 

2. Construction of a new multiproperties 
apparatus which w i l l  permit measurements of the 
most important properties of rock-fluid systems 
during a single t e s t  and on the same test specimen 
is nearing completion. 

a. A pressure vessel has been received which 
w i l l  permi t  measurements a t  pressures t o  25,000 ps i  
and temperatures t o  400OC. 

b. Test methods have been developed and the 
test assembly has been constructed. 
tes t ing of the assembly is i n  progress. 

Preliminary 

C. Ihe pressure control system has been 
designed but not yet constructed. 

d. Ini t ia l ly ,  the experiment w i l l  be con- 
t rol led manually and data w i l l  be taken on appro- 
pr ia te  recorders. 
proved, we w i l l  i n s t a l l  a newly designed minicom- 
puter control and data acquisition system. 

when the t e s t  system has been 
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U U L T S  OF ALBITE SOLUBILITY MEASUREMENTS AS A FUNCTION OF TEMPERATURE 
(125-350OC). 
1. M. Neil and I. A. Apps 

Understanding the solubility of.the major rock- 
forming minerals in low-temperature, hydrothermal 
environments is important for successful modeling of 
diagenetic, metasomatic, and metamorphic processes; 
for predicting the effects of returning cooled, 
geothermal brines to their reservoirs; or for using 
aquifers for hot-water storage. Albite, the sodium 
end-member of the feldspar mineral series, is an 
ideal candidate for the initial study because it is 
found in a wide variety of geological environments. 

The three previous annual reports have documen- 
ted the selection and characterization of the albite 
used in the solubility experiments (Apps and Neil, 
1978); the initial solubility experiments at 250% 
in 0.1 N NaCl solutions (Neil and Apps, 1979); and 

Table 1.  Albite Equilibriuu Experiments 

the series of solubility experiments at 250.C with 
pure water and various concentrations of NaCl solu- 
tions (0.001 N to 1.0 N) (Neil and Apps, 1980). 
This report summarizes the results of a series of 
experiments to measure albite solubility in pure 
water and in and 1 0'2 N NaCl solutions with 
temperature as the experimental variable. 

The temperature was raised and lowered in 25.C 
intervals fran 125.C to 350.C along the saturation 
c w e  of water. Thus by approaching each sampling 
temperature from a higher and a lower temperature, 
the equilibrium at that temperature was approached 
from aversaturation and undersaturation. The dif- 
ference in composition between the aqueous samples 
allows an estimation of the degree to which equi- 
librium was achieved. 

Run 0 0 P Q 
(1 to 20) (21-30) 

R S S* 

Starting-maximum-final 
temperature ( *C ) 125-350-175 350-150 125-350-125 125-350-325 

Solution Composition 
(N NaC1) 0.0 0.0 0.001 0.01 

Volume (ml) 85 0 300+(1) 860 860 

Albite charge 
weight (9) 50.00 (2 1 50.20 50.11 

Uesh size -65+100 -65+100 -65+100 -6s+100 

- Duration of run (hr) 505.5 246.0 299.5 354 

Time before first 
sample (hr) 96 54 83.5 66 

Time between samples 
(hr) 24 24 12 24 

Number of samples 
collected 20 10 21 14 

Mass of cemented charge 
present after run Y- yes Yes Yes 
Analcime present 

High-temperature 
reversible loss 
of chloride ion no no yes Yes 

Comments 

in scale Yes yc= Yes Ne De 

125-350-125 150-350 350-150 

0.01 

860 

51.02 

-65+100 

563 

107 

24 

21 

ycs 

Ne De 

yes 

0.001 0.001 

a70 550 

100.00 100.00 

<270 (270 

9aa 862 

244 190 

48,72(3) 72(4) 

20 10 

Yes Yes 

N.D. N.D. 

(1) 
( 2 )  
(3  1 

( 4 )  168 hr between 150. a d  l75.C each temperature. 

xtesiaual 1120 from 0(1  to 20) .  
Undisturbed charge fran '(1 to 20). 
144 hr between second 150% 
ana first i50.c ~unpies. 

samples. 

( 5 )  Vacumed 300 m l  R20 into autoclave without opening it. 
( 6 )  Sampling interval too short. 
(7)  Small leak at high temperature caused solution loss. 
( 8 )  Sample filtered after centrifuging; sampled twice at 

(9 )  Santplt filtered after centrifuging. 
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440- 
Experimental 

The equipment, analytical methods, and experi- 
mental procedures have been previously described 
(Neil and Apps, 1979, 1980). The only signifi-  
cant changes in  the experimental procedures were 
that taro experiments were done with an increased 
charge size ( t o  100 g) and a smaller par t ic le  s ize  
(-270 mesh) t o  increase the surface area. These 
changes were made t o  increase the ra te  of equili- 
bration so tha t  samples below 200°C could achieve 
equilibrium in  rea l i s t ic  times. 
aqueous sample with a 0.45-vm f i l t e r  i n  addition t o  
centrifugation proved t o  be necessary because of the 
fineness of the suspended particulates. Table 1 
suauaarizes the experiments of this series. 

Fi l t ra t ion of the 

Results 

The resul ts  of the chemical analyses for  SiOz, 
=3+, ~ a +  and ~ 1 -  are plotted as a function of tem- 
perature i n  Figure 1 fo r  the l a s t  two  experiments 
(Runs S and Run S*) that  were s e t  bp t o  attempt t o  
achieve low-temperature equilibrium. The precision 
of not only the duplicate samples (Run S, 48 hrr 
and Run S, 72 hr)  but also the second experiment 
sample (Run S*, 72 hr)  are excellent for  Si02 and 
U3+. The exceptions for  Run S a t  15OOC and for 
Run S* a t  35OOC may represent sample sensi t ivi ty  t o  
handling prior t o  analysis. 

The precision of the sodium analyses is not as  

The chloride 
good as tha t  of the Si02 or a3+, but it is still 
w e l l  within acceptable limits (210%). 
precision is closer t o  that  of s i l i c a  and aluminum 
for  the low and middle temperature samples. 
temperatures, however, the concentration is very 
close to the lower l i m i t  of the chloride ion selec- 
t i ve  electrode (Orion Research, 1977), and the pre- 
cision is degraded. 

A t  high 

Ihe high-temperature, reversible loss of chlor- 
ide ion was unexpected. 
trated in  Figure 2, where the average chloride value 
for  Run S as  w e l l  as the chloride values for  Run S* 

This phenomenon is i l lus -  

I I I I I I I I I I 

i 

Temp PC) 

Figure 1. 
and C1' as  a function of temperature. 

Chemical analyses for Si02, U3+, Na+, 
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Figure 2. 
chloride ion plotted as  a function of temperature. 

High-temperature, reversible loss of 

[XBL 8012-24391 

and Run R (a  10" N NaCl experiment) are plotted as  
a function of temperature. The chloride concentra- 
t ions were checked by s i lver  n i t ra te  t i t r a t ions  
using a s i lver  selective electrode as  an end-point 
indicator. 
out adsorption as  the mechanism. 
sodium concentration is also observed in  Figure 1; 
however, it is not clear whether it is related to 
the removal of chloride ion. Further study w i l l  be 
required before the mechanism for chloride ion re- 
moval from solution is understood. 

Surface area calculations appear t o  rule 
A decrease in  the 

The hydrogen ion concentration of the quenched 
samples is plotted i n  Figure 3 fo r  Runs S and S*. 
Considerable diff icul ty  was experienced i n  measuring 
the pH of some samples where the pH continued to 
d r i f t  even 50  minutes a f t e r  s tar t ing the pH determi- 
nation. 
has not equilibrated internally w i l l  require further 
investigation. 

Measuring the pH of a quenched sample that  

Evaluation of Data 

k) The solubili ty quotients of a lb i te  for the da 

It appears tha t  the inacmra- 
given in  th i s  report have been evaluated, but are  
not presented here. 
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I ql fa 9.0 

Figure 3. Quench pH as a function of temperature. 
[XBL 8012-24401 

cies inherent in the existing dissolution constants 
for aluminum species at elevated temperatures are 
presently too large for acceptable interpretation. 
This, together with recurring problems in measuring 
the pH of quenched samples and the unexplained be- 
havior of the chloride ion in solution, necessitates 
additional interpretive studies before a final eval- 
uation can be completed. 

Conclusions and Future Activities 

Current knowledge of aluminm speciation in 
s solutions at elevated temperatures is contra- 

dictory and inconsistent with some phase relations 
observed in the laboratory experiments reported here 
and previously. 
to the interpretation of the results presented here, 
studies will be made of aluminum speciation in solu- 
tion at elevated temperatures by_means of a series 
of diaspore (AlO(0H)) solubility experiments in sup- 
porting electrolytes of varying alkalinities. 

Because such knowledge is critical 

Further studies will be madeto find a means 
of eliminating pH drift in samples measured at 25OC. 
A high-temperature pH electrode system a l l  also be 
fabricated and tested using the current autoclave 
system. 
(1980) will be used. 

The pH electrode design reported by Niedrach 

The reversible disappearance of chloride ion 
from solution at elevated temperatures will be in- 
vestigated more fully, if time permits, and suitable 
diagnostic experiments can be conceived. 
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THERMODYNAMIC PROPERTIES OF SILICATE LIQUIDS 
1. S. E. Carmichael, M. S. Ghiorso, L. I<. Moret, M. Rivers, and J. Stebbins 

For several years measurements have been made 

Although the 
at LBL of properties of silicate liquids as a func- 
tion of composition and temperature. 
compositional range of naturally occurring silicate 
liquids erupted as lavas is large, it is systematic 
and finite, and experiments can be designed on the 
basis of simple assumptions to cover the known nat- 
ural range. This has been done with measurements 
of density bf silicate liquids at 1 bar, in which 
it was shown that, within the limits of error in the 
measurement ( 1-2% , multicomponent silicate liquids 
mix ideally with respect to volume (Nelson and 
Carmichael, 1979). Cn the basis of these results 
coupled with earlier measurements on the heat capac- 
ities (Cp) of silicate liquids (Carmichael et al., 
19771, a regular solution model for a 17-component 
silicate liquid was formulated (Ghiorso and carmi- 
chael, 1980) using experimental equilibria between 
solid solutions and silicate liquids as a function 
of pressure and temperature. Experimental results 
involving only two solid-solution series, the oli- 
vines and the plagioclase feldspars, were used to 
develop the solution model, but nevertheless it 
correctly showed that liquid immiscibility would be 
found in high sio2 liquid compositions and also in 
certain lunar lavas. It also predicted partial 
molar free energies of Si02 which were in close 
agreement with those calculated by other means. 

However, it was necessary to develop a compu- 
tational technique to calculate the compositional 
limits of the two immiscible liquids, and this has 
been done recently. 
method which will predict the occurrence of immis- 
cibility and the equilibrim composition of coexist- 
ing immiscible phases, given a solution model which 
expresses Gibbs free energy as a function of temper- 
ature, pressure, and composition. Current methods 
for such calculations (Brown and Skinner, 1974; 
Barron, 1976) are inadequate in all but the simplest 
binary and ternary systems. We have pursued a meth- 
od based upon minimization of the total free energy 
of mixing in the multiphase, multicomponent system. 
We have used nonlinear optimization subject to lin- 
ear constraints, where the function to be minimized 
is 

The problem is to develop a 

n4 I nc 1 

where n4 = the number of immiscible phases and nc 
is the number of components. 
are 

The linear constraints 

n4 

L 
+=1 

i - 1, nc, 

i - I, nc; 4 = 1, n4, 

which express conservation and nonnegativity of mass 
for each component. 

The optimization algorithm we use is the pro- 
jected gradient method of Gill and mrray (19721, 
using the program LCMNA from the BKY computer center 
library SOURCE. 

We have tested the method by calculating the 
phase relations in two ternary solution systems 
studied by Barron (1976). our results agree with 
his and are probably two orders of magnitude more 
efficient. 
the 10-component regular solution formulation for 
silicate liquids of Ghiorso and Carmichael (1980). 
For a bulk composition represented by the residual 
liquid in a lunar basalt, we predict the coexistence 
of an FeO-rich, Si02-poor liquid with a second 
liquid which has broadly the composition of basaltic 
andesite. 
vations made on natural lavas. 

We have used the technique to study 

This is in general agreement with obser- 

Solution models for multicomponent silicate 
liquids depend in part upon standard state proper- 
ties of either simple liquid oxides as a function 
of pressure and temperature or simple compounds. 
Because of the widespread geological interest in 
the effect of pressure on the melting temperature 
of common rock-forming minerals, their fusion curves 
are often well known to 30 or 40 kbars. With these 
data it should be possible to compare fusion curves 
calculated from both liquid and solid thermodynamic 
properties, and it is to this end that a sustained 
effort has been made to measure liquid properties. 

A series of measurements of the enthalpies and 
heat capacities of glasses and stable liquids in the 
~ a N s i 3 0 ~  - Cafl2si208 system (abbreviated Ab - An) 
has been completed. Data for glasses in the temper- 
ature range from 840 to 1060 IC, and for the liquids 
between the liquidus and about 1880 11, have been 
fitted to the linear equations shown in Table 1. 
The enthalpy results for Ab100 and Anloo glasses 
agree within a few tenths of one percent with those 
given by Richet and Bottinga (1980) and Krupka et 
al. (19791, and the results for stable Ab100 liquid 
are very close to those of Richet and Bottinga in 
the region where the data overlap. 

The heat of fusion of albite can be calculated 
by combining the data on the enthalpy of the liquid 
with the heat of vitrification at 985 IC reported by 
Weill et al. (1980) and with the estimation of the 
thermal properties of crystalline high albite of 
Helgeson et al. (1978). The derived equation fo 

above the melting points (1391 IC) is 
the enthalpy of fusion as a function of 
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Table 1.  High temperature heat contents of glasses and liquids. 

Regressions of glass data Regressions of liquid data 

% - HgO0 % -27.76 + 0.7544T 

N = 6  2a I 0.43 N - 15 20 0.72 

HT - H300 = -44.147 + 0.088872T 9 0 0  

*7SAn25 300 

*5OAn50 

HT - H 29.11 + 0.0770T HT - H300 -51.422 + 0.09425OT 

N - 6  20 - 0.54 N = 6  2a - 0.63 

ET - Elgo0 - -26.46 + 0.0744fi 

N = 5  2a 0.43 N - 8  20 - 0.49 

HT - Xijo0 I -29.08 + 0.07724T 

ElT - EJO0 = -60.539 + 0.10111T 

ElT - 8300 -67.395 + 0.10641T -2SAn75 

N = S  2a = 0.46 N = 6  2a 0.46 

E$, - H300 -30.04 + 0.07784T €IT - H300 -87.72 + 0.1192T 9 0 0  

N = 5  l a  = 0.35 N - 9  2a 1 0 . 4 6  

-3 2 
AfHAbnT -10081 + 27.172T - 6.95 x 10 T 

- 1 ~ , 0 1  x I O ~ T - ’  cal/mol, 

with AfH13g1 = 13.19 Kdal/mol. Enthalpy values 
calculated from the regressions of the data for 
each intermediate glass composition i n  the Ab-An 
system a t  a temperature such as 985 K are  colinear 
with the values for  the end-members within experi- 
mental error. This is also true for stable liquids, 
indicating that  within the experimental error, there 
is no excess heat capacity within the binary. Par- 
t i a l  molar heat capacities for  Ab and A n  components 
are  88.9 and 113.8 cal/mol K, respectively. 

The heat of mixing (A,,,H) of the s table  l iquids  
i n  the Ab-An binary can be calculated by combining 
the data presented here with the heats of mixing in  
the glasses determined by solution calorimetry a t  
985 K. The best approximation may be that  &H is 
independent of temperature, with a minimum of about 
-2 Kcal/mol a t  about Ab50. The data do, however, 
permit t h i s  value t o  be reduced i n  magnitude to 
about -1 Kcal/mol. 

Data on the enthalpies of the l iquids can be 
combined with solid-liquid phase equilibrium data 
and w i t h  recent measurements of &H i n  solid p l a g i e  
clase measured at  970 K by Charlu e t  a l .  (1980). 
The resul ts  of such calculations indicate tha t  for 
reasonable models of mixing entropies, the enthal- 
pies of mixing for the sol id  and l iquid solutions 
must be of similar sign and magnitude. 

This suggests tha t  a significant change in the 
heat of mixing in  the solid must take place between 
970 K (where A,H - 1.2 Kcal/mol) and solidus temper- 

Such a change could be related to the tri- . us i c  to  monoclinic phase change i n  albite-rich 
plagioclase a t  high temperatures. 
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CHEMICAL TRANSPORT IN NATURAL SYSTEMS 
C. L. Carnahan 

Processes occurring in nature can be charac- 
terized generally as irreversible changes in which 
unbalanced forces cause flows of matter, energy, 
and momentum through open systems. 
of chemical materials dissolved in groundwater 
flowing within a porous or fractured rock matrix is 
such a process, and is affected by spatial and tem- 
poral variations of hydraulic potential, chemical 
potentials, and temperature. In particular, concen- 
trations of dissolved materials are influenced by 
irreversible processes of convection, diffusion, 
mechanical dispersion, and spontaneous chemical 
reactions. 
tion of phenomena associated with chemical trans- 
port in any natural system should account for the 
system's irreversibility (or departure fram equi- 
librium) by means of a formalism capable of produc- 
ing quantitative results which are consistent with 
experience and the laws of nature. Such a formalism 
exists in the thermodynamics of irreversible proc- 
esses, which we are applying to the subject problem. 

The transport 

It is evident that a complete descrip- 

The thermodynamics of irreversible processes 
is based on several fundamental assumptions. One 
of these assumptions states that any flow of mass, 
energy, or momentum in an irreversible system is, 
in principle a linear function of all the forces 
acting on the system; thus flows may be thermodyna- 
mically coupled in the sense that a contribution to 
a given flow may arise from a seemingly unrelated 
force (Fitts, 1962). A consequence of this assmp- 
tion (and others) is the prediction of certain rela- 
tionships between the phenomenological coefficients 
relating flows to forces; with one important excep- 
tion, these relationships have been verified experi- 
mentally for the processes of interest in our work 
(Miller, 1960; Miller, 1974). The exception is the 
set of processes consisting of chemical reactions; 
it appears that the assumptions of the thermodynam- 
ics of irreversible processes do not adequately 
describe simultaneous chemical reactions and their 
coupling with each other if the reactions are sig- 
nificantly removed from equilibrium. However, it 
can be shown that chemical reactions cannot be 
coupled to flows of mass and energy in most systems 
of interest to this work (Carnahan, 1976). More- 
over, natural hydrogeochemical systems are often in 
a state very close to chemical equilibrium. 
these reasons, we have tentatively retained the 

For 

Richet, P. and Bottinga, Y., 1980. Heat capacity 
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by Bowen. Re B. Hargraves (ea.), physics 
of Magmatic Processes. Princeton University 
Press, p. 49-92. 

Variations on a classic theme 

phenomenological description of chemical reactions 
while excluding reaction-reaction coupling. (It 
is important to distinguish between thermodynamic 
coupling and ordinary interference between trans- 
port processes. In the thermodynamics of inevers- 
ible processes, symmetry considerations prohibit 
coupling between scalar rates of chemical reactions 
and vector flows of matter and energy. However, 
chemical reactions can alter local gradients of 
chemical potentials of reactants and products and 
thus alter mass flows; this effect is termed inter- 
ference (Wei, 1966). We are currently investigating 
the feasibility of replacing the phenomenological 
description of chemical reactions by a chemical- 
kinetic formalism for use with reactions which may 
be significantly removed fram equilibrium. 

A central concept in the thermodynamics of 
irreversible processes is the rate of production 
of entropy by irreversible processes occurring 
within a volume element of the system of interest; 
changes of entropy density by convective transport 
of entropy through a volume element are excluded 
from the production rate. 
rate has several useful properties. First, when 
correctly formulated mathematically, it provides 
the identification of specific flows and forces act- 
ing on the system (Denbigh, 1951); these quantities 
are not always self-evident, and are required for 
subsequent formulation of the phenomenological 
equations relating forces and flows. Second, the 
entropy production rate provides a quantitative 
measure of the extent of irreversibility in a 
system; specifically, it is numerically always 
positive if any irreversible process is occurring, 
and decreases to zero in the state of thermodynamic 
equilibrium. 

The entropy production 

A third useful property of the entropy produc- 
tion rate is related to its behavior in steady-state, 
nonequilibrium systems. Suppose a nonadiabatic 
system is acted on by several constrained forces; 
the system will produce entropy at some fixed, 
positive rate. If now the constraints are removed 
from some (but not all) of the forces, the system 
will progress to a time-invariant state in which the 
rate of production of entropy will have a local 
minimum value determined by the magnitudes of 
remaining, constrained forces; simultaneously, the 
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flows conjugate to the unconstrained forces will 
vanish (Katchalsky and Curran, 1967). (If all 
constraints are removed, the rate of production of 
itropy will decrease to zero, all flaws will 

L4 anish, and the system will then be in a state of 
thennodynamic equilibrium.) Immediately evident is 
the possibility of using this minimum property of 
steady-state systems as an aid in the analysis of 
complex, multicomponent, reacting, open systems 
which are in steady states but not at thermodynamic 
equilibrium, in a manner analogous to the classical 
minimization of the Gibbs free energy in determin- 
ing the composition of a closed reacting system 
which has progressed to an equilibrium state. 

Our work this year has focused on the study of 
steady-state mass transport in the presence of 
chemical reactions. In particular, one-dimensional, 
isothermal systems with constant values of chemical 
potentials at the boundaries and one or two first- 
order, reversible chemical reactions were investi- 
gated. 
irreversible processes, the driving force for dif- 
fusional transport of a solute is the negative gra- 
dient of the chemical potential of the solute, and 
the driving force for a chemical reaction is the 
thermodynamic affinity, which is a linear function 
of the chemical potentials of the reaction's reac- 
tants and products. 
be linear functions of all gradients of chemical 
potentials. 
system consists of contributions to the mass flow 
of a given solute arising from the gradients of the 
chemical potentials of other solutes. 
allows study of mass transfer in time-invariant 
systems which are not in chemical equilibrium, in 
contrast to the classical approach which assmes 
equilibrium in all chemical reactions. In the 

In the formalism of the thermodynamics of 

Mass flows are postulated to 

Thermodynamic coupling in such a 

This approach 

ce of chemical reactions, chemical potentials 
e-dimensional, steady-state systems with 
ant-potential boundaries are linear functions 
stance between boundaries; i.e., gradients of 
cal potential are consant (or zero). We have 

found that thermodynamic coupling between mass flows 
cFnges only the magnitudes of the gradients, and 
does not disturb the linearity. The presence of 
one or more chemical reactions, however, renders 
the potential distributions nonlinear and may dras- 
tically alter the distributions of potentials and 
mass concentrations. It was found for the systems 
studied that in the presence of a c h d c a l  reaction 
the chemical potential distributions achieved 
configurations in the steady state such that the 
affinity of the reaction was driven toward zero to 
the largest extent possible within the confines of 

the system (assuming nonzero values of affinity at 
the boundaries). This result is consistent with 
the property of minimum production rate of entropy 
in the steady state. Furthermore, our modeling 
studies have shown that the presence of thermody- 
namic coupling of mass flows in a reacting system 
can significantly modify values of chemical poten- 
tials, mass flows, and chemical reaction rates from 
values predicted in the absence of coupling. In 
particular, values of chemical potentials in the 
state of chemical equilibrium of a reacting system 
(by definition, when the thermodynamic affinity of 
the reaction equals zero) may be displaced, by 
coupling, from values predicted by the methods of 
classical thermodynamics. 

We are currently extending these studies to 
investigation of the form of the entropy production 
function generated by an arbitrary number of inde- 
pendent, thermodynamic forces acting on an open, 
nonisothermal system. 
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VISCOSITY OF NaCI, KCI, and CaCI2 SOLUTIONS UP TO 350OC AND 50 MPa 
S. 1. Phillips, H. Ozbek, A. Igbene, and G. Litton 

Summarized here are the resul ts  of a review 
of the available data on the viscosity of sodium 
chloride, potassium chloride, and calcium chloride 
solutions for  the following ranges of geothermal 
conditions: 
t o  50 MPa, and concentrations up t o  5 _m (27 w t  8 )  
(Lyon and mlstad,  1974; Phi l l ips -e t  al., 1979). 
The interest i n  sodium chloride solutions stems 
partly from the fact  tha t  NaCl is the major dis- 
solved electrolyte i n  geothermal brines. 
example, wells i n  Baca location No. 1 i n  t&w Mexico 
contain over 2000 ppm Na and over 3000 ppn C l ;  wells 
i n  East Mesix, California, have over 700 ppm Na and 
over 800 p p  C l t  and wells i n  the Salton Sea area 
of California have 10,000 t o  50,000 p p  Na and 
20,000 t o  160,000 ppn C 1  (Phill ips e t  al., 1980). 

temperatures up t o  350°C, pressures up 

For 

Viscosity of a l iquid is II. measure of the 
resistance of the liquid to flaw8 the reciprocal of 
viscosity is the fluidity.  
lytes  t o  water either increases or decreases the 
viscosity of the resulting solution. 
addition of NaCl,  Bacl2, IaCl3, C1, or CaQ2 in- 
creases the viscosity, whereas CsNO3 can decrease 
the viscosity. 
cosity d i f fe rs  for  each electrolyte (Phill ips e t  
al., 1980). 

The addition of electro- 

For example, 

The magnitude of the change i n  vis- 

Data on the change in  viscosity of NaCl solu- 
t ions w i t h  temperature, concentration, pressure, 
and w i t h  other dissolved constituents are  necessary 
for  calculating f lu id  volumes when injecting brines. 
A 139.C (282.F) change i n  temperature for a 1.11  
specific gravity brine w i l l  cause an estimated 
88.5% decrease i n  vlscosity for  a geothermal fluid. 
This change may be compensated by a decrease in  
pumping capacity. A note of caution: the temper- 
ature change w i l l  also cause a decrease in density 
and thereby increase the f luid volume; t h i s  could 
necessitate an increase in pumping capacity. Thus, 
on relating the effects  of changes i n  viscosity for  
predictive modeling, other properties such as  den- 
s i t y  changes need to be considered. 

Viscosity data are  also used t o  calculate 
other properties of solutions, such a s  kinematic 
viscosity, and to interpret  the structure of 
electrolyte solutions. In this case, the data are  
interpreted i n  terms of lon-water interactions--for 
example the degree of hydration of dissolved elec- 
t rolytes  whose concentrations exceed about 1 m, 
such a s  LaClgrn and of more di lute  solutions of 
other electrolytes, such as NaCl (Spedding and 
Pikal, 1966). 

Correlation Equation for  Sodium Chloride Solutions 

Over 1500 selected data points were used to 
develop our correlation; a l l  were in i t i a l ly  given 
equal weight. 
tha t  derived by Vand for  colloids and nonelectro- 
lytes w i t h  an added exponential term. 

The form developed is similar to  

b 

(1 1 

where a * 0.0816, b * 0.0122, c = 0.000 128, 
d = 0.000 629, k = -0.7, T = temperature (OC), 
m = molal concentration (g-mol NaCl/Kg H20 1, 
II = absolute viscosity of N a C l  solutions (centi- 
poise), and '1, - viscosity of water (centipoise). 
In equation ( l ) ,  the viscosity of water is calcu- 
lated from 

w i t h  

3 ( i n  Pa-s, or 10 cP) where T* = 647.27OK and 
d* = 317.763 kg/d.  
reduces t o  that  of water when m = 0, and reduces t o  
polynmial form with a temperature correction term 
for large values of molality. Equation ( 1 )  repro- 
duces the experimental data t o  an average of bet ter  
than 2% over the ranges 10-350°C, 1-50 MPa and 0-5 M. 
See Table 1 fo r  values of n up t o  195.C. 

As can be seen, equation ( 1 )  

The change i n  viscosity for  NaCl  solutions has 
been studied for pressures up t o  150 M P a  and temper- 
atures t o  3S6.C. 
increases by 1-2%. 

Over these ranges the viscosity 

Data published by Grimes e t  a l .  (1979) on the 
viscosity of KC1 solutions up t o  150.C and saturated 
vapor pressures are  given in  Table 2. 
viscosity of KC1 solutions is lower than tha t  of 
NaCl solutions a t  equivalent molal concentrations 
and temperatures. Furthermore, the addition of 
N a C l  in  the molal ra t io  3rl  gives a solution with a 
re la t ive viscosity higher than tha t  for  4 ,m KC1 but 
less than tha t  of 4 NaCl. 

The relat ive 

Data on the viscosity of CaCl2 solutions up 
t o  90% were pbl i shed  recently by Gruzdev e t  a l .  
(1977) and by Goncalves and Kestin (1979). Plots 
of the relat ive viscosity of CaCl2 solutions up t o  
90°C for  concentrations between 0.474 and 4.4 _m 
show a f l a t  region over which there is no change 
i n  viscosity; a t  4.4 E, the re lat ive viscosity 
decreases ovtr the temperature range 50-9OoC. 
t ionally,  the relat ive viscosity values are  higher 
than those of comparable Mac1 solutions by a factor 
of 1-2. We have correlated the experimental da 
contained in  the lnternational Cri t ical  Tables, 
w e l l  as tha t  published in  Gruzdev e t  a l .  (1977) and 
Goncalves and Keotin (19791, for  concentrations up 

Addi- 

L 
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Table 1. The absolute v i scos i ty  of NaCl solutions i n  cp up to 195% and 5 ,m 
concentrations. Pressure - -0 .  1 MPa. 

Temp. Density+ Molal concentration of NaCl 
(OC) (k&) 0 1 2 3 4 5 

0 
5 
10 
15 
20 

25 
30 
35 
40 
45 

50 
55 
60 
65 
70 

75 
00 
05 
90 
95 

100 
105 
110 
115 
120 

125 
130 
135 
140 
145 

150 
155 
160 
165 
170 

175 
100 
105 
190 
195 

999.557 1 7937 1 9622 
999.676 1.5209 1.6661 
999.428 1.3002 1.4352 
990.050 1.1391 1.2515 
997.976 1.0024 1.1029 

996.033 b.0903 0.9010 
995.446 0.7972 0.8796 
993.038 0.7109 0.7944 
992.025 0.6525 0.7220 
990.025 0.5955 0.6600 

907.501 0.5464 0.6064 
905.512 0 .  5036 0.5597 
983.021 0.4662 0.5100 
900.303 0.4331 0.4027 
977.605 0.4039 0.4507 
974.694 0.3770 0.4222 
971 653 0.3544 0.3967 
960.407 0.3335 0.3730 
965.197 0.3145 0.3530 
961.706 0.2974 0.3343 

950.257 0.2010 0.3172 
954.61 0 0.2676 0.3016 
950.047 0.2546 0.2074 
946.968 0.2427 0.2743 
942.974 0.2317 ’ 0.2623 

930.066 0.2217 0.2513 
934.644 0.2124 0.2411 
930.309 0.2030 0.2316 
925.861 0.1958 0.2229 
921.301 ’ 001804 0.2147 

916.629 0.1015 0.2072 
911.046 0.1751 0.2001 
906.953 0.1691 0 .  1936 
901.950 0.1635 0.1875 
096.039 0 .  1503 0.1017 

091.622 0.1534 0.1764 
006.290 0 .  1409 0.1713 
080.071 0.1446 0.1666 
075.341 0.1405 0.1622 
069.71 1 0.136’1 0 .  1500 

2.1750 2.4360 
1.0405 2.0696 
1.5931 1.7030 
1 e 3099 1 5564 
1 2255 1 3724 
1.0905 1.2214 
0.9703 1 0958 
0.0040 0.9902 
0.0030 0.9005 
0.7351 0.0236 

0.6757 0.7571 
0.6240 0.6992 
0.5707 0.6405 
0.5307 0.6030 
0.5033 0.5641 

0.4717 0.5287 
0.4434 0.4970 
0.4179 0.4685 
0.3950 0.4420 
0.3741 0.4195 

0.3552 0.3903 
0.3379 0.3709 
0.3221 0.3612 
0.3076 0.3450 
0.2943 0.3301 

0.2020 0.3163 
0.2707 00 3036 
0.2602 0.2919 
0.2505 0.2810 
0.2415 0.2709 

0.2331 0.2615 
0.2253 0.2520 
0.2180 0.2446 
002112 0.2370 
0.2040 0.2299 

0.1909 0.2232 
0.1933 0.2169 
0.1080 0.2111 
0.1031 0.2056 
0 .  1705 0.2004 

2.7440 
2.331 1 
2.0090 
1.7527 
1 5454 

1 3752 
1 2336 
1.1146 
1.0135 
0.9269 

0.0520 
0.7060 
0.7296 
0.6792 
0.6345 

0.5947 
a. 5590 
0.5269 
0.4979 
0.4716 

0.4477 
0.4260 
0.4060 
0.3070 
0.3710 

0.3555 
0.3412 
0.3200 
0.3157 
0.3043 

00 2937 
0.2039 
0.2747 
0.2661 
0.2501 

0.2506 
0.2436 
0.2369 
00 2307 
0.2249 

3.1013 
2.6343 
2.2690 
1.9799 
1.7454 

1 5529 
1 3929 
1 2503 
1.1440 
1 0460 
0.9614 
0.8877 
0.0230 
0.7661, 
0.7155 

0.6705 
0.6301 
0.5939 
0.561 1 
0.5314 

0.5044 
0.4790 
0.4573 
0.4366 
0.4177 

0.4002 
0.3840 
0.3691 
0.3552 
0.3424 

0.3304 
0.3193 
0.3089 
0.2992 
0.2902 

0.2017 
0.2737 
0.2663 
0.2592 
0 .  2526 

*Density of pure water. 

\ 
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Table 2. The absolute viscosity of aqueous E1 solutions i n  cp up t o  l5O0C 
and 5 _m concentrations. 
pressure, whichever is higher. 

Pressure is equal t o  0.1 MPA or  the vapor 

Temp. Molal concentration of KC1 
('C) 0.5 1 2 3 4 5 

25 
30 
35 
40 
45 

50 
55 
60 
65 
70 

75 
80 
85 
90 
95 

100 
105 
110 
115 
120 

125 
130 
135 
140 
145 

150 

0 8989 
0.8066 
0.7289 
0.6630 
0.6064 

0.5575 
0.5149 
0.4775 
0 4445 
0.4152 

0.3890 
0.3656 
0.3445 
0.3254 
0.3081 

0.2923 
0 e 2780 
0.2648 
0.2528 
0.2417 

0.2315 
0.2221 
0.2134 
0.2054 
0.1980 

0.1912 

0.9041 
0.8133 
0.7368 
0.6718 
0.6159 

0.5675 
0.5253 
0.4882 
0.4553 
0.4262 

0.4001 
0.3766 
0.3555 
0.3364 
0.3190 

0.3032 
0.2887 
0.2755 
0.2633 
0.2521 

0.2418 
0.2323 
0.2234 
0.2153 
0.2078 

0.2008 

0.9107 
0.8243 
0.7512 
0.6888 
0.6349 

0.5880 
0.5468 
0.5106 
0.4783 
0.4495 

0.4237 
0.4003 
0.3792 
0.3600 
0.3424 

0.3264 
0.3116 
0.2981 
0.2856 
0.2740 

0.2633 
0.2533 
0.2441 
0.2356 
0.2276 

0.2202 

0.9234 
0.8407 
0.7704 
0.7100 
0.6576 

0.6118 
0.5715 
0.5357 
0.5037 
0.4750 

0.4491 
0.4257 
0.4043 
0.3848 
0.3669 

0.3504 
0.3353 
0.3212 
0.3082 
0.2962 

0.2849 
0.2745 
0.2647 
0.2556 
0.2471 

0.2391 

0.9559 
0.8732 
0.8026 
0.7418 
0.6889 

0.6425 
0.6014 
0.5650 
0.5323 
0.5029 

0.4763 
0.4521 
0.4301 
0.4099 
0.3913 

0.3741 
0.3583 
0.3436 
0.3300 
0.3173 

0.3054 
0.2944 
0 2840 
0.2744 
0.2653 

0.2568 

1.0217 
0.9321 
0.8558 
0.7902 
0.7331 

0.6832 
0.6391 
0.6000 
0.5649 
0.5335 

0.5050 
0.4792 
0.4557 
0.4342 
0.4144 

0.3962 
0.3794 
0.3638 
0.3494 
0.3360 

0.3235 
0.3118 
0.3010 
0.2908 
0.281 3 

0.2724 

t o  4 _m (30 w t  % )  and temperatures up t o  70OC. 
Table 3. 

See 

Measurements of the viscosity of mixtures of 
NaCl and CaC12 over the range 20-90% and up t o  35% 
concentration show tha t  the viscosity is higher than 
tha t  of NaCl, even a t  equal molal concentrations. 

Table 3. The relative viscosity of CaC12 solutions 
up t o  70OC and 3 m concentrations. 

Temp. m l a l  Concentration of CaCl2 
( OC 1 0.25 0.5 1 2 3 

20 
25 
30 
35 
40 

45 
50 
55 
60 
65 

70 

1.069 
1.071 
1.073 

1.075 

1.078 

1.082 
1.084 
1.086 

1 074 

1 079 

1 088 

1.146 
1.149 

1.155 
1.159 

1.152 

1.163 
1.166 
1.170 
1.175 
1.179 

1.184 

1.321 
1.328 
1.334 
1.341 
1.348 

1.355 
1.363 
1.371 

1.388 

1.397 

1.379 

1.785 
1.797 

1.823 
1.836 

1.849 

1.877 
1.892 
1.907 

1.809 

1.860 

1.923 

2.488 
2.463 
2.477 
2.492 
2.507 

2.523 

2.555 
2.570 
2.586 

2.537 

2.604 

For NaCl/CaClz rat ios  of about 2:1, the viscosity 
is about 10% higher than for  equivalent NaCl  solu- 
tions; the viscosity is about 25% higher when the 
molal r a t io  is 1. 

SUMMARY AND CONCLUSIONS 

The change i n  re la t ive viscosity with concen- 
t ra t ions differs  markedly fo r  CaC12 solutions a s  
compared w i t h  mcl and K c 1  solutions. See, fo r  
example, Figure 1. In this figure data for  Lac13 
obtained from Spedding's paper are plotted for com- 
parative purposes. As can be seen, the curve for 
cacl2 has a shape s i m i l a r  to  tha t  of LaCl3. 
shape of the curve for Lac13 has been attributed to 
the highly hydrated La+3 ion; it is l ikely tha t  the 
rapid increase in viscosity for  ~ a + 2  is related also 
t o  hydration. 
might a s s i s t  i n  verifying tha t  the large increase 
i n  viscosity a t  concentrations exceeding about 3 ,m 
is due to an obstruction of the stream l ines  i n  the 
water solvent by hydrated Ca+2 ions. By contrast, 
~1 is not considered to be highly hydrated i n  
aqueous solutions. Additional information about 
t h i s  approach is found i n  the publications by Vand 
(19481, Spedding and Pika1 (19661, and out and Los 

The 

Application of the Vand equation 

(1980) 

The A coefficient of the Jones-Dole equati 6c1 
i s  determined by ion-water interactions t o  form ion- 
bound water complexes, and by ionic mobilities; the 
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molal 

Figure 1. 
and Lac12 a t  2OoC. 

A coefficients are  calculated from theory for NaCl, 
El, and many other electrolytes. The B coefficient 
of ions i n  water shows a strong temperature depen- 
dence; the magnitude of B depends on the dissolved 
s a l t  and resulting ion-water interactions. 
dependence of B on temperature has been studied for 
NaC1, El, and other electrolytes (e.g., LiCl) by 
out and LOS up t o  gooc, by Mminsky (1957) for tem- 
peratures between 12.5 and 42.5*C, and by Kay e t  a l .  

Systematic studies of the D coefficient 

Relative viscosity of El, NaCl, CaC3.2, 
[XBL 808-1 12391 

The 

1980) for tetraalkylammonium halides between 
65OC. 

a re  mainly those by Out  and Los, and a t  25OC, by 
Desnoyers and Perron (1972). 

The a,  b, and c Coefficients In the Vand equa- 
t ion have not been as w e l l  studied for aqueous elec- 
trolytes such a s  NaCl.  If the f i r s t  term only is 
retained, then the Vand equation gives an "excel- 
l en t  representation of the viscosit ies of many 
'strongly hydrated' electrolytes i n  the region o f -  
moderate t o  high concentrations." The rapidly in- 
creasing viscosity with increased concentration is 
attributed t o  an "obstruction" effect, due t o  inter- 
ference of large hydrated ions with the stream l ines  
i n  the solvent. See Spedding and Pikal (1966). 
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A DATABASE OF CHEMICAL PROPERTIES OF NUCLEAR WASTE ELEMENTS IN 
AQUEOUS SOLUTIONS 
S. L. Phillips and A. lgbene 

A program has been initiated at Lawrence 
Berkeley Laboratory (LBL) to evaluate critically 
the existing data on the basic properties of nuclear 
waste elements in order to predict the effects of 
their long-term isolation in the .geologic environ- 
ment. Included in the program are those elements 
which are important to studies of the migration, 
leaching, and treatment of nuclear waste constitu- 
ents in water. The results of this work will con- 
sist not only of tabulated data using an internally 
consistent set of units, but also of a description 
of methods useful in calculating data, recommended 
values for each property and, where necessary, 
recommendations for additional research (Phillips, 
1980). 

The results of the work will be made available 
in two different reports. One will be a critical 

survey of currently available published data and 
theory intended to identify significant research 
gaps and to make recommendations for additional 
research; the other will be a tabulation of experi- 
mental and recommended values for each element 'and 
property. 

The objective of the program is threefold: 
(1) to make a critical survey of the currently 
available published data and theory of the thermo- 
dynamic and physical properties of selected nuclear 
waste elements in order to identify significant 
research gaps, (2) to tabulate experimental values, 
theoretical equations, and recommended values for 
each property and selected,waste element; and 
(3) to utilize modern computer methods for handling 
bibliographic references and calculating numerical 
data. 

Table 1. The elements and soluble species included in the program. 

Uranium and Alkali and 
transuranium alkaline earth Metals Nonmetals 

uranium u02+2 
u02+ 

u+4 

u+3 

Americium ~m02+2 

AmO2+ 

Am+4 

Am+3 

Curium 

an+3 

Neptunium Np02+2 

w 2 +  

NP+4 

Plutonium P U O ~ + ~  

m02+ 

PU+4 

m+3 

cesium cs+ Technetium 

Strontium sr+2 

Radium m + 2  

Thorium 

Tin 

Nickel 

Zirconium 

Samarium 

Iron 

Europium 

Nitrogen NO3' 

Iodine Io3- 

1- 

Carbon 

Phosphorus 

m3-3 

Sulfur  SO^-2 



A number of radionuclides and their properties 
a re  needed to predict the effectiveness of nuclear 
waste handling systems. Priority wil l  be assigned 

those areas for  which the need is  greatest and LJ which the data are  not readily available (see 
Table 1 and Benson and Teague, 1980). 

The LBL project wil l  cover data relevant to 
the following three major aspects of nuclear waste 
handling: \ 

1. Migration, where the solution is i n  contact 
w i t h  the geologic environment. 
t o  migration include adsorption rate,  desorption 
rate,  solubili ty,  diffusion coefficient, dissolved 
species, composition of the supporting electrolyte, 
complex dissociation constant, heterogeneous equi- 
librium constant, pH, and W. 

Parameters relevant 

2. Leaching, i n  which solidified nuclear waste 
material is dissolved by a solution.. Typical param- 
eters include solubility, r a t e  of dissolution, sur- 
face area, species, diffusion coefficient, diffusion 
path tortuosity, porosity, permeability, convection, 
p ~ ,  and W. 

3. Treatment methods t o  remwe long-lived 
radioactive waste elements from the solutions, main- 
l y  plutonium and americium. 
include solubility, chelate formation constants, and 
par t i t ion equilibrium constants. 

Selected parameters 

selected elements considered important t o  waste 
handling include both those originally present i n  
the waste, and those which may form during the stor- 
age period. The work w i l l  be limited t o  the species 
formed by these elements i n  aqueous solutions con- 
taining the most important ligands, such a s  hydroxyl, 
chloride, sulfate, carbonate, phosphate, and organic 
chelates (see Table 1). Site-specific data i s  spe- 
c i f ical ly  excluded from t h i s  work. 

In f i s ca l  1981 work was begun on our f i r s t  re- 
port, which wil l  consist of recammended values for  
the hydrolysis constants of Pu species (PuO$+, PuO2+, 
Pu4+, PU3+) to 200%. 
publications include clweland-(1970), Allard et  al .  
(1980), L e m i r e  and Tremaine (1980), and Rai e t  al. 

Pertinent recent research 

( 1980) 

Besides commonly used methods fo r  measuring 
canplexation constants such as EMF, our work w i l l  
include a description of methods developed in  other 
f ie lds ,  but which nay have application to  the meas- 
urement of complexation constants. 
r a t e  of complexation might be measured from certain 
electrochemical reactions according t o  the follow- 
ing theory for  a coupled catalyt ic  chemical reaction 
(see, for  example, Delahay (1954)): 

For example, the 

O Z + n e + R + Z  . 

k R + Z + 02, 

where 02 is the electroactive complex. 
boundary-value problem fo r  a diffusion-controlled 

trochemical reaction with a coupled catalytic u t ion can be described using Fick's law for  a 
planar electrode: 

The i n i t i a l  

2 

+ kCRCZr 
=OZ a coz 

a t  = DOZ 7 - 

aLcR 

ax 
- I) D - - kCRCZ R 2  a t  

Ini t ia l ly ,  

t = 0 ,  0 < x < m: 

then 

t >  0, x + - :  

Coz = C&, CR = 01 

coz + C&, CR + 0 

coz * O 
x = 0 :  

ac, = D  - -D - acOz 
oz ax R ax 

This boundary-value problem may be solv 
ing the Laplace transform. 
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GEOCHEMICAL ASSESSMENT OF FIVE POTENTIAL SITES FOR HYDROTHERMAL 
MAGMA SYSTEMS 
A. F. White 

The need for a comparative assessment of 
potential sites for deep d r i l l i ng  i n  continental 
structures was assessed by the Workshop on Conti- 
nental Drilling for  Scientific Purposes, held a t  
Los Alamos, New Mexico. The workshop resulted i n  
a report enti t led "Continental Scientific Drilling 
Program" (National Academy of Sciences, 1979). 
The report identified major scient i f ic  objectives 
i n  four areas of study: basement structures and 
deep continental basins, thermal regimes, mineral 
resources, and earthquakes. The Department of 
Energy has a particular interest  i n  thermal regimes 
because of its commitment to uti l ization of energy 
resources and waste disposal. Utilization of geo- 
thermal energy, i n  s i t u  fossi l  fuel recovery and 
nuclear waste emplacement in geologic materials are 
obvious examples 

A proposal t o  conduct a comparative assessment 
of f ive potential hydrothermal-magma sites was pre- 
pared and approved by the Department of Energy 
(DOE), Office of Basic Energy Sciences in  November 
1979. The four participating DOE laboratories are 
Los Alamos National Scientific Laboratory (LANSL), 
Lawrence Berkeley Laboratory (LBL), Lawrence Liver- 
more National Laboratory (LLNL) and Sandia National 
Laboratory (SNL). The five sites are The Geysers- 
C l e a r  Lake area, California, Long Valley, California, 
Salton Trough, California, Roosevelt Hot Springs, 
Utah, and the Rio Grande r i f t ,  New Mexico. Each 
laboratory was assigned a t a s k  of evaluating speci- 
f i c  aspects of each site, e.g., geology, geochem- 
is t ry ,  geophysics, and energy transport. LBL was 
assigned the task of geochemical evaluation. 
laboratory also contributed personnel t o  each of 
the other tasks. 
chaired by the author. Other m e m b e r s  included W. S. 
Baldridge of LANSL, T. M. Gerlock of SNL, and K. 
Krauss of LLNL. 

Each 

The ,geochemistry subgroup was 

CONCLUSIONS =GARDING IMPORTANT GEOCHEMICAL 
MECHANISMS 

Geochemistry of Magma and Associated Lavas 

Primary magma sources in the earth's mantle 
are beyond the reach of present d r i l l i ng  technology. 
However, magmas that have been introduced i n t o  the 
crust a t  shallow depth represent possible d r i l l i ng  
targets. 
niques involving deep d r i l l i ng  can provide infor- 
mation regarding the depth, size,  and heat distri-  
butions of such magmas, igneous geochemistry i s  the 
principal method available for addressing questions 
concerning the origin and evolution of magmatic 
systems a t  a given site. Specifik questions involve 
the origin, coalescence, migration, contamination, 
emplacement, and crystallization of magma systems. 
Two of the areas, Long Valley and The Geysers, are 
inferred t o  be underlain by a simple large magma 
chamber. One of the geothermal areas, Roosevelt 

Whereas geologic and geophysical tech- 

W 

Hot Springs, may be underlain by such a magma 
chamber. The remaining two, the Salton Sea qeo- 
thermal area and the Rio Grande r i f t ,  occupy r i f t  
settings. The Salton Sea area is located in  an 
oceanic-ridge transform zone and apparently is not 
underlain by a large magma body. 
anomaly is caused by dike injection from small 
spreading centers. The Rio Grande r i f t  is a major 
continental r i f t  related to the Basin and Range 
extensional province. A t  least  one area of the 
r i f t ,  the Valles Caldera, is probably underlain by 
a large, high-level si l icic magma reservoir. 

Geochemistry of Hydrothermal Fluids 

The thermal 

In general, the data describing the chemistry 
of hydrothermal f luids  have two applications. One 
application i s  related t o  answering scient i f ic  ques- 
t ions in related fields.  For example, geothermom- 
eters can be used t o  estimate reservoir temperatures. 
Isotopic data can be employed i n  estimating age and 
origin of hydrothermal fluids. Dissolution and 
aqueous equilibrium constraints can% applied t o  
determine diagenetic changes in secondary permea- 
b i l i t y  and reservoir evolution. 

The other application is to use the data t o  
answer basic questions concerning chemical mechan- 
i s m s  and evolution of hydrothermal fluids. For 
example, the l i t e r a tu re  indicates that  hydrothermal 
f luids  a t  a l l  sites are high in  certain elements, 
including A s ,  B, B r ,  F, C1, and Li .  Are these 
elements derived directly from magmatic sources o r  
from dissolution of reservoir rocks? What i s  the 
source of abundant sulfur associated with these 
solutions? 
resolved by d r i l l i ng  is the relationship between 
hydrothermal solutions and transport and deposition 
of ore-forming elements. 

Another major question that can be 

A l l  f ive  of the proposed sites possess surface 
and subsurface manifestations of hydrothermal activ- 
i t y  t o  varying degrees. Table  1 i s  a sununary of 
typical solution compositions associated w i t h  each 
site. Two of the sites, The Geysers and, to a 
lesser extent, the Valles Caldera, possess vapor- 
dominated systems. Mercury deposition i s  associ- 
ated with The Geysers system, and anomalous heavy 
metal concentrations occur in the Salton Trough 
brines. 

Geochemistry of Hydrothermal Alteration 

Hydrothermal alteration represents the inter- 
face between the aqueous and/or vapor geochemistry 
and-the geochemistry of the reservoir rock. Such 
alteration may be controlled by the development of 
hydrothermal circulation. In turn, hydrothermal 
alteration may increase or decrease rock permeabil 
i t y  and affect  both circulation and convective heat 
transport. Such hydrothermal alteration records 

LJ 
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Table 1. Examples of water compositions associated with geothermal svsterns i n  ppm. 

Si02 A 1  Fe Mn , A s  Ca "9 K Li NH4 ACO3 CO3 So4 C1 F B r  NO3 9 H2S pH Temp. 

Geysers-Clear Lake 
vapor-daninated 

1400 0 -- 5710 0.5 -- -- -- 3.1 -- 1.8 100 system1 225 14 63 14 -- 47 281 12 5 -- 
Geysers-Clear Lake 
water r e f l e c t i n g  
earpentieation* 0.4 0.2 -- -- -- 40 0.3 19 11 -- 0.19 0 0 0.4 63 0 -- -- 0.02 -- 11.54 20 

Geysers-Clear Lake 
water r e f l e c t i n g  
weathering of 
serpentine3 170 0.66 0.22 0.02 -- 30 238 162 26 -- -- 1258 0.2 6.3 272 -- 2 9.2 19 - 6.17 52 

~~ ~~ ~ ~~ ~ ~~~ 

Geysers-Clear Lake 
w a t e r  from G r e a t  
va l ley  sequence4 190 - -- -- -- t.4 58 9140 460 14 303 7390 -- 23 11,000 1.1 15 -- 293 - 7.2 57 

~ ~~ ~ ~~ ~ ~~ ~ 

Long Valley 
thermal water5 110 -- -- -- 0.74 50 0.6 410 30 2.8 0.40 416 -- 96 200 8.4 -- -- 10.6 2.3 6.5 79 

Long Valley shal- 

Iho h a n d e  r i f t  
Valles Caldera 

lowwater systems658 -- -- -- 0.02 5.1 5.9 23 40 0.04 0.13 90 0 8.1 5.7 0.5 -- -- 0.37 0.1 6.8 11 

thenual water7 170 - -- -- -- 7.3 13 4800 180 -- -- -- 1600 2600 16 14 -- 26 -- 7.7 - 
Ria Grande r i f t  
groundva tar8 96 - -* -- -- 16d 6.6 510 63 -- -- 773 0 290 300 4.4 3.0 -- 7.4 - 6.6 -- 
Roosevelt H o t  

water *rinr thermal 639 1.86 0.016 - -- 31 0.26 2072 403 -- -- 25 -- 48 3532 -- -- -- -- -- 5.0 92 

Salton Trough 
br ine ' 400 - 2000 1370 -- 28,800 10 53,000 160500 210 - 682 - 96 1550000 -- -- -- 390 -- 5.2 ,300 

Sa l ton  Trough 
surface waterll 41 >0.5 ~ 3 . 3  1 -- 435 69 5430 334 12 52 630 -- 414 8920 -- 9.1 -- 62 -- 6.33 34 

' Table 1, White (1970). 3S/28E-l3ES3 (Table 11, Mariner and Wiley (1976). Sample C3, Parry et  a l .  (1980). 
2S/28E-25ASl (Table l), Mariner and W i h Y  (1976). 
N4 (Table l), Trainer and Lyford (1979). 
H17 (Table l ) ,  Trainer and Lyford (1979). 

10 NO2 IID, mlgeson (1968). 
l1 Table 1, Muffler and White (19691. 

Table 2, Barnes and O ' N e i l  (1969). 
Seigler  Spring, Barnes et  al. (1973). 
Wilbur Springs (Table l), Barnes (1970). 

VI 
VI 
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not only the presently active hydrothermal processes 
but also the past spatial ,  chemical, and temperature 
regimes in such s y s t e m s .  Access to such a record 
by d r i l l i ng  would be important in determining whe- 
ther hydrothermal alteration reduces permeability 
sufficiently t o  cause liquid-dominated hydrothermal 
systems to evolve into vapor-dominated systems. 
Spatial distributions of hydrothermal alteration is 
also important in evaluating geophysical anomalies 
associated with geothermal sites. 
also offers an oppportunity t o  observe alteration 
assemblages and specific hydrothermal solutions a t  
known temperatures and pressures. 

Deep d r i l l i ng  

The review of available information and con- 
clusions regarding geochemistry a t  each site has 
been published (White , 1980 1. 

RECOMMENDATIONS ON SPECIFIC SITE SELECTION 

On the basis of conclusions of the geochem- 
i s t r y  and other subgroups (Gaff and Waters, 1980; 
Hardee, 1980; White, 1980), the following recan- 
mendations have been made to DOE and the National 
Academy of Sciences for specific sites in  order of 
preference. 

1.  Valles Caldera. A scient i f ic  dr i l l ing 
program emphasizing features associated w i t h  the 
resurgent dome of the caldera would provide impor- 
tant  information in developing an understanding of 
caldera-forming hydrothermal systems c o m n  in  con- 
t inental  regimes. 
consists of a deep hole (10 km) sited on the 
resurgent dome. Technological developments would 
be required, and a hole of moderate depth ( 5 km) 
would be the i n i t i a l  target. 

The proposed dr i l l ing program 

2. The Geysers-Clear Lake Area. Scientific 
d r i l l i ng  a t  The Geysers prwides a unique opportu- 
ni ty  t o  assess the roots of a major vapor-dominated 
geothermal system. 
potential application of the results in  liquid- 
dominated active and fos s i l  geothermal systems. 
A carefully conceived, comprehensive and extensive 
d r i l l i ng  program w i l l  be required given the struc- 
tural  and geologic complexity of the area. 

This uniqueness does l i m i t  

3. Salton Trough. Available data indicate 
the presence of intrusions, perhaps as dike swarms 
a t  depths of 2-10 km. Scientific dr i l l ing i n  this 
area would provide valuable information about the 
roots of an economically important geothermal sys- 
tem associated w i t h  an oceanic spreading center, 
but only limited information on magmatic sources. 
It is probable tha t  magma targets are small and 
distributed. 

4. Long Valley. Recent data indicate that 
lortemperature gradients may preclude the existence 
of magma a t  depths accessible by dril l ing.  Many of 
the scient i f ic  questions of interest  to continental 
d r i l l i ng  concerning caldera development can be an- 
swered by d r i l l i ng  a t  the Valles Caldera, a more 
promising target. 

5 .  Roosevelt Hot Springs. The current data- 
base is inadequate for dFrect comparison with the 
other four sites. 
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U E P  ELECTROMAGNFCIC CRUSTAL SOUNDING IN NORTHERN NEVADA 
M. J. Wilt, N. E. Goldstein, H. F. Morrison, and J. R. Haught 

The Battle Mountain heat-flow high, si tuated 
in north-central Nevada, covers several thousand 
square m i l e s  i n  five counties. 
characterized by an average heat flow tha t  is twice 
the continental average and by a number of geother  
mal  anomalies (Fig. 1). Geologically t h i s  area is 
known for its high elevation, frequent earthquakes, 
f a i r l y  recent volcanism, and the presence of nmer- 
ous thermal springs (Garside and Schilling, 1979). 
There are  also suggestions of continental spreading 
and abundant evidence of recent faulting (Lachen- 
bruch and sass,  1977). 

This region is 

The origin and nature of t h i s  large region of 
anomalously high heat flow have not been studied in  
great detail,  although significant work has been 
done (e.g., Sass e t  al., 1971; Thompson and Burke, 
1974). 
and nuclear tests has indicated an anomalously shal- 
low crustal  section i n  t h i s  region overlying a low- 
velocity mantle ( H i l l  and Pakiser, 1966; Majer, 
1978). There are  also indications (from a seismic 
refraction experiment) of a general upwarp i n  the 
mantle surface i n  this region (Majer, 1978). Mag- 
netotelluric surveys i n  northern Nevada and Idaho 
have indicated the presence of low-resistivity zones 
a s  shallow as  10 km and a t  a depth of 15 km through- 
out the region (Morrison et  al., 1979; Stanley e t  
al., 1977). Although the presence of these tones 
remains unconfirmed by seismic or gravity measure- 
ments, it is possible tha t  both of these methods 
could m i s s  such features i f  they are relatively 

Seismic evidence from distant earthquakes 

e MONlSl*o M SWINGS AREA . 
Figure 1. Wlena Vista Valley In north central 
Nevada, f i e l d  si te for experiment. [XBL 813-2785] 

thin bodies. It is also conceivable tha t  this low- 
r e s i s t i v i ty  zone may not give rise t o  a seismic or 
gravity anomaly. Another possibility, however, is 
t ha t  the magnetotelluric data MY be distorted by 
l a t e ra l  r e s i s t i v i ty  contrasts or that  *e anomaly 
i t s e l f  could be the manifestation of some source 
f i e ld  distortion. 
buried conductor may have significant importance i n  
helping t o  explain the anomalous region i n  northern 
Nevada, it is important to confirm the presence of 
such bodies and to learn more about them. 

As the presence of a deeply 

To confirm the magnetotelluric resul ts  and to 
map the low-resistivity zones i n  greater detai l ,  a 
deep electromagnetic induction sounding experiment 
was undertaken in  north-central Nevada by LBL. The 
EM method has two dis t inct  advantages for  deep ex- 
ploration when compared t o  MT. Firs t ,  w i t h  EM the 
source f i e l d  is known, and spatial  variations i n  
f i e l d  strength can only be the result of geology, 
not of source f i e l d  variations. second, because 
the f i e ld  strength strongly declines w i t h  increhs- 
ing distance from the source, the method is much 
less sensitive to distant la teral ly  inhomogeneous 
ground. 
designed €or shallow t o  intermediate depth geother- 
m a l  exploration, was used for the experiment. With 
t h i s  system a squarerave current between 0.01 and 
1000 Hz is applied to a co i l  of w i r e  via a motor 
ized generator and a large transistorized switch 
(Morrison e t  al., 1978). The total ver t ical  and 
radial  magnetic f i e ld  is detected a t  some distance 
from the loop transmitter, and the incoming data 
are studied and decomposed on site via Fourier 
transformation. The resultant f i e l d  spectra, which 
include a primary and a secondary (induced) com- 
ponent, are  compared to theoretical m o d e l s  t o  
reeiolve the re s i s t i v i ty  of the earth between the 
tranamitter and the receiver. 
t ra t ion is approximately equal to the transmitter- 
receiver separation. 
description see Morrison e t  al. (1978) or W i l t  e t  
al .  (1980). 

The EM-60 system, which was originally 

The depth of pene- 

For a more detailed system 

Buena Vista Valley i n  north central  Nevada was 
cho8en as the f i e l d  site for the experiment (Pig. 1). 
This valley provides an ideal set t ing for deep elec- 
tromagnetic sounding measurements8 it is long and . wide w i t h  low rel ief ,  vehicular access is good, and 
the population density Is law. 
valley has an active hot springs system, and a s ip  
nificant number of geological and geophysical stud- 
ies have already been campleted (Goldstein e t  al., 

In addition, the 

1976). 

PROGRESS I N  1980 

During 1980 the  f i e ld  system was modified and 
preliminary f i e l d  work was conducted. 
Included a substantial strengthening of the  source 
f i e l d  and a significant lowering of the noise level 

Modifications 
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Figure 2. Example of data improvement using the 
te l lur ic  noise-cancellation scheme. ( A )  Natural 
geomagnetic signal and i n i t i a l  cancelling a t  the 
receiver s i t e  with transmitter off. (B) The same 
system but with transmitter on. [XBL 81 1-25841 

a t  the receiver. Both of these modifications were 
necessary because the transmitter-receiver separa- 
t ions m u s t  exceed 15 km t o  detect a body buried a t  
15 km and, since the strength of the source f ie ld  
declines as  the square of the distance, the signal 
would be undetectable a t  the receiver without sig- 
nificant system changes. 

To increase the source strength, a square loop 
2.5 km on a side was planned for the survey. 
loop was made of 30 km of heavy-gauge wire capable 
of carrying up t o  40 A of current. 
provided a dipole moment of approximately 1 x 108 
MKS, greater than 30 times the source strength used 
for intermediate-depth exploration. The logis t ics  
of laying such a loop i n  Buena Vista Valley proved 
considerable. 
quired three days for a f ie ld  crew of four. 

The 

The new loop 

Surveying and wire emplacement re- 

To reduce noise a t  the receiver, two things 
were done. 
s t i t u t e  noise for t h i s  method, were subtracted f r a -  
the local signal by establishing a remote magnet&,) 
detector 100 km from the source and sending the 
signal via radio telemetry t o  the receiver. 
remote signals, which are  f ree  of a dipole-source 
component, are  inverted and subtracted from the 
local signal prior t o  switching on the loop current. 
An example of this procedure is given i n  Figure 2. 
Experience with t h i s  technique has shown tha t  it 
can yield a signal-to-noise improvement of up t o  
20 dB. In addition t o  the noise cancellation, an 
HP-9835 on-site computer was added t o  the system. 
This device allows greater f lex ib i l i ty  i n  signal 
processing and allows the evaluation of data seg- 
.nsnts prior t o  stacking. The resulting improvement 
i n  the quali ty of data should be significant, and 
the shortening of post-field processing time should 
be considerable. 

Natural geomagnetic f ie lds ,  which con- 

These 

RESULTS FROM FIELD SURVEY 

Two weeks of f i e ld  work were done i n  Buena 
Vista Valley i n  1980. During t h i s  time several 
intermediate-depth soundings were performed, the 
distant reference magnetometer was emplaced and 
tested, the large loop was la id  and tested, and 
preliminary dis tant  sounding measurements were 
made. 
soundings is shown i n  Figure 3, which copsists 04 
plots  of e l l i p t i c i ty  and tilt angle of the combined 

An example of one of the intermediate-depth 
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Figure 3. 
Buena Vista Valley, Nevada. The transmitter- 
receiver separation is 2 km. 

Joint inversion model for sounding BV3, 

[XBL 813-2699] 
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magnetic f i e ld  vector a s  a function of frequency 
fo r  a si te 2 k m  from the Qxmsmitter a t  the north- 
-n end of Buena Vista Valley. 

t o  th i s  data by least-squares inversion, and (%( e results indicate a low-resistivity sedimentary 

A layered model was 

sequence 1 km in thickness overlying resis t ive 
basement. These intermediate-depth results are  
useful i n  determining the r e s i s t i v i ty  structure a t  
the upper several kilometers. Distant soundings 
a re  not able t o  determine characterist ics of the 
shallow structure but may be affected by variations 
within the shallower part of the section. 

Preliminary measurements made from the large 
loop a t  a source-receiver separation of 20 km showed 
the problems of accurately measuring such a small 
magnetic field.  The present system was unable to 
measure these signals with required accuracy even 
a f t e r  repeated signal stacking. 
levels w e r e  unusually high during the f i e ld  experi- 
ment, and the noise-cancelling system did not func- 
t ion because of a breakdown i n  the remote magnetic 
sensor. In addition we experienced problems with 
the electronic instruments because of the extreme 
summer heat. 

PLANS FOR 1981 

GeomagneFic noise 

In 1981 w e  plan a series of shallow and deep 
soundings i n  Buena Vista Valley. In  l i gh t  of our 
recent f i e l d  experiences, w e  plan t o  increase the 
source strength by a factor of 2, replace heat- 
sensitive and unreliable instrumentation, and imple- 
ment a further refinement of the geomagnetic noise- 
cancelling scheme. 
increased by the addition of more w i r e  to the loop 
(the additional w i r e  has been made available from 
another project). The new instrumentation has been 
f i e l d  tested t o  temperatures i n  excess of 100.F and 
performed flawlessly. 

The source strength w i l l  be 

To cancel geomagnetic noise, a scheme has been 
ed which calculates the theoretically invariant 

transfer tensor between the local and remote geomag- 
netic fields. 
t o  prove how constant the tensor coefficients are, 
then the geomagnetic noise may be analytically sub- 
tracted from the incoming fields. The expected 
signal-to-noise improvement is about 40 dB during 
periods of high natural f i e ld  activity. 

Once t h i s  is calculated and tested 

Plans for  the f i e l d  project include 
urement of 18 soundings during the spring of 1981. 
Of these, 12 a re  intermediate depth soundings t o  a 
maximum transmitter-receiver separation of 3 km, 
and the remaining s ix  are deep soundings. The six 
deep soundings w i l l  be made fran 10 t o  30 km from 
the transmitter. 
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FEASIBILITY OF SHEAR WAVE VIBRATORS FOR DEEP CRUSTAL STUDIES 
S. Coen 

The nonlinear inverse-scattering problem has 
been investigated for a shear wave source on the 
surface of the earth. 
ments of the surface measured as  a function of time 
and are used to determine the e l a s t i c  prof i le  of 
the earth. 
exploration seismology and solid-earth geophysics. 
The data may be provided by the solution of the 
forward-scattering problem for a known vibrator 
type and e las t ic  prof i le  of the earth. 

The data consist of displace- 

The theory has direct  applications in  

An e las t ic  medium is characterized by three 
parameters, the density, p i  the shear modulus, V I  
and rad's constant, X. ~n a vertically layered 
earth model, these are functions only of depth, 2: 
p ( z ) ,  P(z), and X(z), 0 < z e m. A recent paper by 
Coen (1980a) presents the solution for the shear 
modulus profile,  u(z), determined uniquely from the 
s t a t i c  torsional s t ress  beneath the source and the 
displacement on the surface. 
u ( Z ) ,  and density, P ( Z ) ,  profiles a re  uniquely deter- 
mined from the reflection coefficient, ~12(8W), due 
t o  obliquely incident horizontally polarized shear 
plane waves (SH plane waves), as  shown by men 
(1980b). 
able a t  two angles of incidence, 81 and 82,  and a t  
a l l  frequencies, 0 < w < =. 
limited response and a f in i t e  source a re  under 
investigation. 

The shear modulus, 

The reflection coefficient must be avail- 

The effects  of a band- 

The theory is being extended to include an 
impulsive SH-wave source and a vibratory torsional 
SH-wave source. 
for arrays of torsional vibrators have been compu- 
ted and w i l l  soon be published (Coen and Yu, 1981). 
The resul ts  show tha t  the shear wave energy from an 
array of phased torsional vibrators can be directed 
almost ver t ical ly  downward despite the fac t  tha t  
the energy from a single torsional vibrator is 
radiated amost ent i re ly  i n  the l a t e ra l  direction. 
Beam-forming is essential  t o  the realization of the 
necessary improvement i n  signal-to-noise ra t io  of 
the measured reflection events. 

A variety of radiation patterns 

A theory is also being developed to reconstruct 
-6's constant, X(Z) ,  as w e l l  as the density, p(Z) ,  
and the shear modulus, ~ ( 2 ) .  The data consist of 
surface displacements due to a vibratory SH somce 
mounted on the surface. 

The integral  equation solution for the scatter- 
ing of SH-aves i n  two dimensions has been modified 
t o  permit  the  presence of multiple inhomogeneous 
scatterers and t o  include the effect  of damping due 
t o  the f in i t e  Q of earth materials. It has been 
found that  the interaction of la te ra l ly  separated 
scatterers is sl ight  for reasonable earth Q's, which 
indicates tha t  w i t h  the proper constraints a one- 
dimensiona1.inversion theory may be applied to the 
interpretation of tw-dimensional structures. The 
inclusion of damping permits the modeling of SHvave 
scattering by two-dimensional inhomogeneities rep- 
resenting a variety of geothermal reservoir types. 
For example, The Geysers geothermal area can be 
represented by a zone of relatively low loss and 
high r igidi ty  above a zone of higher loss and lower 
rigidity.  
paper to be submitted for  publication (Hall, 1981). 
The integral  equation method has the advantage tha t  
the scat terers  may be buried very deeply and almost 
any type of attenuation may be included; however, 
the machine storage requirement can be restr ic t ively 
large a t  times. 

These resul ts  w i l l  be presented in a 

The machine storage requirement of the hybrid 
method is considerably l e s s  than that  of the 
integral  equation method. 
t o  advantage the characterist ics of the integral  
equation and finite-element methods. 
method solution for the forward-scattering problem 
of SH-waves i n  two dimensions has been formulated 
and w i l l  be used t o  model the seismic response 
of canplex deep crustal  structures and t o  design 
experiments with shear wave sources. 

The hybrid method uses 

A hybrid- 
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APPLIED RESEARCH STUDIES a d -  

ENHANCED RECOVERY WITH MOBILITY AND REACTIVE TENSION AGENTS 
C. J. Radke and W. H. Somerton 

The objectives of the present study are  (1) t o  
establish the conditions requisite to tertiary-made 
displacement of acidic o i l s  with pH agents and 
( 2 )  t o  elucidate the dominant recovery mechanisms 
and hence permit development of an improved caustic 
flooding package. The overall project includes 
studies on restored-state core displacements of 
Ranger-zone Wilmington oil sands, chemical trans- 
port, and emulsion flow and displacement. Earlier 
summaries of the research are available (Radke and 
Somerton, 1977, 1978, 1979). Recent progress i n  
the f i r s t  two areas i s  highlighted below. 
detailed information may be obtained elsewhere (So0 
and Radke, 1979; Brown and Radke, 1980; Bunge e t  
al., 1980; deZabala e t  al., 1980; Lee and Radke, 
1980; mbin and Radke, 1980; Somerton and Radke, 

More 

1980). 

under this condition. However, screening crl eria 
based on f luid properties alone are  insufficient. 

5. Caustic reacts slowly with Wilmington sands 
t o  generate soluble s i l icates .  The reaction is ki- 
netic controlled and approximately f i r s t  order i n  
hydroxide concentratlon. Proper mathematical scal- 
ing of the reaction t o  f i e ld  scales suggests the 
possibklity of severe a lka l i  consumption, depending 
on the exact value of the dissolution r a t e  constant. 

6. Equilibrium ion-exchange theory is extended 
t o  include alkaline precipitation of hardness ions. 
Both continuous and f i n i t e  pulse injection are con- 
sidered. Agreement between theory and experimental 
data is satisfactory for  Wilmington sands and Berea 
Sandstone. . -. 

The accomplishments during this reporting 
period are l i s t ed  below. 

1. A l inear equilibrium displacement model is 
formulated for  alkaline flooding of acid crude oils.  
In the simplified model, a single acid unnponent of 
the o i l  reacts with a lka l i  t o  produce a water-solu- 
ble surfactant. Sensitivity t o  mobility control is 
discovered, especially for  t e r t i a ry  a lka l i  flooding. 
Experimental t e r t i a ry  a lka l i  floods show agreement 
with the model calculations. 

2. For reservoir rock on which sodium-hydrogen 
base exchange can occur, even small exchange capac- 
i t ies  may r e su l t  i n  important chromatographic l ag  
of the a lka l i  a t  lower pH values. The reversible 
hydroxide adsorption greatly retards the onset of 
o i l  production and reduces the o i l  cut. To over- 
come the adsorption delay, a lka l i  flooding should 
be done a t  higher pH. 
on interfacial  tensions, may be annulled by the 
alkali-rock interactions. 

Design for  optimal pH, based 

3. Caustic can recover t e r t i a ry  Ranger-zone 
o i l  from Wilmington sands a t  f i e l d  temperatures and 
frontal  advance rates. However, because of the high 
o i l  viscosity, t e r t i a ry  recovery with simple a lka l i  
requires prolonged flooding. With mobility control 
and with high pH, t e r t i a ry  recovery is rapid and 
substantial. Heme mobility control appears neces- 
sary t o  recover successfully viscous acidic o i l s  
with alkali .  

4. The f luid state most characterist ic of 
a lka l i  flooding is t h a t  i n  which the a lka l i  aqueous 

se is i n  equilibrium with the o i l  containing its 

interfacial  tension, Interfacial  viscosity, contact 
angles, o r  coalescence kinetCcs, should be evaluated 

LJ iginal acid content. Fluid properties, such a s  

7. Alkaline preflushes for  hardness cation 
removal prior t o  low pH micellar or  polymer solu- 
t ions are  not a t t ract ive i f  calcium hydroxide is 
precipitated. The relatively high solubili ty of 
calcium hydroxide along with redissolution of the 
insoluble s a l t  permit large concentrations of cal- 
cium ions t o  occur when low pH solutions contact 
the precipitated material. 
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AN EVALUATION OF NUCLEAR QUADRUPOLE RESONANCE (NQR) TECHNIQUES 

E. Schempp, S. M. Klainer, and T. Hirschfeld* 
FOR THE IN-SITU MEASUREMENT OF STRESS/STRAIN IN SALT 

Measurement of the in-situ state of stress 
underground is one of the more challenging and 
important problems presented to geoscience and 
engineering. Accurate knowledge of the stress and 
the strength of rocks is essential  for  the design 
of underground openings and in  the study of geotec- 
tonic processes. 
played by stress, however, techniques and instru- 
mentation for  its measurement have developed slowly. 
Presently available methods are  time-consuming and 
costly. Clearly, i n  a r e a s  where knowledge of sud- 
den buildups or release of stress would be impor 
tant,  such a s  i n  earthquake zones and near waste 
repositories and volcanoes, an improved methodology 
would be very valuable. 

In spite of the fundamental role 

It is the purpose of t h i s  research t o  examine 
the feasibi l i ty  of new procedures for  determining 
stress and t o  develop the instrumentation t o  permit 
f i e ld  evaluation. Several concepts are  under study 
which are  based on the microscopic response of crys- 
t a l l i ne  materials t o  stress and u t i l i ze  sophisti- 
cated notions drawn from experience in  solid s t a t e  
physics. Nuclear Quadrupole Resonance (NQRR) has 
been chosen as the method t o  evaluate. 
t ion of t h i s  concept requires fundamental research 
i n  both physics and instrumentation engineering 
and requires a synthesis of s k i l l s  from several 
disciplines. 

Rocks underground are subject t o  a variety of 
forces, the most obvious being the l i thostat ic  
pressure from the weight of the overburden. Other 
forces include those from tectonic movements, i.e., 
horizontal thrusts of the type responsible for u p  
l i f t ,  folding, and faulting. Because of strains-- 
dimensional changes arising from stress--a simple 
ver t ical  pressure w i l l  be converted into horizontal 
forces. In general, therefore, rocks are subjected 
to a three-dimensional stress which is expressed as 
a second-rank tensor having s ix  independent elements. 

Implementa- 

NQR is a radio-frequency spectroscopic technique 
which, l i ke  nuclear magnetic resonance (NMR), uses 
the nucleus a s  a small, highly specific, probe of 
its environment. The technique takes advantage of 

certain nuclei which possess electric quadrupole 
moments (those with spin 1 2  1 )  t o  study the elec- 
tr ic f i e lds  w i t h  which they interact,  or more spe- 
c i f ical ly  the electric f i e ld  gradient (EFG) tensor. 
Modern NQR has recently been discussed more fully 
by Klainer et  al .  (1980).  

In the studies undertaken a s  part  of t h i s  
project, the focus has been on determining s t ra in  
i n  rock s a l t ,  NaCl. NaQ has been selected fo r  
evaluation because it represents the simplest, nat- 
ural  system consisting of a single major constitu- 
ent. In  unstrained s a l t ,  both the sodiurn and the 
chloride ions occupy sites of cubic symmetry which, 
by very general principles, cannot possess an B G .  
Thus the quadrupole coupling is zero. However, 
when subjected t o  nonisostatic stress, the crystal  
w i l l  deform to produce noncubic site symmetries a t  
the C 1  atom positions, thus giving a small BG. 
For example, a compressive stress applied along 
[ l o o ]  w i l l  make the crystal  tetragonal, a stress 
applied along [110] w i l l  make the crystal  ortho- 
rhombic, etc. Ex'periments by Marsh and Casabella 
(1966) indicate tha t  the NQR frequency s h i f t  for  
~ 1 3 5  i n  NaCl  is on the order of 30 Hz/atm. 

NQR AND STRAIN MEASUREMENTS 

From the theory of e l a s t i c i ty  i n  l inear media 
stressed below the e l a s t i c  l i m i t ,  the s t r a in  E is 
related to the stress 0 by the compliances s, g i r  
ing Hooke's law i n  three dimensions a s  

(where the summation convention is used). Although 
the q j k &  form the components of a fourth-rank ten- 
sor and thus consist of 81 separate elements, energy 
conservation considerations reduce the nunder to 36 

the cubic system, which concerns us here, t o  on1 
independent elements i n  the general case and, 

three independent components (Nye, 1972). In the 
nearly universally used matrix notation i n  which 
the indices are condensed and summed from 1 t o  6, 

inL 



63 

we have 

(2  1 d - sijaj 
with nonvanishing components i n  the NaCl class m3m 
811 a 822 = 8338 s i 2  = 613 = 8238 and 844 = "55 
= 966. Measured values of the e las t ic  compliances 
for  NaCl (Nye, 1972) are given i n  Table 1. 

Table 1. Values of the elast ic ,  gradient e las t ic ,  
and gradient s t ress  tensors for  NaCl. 

n a s t i c  Gradient e l a s t i c  Gradient stress 
cm2/dyne) (lo1' dyne1/2/cm2) ( l o 3  dyne-''2) 

.11 '12 .44 911 044 c11 c44 

2.7 0.95 7.5 1.4 

C13' 2.9 3.9 8.0 30.8 
2.21 -0.45 7.83 

In t h i s  work there are two other tensor proper- 
t i e s  of crystall ine material of considerable impor- 
tance. One is the EFG tensor V i  which determines 
the quadrupole interaction, and ience the resonance 
frequencies. This second-rank tensor is traceless 
and symmetric (Schempp and Bray, 1970), and thus 
contains f ive  independent components , three of which 
can be thought of a s  determining the orientation of 
the principal axes, leaving two independent diagonal 
elements. The parameters of importance to NQR, q 
and tl, are related t o  the components of the tensor 
Vi,  i n  the coordinate system i n  which V i  is diag- 
 OM^, where eq 5 V,, when the axes are  c?iosen so 
tha t  lvzzl Ivyyl Ivxxl and 

dimensionless, satisfying 0 < < 1, tl is 
as the 'asymmetry parameter." 

The other tensor property of interest  is the 
"gradient e las t ic  tensor," gijkg, which relates  the 
s t ra in  t o  the EFG via 

(3)  

where qj is the value of the EFG i n  the absence of 
strain.  
i n  matrix notation 

For cubic s i t e  symmetry, 9 s  = 0 ,  giving 

= 9ij"j' 

Since the g i j  constitute a crystal  property, they 
must obey the same invariance under symmetry opera- 
t ions as  the e las t ic  coefficients, result ing in a 
reduction of the 36 elements again t o  just  three in 
the cubic case, 911, 912, and 944. 
the V i j  tensor is traceless,  one can only observe 
(911 - 912) and 944, as  can easi ly  be seen by w r i t -  
ing out the components, giving 

However, because 

1 
v2 = - 5 911' ( 5 )  

The EFG can be written i n  terms of the s t ress  
by combining equations ( 1 )  and ( 3 )  (or ( 2 )  and ( 4 ) )  
t o  give 

(6 1 

where C i  mn = gijkgs)&mne 
the 'graiient-stress" tensor (Shulman e t  al. , 1957). 

The C ' s  may be called 

Values of the g 's  and C ' s  have been measured 
experimentally by several methods, and although 
there is some scat ter  in the data, approximate 
values can be used t o  determine the magnitudes t o  
be expected i n  NaCl (Table 1)  (Mnert and Mehring, 
1971 ) 

It is possible t o  calculate the f ie ld  gradients 
and NQR frequencies in  a few special cases t o  see 
the general effects. 
crystal  oriented such tha t  the [ loo]  direction is 
along XI, [OlO] along X2, etc. These cases a re  
discussed below. 

For th i s  we consider a cubic 

1. The simplest case involves a homogeneous 
uniaxial stress a. applied along [ loo]  

a = a  0 ( 0  0 0 0  0 0 )  or v = - - c  1 1 0  a ( 0 - 1  0 0 2 0 ) .  

The maximum component of the EFG is thus paral le l  
t o  the s t ress  direction, [lOO], giving q = ev,, o r  

e qQcl - 46 Hz/atm, tl = 0 ,  

-1 0 0 
1 1 0 0  

2 

Since the NQR frequencies are  given for the I = 3/2 
case by 

we obtain, for  a uniform s t ress  f i e ld  of 100 atoms, 

V a 2.3 kmz, Cl 

(These resul ts  can be considered accurate only t o  
within a factor of 2. 
for  example, report equal frequency sh i f t s  €or both 
Na and Cl for [loo] stress.  Accurate determination 
of the constants during the laboratory phase of the 
work is a prerequisite for f i e ld  work.) 

Marsh and Casabella (1966), 

2. After carrying out a rotation of the coor- 
dinates, the s t ress  tensor becomes 

a = u .( -1/2 l; -l? 1/2 ;) 
for  a s t ress  applied along [1101. Thus 
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0 
0 

0 -1/2Cl1 1 
. .  \ 

Introducing the quantit ies c - ~ 4 4 / ( ~ 1 1  - '12) 
and y = g44/g11 , V can be rewritten as 

a c (-2yc 1 
0 2 .  4 0 1 1  

-2yc ' 
v = -  

This m u s t  be diagonalized in  order to find the NQR 
parameters, resulting i n  

) *  ( -2 

1+2yc 
1-2yc 1 v =  - c  a 4 11 0 

For NaCl, using the data i n  Table 1, we find 
C 2.94, Yc1 1.34, and Y N ~  = 0.35. Since 
1 + 2yc > 2, relabeling the axes gives 

-6.88 
8.88 

Va 1.2 kHz 

& Q C l  = 10.3 & / a h ,  n = 0.55, 

= 5.2 kHz/100 atm; and 

3.07 
VNa = 1.4 kHz 

e2% = 42.2 Hz/atm, n = 0.30, 
V N ~  * 2.1 kHz/lOO atm. 

For s t ress  applied along [llOl, the principal axes 
are along [OOl], [1101, and tll01. 

3. If the s t ress  is applied along the [ l l l l  
direction, we find 

e2qQC1 = 119 Hz/atm, n = 0, U c 1  = 5.95 kHz/100 atm, 

where the z-axis is along [ ? I l l .  

The intensity of the NQR l ines  depends upon 
the orientation of the l inearly polarized rf  
exciting f i e ld  t o  the axis of the cylindrically 
symmetric EFG (the 1 = 0 case is more complicated). 
The intensity of the l ines  is a maximum when the 
f ie ld  lies i n  a plane perpendicular to the symmetry 
axis ( the z-direction) and is zero when the f i e ld  
is paral le l  t o  the symmetry axis (Lucken, 1969). 
This fac t  must be taken into account when working 
out the l ine  shapes t o  be expected for  the general 
homogeneous stress.  For example, i f  the ri f ie ld  
is parallel to the s t ress  direction i n  the [1101 
case. the l ine w i l l  not be observed. 

The petrofabric i n  the region of a salt-dome 
borehole m y  not present a wholly random orienta- 
t ion of the crystal l i tes .  In  certain beds, very 

large "single" crystals with dimensions on the or- 
der of a foot or  more have been found (Muehlberger, 
1959). It is generally accepted that  a preferred' .  

strongly related t o  the s t ress  system applied (Ker kt orientation of c rys ta l l i t es  i n  the f ina l  fabric 

1977). %ere is some evidence tha t  the [OOl] axes 
in  ha l i te  are  preferentially oriented paral le l  to 
the principal stress direction, i.e., [OOl] perpen- 
dicular to the axial  planes of isoclinal folds in  
s a l t  domes, which is i n  agreement with thermody- 
namic theory €or stable crystal  orientations under 
nonhydrostatic stress (Carter and Heard, 1970; xamb, 
1959). Therefore, although a polycrystalline mass 
may be expected, the c rys ta l l i t es  may display a 
large degree of local order; i.e., a narrow dis- 
tr ibution of orientation angles may exist .  As a 
resul t ,  the NQR spectra w i l l  also have narrower 
widths than i f  the orientations are  completely 
random. 

In the general case of stresses underground, 
the s t ress  tensor is not uniaxial, but t r iax ia l ,  
i.e., 

The effect  of additional nonzero elements i n  the 
s t ress  tensor is generally additive if appropriate 
care is taken of the signs. 

RESONANCE TECHNIQUES 

The problem to be addressed is t o  detect e i ther  
the sodium or the chlorine quadrupole coupling in 
sufficient detai l  to extract  the s t ra in/s t ress  infor- 
mation. The quadrupolar coupling w i l l  l ie  in  the 
1-15 kHz region for  stresses up t o  300 atm, and the 
l ines  w i l l  be perhaps 1-5 kHz wide, depending on 
the degree of c rys ta l l i t e  misalignment, the nature 
of the impurities, dislocations, and other crystal  
imperfections, and the inhomogeneity of the s t ress  
f i e ld  resulting from the borehole deformation. 
The three basic approaches are  direct  detection 
(pure NQR), quadrupolar perturbed NMR, and double- 
resonance methods. 

Direct Detection 

Direct detection of proton NMR signals i n  the 
earth's magnetic f i e ld  (-0.X;) is routinely carried 
out i n  magnetometers; the resonant frequency here 
is about 2.1 kHz. NQR i n  chlorine w i l l  be more 
d i f f icu l t  because (1)  the sensi t ivi ty  of C 1  NMR 
re lat ive t o  protons is 4.7 x 10-3, ( 2 )  the magne- 
tometers employ a liquid which has a sharp l ine  i n  
contrast t o  the broad l ine  from sol id  NaC1, ( 3 )  the 
proton instrument can be optimized for  a single 
frequency, and (4 )  line-shape information is not 
required. Overall, it is l ikely tha t  the- intr insic  
Cl S/N r a t io  will be a t  l eas t  smaller. Such 
an experiment would involve a very considerable 
theoretical and engineering e f for t  to determine its 
practicali ty.  

padrupolar Perturbed NMR L d  
I n  an NMR experiment a large, reasonably homo- 

geneous magnetic f i e ld  w i l l  have to  be provided- 

> 
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It is assumed tha t  a 1 kG f i e l d  can be obtained for  
in-situ measurements, which is a practical  require- 
r-qt. In this case the chlorine6 w i l l  have a Iarmor 

ency of 0.4 MHz, and the sodims a frequency 'P 1 12 M H z ,  which effects  complete separation of 
the spectra. 
t ion is  i n  the range of 2 * 1 kHz, the quadrupole 
interaction w i l l  be w a l l  compared to the Zeeman 
interaction, giving rise t o  first-order s h i f t s  i n  
the NMRtransition frequencies. This method has 
been used t o  measure the quadrupole frequencies of 
neighboring shells around B r  impurities i n  doped 
NaCl (Andersson and Forslind, 1964). The signals 
could be recorded using standard pulse techniques 
which detect either the free induction decays (FID 
or spin echos, followed by Fourier transforms 
(Klainer e t  al., 1980). 

Since the sodium quadrupolar interac- 

Double Resonance 

Double-resonance techniques have been qevel- 
oped in  recent years which offer  enormous increases 
in-sensi t ivi ty  i n  the detection of weak NMR and NQR 
signals. 
techniques is t o  use the strong signal from one nu- 
clear species t o  detect a weak signal from another 
species, where the weakness may arise from l o w  iso- 
topic abundance, low frequency, o r  long relaxation 
time. In the case of quadrupole effects  i n  strained 
NaCl, the problem i s  the l o w  frequencies of the 
stress-induced quadrupole coupling constant (QCC). 

Of  several double-resonance methods, the 
following can be dismissed a s  not suitable for  the 
experiments on sal t :  spin echo double resonance 
(SEDOR) requires large s t a t i c  magnetic fields,  and 
thus offers no advantage wer conventional reso- 
nance methods1 double resonance in the rotating 
frame (Dl?RF) suffers from the same defect; double 
resonance i n  the laboratory frame (DRLF) is not 
generally suitable €or detection of quadrupole 
interactions below 200 k k ,  and i n  any case often 
renders detai ls  of the line shapes unobservable; 
double resonance via the solid-state effect  
(DRSSE) presents similar problems. 

The idea behind these doubleresonance 

This leaves two  applicable methods, spin- 
mixing by level crossing (DRIX:) and continuous cou- 
pling (DRRC), which are closely related (ICoo, 1970; 
Eahn e t  al., 1972; Edmonds, 1977). Continuous cou- 
pling requires magnetic f i e l d  cycling and a three- 
step experimental cycle: polarization, irradiation, 
and detection. The sample is, i n i t i a l l y  placed i n  
a large magnetic field,  H,,, long enough for  both 
sets of spins (the A and the R) t o  reach equilib- 
rium w i t h  the l a t t i c e  temperature, TL. The time is 
set by the longest T1 i n  the sample; TI (Na) 12 s 
i n  sal t .  The magnetic f i e l d  should be as  large a s  
practicable, about 1 kG fo r  a f i e l d  instrument o r  
10 kG i n  the laboratory. 

The sample is now removed bodily from the mag- 
netic f ie ld ,  or  the f i e l d  is switched rigorously 
off i n  a s  short a time as possible, ? 1 sa 
this t i m e ,  the  Zeeman sp l i t t i ng  of the  A spins 
(NaZ3) collapses, and in so doing crosses over 
f' * quadrupole energy levels of the R spins ( ~ 1 3 5  $+ c137 . The R spins thus become part ia l ly  po- 

applied field.  

During 

rized by energy exchange and now reside in a zero 

m e d i a t e l y  af ter  the % f i e ld  becomes zero, a 
continuous rf f i e l d  a t  frequency w, is applied for  
a t i m e  necessary t o  saturate the R spins (3-5 6). 
A t  the completion of t h i s  irradiation, the magnetic 
f i e l d  H, is switched back on again and the A spin 
iaagnetization measured by applying a single n/2 
pulse and observing the FID. This cycle is re- 
peated for different values of % un t i l  the region 
of interest  is covered--in the case of C 1  i n  salt, 
2-10 kHz. Before the s t a r t  of each new cycle, a 
saturation comb of n/2 pulses for  the A spins ini- 
t i a l i z e s  the polarization i n  tha t  system. 

The sensit ivity of the method depends on the 
number of R system 'spin fl ips" which occur during 
the R-irradiation phase. T h i s  w i l l  depend upon the 
number of C 1  transitions excited within the band- 
width of the WR pulse. The sensit ivity can be very 
high, particularly for the spin 3/2 case (Edmands, 
1977). Double resonance by continuous coupling has 
had considerable success i n  detecting Qcc's i n  deu- 
terium, 211, a t  natural abundance (Earnonas and 
Mailer; 19771, and t h i s  problem presents many of 
the same features found i n  the s a l t  problem. 

The foregoing discussion suggests t ha t  the two 
most promising approaches are  quadrupolar perturbed 
NMR and double resonance by continuous coupling 
(DRCC). 
they do not seem insurmountable. 
culties are these: (1) A magnetic f i e l d  produced 
by a co i l  generates heat because of ohmic losses; 
acoo l ing  system capable of dissipating a few kilo- 
watts w i l l  have t o  be provided. (2 )  For DRCC it 
w i l l  be necessary t o  turn the magnetic f i e l d  off and 
on i n  short times, less than about 1 s, and t h i s  
requires careful engineering design. (3) Any mag- 
netic f i e ld  generated i n  a borehole w i l l  f a l l  off 
in intensity w i t h  penetration depth, and thus only 
the nuclei i n  an annulus not more than 1 cm w i d e  
can be effective i n  the same field.  The resulting 
f i e l d  inhomogeneity makes a more complex NMR signal 
and decreases the line widths of the FID and echo, 
thus requiring f a s t  electronics. ( 4 )  Field inhomo- 
geneity l imits the amount of material which can be 
sampled a t  any one time; t h i s  can be par t ia l ly  
compensated for  by making an oval-shaped r f  coi l ,  
perhaps 1/10 of the borehole circumference as its 
small diameter and up t o  about 60 cm long. 
would encompass a volume of about 2 liters (4 kg of 
s a l t ) .  (5)  The l a s t  problem is the in t r in s i c  wer- 
lap of the  Na23, C135, and U37 (and possibly 'E) 
signals i n  the spectrum, i f  DRCC is used. This 
factor, plus the dependence of l i ne  shapes on the 
stress f ie ld ,  the orientation of the crystals, and 
the orientation of the r f  exciting f i e l d  to both of 
the foregoing, means that it is unlikely t h a t  there 
w i l l  be any simple one-to-one correspondence between 
visually recognizable features i n  the spectrum and , 
the stresses. However, mathematical treatments of 
the spectra, e.g., Fourier transforms, together w i t h  
a sufficient laboratory database, make it possible 
to  process the input information i n  the computer and 
output a value directly related to stress. 
f i e l d  measurements could be related to the stress 
by reference t o  model spectra obtained from careful 
laboratory measurements. 
diff icul t ies  appear t o  have readily implementable 
solutions. 

Both schemes present some diff icul t ies ,  but 
Among the diff i -  

This 

Thus 

A l l  of the f ive l i s t e d  



66 

A good deal of laboratory experimental work 
needs t o  be done. 
ditions t o  optimize the sensit ivity of the instru- 
ment, making careful measurements of the values of 
the gradient-stress constants, verifying the line- 
shape calculations, and observing whether important 
parameters vary significantly with temperature. A 
means of going from the NQR measurements back t o  the 
(unknown) stress s t a t e  w i l l  have t o  be developed. 
Later experiments will  examine the case of extremely 
high stresses where nonlinear effects,  e.g., p las t ic  
flow, begin t o  appear. Finally, detai ls  of the bore- 
hole configuration w i l l  be added t o  the database. 
This work w i l l  be done with funds from ONWI. 

This includes developing the con- 

In f i s ca l  1981, research should be implemented 
on =-containing minerals i n  order t o  locate l ines,  
optimize their  S/N ratios,  and make measurements of 
t he i r  s h i f t s  under stress. 

*Lawrence Livermore National Laboratory, Livermore, 
California. 
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Li 
THE USE OF FLUORIMFCRIC TECHNIQUES IN TRACE ANALYSIS 
S. M. Klainer, D. L. Ferry, H. R. Bowman, and T. Hirschfeld* 

The ability to rapidly and conveniently deter- 
mine small quantities of uranium in geamedia such 
as groundwater and minerals is desirable from sev- 
eral standpoints. With the recent emphasis on the 
need to have a more complete understanding of the 
migration of radioactive materials through soils 
and various types of mineral deposits (especially 
around nuclear waste repositories), it would be 
highly advantageous to have the capability of ana- 
lyzing a large number of samples rapidly. 
of hydrogeochemical exploration for uranium also 
infers the need for the routine analysis of a large 
number of samples in order to detect the presence 
of minute amounts of uranium. Finally, an accurate 
and precise determination of uranium trace levels 
in geologic surroundings is important for conduct- 
ing basic geophysical research in such areas as 
radiometric age dating and terrestrial heat-flaw 
phenomena. 

RESEARCH ACTIVITIES IN 1980 

The field 

The method of uranium analysis (Perry et al., 
1981) developed by members of the Geosciences Group 
at Lawrence Berkeley Laboratory (LBL) in collabora- 
tion with colleagues from the Chemical Analysis and 
Development Department at Lawrence Livermore Nation- 
al Laboratory affords a simple, cheap sample that 
can be easily prepared in any laboratory using read- 
y obtainable reagents. Its detection limit for 
anium that surpasses that presently demonstrated 
r ather techniques. The analytical scheme in- 

volves a precipitation procedure and subsequent 
sample preparation patterned after methods used by 
other investigators in their study of other metal- 
ion systems such as the lanthanide ions (#iller et 
al., 1977; Wright et al., 1978, 1979). Present 
techniques utilize solution-precipitated calcium 
fluoride to coprecipitate uranium (in the form of 
the most solution-stable species, the uranyl ion, 
U022+), which is then air-calcined at elevated 
temperatures. The coprecipitated uranium is then 
spectroscopically monitored by laser-induced fluo- 
rescence excitation (LIFE). The technique has de- 
tected uranium in solution at a concentration of 

technique has been employed to decrease prompt 
fluorescence interferences and general light scat- 
tering. A spectrum (30: l  signaltnoise ratio) of 
uranium copreci itated with CaF2 from a solution 
containing M uranium is shown in Figure I t  
this spectrum was-obtained using chopped excitation 
and boxcar integration. Its extrapolated sensitiv- 
ity is uranium. Research in this program 
at LBL has centered on the coprecipitation of urani- 
um in calcium fluoride matrices and the experimental 
Tarmeters (such as calcination temperature and 

and interfering cations and anions) that affect the 
concomitant spectra of the samples. 
used to obtain the spectra has also been designed, 

E, or 2.38 x ppb. A delayed fluorescence 

&&e, initial uranium concentration in solution, 

Instrumentation 

interfaced, and its performance optimized. Detec- 
tion limits, extent of the coprecipitation of the 
uranium in calcium fluoride, and selectivity of the 
technique have been studied, along with the applica- 
tion of the technique to actual uranium-containing 
groundwater samples. 

TO assure the integrity of an underground 
nuclear waste disposal site, it will be necessary 
to maintain analytical surveillance of the site, 
its underground envirowent, and groundwater in its 
vicinity. 
the whole spatial distribution around the site. It 
is difficult, however, to make such surveillance 
campatible with the desired lack of physical access 
to the site, its environmentally inhospitable nature, 
and the general unwillingness to bury large quanti- 
ties of superreliable, expensive instruments along 
with the waste. 

Proper surveillance should ideally sample 
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Here the alternative t o  collecting samples is 
to use long-distance, communications type fiber 
optics w i r e  in the repository along with the waste 
package. 
i tory from a convenient topside location, which is 
a considerable step forward. Special optical cou- 
plers are used t o  interface a laboratory-type laser- 
excited fluorescence spectrometer to a fiber, which 
may be as long as 1 km and whose other end extends 
down into the repository. Light arriving from the 
spectrometer triggers fluorescence i n  the sample, 
pa r t  of which travels back along the fiber and is 
coupled in  the laboratory t o  appropriate detection 
and readout electronics. 
available t o  use a network of f ibers  t o  analyze a 
great many locations from a single monitoring in- 
strument, w i t h  only small additional expense for 
fibers. The fibers a re  extremely radiation- and 
pressure-resistant, and they have a good resistance 
to temperature and chemicals which may be further 
improved by using special f iber types a t  the f a r  end. 

This allows remote analysis of the repos- 

Switching networks are 

Laboratory demonstrations using f ibers  several 
hundred meters i n  length have demonstrated ppb 
sensit ivity with good quantitative response, and a 
number of such devices have been built.  In parti- 
cular, a number of optical  configurations having 
successively higher optical efficiencies and signal 
levels have been explored. 
fluorescent samples, both fluorescence and chemical 
selectivity can be introduced by using selective 
reagent coatings on the fiber t ip .  

For naturally non- 

These ion- 

specific moptrodesn are designed around nonconsum- 
able reagents, and produce not only higher selec- 
t i v i t y  but better signals a s  w e l l .  

lGawrence Livermore National Iaboratory, 
California. 
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THE DEVELOPMENT OF ADVANCED MASS SPECTROMECRIC TECHNIQUES 
M. Michel and W. R. Keyes 

Preliminary work i n  using the isotope separ- 
a tor  ( a  5-foot radius mass spectrometer with 40 kev 
accelerating voltage) to determine the isotope ra- 
t i o s  of naturally occurring uranium in  groundwaters 
indicated considerable variation i n  the 23%/235u 
r a t i o  of a natural standard from run t o  run. Since 
the variation i n  the 23%/23821 r a t i o  in  groundwaters 
was t o  be the subject of a research program funded 
by the Office of Nuclear Waste Isolation, the varia- 
t ion obtained with the standard became of great con- 
cern. Because no previous work with individual ion 
counting had been done with t h i s  machine, a source 
of instrumental error was suspected. 
work was aimed a t  achieving the capability of meas- 
uring such isatope rat ios  i n  samples of uranium of 
1 ng or less with a precision of approximately 2% 
i n  the r a t i o  234~/23821. 

The present 

Because the work on 23%/23821 disequilibrium 
does not require high precision i n  the isotope ra- 
tios being measured, the original work was begun 
using a Bendix Spiraltron (T.M.) solid-state elec- 
tron-multiplier detector i n  the ion-counting mode 
t o  achieve the sensit ivity required for small sam- 
ples. This device was chosen because of its small 
size, so t ha t  the standard collector box of the 
isotope separator (which enters and leaves the 
vacuum system on a differentially pum-d probe) 

could be used t o  mount the detector, allowing easy 
withdrawal and reinsertion of the detector without 
affecting the main vacuum. 

It was realized tha t  the small size of t h i s  
detector carr ies  with it a possible disadvantage- 
namely, a possible sensitivity-versus-position 
function that  could be sensitive t o  small s h i f t s  i n  
beam position, making it hard t o  achieve good preci- 
sion when voltage-stepping through a mass spectrum. 
This lack of precision could come from the diff i -  
culty i n  adjusting the stepping system so that  each 
successive beam is placed exactly i n  register with 
the detector without error. Although the errors i n  
alignment a re  l ikely t o  be small, they may be a 
problem i f  the detector sensi t ivi ty  varies rapidly 
with position, a si tuation almost certain t o  be the 
case for t h i s  detector because of the small s ize  of 
the sensitive area and the physical inhomogeneity 
of the surface conformation. 
f a i lu re  t o  achieve exactly the same ion-intensity 
distribution for different mass beams would also 
introduce a possible mass-ratio error. This can 
happen i n  several ways, the most l ikely of which a- 

fa i lure  to  maintain the correct r a t io s  between 
accelerating voltage and the lens potentials a s  
accelerating voltage is stepped from one MSS num- 
ber t o  another. 

In addition, any 

& 
The more commonly observed mass- 



properly set. 
distribution with a well-defined maximum separated 
from electronic noise, a si tuation normally diff i -  
cu l t  t o  achieve with solid-state multipliers be- 
cause of the low gain per stage and correspondingly 
low conversion gain. However, the 40-kV part ic les  
from the isotope-separator beam give enough secon- 
dary electrons per ion ( >  10) to assure the neces- 
sary pulse distribution. 

ural  uranium did demonstrate larger-than-expected 
errors and a bias toward l o w  values of the r a t i o  of 
23%/235 . 
conditions i n  which the environmentally occurring 
enriched 23% (Michel, 1981) was not expected t o  be 
observable.) The bias exhibited an asymmetric ais- 
tribution, but with.the most probable r a t i o  still 

Such set t ing requires a pulse-height 

I n i t i a l  measurement of isotope rat ios  with nat- 

(These measurements were made under 

near the correct value. 

After much searching for the cause, it was 
found tha t  the accelerating voltage and lens poten- 
t i a l s  are  s l ight ly  modulated ( a t  the level of a few 
parts  i n  lo4)  with an alternating voltage, i n  same 
cases both a t  l i ne  and radio frequencies. The net 
e f f e c t H  these modulations is t o  widen the beam SO 

that it is a t  l ea s t  as large a s  the sensitive area 
of the multiplier and makes the data even more sen- 
s i t i ve  to  the alignment problems discussed abwe. 

Reduction of the modulation levels has the 
desired effect  of reducing both the absolute statis- 
t i c a l  error in isotope rat ios  and the asymmetry of , 

the data distribution about the known.yalue. 
had been observed ear l ier  t ha t  there is a limit  t o  
improving the data by decreasinythe size of ion- 
source ex i t  hole; t h a t  l imit  is now assumed t o  be 
due t o  the remaining modulation, which makes f u r  
ther exit-hole reduction ineffective i n  reducing 
the beam width. 

It 

The precision attainable I s  still 
I 

dependent response due to different velocit ies of 
the different mass beams is not a serious problem 
* -e because w e  operate in  the ion-counting m o d e ,  

t ha t  differences i n  gain of the multiplier are 
l i t t l e  consequence i f  the pulse discriminator is 
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not a s  good as one would expect from s t a t i s t i c s  
alone. (Remember tha t  we must include both beam- 
intensity s t a t i s t i c s  ana sampling s t a t i s t i c s  from 
stepwise cycling through the mass spectrum. This 
introduces another error i f ,  as is usually the case, 
the beam intensity is not perfectly constant.) How- 
ever, w e  a r e  not f a r  from the kinds of errors common 
i n  work with thermal ion sources without correcting 
for isotope fractionation i n  the ion source. A ra- 
ther extensive s e t  of data from a natural uranium 
sample near the size of our real  samples (2  ng) 
gives a r a t io  of 238v/23% = 137.7 f 0.3. The 
accepted r a t io  is 137.88 f 0.14 (errors estimated) 
(Shields, 1960; cowan and Adler, 1976). 

ing the precision under conditions of lar e beam 
intensit ies,  but for measurement of the 2hJ/23% 
r a t io  we w i l l  generally be limited by s t a t i s t i c s  
because of the small dynamic range of the detector- 
amplifier system i n  use, since it is impossible to 
measure the large 238U beams necessary t o  get 234U 
beams of a rb i t r a r i l y  large size without serious 
coincidence problems. A t  present, we  can obtain 
precisions of 1-2% on samples well below 1 ng in 
an hour or  two of data collection with intensi t ies  
a t  the 23% isotope position of a few counts per 
second. 

It is clear t ha t  the multiplier is still limit- 
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SORPTIVE DIFFUSION IN CLAY GELS 
C. J. Radke 

The purpose of t h i s  project i s  t o  devise and 
verify experimentally a quantitative m o d e l  for the 
diffusion of ions i n  aqueom smectite gels under 
cendltions appropriate for  nuclear waste isolation. 
Some clays, such as  montmorillonite, swell upon con- 
tact with water and thus provide a sealant through 
which water cannot readily convect. 
movement is slowed t o  diffusion ra tes  only. 
addition, the exchange capacity of montmorillonite 
clay is large for typical radionucldes, so tha t  ion 
migration rates  are  slowed even further. Engineered 
clay barriers can provide complete and reliable pro- 
tection against harmful isotropic release. Ibowever, 
t o  design the amount and configuration of such back- 
fill material requires a correct model for  predict- 
ing sorptive diffusion rates  of radionuclides i n  
clay gels. 

Radionuclide 
In 

Work t h i s  year centered on simple experiments 
for  diffusion of cesium into a bentonite (Belle 
Fourche) clay gel. The cesium uptake rate  into the 
clay is monitored from concentration changes i n  a 
well-stirred tank. Atomic absorption spectrophotom- 
etry is used to determine the transient ion concen- 
trations. In addition t o  the one-sided diffusion 
c e l l  measurements, the cesium-sodium ion-exchange 
isotherm €or the disaggregated clay is determined 
by the s t a t i c  method; the bulk-diffusion coeffi- 
cient of cesium chloride, D, is determined w i t h  a . 
standard diaphragm cell; and the tortuosity, ‘C, of 
the gel is determined from electr ical  conductivity 
experiments. 

The simplest model for  the unsteady, one- 
dimensional ion concentration profiles,  c(t ,  x),  
can be written as follows: 

2 - an %=!Lac 
1 +( ’  E) dc a t  T2 ax2 

, 

where E is the gel porosity and n(c) is the ex- 
change isotherm. Inherent in equation ( 1 )  is the 
assumption that  ion-exchange rates  are f a s t  com- 
pared t o  diffusion rates  so tha t  the sorption p r o c  
ess is i n  local equilibrium. 
t o  equation (1 )  and t o  the coupled transient in 
material balance i n  the stirred tank is straight- 
forward, and permits calculation of the cesium u p  
take rate  by the gel. 

An analytic solution 

Comparison between the theoretical  predic- 
t ions and preliminary experimental results shows 
cesium diffusion rates up t o  an order of magnitude 
laver than expected. 
an effective diffusion coefficient i n  the gel to  
account for  hindered migration in between the clay 
par t ic le  platelets.  However, an alternate explana- 
t ion is provided by geometric arrangement of  clay 
par t ic les  i n  the gel. The exact structure of mont- 
morillonite gels is unknown, but it is generally 
agreed that  individual platelets  organize into 
packets (von Olphen, 1977; Cebula e t  al., 1979). 
Such oriented structures may present mass-transfer 
resistances not described by the  oversimplified 
packed-bed model of equation (1 ) .  

One is tempted to introduce 

a r  current work-focuses on refining and 
extending the diffusion measurements and i n  deter- 
mining the microstructures of clay gels. W s u l t s  
of t h i s  study t o  date demonstrate tha t  engineered 
clay barriers for  nuclear waste isolation are more 
effective than simple calculations suggest. 
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hdVANCES IN FOSSIL ENERGY: COAL MINE VENTILATION SYSTEMS 
M. McPherson and M. Hood 

The past 30 years have seen a complete revolu- 
t i on  in  the scale and techniques of mine ventila- 
t ion planning throughout Eastern and Western Europe, 
Africa, and, more recently, Australia. mom the 
ea r l i e r  intui t ive estimates and rule-of-thmb 
methods have developed sophisticated computer-based 
procedures tha t  are  now established as a necessary 
and integral part of mine planning. Figure 1 illus- 
t r a t e s  one such organized procedure applicable t o  
both the planning of a new mine and the continued 
development of an existing undertaking. 

The necessity fo r  meticulous planning of the 
underground environment i n  those areas of the world 
has arisen from four separate but interrelated 
factors I 

1. The intensification of mechanized mineral 
mining methods, particularly i n  coal mines, produces 
greater camminution of the rock and exacerbates 
problems of dust, gas, heat, and hmidity. 

2. There is a continuing trend toward fewer 
but larger mines. 
ing faces becomes of ever greater importance, and 
downtime due t o  fa i lure  of any part of the mine 
infrastructure is unacceptable. 

Continuity of production a t  work- 

3. In some areas mines are  becoming deeper, 
again giving rise t o  additional hazards. 

4. Improved medical knowledge and techniques 
agnosis, coupled with sociological developents, 

have sharpened public awareness t o  the long 
dangers t o  health tha t  ar ise  from industria 
roments. 
operate under Increasingly stringent legislation 
governing permissible threshold values of a i r  
pollutants. 

All of these trends are  evident within the 
United States, yet, with a few exceptions, there 
have been no comparable advances i n  the application 
of modern mine ventilation planning techniques. In 
contrast with most mining companies overseas, where 
a qualified ventilation s taff  i s  a v i t a l  (and per- 
haps mandatory) part of the production team, only a 
minority of American mining enterprises have consid- 
ered it necessary t o  employ full-time mine environ- 
mental engineers. 

Consequently, mines must continue to 

There are several reasons fo r  the shortfal l  i n  
U. S. mine ventilation planning. F i r s t  of a l l ,  
coal mines i n  t h i s  country are  relatively shallow 
and reserves plentiful. Hence, "in seam" mining 
using the roonrand-pillar system of extraction 
continues t o  be the predominant method of working. 
P 4 g  type of mining layout provides many routes fo r  

i r  t o  follow, and low-pressure fans have, i n  !h2 main, been capable of providing the required 
airflows. Unfortunately, the numerous leakage 
paths available between intake and return airways 

give poor overall ventilating efficiency. 
usual reaction t o  a deteriorating ventilation 
system has been t o  i n s t a l l  more and larger fans. 
With low-resistance layouts and relatively low-cost 
e lectr ic i ty ,  t h i s  "brute force" approach has been 
adequate for  many companies. Rowever, fo r  any given 
mine, the operating cost for the main fans is pro- 
portional t o  the cube of the t o t a l  airflow. 
doubling the airflow increases the ventilation costs 
by a factor of eight. Furthermore, the operating 
cost i s  also proportional t o  the product of fan 
pressure, p, and fan airflow, Q (cost varies with 
p x QI. 
flow, and hence required fan pressure, increases. 
Additional leakage caused by the extended workings 
and enhanced by the higher pressures results i n  a 
r i s e  in  the t o t a l  airflow necessary. Thus, a s  both 
p and Q increase, the ventilation cost accelerates 

The 
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As a mine develops, i t s  resistance to  air- 
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Figure 1. Ventilation planning scheme. 
[XBL 792-8265] 
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rapidly. It is this effect that, despite detailed 
planning, is facing several large European mines 
with premature closure unless current research can 
provide a more economic system of ventilation. Al- 
though the situation in the United States is not so 
critical, the trend is clear. The four fans to be 
installed at Jim Walters Resources' Tuscaloosa 
County mines will have a combined and continuing 
operating cost approaching $2 million per year. 

The Second International Mine Ventilation 
Congress, held in Reno, Nevada, during November 
1979, highlighted the extent to which the United 
States has fallen behind in the science and appli- 
cation of mine ventilation techniques. 
1980s more and more companies will find that de- 
tailed and continuous mine environmental planning 
is not only an economic necessity but also a pre- 
requisite to safe mineral extraction. 
research and development is needed now to provide 
the tools, guidelines, and techniques that will 
be increasingly required by mine environmental 
engineers. 

Through the 

Accelerated 

The present investigation seeks to determine 
those areas of coal mine ventilation in which 
research and development is most needed. The 
initial stages of the study have involved ( 1 )  a 
classification of literature in the field of mine 
environmental engineering Over the past 5 years 
and (2 )  a series of interviews with individuals in 
industry, state organizations, and academic insti- 
tutions who are working in this area. 

The work already completed, coupled with over- 
seas experience relevant to American mining, has 
enabled a preliminary classification of research 
areas to be mapped out. 
impact on the planning and economics of mine venti- 
lation systems will be investigated between October 
1980 and September 1981. 

Those areas with particular 

CLASSIFICATION OF AREAS OF RESEARCH IN 
MINE VENTILATION 

The work conducted thus far has led to the 
following preliminary classification of research 
areas in coal mine ventilation. 

Systems Analysis of the Mine Environment 

The underground environment is a complex 

."cpd system governed by a large number of dependent 
independent variables. 
several ways with respect to their effect on the 
overall environmental system. One such classifica- 
tion is illustrated by Table 1. The primary pur- 
poses of a disciplined system-analysis approach are: 
( 1 )  to encourage an organized planning procedure; 
( 2 )  to avoid solving any one environmental problem 
at the expense of another (the history of mine ven- 
tilation is littered with the consequences of such 
occurrences); and (3) to conduct optimization and 
sensitivity exercises in order to determine the 
stability and economics of any given design. Fur- 
thermore, an organized planning procedure prwides 
an invaluable guide for the personnel structure of 
a mine ventilation department. 
needed into the organizational and managerial facets 
of mine ventilation applicable to American mines. 

These may be classified in 

An investigation is 

Ventilation Network Analysis 

The core of mine ventilation planning are 
those techniques concerned with predicting airflow 
patterns in mine ventilation systems. Known by the 
generic tern "ventilation network analysis," such 
methods are used to investigate the effects of air- 
way layout and geometry and the best sites and 
duties required of the fans. 

Because of the large number of nonlinear equa- 
tions that need to be solved, physical or numerical 
modeling techniques must be employed to handle total 
mine configurations. The pneumatic, hydraulic, and 
electrical ventilation analogs of the 1950s have 
largely been superceded by digital-simulation tech- 
niques. 
carried out by the National Coal Board (U.K.) since 
1965 (some 30QO exercises per year) have been by 
digital computer. 

All routine ventilation network analyses 

Within the united States there has been a 
proliferation of network-analysis programs, many of 
which would seem to be more suitable for research 
purposes than for practical use in industry. The 
successful programs are those with a simple, well- 

Table 1. Factors which affect mine environmental hazards. 

NATURAL FACTORS + MINING FACTORS 1-b HAZARD  SPECIFIC CONTROL + AIRFLOW CONTROL 
TECHNIQUES 

(if required) 

Depth 
Geology Main fans 
Permeabilities Methods of working Dust Dust suppression Booster fans 
Porosities Mining layout Auxiliary ventilation 
Gas content Rate of mineral production Gas emissions Gas drainage Natural ventilation 
Virgin rock Mineral clearance system Regulators 

RDck thermal ~ype, size, and siting Temperature and Air/water cooling Doors, seals, packs 
temperature 

parameters 
Wetness of 

workings 
Age of airways 

of machinery humidity 

Size, lining, a n a b  
layout of airways 

Surf ace climate 
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structured but f lexible input and an output t ha t  is 
direct, t o  the point, and easy t o  interpret. 

Ventilation network (VNBT) programs currently 
ailable require mainframe computers. Further 

research is required t o  produce programs tha t  in- 
clude graphic in/output, t ha t  can be run on modern 
minicomputers, and tha t  w i l l  accept practical-sized 
networks. Such a developnent would f ac i l i t a t e  con- 
siderably the routine industrial  usage of a VNET 
package. 

Ventilation Systems (Economics, Efficiency, 
Effectiveness) 

The success of any ventilation system design 
must be measured in terms of economics (the operat- 
ing cost of the system), efficiency (the fraction 
of t o t a l  airflow t h a t  is usefully employed), and 
effectiveness (the quali ty control of the mine a i r  
with particular regard to dust, gas concentration, 
temperature, and humidity). 

Some current mine ventilation systems tha t  
have evolved with l i t t l e  o r  no rational planning 
can be made less costly, more efficient,  and more 
effective by f a i r l y  simple measures. A l l  too often, 
however, years of neglect in basic ventilation plan- 
ning can be put r ight  only by the expenditure of 
large suns of money. 

Ventilation costs rise both with respect to 
the volumes of a$rflow required and the fan'pres- 
sures necessaryto produce those airflows. There 
are three basic methods of reducing operating costs 
fo r  any given mining layout: 

1. The use of booster fans t o  control a i r  
pressure differentials,  leakage, and hence t o t a l  
airflows. 
i n  U. 6. coal mines, although this is not the case 
i n  coal mines elsewhere i n  the world. Research in- 
t o  the safety and the potential economic impacts of 
t h i s  legislation is required. 

Booster fans a t  present are not permitted 

2. The "through systemn of ventilation with 
intake and return surface connections a t  opposite 
ends of the mine take. 

3. Controlled recirculation of a i r  i n  working 
areas of the mine. 
against t h i s  method, reflected by current legisla- 
tion, major research projects i n  the U. IC. and South 
Africa are proving the increase in safety a s  w e l l  a s  
reduced costs provided by controlled recirculation, 
particularly i n  gassy, dusty, o r  hot conditions. 

Despite t radi t ional  reaction 

Any one of these three techniques may provide 
dramatic savings i n  ventilation operating costs. 
There is, however, no one method tha t  is applicable 
in  a l l  cases. Further research is required t o  iso- 
l a t e  and quantify the governing variables and to 
establish reliable ground rules fo r  ventilation 
planners. 

D i s t r i c t  Ventilation Systems 

The conventional intake and return "side" of 
b w o r k i n g  area (the U system) guarantees maximum 

leakage and a poor ventilating efficiehcy. Geomet- 
r i c a l  layouts t ha t  would simultaneously reduce both 

leakage and resistance t o  airflow should be inves- 
t igated for  lonwall  and room-and-pillar workings 
i n  American mines. 

It is suggested that the concept of "neutral" 
airways a s  a legislative requirement fo r  conveyor 
haulages be reviewed i n  the l ight  of modem flame- 
resistant belting. Rather than being regarded a s  
a safeguard against the spread of a conveyor f i r e ,  
the poor ventilation in  neutral airways is, i n  
i t s e l f ,  a condition tha t  would be unacceptable in 
other mining countries. 

Auxiliary Ventilation 

The use of brat t ice  cloths for  the coursing of 
a i r  i n  short headings is practiced in coal mines i n  
India, hustralia, and South Africa, a s  w e l l  as the 
united States. 
Not only does it give rise to poor ventilation con- 
t r o l  i n  the headings, but it also adds heavy resis- 
tance to the mine ventilation system i n  its most 
sensitive areas, increasing leakage and minimizing 
the airflows tha t  reach the working districts. 
Quantified investigations are suggested for  the 
application of auxiliary fan and duct systems, 
including overlap, duct manifold, and controlled 
recirculation techniques. The l a s t  technique is 
giving excellent resul ts  i n  the U. K a t  the pres- 
ent time. 

It has, however, many disadvantages. 

Ventilation Surveying 

The primary data required for  the network 
analysis of an existing mine a re  obtained from 
measurements of airflows and fr ic t ional  pressure 
drops i n  each branch of the network. A number of 
techniques are available for  taking such measure- 
ments, depending upon the mine geometry and the 
magnitude of the values. Research is required to 
establish c r i t e r i a  on which mine ventilation pet- 
sonnel can choose survey techniques appropriate t o  
particular conditions. 

Empirical f r ic t ion factors may often have to 
be employed for airways that are S f f i c u l t  or inr 
possible to survey. The published design data are 
based on work carried out more than 50 years ago 
and have l i t t l e  relevance t o  modern, machine-mined 
airways. 
t ion t o  be updated by means of a series of precise 
surveys covering a range of roadway linings. 

Environmental Monitoring and Control 

There is an urgent need for  t h i s  informa- 

The maintenance of airflow and quality with 
regard to gas concentrations is enforced by statute,  
and measurements by hand-held instnrments m u s t  be 
made a t  prescribed places and times. Control of the 
underground environment is greatly enhanced by the 
additional provision of continuous monitors with 
local and remote recording/indication and f i t t e d  
with audiovisual alarms for  abnormal conditions. 
The primary parameters t o  be monitored i n  coal mines 
are  methane concentration and air velocity with 
additional transducers fo r  pressure differentials,  
dust, temperaturehumidity (where relevant), smoke, 
and carbon monoxide for  the early indication of 
spontaneous combustion. Conventional machine moni- 
tors may be employed to track the performance of 

. 
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the ventilation plant. 
of environmental monitoring systems should be 
encouraged. 

The continued development 

The combination of integrated monitoring sys- 
tems, fan-control devices, automated regulators, 
and process computers offers the possibil i ty of 
automatic control of the underground environment. 
This is being pursued currently i n  a number of 
countries, including the United States. H e r e  again, 
the research should be encouraged and consolidated 
with the emphasis on practical application. 

Dust - 
This health hazard, more than any other, has 

received considerable attention throughout the past 
decade. Prompted by the 1969 Federal Coal Mine 
Health and Safety A c t ,  a great deal of research and 
development has been devoted t o  means of meeting 
the 2 mg/m3 dust standard. The result has been the 
evolution of such devices a s  spray curtains and 
machine-mounted f i l t r a t ion  systems. Particular 
problems exis t  on longwall faces. 
on dust prevention, suppression, and f i l t r a t i o n  
should continue, more fundamental studies should be 
instigated into the dust-carrying characteristics 
of airflow with regard to flow regime, impaction, 
par t ic le  size, and density. 

Although research 

Hydrological studies and investigations into 
the effect of water on shales and i n t e r s t i t i e l  clays 
would provide data of value on the choice of sites 
suitable fo r  water infusion. 

Methane 

The migration of natural gas toward mine work- 
ings is governed by ( 1 )  the gas pressure within the 
s t ra ta ,  ( 2 )  the adsorptive characteristics of the 
rocks, and (3) the permeability of the source and 
carrier beds. The f i r s t  two of these parameters 
can be quantified by f i e l d  and laboratory tests, but 
rock permeability is a t e n s x  quantity tha t  varies 
both with position and time as the mine workings are  
developed. 
dent not only upon current mechanical stress but 
a lso upon the stress history of the seam. It is 
fo r  these reasons tha t  the prediction of methane 
emission levels and the design of methane drainage 
schemes have been highly empirical exercises. Fur- 
ther concentrated research of both a fundamental a s  
w e l l  as an applied nature is required into the re- 
tention of gas within the rock mass, the mechanism 
of its release, and its subsequent migration through 
the strata.  The successful exploitation of some of 
the nation's deeper coal reserves w i l l  be dependent 
upon handling methane gas emissions. The potential 
for  the collection and use of the method a s  an 
energy source already is being explored, and th i s  
research should be encouraged and continued. 

Heat and Humidity 

The permeability of coal i t s e l f  is depen- 

Although high temperatures and humidities are  
not considered t o  be a problem in' the majority of 
the relatively shallow American coal mines, the 
Brit ish experience of the past 10 years provides a 
cautionary case study. Research i n  the U. K. i n  
1970 on the prediction and control of mine heat 
was regarded by many a s  premature and unnecessary. 

Only a decade la ter ,  some British mines are  faced 
with curtailment of production because of heat 
problems; a i r  and water cooler units a r e  being 
installed,  and the decade of research is proving . 
its worth. 
because of increased depth but mainly a s  a r e su l t  
of the additional power supplied to mechanized 
equipment. The problem is certainly one to be 
faced here i n  the U. S., and it is l ikely tha t  the 
heat problem w i l l  grow most rapidly i n  association 
with longwall faces. 
economics is considerable, and the whole strategy 
of airflow planning must be reviewed when aidwater  
cooling systems are  considered. 

The heat problem has arisen not s i m p l y u  

The impact on ventilation 

The research and development programs required 
are extensive, varying from the design of cooling 
plants suitable for American mines, through the 
distribution systems of the cooling media, to the 
optimization of ventilating and cooling-plant capac- 
i ty.  A considerable overlap exis ts  between these 
programs and the design of certain types of nuclear 
waste repositories. 

Spontaneous Combustion 

Past research i n  several countries has shed 
l i gh t  on those factors t ha t  cause certain coal 
seams t o  be more subject to spontaneous heating 
than others. O f  i m p o r t a n c e  are  such factors as air 
and coal moisture balance, pyri t ic  content, and 
incubation times. However, the practical  means of 
dealing with the problem still varies from attempts 
a t  complete ventilation of the zones a t  the r i s k  of 
canpletely sealing them, the l a t t e r  coupled with 
pressure-control techniques. 
can be avoided a t  the ea r l i e s t  stages of mine ven- 
t i l a t i o n  design by planning the system to avoid 
hazardous pressure different ia ls  across waste or 
pillared areas and to minimize leakage paths. Re- 
search is needed into ventilation systems designed 
specifically for  mines subject t o  spontaneous 
combustion. 

Much of the problem 

Other Areas 

The above smmary includes those f i e lds  of re- 
search tha t  have been discussed during interviews 
or t ha t  are topics of current and ongoing investiga- 
tions i n  the United States and/or Overseas. There 
are, however, numerous other areas within the gen- 
e ra l  realm of mine environmental engineering that 
should also be considered for  research funding. 
These include mine f i r e s ,  explosions, drainage and 
inundations of water, noise, mine illumination, 
rescue techniques, ground vibration, radiation, and 
the surface environment. 
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4 ZUIFER THERMAL ENERGY STORAGE STUDIES AT LBL IN 1980 
FF. Tsang, T, A. Buscheck, and C. Doughty 

The 1980 Aquifer Thermal Energy Storage (ATES) 
project a t  Lawrence Berkeley Laboratory (LBL) in- 
cludes four main tasks: ( 1 )  t o  s o l i c i t  appropriate 
a r t i c l e s  ana to edi t  them for  a quarterly Interna- 
t ional  ATES Newsletter; (2) to perform ATES generic 
studies; (3) t o  carry out field-specific planning 
and sfmulation s tudies r  and (4)  to improve modeling 
techniques. This a r t i c l e  describes the accomplish- 
ments and status of each of these four tasks.  

INTERNATIONAL ATES NEWSLETTER 

The International ATES Newsletter is published 
regularly on a quarterly basis. 
both i n  the United States and abroad, is evident 
from the many contributions t o  and requests f o r  
this publication. 
Over 300 subscribers, representing researchers, 
developers, and program managers in 16 countries 
including China and Japan. Vibrant exchange of 
information and ideas becomes possible through this 
Newsletter, and w e  are  able t o  keep i n  touch w i t h  
researchers and developers a t  the forefront of t h i s  
new technology. 

Much enthusiasm, 

Our current mailing list includes 

Since the in i t ia t ion  of t h i s  newsletter i n  
1978, a number of methods have evolved tha t  u t i l i ze  
underground containments other than natural aquifers 
for  storage. These include storage in  buried pipes, 
shallow man-made aquifers, rock caverns, and natural 

man-made lakes. The common factor among these 

In 
ods of aquifer and nonaquifer storage is the i r  

application to long-term or seasonal storage. 
l igh t  of t h i s  expanding methodology, and a t  the 
suggestion of the U. S. Department of Energy and 
the Pacific Northwest Laboratory, we have formally 
broadened the scope of the Newsletter to include 
a l l  types of season 1 energy storage. 
Reflecting this, be i t h  the September 1980 
issue, the name of e t t e r  has been changed 
t o  the Seasonal Thermal Energy Storage (STES) 
Newsletter. 

ATES GENERIC STUDfES 

Generic studies during 1980 emphasize the 
understanding of the energy recovery factor (i.e., 
the r a t io  of energy recovered t o  energy stored) as  
a function of aquifer properties and storage param- 
eters. The goal is t o  arrive a t  optimal choices of 
aquifer and storage arrangements. Dimensionless 
parameter groups tha t  w i l l  be useful in the plan- 
ning and design of practical  
studied and validated. 

60 fa r  i n  our studies we have neglected buoy- 

Lt lstrom e t  a l .  (1981) recently studied the pro& 

*-cy flow. This is the case for  low-permeability 
fe rs  or for  storage of low-temperature water. 

la, and from the i r  work a cr i ter ion may be used to 
verify the applicabili ty of this assumption. On the 

other hand, the resul ts  obtained for  the functional 
dependence of the recovery factor may still be t rue 
for  cases of significant buoyancy flow. 

Since many computations have to be made for  a 
study of functional dependence, a simple numerical 
model is used (Doughty e t  al., 1981). Besides 
assuming no buoyant flaw, t h i s  model also assumes 
a steady-state f lu id  flow f i e ld  i n  a la te ra l ly  
inf in i te ,  uniform aquifer. The recovery factor is 
calculated for  a ser ies  of values of aquifer thick- 
ness, storage volume, aquifer and aquitard thermal 
conductivity, caprock thickness, cycle time period, 
velocity-dependent dispersion, and the number of 
cycles. In a l l  cases, equal volrnnes of f luid are 
injected and produced. 
shown in  Fiqures 1-4. 

Some of the resul ts  are  

Figure 1 shows the energy recovery factor as a 
function of thermal radius, S h ,  and aquifer thick- 
ness, H. 
would be reached by the hot water a t  the end of t h e  
injection period if the thermal front were perfect- 
l y  sharp, i re . ,  i f  there were no heat conduction. 
Each broken l ine  traces the recovery factor for  a 
given f luid volume. There is an optimal value of 

Here +h is defined as  the radius that 

Recovery factor 

Figure 1. 
aquifer thickness and thermal radius. The l a t t e r  
is defined as  the radius t h a t  would be reached by 
the hot water a t  the end of the injection period i f  
there were no heat conduction. [XBL 606-7223] 

The recovery factor as a function of 
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Recovery factor vs. R L H  
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Figure 2. 
storage volume, implicitly given by RthH. 

The recovery factor as  a function Of 
2 
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RECOVERY FACTOR vs. RTH/H 
Conductivity ratio variation 

6 c 
0 
0 
). 

- 

0.8 - 

0.4 - 

t % =2.4 1 
V =8900 m3 
A, = 1.9 J/m sec "C 

2 4 6 8 

R ~ ~ ' H  

Figure 3. The recovery factor as a function of 
aspect ra t io ,  i.e., thermal radius over aquifer 
thickness (%h/a) [XBL 803-6873] 

aspect ratio, %h/H, which yielda the maximum recov- 
ery factor for  each volume. Generally, the recovery 
factor is a much more sensit ive function for  s m a l l  
values of %h and H than  for  large values. Fig- b, 
ure 2 shows the recovery factor as  a function of 
volume for  a ser ies  of values of H. The recovery 
factor increases rapidly a t  f i r s t ,  then levels off. 
Figure 3 shows the recovery factor as  a function of 
h h f i  for a ser ies  of aquitard t o  aquifer thermal 
conductivity ratios.  As this r a t io  decreases, the 
aspect r a t io  which yields the m a x i m u m  recovery fac- 
tor increases. Figure 4 shows the energy recovery 
factor as  a function of the time period of a single 
injection-storage-production-rest cycle for  several 
different injected volumes. The aquifer thickness 
for  each volume is such.that the aspect ratio is 
optimal. Lines labeled "a" show the results for  a 
cycle with no storage or res t  period; i.e., produc- 
t ion begins a s  soon as  injection ends. 
figure, injection and production periods a re  equal. 
We have found tha t  varying the relat ive injection 
and production periods for a given storage period 
has only a minor effect  on recovery factor. 
labeled "b" show the resul ts  €or a cycle with equal 
injection, storage, production, and res t  periods. 
Lines labeled "c" show the resul ts  for  the hypo- 
thet ical  cycle tha t  is half storage and half rest 
period, the hot water being instantly injected and 
l a t e r  instantly produced. 
it of very short periods of injection and production. 

In t h i s  

Lines 

This represents the lim- 

A paper is being prepared (Doughty e t  al., 
1981) which describes the detailed resul ts  of this 
work. Included i n  the paper w i l l  be systematic 
graphs of the recovery factor as a function of key 
dimensionless parameters and examples of the i r  use 
for  practical  f i e ld  applications. 
calculations include the incorporation of gravity 
effects.  

Plans for  further 

RECOVERY FACTOR vs LENGTH OF CYCLE 

V 

100 200 300 400 500 600 
tc (days) 

Figure 4. 
cycle length (tCFle)= 

The recovery factor as  a function of 
[XBL 807-1 3851 
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FIELD-SPECIFIC PLANNING AND SIMULATION STUDIES 

LUring the early part of fiscal 1980, the sim- v xperiments (Molz et al., 1980) with the LBL numer 
ical model CCC was completed (Tsang et ale, 1980). 
Observed and calculated recovery factors are within 
2% of each other, and the production temperatures 
are reproduced within 2'c. No adjustable parameter 
was used. One may conclude (1) that we maerstand 
the physical processes involved in the ATES system 
at the Auburn field site, thus giving us confidence 
in dealing with confined aquifers of a similar type, 
and (2) that the LBL numerical model CCC is a 
satisfactory code that may be useful for further 
applications. 

tion of the 1978-1979 two-cycle Auburn field 

Cooperation with Auburn University is contin- 
uing in the planning and design of the next series 
of experiments. Several parameter-variation calcu- 
lations were made to study the results to be expec- 
ted for different arrangements. Figure 5 shows the 
effect of partial penetration of the injection- 
production well into an aquifer with the Auburn 
field parameters. 
the full thickness of the aquifer, the production 
temperature (solid line) drops steadily with time 
from the injection temperature of 55- and the 
recovery factor, E, is 69%. In contrast, when the 
well is producing water from only the upper half of 
the aquifer, the decrease in production temperature 
(broken line) during the'initial production period 
is much slower and E is increased from 69% to 73%. 
m i s  may be of significant interest, since in most 
applications decreases in production temperature 
should be minimized over the main part of the pro- 
duction period. 
of Auburn experiments, in which water Will be stored 
at 90°C, we performed a series of calculations for 
that temperature. 
temperatures for two such cases. 
shows the production temperature obtained when water 
is injected into and produced from the middle third 
of the aquifer thickness, as it was during the 
Auburn experiments. The broken line shows the 

Note that if the well penetrates 

In anticipation of the next series 

Figure 6 shows the production 
The solid line 

55' Injection 
I 

Y 

a c 

c 
c 
0 

Full penetration injection c= .73 ---- .- 
c 

30. upper half penetrotion production 
-0 

Full penetration c = .69 
- h" injection and production 

20 
0 IO 20 30 

Time (days) 

u g u r e  5. Production temperature VS. time for the 
storage of 55% water for two well-penetration 
arrangements (E  is the energy recovery factor). 

[XBL 808-7262] 

40, , 9V In!ectian . , 
.- Experimentol penetration injection e 

1 upper quarter penetration production 

- Experimentol penetrotion 
injection and production 

20 I I 
0 IO 20 30 40 

Time (days) 

Figure 6. Production temperature VS. time for the 
storage of 90.C water for two well-penetration 
arrangements (E  is the energy recovery factor). 

[XBL 808-7281 

production temperatures when the water is produced 
from the upper quarter of the aquifer. 
might expect, the recovery factors are lower than 
those for the 55- cases because of the higher buoy- 
ancy flow associated with the higher temperature. 

As one 

Table 1 shows the recovery factors for a suite 
of cases involving injection temperatures and three 
values of aquifer permeability that were simulated 
using CCC. In all cases, storage volume is assumed 
to be 55,000 m3, thickness of the aquifer is 21 m, 
and permeability of the aquitard is 
the aquifer. The Auburn experiment corresponds to 
a permeability of 52 darcys. This table represents 
a substantial amount of computation, including dif- 
ferent cycle periods and different penetration 
arrangements. The variation of the recovery factor 
is clearly seen. Details of these studies are pre- 
sented and discussed in a paper under preparation 
(Buscheck et al., 1981). 

that of 

NUMERICAL MODEL IMPRO-TS 

The LRL numerical model CCC (conduction- 
convection-consolidation) that we have been using 
over the years for aquifer thermal storage studies 
is one of the best validated and most realistic 
codes available. However, it is specialized to the 
simulation of a water-saturated medium. Another 
numerical model, also developed at LBL, is able to 
calculate saturated-unsaturated isothermal flows. 
This code, TRUST (TRansient flaw in Unsaturated and 
SaTurated porous media), is based on the same numer- 
ical scheme as CCC. We have initiated work to com- 
bine the two codes to develop a numerical model that 
will oimulate nonisothermal flows in unsaturated- 
saturated media. The resulting improved model will 
be useful not only in saturated aquifer storage but 
also in shallower, unsaturated storage systems- 
Much attention to the latter has been given by the 
Europeans, but interest is increasing among U. S. 
researchers as well. A careful modeling study is 
needed to show the feasibility of such a concept. 
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Table 1. Summary table of energy recovery factors 
for different storage temperatures Tinj 
and different aquifer permeability values 
Q (calculated with numerical model CCC). 

15 0.69 0.68 0.68 

0.57 0.34 
0.67 (1/2) 0.62 0.46 (1/2) 0.42 

(1/3) 0.44 

52 (60+60+60 ) (60+60+60 ) 
0.65 0.42 

0.55 
(60+120+60) (1/2) 0.51 

175 
0.31 0.24 

(1/3) 0.41 (1/3) 0.34 
(1/2) 0.39 (1/2) 0.31 

Unless otherwise indicated, the total time for 
the injection-storage-production cycle 
(tinj + tstore + tprod) amounts to 
(90 + 90 + 90) days. 

(1/2) or (1/3) indicates production from the 
upper half or upper third of the aquifer 
thickness. 

Ambient aquifer temperature is 20T. 

CONCLUSIONS 

Substantial work has been done in 1980. The 
major conclusions are: 

1. From the many comments that have been 
received, it is clear that the quarterly Newsletter 
is an effective means of information exchange among 
workers in aquifer energy storage world-wide. 
believe that it has played a major part in prmot- 
ing the developent of this field both in the U. S. 
and other parts of the world. 

We 

2. A better understanding of the energy 
recovery factor as a function of various aquifer 
properties and storage conditions has been obtained. 
We are developing a number of key parametel. groups 

which may prove to be of great help in experimental 
design and industrial applications. 

L 3. The success of simulating Auburn exper 
iments has given us considerable confidence in 
numerical model CCC. 
an aquifer storage system of a different type will 
be useful to verify its range of applicability. 
This model should be used in the planning of future 
experiments and in the prediction of observations. 
Appropriate arrangements should be made for those 
in industry to learn how to use this model. 

The improvements of the numerical model 

Further validation against 

4. 
CCC to simulate nonisothermal unsaturated flow will 
result in a code that may soon prove to be very 
useful. 
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q R I D I U M  IN SPRING WATERS AND SUMMIT CRATER LAKE OF MT. HOOD, OREGON 
H. Bowman, H. Wollenberg, F. Asaro, and R. G. Bowen* 

During a hydrogeochemical study of the M t .  
Hood volcano i n  Oregon, the platinum-group element 
iridium was detected i n  three out of approximately 
th i r ty  natural water sources on or near the mountain. 
Prior t o  t h i s  study iridium had apparently not been 
detected in  t e r r e s t r i a l  waters. The element i r id-  
i u m  is of special interest  because of i ts  apparent 
association with the Cretaceous-Tertiary boundary 
on a world-wide basis (Alvarez et  al., 1980). The 
present study (described i n  detai l  by Wollenberg et  
al., 1979) was part  of a program t o  assess the geo- 
thermal potential of Mt. Hood, and was carried out 
under the direction of the Oregon Department of 
Geology and Mineral Industries with support from 
the U. S. Department of mergy. 

SETTING 

M t .  Hood is located 80 km east  of Portland, 
Oregon, along the linear trend of most of the 
Cascade volcanoes of California, Oregon, and 
Washington. The geologic set t ing of M t .  Hood was 
described i n  de t a i l  by W i s e  (1969). The mountain 
is a composite andesitic stratovolcano, mainly 
Pleistocene i n  age, r is ing approximately 2500 m 
above the surrounding terrain. 
tory is similar t o  tha t  of many other Cascade vol- 
canoes. The most recent major eruption took place 
about 220 years ago. At>that  time a series of hot 
avalanches cascaded down the w e s t  and east  sides of 
the mountain, carrying incandescent debris several 
m i l e s  downslope into the adjacent valleys. 
Hood today has 90-95OC fumaroles near its summit, 
a par t ia l ly  frozen summit crater lake, and a warm 
spring area, Swim Springs, on its south flank. 

Its eruptive his- 

M t .  

SAMPLING 

During th i s  study over 40 water samples w e r e  
collected and f i l tered i n  the f i e l d  and analyzed a t  
Lawrence Berkeley Laboratory (LBL) by x-ray fluores- 
cence and neutron activation analysis (NAA). The 
locations of the water sources containing iridium 
are  shown i n  Figure 1. The warm spring area was 
sampled a t  different times of the year t o  test for  
seasonal chemical variation. 

SAMPLE PREPARATION AND AmLYSES 

A 500-ml water sample is evaporated t o  dryness 
i n  a cleaned Nalgene container a t  a temperature of 
60-80°C. The residue from the bottom of the con- 
tainer is used as an abrasive t o  scrape residue from 
the walls (with a toothbrush). The t o t a l  residue 
is then weighed. A lOO-mg sample of the  residue is 
mixed with 50 mg of cellulose binder, and the mix- 
ture is compltessed into a p i l l  1.00 cm i n  diameter 
-t a pressure of about 25,000 psi. 

regime each p i l l  is encapsulated i n  polyethyl- 
In the normal 

bp. ene f o i l  and irradiated with standards for 10-18 
minutes i n  the small U.C. Berkeley research reactor 
a t  a flux of about 2 x 1011 n/s-cm2. ~ l l  p i l l s  are 

essentially the same size, and the standards and 
unknowns are  rotated i n  such a way tha t  a l l  samples 
receive exactly the same neutron dose. After i r ra-  
diation each sample i s  counted t w i c e ,  and 11 ele- 
ments are measured i n  these counts. Several weeks 
l a t e r  the p i l l s  are removed from the polyethelene 
wrappers and remapped i n  0.001-in. aluminum f o i l  
(99.9999% pure). 
standard, Standard Pottery (Perlman and Asaro, 
19711, are  irradiated for  8 hr a t  a flux of about 
2.7 x 1Ol3 n/s-cm2. They are  counted a t  about 
1 week and 4 weeks a f t e r  the irradiation with a 1-cc 
intr insic  Ge gamma-ray detector and again a t  about 
3 weeks a f t e r  the irradiation with a 7-cc in t r in s i c  
G e  detector. The sensit ivity for  measurement of 
iridium with the 7-cc detector is about 0.5 t o  1 ppb 
i n  the evaporated residue, which leads t o  sensitiv- 
i t ies  of about 10-13 g Ir/g H 2 0  i n  water containing 
a few parts  i n  10,000 of residue. 

These samples and a multielement 

If iridium is chemically removed from water or 
from its evaporated residue (either before or  a f t e r  
a neutron irradiation),  better sensi t ivi t ies  can be 
obtained. This procedure, however, introduces an 
uncertainty related t o  the efficiency of the chemi- 
cal  separation. In  post-irradiation chemistry, fo r  
example, there can be an uncertainty a s  t o  the ex- 
t en t  of equilibrium between iridium i n  the unknown 
and i n  the carrier used t o  determine the chemical 

i 
7 

0 State Highway a U.S. Highway 

Timberline Mt Haod I,,,,.. 

-! I 

miles 

Figure 1. Map of the U t .  Hood area showing the 
location of water sources which contain iridium. 
A, Swim Springs? B, Summit crater lake fumarole area! 
C, Fe-rich cold spring. [XBL 784-6441 



it was estimated that the most efficient analysis 
would be made 2 months later, and a 7086-min count 
was made 94 days after the irradiation. 
are summarized in Table 1, and part of the gama 
spectrum of the 7086-min count is shown in Figur 
The best value for the iridium abundance in the res- 
idue was 0.074 f 0.007 ppb, which corresponds to 
an abundance of 55 f 5 x 

RESULTS 

The resujts 

Ad 

g Ir/g water. 

Iridium was first detected in a high-iron- 
content cold spring on the southern flank of Mt. 
Hood (location C in Fig. 1 1. It was then detected 
in Swim Springs in the samples collected in February 
and October of 1978 and in a sample obtained in the 
summer of 1977 from the summit crater lake (loca- 
tion B). 

efficiency. 
and still improve the sensitivity, we employed an 
NAA measurement technime used to obtain a limit on 
the amount of iridium in sea water (Alvarez et al., 
1980). In this procedure a 128-cc Li-doped Ge de- 
tector is used to count the 316 and 468 Kev gama 
rays of 74.17-day lg21r for several days some months 
after the irradiation. There is a substantial back- 
ground radiation from the continuous Bremstrahlung 
radiation of 14.28-day 32P. This radiation arises 
from the 31P(n,Y)32P reaction and (with smaller 
neutron cross section) from the reaction 32S(n,p)32P. 
As long as 32P is contributing a predominant part 
of the background, the longer one waits before 
counting a sample the better will be the background 
counting statistics (in the Ir peak region) for a 
given length of count. For one sample of Mt. Hood 
water, MH-43, a preliminary count of 1502 min was 
made 33 days after the irradiation. mom this count 

In order to avoid these uncertainties 

Table 1. Iridium abundance data for Mt. Hood water sample MH-43A 
(location A, Fig. 1, collected on October 5, 1978). 

Parts-per-billion iridium in evaporated residue 
316 kev 468 kev 

Normal NAA regime (7-cc Ge detector) 
28 days after irradiation (60-min count) < 1.8 < s  

Special NAA counting regime.(128-cc Ge-Li detector): 

33 days after irradiation (1502-min count) 0.064 f 0.032 0.061 f 0.039 

94 days after irradiation (7086-min count) 0.077 2 0.009 0.072 f 0.014 

Best abundance of iridium in residue = 0.074 f 0.007 ppb. 
Abundance of evaporated residue = 7.49 x 
Abundance of iridium in water = (55 

residue/g €120. 
5) x 10-75 g Ir/g H20. 

Figure 2. 
sample MH-43A. 
was taken with a 128-cc Ge-Li detector. 
irradiation was the second one done on the sample, and it was made to take advantage of recent improvements 
in iridium measurement techniques. A was an impurity introduced by a sample holder in the counting of the 
sample after the first irradiation. $lCr arose from a minute h impurity introduced into the sample by a 
tool-steel die in the sample preparation procedure. 1 4 0 ~  was a decay product from the fission of 23% in 
the sample during neutron irradiation. 228Ac was a natural radioactivity in equilibrium with 232Th, and 
its gamma rays were part of the background in the lead-lined counting chamber. Ba, Cs, Eu, Ir, and Sr 
radioactivities and possibly those of af and Tb were due to the presence of those elements in the water. 

Partial gamma-ray spectrum of the neutron irradiated evaporated residue from Mt. Hood water 
The spectrum Length of gamma ray count equals 7086 min (94 days after the irradiation). 

The iridium abundance is (55 f 5) x g Ir/g H20. This neutron 

[left, XBL 812-8072, right, XBL 812-80731 
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The resul ts  for seven of the best determined collected i n  the following bctober. 
major-element content of t h i s  spring water varied 
about 20% for the same period, with the higher con- 
centrations also occurrisg during the winter. 

The average 
chemical elements in waters fran f ive separate 
v i f i c e s  i n  the Swim Springs area are shown in Fig- 

3 and the location of the or i f ices  in Figure 4. 
e plots  of six of these elements against sodium 

concentrations suaaest a l inear correlation between Iridium was also detected in  the summit crater  
u 

-- 
the elemental abundances. These resul ts ,  along 
with water temperature data, suggest that  a t  leas t  
two sephrate water sources are mixed together i n  
differing proportions t o  produce the spring waters 
i n  the warm spring area. 

Iridium contents are shown in Table 2. The 
iridium concentration in one of &e warm spring 
or i f ices  varied from 7 x 10-12 g/g i n  the w i n t e r  
sampling perid t o  5.5 x 10-14 g//e i n  a sample. 

Sodium (mg/f)  

lake a t  the level of 4 x 10-13 g/g i n  a sample 
collected Au st 30, 1977, and was found t o  be less 
than 1 x 10-8 g/g i n  a sample collected on O c t -  
ober 10, 1978. 

The presence of iridium i n  the waters associ- 
ated w i t h  the volcano raises  the question of the 
iridium content of the volcanic rock. bbwever, the 
presence of iridium abwe thee detectabil i ty l i m i t  
(0.003 ppn) was not detected by standard neutron 
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Figure 3. 
waters. 
Figure 4. [XBL 789-26991 Swim Springs. [XBL 788-266OAl 

chemical variations i n  Swim Springs 
Numbers are keyed t o  or i f ice  locations in  Figure 4. The distribution of water sources at  

Table 2. Iridium abundances in Mt. Hood waters. 

Iridium (g/g) Location Date 

A. Swim Spring, or i f ice  February 22, 1978 

October S r  1978 

B. Lake, summit crater  
fumarole area 

c. Fe-rich cold spring 

August 30, 1977 

October 10, 1978 

June Z r  1977 

7 x 10-12 

5.5 x 10-14 

4 x 10-13 

c 1 10-13 

3.1 x 10-13 
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activation analyses of rock samples collected from 
the summit fumarole or from elsewhere on the m o m -  
tain (Wollenberg et al., 1979). Special counting 
procedures similar to those described above should 
improve significantly our sensitivity for detecting 
iridium in these rock samples. 

CONCLUSIONS 

Iridium, one of the platinum-group elements, 
has been detected for the first time in terrestrial 
water sources. During the hydrogeochemical study 
of Mt. Hood, Oregon, iridium was detected in the 
s&t crater lqke and in both a warm and cold. 
spring on the southern flank of the volcano. The 
platinum-group elements are generally associated 
with basic to ultrabasic igneous terranes. There- 
fore, it is surprising to find iridium associated 
with a volcano composed predominantly of andesite. 
The seasonal variation (February to October) in 
iridium abundance was found to be quite large 0102) 
in water from one of the warm spring orifices. This 
iridium variation is probably not related to the 
seasonal variations in major-element abundances 
detected in this warm spring area. Those variations 

are relatively small (<20%),  and are probably due 
to dilution effects that occur during the spring 
and sumner thaw of the snow pack. 
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GEOTHERMAL ENERGY DEVELOPMENT 

The Ea r th  Sciences Divis ion program i n  Geothermal Energy Development began i n  1973 
i n  response to t h e  n a t i o n a l  goal o f  developing a l t e r n a t i v e  energy sources  f o r  electrical  
and n o n e l e c t r i c a l  a p p l i c a t i o n s .  The program i n i t i a l l y  c o n s i s t e d  o f  an e x p l o r a t i o n  
assessment of  s i tes  i n  northern Nevada f o r  a proposed demonstration plant :  development o f  
a binary-f luid conversion process f o r  high-temperature,  l ow-sa l in i ty  b r ines :  and v a r i o u s  
geochemical s t u d i e s  r e l a t e d  t o  b r i n e  chemistry,  s c a l i n g ,  and corrosion.  
suppor t  project, t h e  Nat ional  Geothermal Information Resource ( G R I D ) ,  was begun f o r  t he  
purpose of compiling a d a t a  bank on topics r e l a t e d  to  geothermal energy. 

An a d d i t i o n a l  

Many of  t hese  g e n e r a l  programs con t inue  i n  modified or expanded form and o t h e r s  have 
been added i n  r e c e n t  yea r s .  Most have been funded by t h e  U. S. Department of Energy 
(DOE) ,  Divis ion of Geothermal Energy: t h e  Water and Power Resources S e r v i c e  (formerly t h e  
Bureau o f  Reclamation) has  con t r ac t ed  with Lawrence Berkeley Laboratory (LBL) f o r  site- 
s p e c i f i c  s t u d i e s .  Th i s  s e c t i o n  of  t h e  Annual Report summarjzes o u r  c u r r e n t  a c t i v i t i e s  i n  
three p r i n c i p a l  areas of  geothermal research:  
( 2 )  Reservoir  Engineering, and ( 3 )  Geothermal Energy Conversion Technology. 

( 1) Geothermal Explorat ion Technology, 

Explorat ion Technology projects deal with g e n e r i c  r e sea rch  designed t o  improve o u r  
a b i l i t y  t o  locate and d e f i n e  a geothermal r e s e r v o i r  using s u r f a c e  techniques,  mainly 
geophysical .  H i s t o r i c a l l y ,  our emphasis has been on electrical, e l ec t romagne t i c ,  and 
seismic t echn iques  because of t h e  expertise a v a i l a b l e  to  u s  a t  t h e  Un ive r s i ty  o f  C a l i -  
f o r n i a ,  Berkeley, and because of t h e  need t o  develop t h e s e  techniques to t h e  p o i n t  where 
they  can be b e t t e r  used by indus t ry .  

During 1980 t h e  e l e c t r i c a l - e l e c t r o m a g n e t i c  research w a s  directed toward improving 
d a t a  a c q u i s i t i o n ,  survey procedures,  and i n t e r p r e t a t i o n  techniques.  
w e  have been concerned mainly with developing b e t t e r  interpretation methods. In  con- 
t ro l l ed - source  e l ec t romagne t i c s  w e  have been i n v e s t i g a t i n g  t h e  practical advantages o f  
frequency- and time-domain methods and t h e  d i f f e r e n c e s  between them. 
domain system, t he  EM-60, was operated a t  s e v e r a l  geothermal prospects i n  Nevada t o  
demonstrate to  i n d u s t r y  t h e  f e a s i b i l i t y  and cost e f f e c t i v e n e s s  o f  EM soundings and t o  
d e f i n e  subsu r face  s t r u c t u r e s  a t  t h e  sites. The A u t o m a t i c  Seismic Processor  (ASP), under 
development s i n c e  1978, w a s  completed and operated s u c c e s s f u l l y  a t  The Geysers. Th i s  
dev ice  was designed f o r  r a p i d ,  c o s t - e f f e c t i v e  microearthquake monitoring and a n a l y s i s  
i n  geothermal exp lo ra t ion .  

I n  m a g n e t o t e l l u r i c s  

Our frequency- 

In Reservoir  Engineering s t u d i e s ,  t h e  g r e a t e s t  part of o u r  effor t  a t  LBL has been 
on modeling h e a t  and mass t r a n s f e r  of multicomponent, mult iphase f l u i d s  through geo log ic  
F-dia. This  work improves our c a p a b i l i t y  o f  understanding t h e  behavior of  geothermal 

u e r v o i r s  under d i f f e r e n t  p roduc t ion / r e in j ec t ion  cond i t ions  and should l ead  to  b e t t e r  
r e s e r v o i r  management. The code SHAFT79 was used t o  o b t a i n  a performance match wi th  t h e  
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geothermal r e s e r v o i r  a t  Serrazzano, I t a l y ,  and t o  provide product ion f o r e c a s t s  t o  1990. 
Another major i n t e r e s t  has been i n  w e l l  t e s t i n g  t o  determine reservoir parameters. I n  
t h i s  regard,  w e  have coupled our two-phase r e s e r v o i r  code (SHAFT791 w i t h  codes to simu- 
l a te  two-phase t r a n s i e n t  and s t e a d y - s t a t e  flow i n  a wellbore. LA 

LBL has developed a combined pressure-temperature-flow tool,  a f i e l d  data acqu i s i -  
t i o n  system, and software to i n t e r p r e t  pressure t r a n s i e n t  data. This  technology has 
d i r e c t  a p p l i c a t i o n  to lower-temperature resources ( <  2OOOC) which have g r e a t  p o t e n t i a l  
for n o n e l e c t r i c a l  a p p l i c a t i o n s .  

F i n a l l y ,  LBL's Reservoir  Engineering program also Supports  research a t  specific 
r e s e r v o i r s  for which case h i s t o r y  data  are being assembled and analyzed. LBL directs 
f o r  DOE a Mexican/American coope ra t ive  s tudy  of  t he  Cerro P r i e t o ,  paja C a l i f o r n i a ,  
geothermal f i e l d .  The elements o f  this s tudy  are geology-hydrologh, geochemistry,  
geophysics,  and r e s e r v o i r  t e s t i n g  and modeling. We have also provided advice on re- 
i n j e c t i o n .  LBL also assists DOE i n  e v a l u a t i n g  r e s e r v o i r  d a t a  f o r  t h e  Valles Caldera ,  
N e w  Mexico, t h e  s i t e  of  a 50-MW demonstrat ion p l a n t .  

Geothermal Energy Conversion Technology projects develop basic data and a n a l y t i c a l  
tools i n  h e a t  exchange and thermodynamics needed f o r  t h e  development of moderate- 
temperature geothermal resources .  Through t h e  Binary F lu id  Experiment, w e  are o b t a i n i n g  
l abora to ry -qua l i ty  data on h e a t - t r a n s f e r  f i l m  c o e f f i c i e n t s  o f  v a r i o u s  cand ida te  hydrocar- 
bon working f l u i d s ,  and a D O E / E l e c t r i c  Power Research I n s t i t u t e  heat-exchanger tes t  w i l l  
provide a v e r i f i c a t i o n  of t h e  data  under f i e l d  cond i t ions .  A s t u d y  of f l u i d  properties 
is under way t h a t  seeks to  provide t h e  best a v a i l a b l e  thermodynamic and t r a n s p o r t  data  
on b r i n e s  and working f l u i d s .  The 500-kW d i r e c t - c o n t a c t  heat-exchange p i l o t  p l a n t  w a s  
completed a t  East  Mesa, C a l i f o r n i a ,  and t e s t i n g  begun. O u r  computer code GEOTHM was 
used t o  s t u d y  the r e l a t i o n s h i p  of  working-fluid composition and resource temperatures  
for economically optimized b ina ry  c y c l e  power p l a n t s .  

T h i s  work was supported by the  A s s i s t a n t  S e c r e t a r y  f o r  Conservation and Renewable 
Energy, Of f i ce  of Renewable Technology, Divis ion of Geothermal and Hydropower Technol- 
o g i e s  of the  U. S. Department of  Energy under Contract  No.  W-7405-ENG-48. 



EXPLORATION TECHNOLOGY 

A D V A N C E S  IN ELECTRICAL AND ELECTROMACNIXIC EXPLORATION TECHNIQUES 
I 
i 

Overview 

L 

The objective of t h i s  program i s  t o  develop 
and t e s t  improved e lec t r ica l  and electranagnetic 
techniques and systems for geothermal exploration. 
Following our development of very successful dc 
resis t ivi ty ,  electromagnetic (EM-601, and remote 
reference magnetotelluric systems, the emphasis a t  
Lawrence Berkeley Laboratory (UL) has shifted 
toward improving data acquisition, survey systems, 
and interpretation techniques. For example, a new, 
general-purpose, in-field data-acquisition and 
processing system was assembled and successfully 
tested i n  f i s ca l  1980. 
a Iiewlett-Packard desk-top computer, a Nicolet 
Explorer 111 dig i ta l  oscilloscope and an analog 
multiplexer of our design, is more f lexible and 
powerful than the multichannel microprocessor devel- 
oped a t  LBL i n  1978 and currently used by various 
groups. The new. system can either stand alone or 
interface with the existing digi ta l  signal processor 
t o  expand its capability fo r  power-spectral averag- 
ing, in-field graphics, gain and f i l t e r  control, 
and in-field modeling. 

This system, which canprises 

Other major ac t iv i t ies  i n  progress during 
f i s ca l  1980 have included: 

1. Fundamental studies of electronnagnetic 
response of the ground for  magnetic dipole sources. 

Development of improved, high-speed, cost- 2. 
effective algorithms for numerical modeling. 

3. Studies of direct  inversion schemes for 
two-dimensional models. 

4. Study of topographic effects  i n  magneto- 
te l lur ics .  

5. Field experiments with the new, remote- 
reference noise-calcellation scheme for  the con- 
trolled-source electrmagnetic prospecting system. 

In the sections that  follow, we presene sum- 
maries of a few of our pertinent studies. , .  

Controlledsource electromagnetic interpretation based 
on a tilted dipole soure 
J. R. Haught 

V O n e  problem encountered when deep EM induction 
eys are made i n  h i l l y  or  mountainous regions i S  su 

the lack of a large enough f l a t  area in which to 
place the source, a loop of wire in  our system. 
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Normally the source is placed on as f l a t  a spot as 
possible so as to produce a ver t ical  moment. 
the source is placed on an irregular or sloping 
surface, the moment w i l l  not be vertical ,  and the 
f ie lds  from the source become more complex than i f  
the dipole is vertical. In  fact ,  the f ie lds  
measured some distance away cannot be converted t o  
the equivalent f ie lds  from a vert ical  source by 
means of a simple analytical rotation of the tilt 
angle. The reason is that the t i l t e d  source is a 
combination of ver t ical  and horizontal dipoles. 
The horizontal dipole d is tor t s  the otherwise 
axially symmetric f i e ids  of the ver t ical  dipole, 
and interpretation requires not  only a knowledge 
of the relative horizontal and vertical  separation 
between the receiver and the transmitter but also 
the inclination of the source and the angle 
between the receiver and the inclined direction of 
the source. 

If 

Figures 1 and 2 are examples 6f the effect  of 
a t i l t e d  dipole on the radial  f i e ld  amplitude and 
e l l i p t i c i t y  for  a two-layer model. The radial  f i e ld  
is affected throughout the frequency range, with the 
largest  deviations from a ver t ical  dipole f ie ld  
occurring a t  both high and Low frequencies. In  
these frequency ranges the f ie ld  fran the ver t ical  
dipole f a l l s  t o  zero, but the horizontal dipole 
f ie lds  asymptotically approach a constant value, 
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thus producing the behavior shown in Figure 1. Fig- 
ure 2 shows that the f ie lds  fran a t i l t e d  dipole are 
not equivalent to the f ie lds  from a ver t ical  dipole 
a s  measured by means of a receiver whose vertical  
measurement axis is t i l ted.  Another way of stating 
t h i s  effect  is to note that  the e l l i p t i c i t y  of the 
polarization el l ipse from a ver t ical  dipole is  
insensitive to receiver orientation, whereas the 
e l l i p t i c i t y  from a t i l t e d  source is very sensitive 
t o  tilt. 
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Figure 2. Ellipticity.  [XBL 81 1-78081 

During 1980 w e  have written a computer program 
t o  account for a t i l t e d  source over a layered earth, 
and have applied it to the interpretation of EX 
f i e l d  data taken in  the McCoy geothermal area, 
Nevada (Dey and Ward, 1970; Ryu e t  al., 1970). 
This program has allowed us to  interpret  data that  
were previously uninterpretable because of irregu- 
l a r i t i e s  i n  terrain. 
used t o  reinterpret  data which, though originally 
modeled with an assumed vertical  dipole source, had 
given an interpretation tha t  w e  suspected was i n  
error. The interpretation derived fran the t i l t e d  
dipole source gave resu l t s  that  agreed better with 
results a t  nearby stations and other geophysical 
data. 

This program has also been 
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Transient field responses 
G. M. Hoversten 

6; 
Quantitative interpretation of electromagnetic 

prospecting systems has led t o  elegant mathematical 
algorithms for computing the f i e lds  over layered and 
inhomogeneous earth models fran a variety of trans- 
mitters. Often these solutions make it d i f f i cu l t  
t o  understand the basic electromagnetic phenomena, 
hence making the geophysicist's i n i t i a l  interpreta- 
t ion rather abstract or  mechanical. Continuing 
discussions of the relative m e r i t s  of t i m e -  and 
frequency-domain systems are often based on limit- 
ing or  asymptotic forms for the solutions, and 
rarely have the solutions been analyzed i n  terms of 
the basic physics of the governing Maxwell's equa- 
tions. Pridemore (1978) has made a thorough study 
of frequency-dependent electric f i e lds  in a one- 
layered earth overlying a half-space, and Lewis and 
Lee (1978) and Nabighian (1979) have studied the 
transient electric f i e lds  in a half-space. 
studies have been very useful i n  explaining the 
f i e lds  observed on the surface i n  terms of the cur- 
rents induced i n  the half-space. 

These 

As part of a larger study of t ime-  and 
frequency-domain electromagnetic systems, we have 
developed algorithms for calculating the time-daaain 
electr ic  f i e lds  in  layered half-spaces. The solu- 
t ions are obtained f i r s t  i n  the frequency danain 
following the methods described i n  Morrison et  al. 
(1969) and are  then transformed t o  the t i m e  domain 
for a variety of source waveforms. The solutions 
are completely general, including displacement cur- 
rents: fo r  the horizontal loop source, they include 
a variable loop radius. 

Apart from our general interest  i n  finding a 
sound physical interpretation of the f ie lds  mea- 
sured on the surface over layered models, we have 
found the solutions for the electr ic  f ie ld ,  E, i n  
the ground very helpful i n  understanding the re- 
sponse of inhomogeneities i n  a layered half-space. 
In situations involving significant current'channel- 
ing, the phase of the current a t  the inhomogeneity 
i s  useful i n  understanding the phases of the secon- 
dary f i e lds  a t  the surface. 

~n example of the induced electric f i e l d  with- 
i n  a three-layer model is presented i n  Figure 1. 
Here the direction of E is positive into the plane 
of the figure, with the transmitter loop, radius 
56.4 m, t o  the l e f t  of the cross section. 
r e s i s t i v i t i e s  from the top down are p1 = 50 ohm-m, 
P2 = 1 ohm-m, P3 = 50 ohm-m. The t i m e s  shown are 
in  milliseconds a f t e r  the turnoff of the positive 
section of a square wave with alternating polarity 
period of 1 s. 

The layer 

As can be seen in  Figure 1, the electric f i e l d  
develops a ring pattern with a central ha. Once 
ha propagates to the conductive layer, it is 
trapped and moves out from the transmitter horizor 
tally.  

stand the observed magnetic f i e lds  at  a given 
surface position as a function of time. 

f i e lds  about a current element, one can easily 
By using the right-hand rule of magnetic 



This is only one example of many models 
considered i n  the frequency and t i m e  damain. The 

u l t s  are interesting even on a purely academic ul, but implications are far-reaching fo r  under- 
standing the behavior of transient EM effects. 
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Figure 1. Induced electric f i e l d  within model C. 
[XBL 809-1 19331 
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Approximation of magnetotelluric topographic effects by 
the solution of Laplace's equation 
E. C. Morley 

A magnetotelluric impedance tensor may be cal- 
culated from the response of the earth to a plane 
wave electromagnetic source normally incident a t  
the surface. The to t a l  f i e l d  response of an inho- 
mogeneous earth is due to the combined effects  of 
channeling currents which are nonsolenoidal i n  na- 
ture and induction currents which are characterized 
by closed current loops. This phenomenon has been 
investigated through the use of eigenfunction tech- 
niques on thin-sheet electromagnetic scattering 
problems (Annan, 1974). 

The general vector solutions of Maxwell's 
equations, constrained by the  boundary conditions, 
are d i f f i cu l t  to compute. However, when the elec- 
tromagnetic scattering problem involves embedded 
inhomogeneities or topographic features which have 
s m a l l  dimensions on the scale of a wavelength of 
the surrounding earth, then the resulting perturba- 
tions of the f i e l d  components are predominantly due 
t o  the quasi-static channeling of currents into or 
around these structures. Therefore, the resulting 
secondary f i e lds  may be approximated by the solu- 
t ion of Laplace's equation. 

Oppliger (1981) has developed a numerical solu- 
t ion of Laplace's equation which is based on the 
method of moments (Harrington, 1968). An arbitrary 
topographic surface is modeled by a f i n i t e  number of 
cells, each with a constant slope and surface charge 
density. 
distribution, the evaluation of a l inear  set of 
integral  equations is required. The f i e l d  pertur- 
bations due t o  the irregular surface are then cal- 
culated from t h i s  charge distribution. 

To solve t h i s  scalar problem for  the charge 

A simple two-dimensional model of a smoothed 
triangular ridge with a slope of 30 degrees was 
f i r s t  used. An approximately uniform current 
source perpendicular t o  the s t r ike of the ridge was 
obtained by placing a point source a t  a distance 
equal to several model dimensions away fran the 
ridge axis. 
static electric f i e l d  mode in magnetotelluric mea- 
surements. On the crest of the ridge, the current 
density was less than that of the half-space which 
resulted i n  a 38% decrease in  the electric f i e l d  
perpendicular to the ridge. The current density 
increased a t  the base of the ridge as a result  of 
current channeling into this conducting structure, 
producing a 36% increase i n  the perpendicular elec- 
tric f i e l d  a t  this point. 

The ridge generated an anomalous 

% Magnetotelluric data measured i n  a region of 
extreme rel ief  (Goldstein and Mozley, 19781, idas 
used t o  evaluate the magnitude of the topographi- 
cal ly  induced bias in f i e l d  data. The digi ta l  
topographic data from this region was used to con- 
s t ruct  a parameterized surface of 1600 ce l l s  for  
the s t a t i c  modeling program. The resulting elec- 
t r ic  f i e lds  are calculated a t  the surface of each 
cell. The problem was solved f o r  both an E-W and 
N-S current-source polarization. The resul ts  indi- 
cated tha t  electric f i e lds  may be biased i n  excess 



88 

of 20% i n  ,regions of extreme relief. 
rule, the electr ic  f ie lds  are biased &wnward 
(decreased) i n  the vicinity of topographic high 
points and are biased upward (increased) i n  l o w  
areas located a t  the base of sloping t e r r a in .  

AS a general 
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The utilization of magnetotelluric polar diagrams 
in a volcanic environment 
E. C. Mozley 

The polar diagrams of magnetotelluric data 
have had limited use as interpretational aids i n  
the l i terature .  These diagrams have been used t o  
describe three-dimensional magnetotelluric modeling 
resu l t s  (Reddy, 19771, and i n  a t  l ea s t  one case the 
polar representation has been ut i l ized t o  display 
magnetotelluric f i e ld  data (Thayer, 1975). 

In 1977 magnetotelluric data were collected 
around the base of M t .  Hood, a stratovolcano ~1 the 
Cascade mountain range in northern Oregon (Goldstein 
and Mozley, 1978). Because of physical and finan- 
c i a l  constraints, the spat ia l  sampling was limited 
both i n  regional coverage and i n  separation between 
measurement locations. The resulting sparce data 
s e t  was subject to both spatial  aliasing and trun- 
cation effects, which placed limitations on the use 
of quantitative interpretation techniques. However, 
by ut i l iz ing polar diagrams, as  shown in Figures 1 
and 2, it became evident tha t  there exis ts  a three- 
dimensional conductivity distribution w i t h  l a te ra l  

The magnetotelluric impedance tensor ccnnponents 
have a complex spa t ia l  relationship when measured 
in  the vicinity of a three-dimensional conductivity 
distribution. 
is enhanced when the dependence on the angle of 
rotation of the tensor ( 8 )  is considered. This 
dependence on the direction may be graphically dem- 
onstrated through-the use of polar diagrams of the 
impedance-tensor Z and the getmagnetic transfer 
function A; 

The ab i l i ty  t o  interpret  these data 

apparent res i s t iv i ty  = 0 . 2 ~ ~  (e) ' ,  

T - period (8). 
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ELECTROMACNFllC INDUCTION SOUNDING AT GEOTHERMAL PROSPECTS IN 
NEVADA 
M. J. Wik, M. Stark, N. E. Goldstein, and J. R. Haught 

CaKkUGcg 
1 7  

Panther Canyon 

I '  The Panther Canyon geothermal ananaly w a s  first 
biscovcred by shallow heat-flow d r i l l i ng  and recon- 

variations on the order of the dimensions of the 
survey. 
survey area, significant lateral variations i n  con- 
ductivity occur'on a scale equal  to  the distance 
between measurement sites. In  this example, the 
polar diagrams provided a useful quali tative tool  
t o  determine the dimensionality and scale of conduc- 
t i v i t y  distributions from an insufficient data set 
available i n  a complex geologic environment. 

In the south-southeastern portion of the 
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henna1 are&, located-near Fallon, Kevada; and " W  the McICCOy geothermal TCgionr located 6omc 30 
m i l e s  w e s t  of Austin i n  central Nevaaa. 
findings frcm each ou*vcy are -rite&, 

Significant 

naiasance geophysics (Beyerr 19771 Sass et  al., 
1977). 
region of higher than normal heat flow associated 
w i t h  a region of l o w  r e s i s t i v i ty  (Fig. 2). w e e -  
quently, dipole-dipole r e s i s t i v i ty  data were taken 
fo r  detail ing purposes, and two-dimensional modeling 
of these resul ts  indicated an irregularly shaped 
conductive body associated with the thermal anamaly. 
To investigate t h i s  anomaly further and to  test the 
M method i n  a region of cmplex structure, the 
EU-60 system was util ized for a short survey over 
the thermal anomaly. The study consisted of three 
frcquency-domain ooundings frcnn a single horizontal- 
loop tranomittar using a 100-m-diameter loop ( W i l t  
et  ale, 1980). Receivers were placed 0.5 to 1.5 km 
from the loop to permit a detailed look from the 
near surface to  a maximum depth of 1.5 km. 

These studies outlined an wal-shaped 3-b2 
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Resistivity cross section Over l ine  €I-E' 
( A )  Two-dimensional dipole- 

Figure 3 is a cross section of interpreted m 
soundings taken i n  an E-W profi le  Over the Panther 
Canyon anomaly. Also shown is the independent two- 
dimensional dipole-dipole res i s t iv i ty  model (Beyer, 
1977). Comparison reveals a remarkable correspon- 
dence betyeen the two models as  to depth and posi- 
t ion of the conductive body. Both methods a&- 
quately resolve the boundaries and res i s t iv i ty  of 
the conductive body associated wtih the thermal 
anomaly and the configuration of res is t ive basement. 
The two methods, however, differ  significantly i n  
the manner of f ie ld  deployment and data interpreta- 
tion. The dipole-dipole survey required 80 field- 
crew days, whereas the EM-60 survey took less  than 
24. 
50% .larger, but far  more labor was required t o  
achieve coverage comparable to  that  of the EM sur- 1 .  

The dc res i s t iv i ty  data cover an area about 

vey. Interpretation- techniques for ai,ole-aipol<! r, 
data are so f a r  bet ter  able to handle complex 
geology, and the data allow bet ter  resolution of 
resis t ive bedrock. However, because EM requires 
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variations on the order of the dimensions of the 
survey. 
survey area, significant l a t e r a l  variations i n  con- 
ductivity occur on a scale equal t o  the distance 
between measurement sites. In  t h i s  example, the 
polar diagrams provided a useful quali tative tool 
t o  determine the dimensionality and scale of conduc- 
t i v i t y  distributions fran an insufficient data set 
available in a complex geologic environment. 

I n  the south-southeastern portion of the 
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ELECTROMAGNEClC INDUCflON SOUNDING AT GEOTHERMAL PROSPECTS IN 
NWADA 
M. J. Wilt, M. Stark, N. E. Goldstein, and j. R. Haught ' 

AS part of a j o in t  Department of Energy/Indus- 
t r y  geothermal case studies progrria €or the Horthern 
Basin and Range prwince, Lawrence Berkeley hbora- 
tory (LBL) has conducted controlled-source electro- 
magnetic sounding surveys with i t 6  newly developacl discovered by shallow heat-flow d r i l l i ng  and recon- 
EM-60 syetem over three proaniring geothermal targets naissance geophysice (Beyer, 19771 Sass e t  al., 
i n  northern Nevada. The objectives of these studies  1977). These studies outlined an oval-shaped 3-km2 
were to demonstrate to industry the  feasibi l i ty  region of higher than normal heat flow associated 
cost'effectivenesr of EM Pounding8 and t o  bet- with a region of l o w  r e s i s t i v i ty  (Fig. 2). subse- 
define the electr ical  structure for thc purpose - quently, dipole-dipole res is t ivi ty  data were taken 
reservoir delineation. for  detail ing purposes, and two-dimensional modeling 

PRCGrnSS IN 1980 conductive body associated w i t h  the thermal anomaly. 

Penther Canyon 

The Panther Canyon geothermal anomaly was f i r s t  

of these resul ts  indicated an irregularly shaped 

To investigate t h i s  anomaly further and t o  test the 
W method i n  a region of complex structure, the 
M-60 system was util ized €or a short survey over 

ftequency-domain soundings from a single horizontal- 

et  il., 1980). Faceivers were placed 0.5 to 1.5 km 
from the loop to pernuit a detailed look fromthe 
near rrurface ta a laaximum depth of 1.5 km. 

Three regions in north-central Mevada ware 
chosen for study with the FM-60 ryrtcm (Fig. 1). 
These are (1) Panther Canyon, an area in the - the thezmal anomaly. The study consisted of three 
eastern portion of Gross Valleyr (2) the Soda 

\thermal area, located near tallon, Mcvadar loop transmitter using a 100-m-diameter loop ( W i l t  b the McCoy geothetnasl region, loaated some 30 
miles west of Austin in mn 
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Figure 3 i s  a cross section of interpreted EM 
soundings taken in  an E-W profi le  wer the Panther 
Canyon anomaly. Also shown is the independent two- 
dimensional dipole-dipole res is t ivi ty  mdel  (Beyer, 
1977). Comparison reveals a remarkable correspon- 
dence betyeen the two models as to depth and posi- 
t ion of the conductive body. Both methods a&- 
quately resolve the boundaries and r e s i s t i v i ty  of 
the conductive body associated wtih the thermal 
anomaly and the configuration of res is t ive basement. 
The two methods, however, differ  significantly i n  
the manner of f i e l d  deployment and data interpreta- 
tion. The dipole-dipole survey required 80 field- 
crew days, whereas the EM-60 survey took less than 
24. 
50% Larger, but far  more labor was required to  
achieve coverage comparable to that  of the EM sur- 

data are so f a r  better able to handle complex 
geology, and the data allow better resolution of 
resis t ive bedrock. However, because EM requires 

The dc resis t ivi ty  data cwer an area about 

vey. Interpretation techniques for dipole-dipole 
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much shorter transmitter-receiver separations 'than 
dc resis t ivi ty  electrode separations for  the same 
+pth of exploration, the effects  of l a t e r a l  inho- 

eneit ies are expected t o  be less important for  Lit? interpretations. The two cross sections suggest 
that  wen in  regions of two- and three-dimensional 
geology, EM data w i l l  adequately resolve major fea- 
tures without severe distortion. 

Soda Lakes 

A 13-station EN-60 survey was performed a t  the 
Soda Lake thermal anomaly. 
located a t  the southeastern margin of the Carson 
sink, a major drainage basin in  central Nevada and 
much of the Pleistocene geology and near-surface 
hummocky topography are  related t o  the recent with- 
drawal of Pleistocene Lake Lahonton (Garside and 
Schilling, 1979). A shallow source of hot water 
located 5 km north of Soda Lake (Fig. 4) was acci- 
dentally found during the d r i l l i ng  of water wells. 
Subsequent shallow and deep d r i l l i ng  have indicate6 
tha t  the shallow thermal regime is probably faul t  
controlled, but the deep source of hot f luids is as 
yet unknown. 

The Soda Lake area is 

Dipole-dipole r e s i s t i v i ty  and MT sounding data 
were both acquired from Chevron Resources, Inc., 
holder of the geothermal leases. These data re- 
vealed four r e s i s t i v i ty  layers: (1) a 10-ohm-m 
surface layer 300 m o r  less i n  thickness, ( 2 )  a 
2-ohm-m second layer extending t o  1 o r  1.5 km, 
( 3 )  a more resis t ive third layer extending t o  a t  
least  10 km, underlain by (4)  a 1-ohm-m substrate. 
Deeper d r i l l i ng  indicated tha t  the surface layer 
is dominated by sand-rich sediments, the second by 
shale and clays, ani3 the third by volcanic and vol- 
caniclastic formations. Highest temperatures were 
found i n  the second clay-rich horizon. 

Thirteen 6M-60 soundings w e r e  measured over 
the Soda Lake area i n  a 6-day period i n  July 1979. 
Transmitter-receiver separations w e r e  extended 
t o  3 km i n  an effor t  to map the surface of the . 
lowermost res is t ive formation. For these deeper 
soundings, a noise-canceling scheme was used t h a t  
subtracts geomagnetic noise signals fran t o t a l  
magnetic f i e lds  i n  order to resolve transmitted 
signals a t  frequencies below 0.1 Hz ( W i l t  et al;, 
1979). This scheme proved particularly important, 
since lower-frequency information was c r i t i c a l  fo r  
the resolution of the deeper horizons-and the level 
of natural geomagnetic noise was particularly high 
(Stark e t  a$, 1980). For those soundings, the 
lowest frequency tha t  could be used i n  the presence 
of geomagnetic noise was reduced from 0.1 t o  0.05 He. 

Figure 5 is a composite profile of m-60 
layered-model inversions, layered models obtained 
from existing UT data and dril lhole information. 
The figure indicates close agreement between M!C and 
EM interpretations; the EM data gave the best defi- 
nit ion of near-surface features, whereas the UT 
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Figure 5. 
section, Line A-A'. (B) Interpreted M!F. r e s i s t i v i ty  
cross section, Line A-A'. (C)  Generalized litho- 
logic logs for three w e l l s  along Line A-A'. 

( A )  Interpreted EM resis t ivi ty  cross 
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gave the best definition of deeper horizons. Both 
methods w e r e  able to detect the confining %asement' 
layer, located a t  depth$ of 1 t o  2 km. EM-60 data 
indicate that the thermal anomaly is  associated 
with a shallowing of the conductive second layer 
and a vertical  offset  i n  the resist ive third layer. 
These offsets are associated w i t h  NW-SE fault ing 
tha t  allows hot f luids to rise and mix with the 
local shallow groundwater. 

#ccoy 

The McCoy Geothermal area is located i n  a re- 
mote mountainous region of central Nevada. 
terrain in  t h i s  area provided new challenges to 'the 
s y s t e m  ( W i l t  et al. , 1980). W e  soon learned tha t  
w e  would have t o  develop an interpretation scheme 
that  would account for the elevation differences 
between transmitter and receiver and fo r  the fact  
that  the dipole moment could not be assumed t o  be 
vertical ,  a s  i n  f l a t  terrain. 

The 

' The temperature gradient anomaly map (Fig. 6 )  
indicates an almost 200-km2 area of higher than 
normal temperature gradients associated with the 
thermal anomaly. 
no other geophysical information was available. 
The PM-60 survey consisted of 19 soundings fran 
three transmitters a t  separations ranging t o  4 km. 

A t  the t i m e  of the Survey, almost 

The interpreted north-south EM r e s i s t i v i ty  
prof i le  shown i n  Figure 7 indicates t ha t  a shallow 
conductive body is associated with the southern 
thermal gradient maximum. Well logs fran a 765- 
drillhole indicate an influx of warm water i n  the 
depth +terval corresponding to the conductive 
formation (Olson et al., 1979). The PM data also 
indicate the possibil i ty of a deep conductive body 
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Figure 6. Survey locatioh map of McCoy Prospect, 
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at a depth of about 2 km associated with the eouth- 
ern heat-flow high. 
nrofile, the section is considerably more resistive, 

At the northern end o€ the 

th no conductive anomaly indicated at depth. u crease in resistivity can be correlated with the The 

absence of surficial volcanics and a drop in eleva- 
tion. 
promising for future geothermal developent. 

CONCLUSIONS 

At present the southern area appears more 

For the three EM-60 surveys performed in 
Nevada, the method was found to be fast, efficient, 
and suitable for unusual field situations and rough 
terrain. High quality data and good depth of pene- 
tration were routinely obtained in Nevada. Short- 
comings of the method include the insensitivity of 
measurements to resistive formations and the inade- 
quacy of available interpretative software, which 
allows only one-dimensional modeling. Two-dimen- 
sional modeling on a routine basis may be feasible 
in the near future. 
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AUTOMATED SEISMIC PROCESSOR 
T:V. McEvilly, E. L. Majer, J. Bartschi, J. Heinsen, and R. O’Connell 

The Autamated Seismic Processor (ASP1 was 
conceived and designed for rapid, cost-effective 
microearthquake monitoring and 8nalysis in geother- 
mal exploration. 
of the ASP was the desire to simplify routine micro- 
earthquake data acquisition and reduction, and en- 
hance the cost-effectiveness of such investigations. 
Processing data from a large number of events, as 
encountered in applying seismic techniques to geo- 
thermal exploration, was found to be time-consuming, 
labor-intensive, and thus far more expensive than 
desired (McEvilly et al., 1978, 19791, a situation 
which effectively eliminated state-of-the-art micro- 
earthquake surveys from the arsenal of geothermal 
exploration technology. 

The impetus for the developent 

A two-channel prototype system was completed 
in the fall of 1978, and a 16-channel ASP was built 
*le following year (Fig. 1). The ASP is a self- 

untained, micro processorbased (RCA 18021, 
parallel-processing computer. It is a low-power, 

16-bit system, consuming about one watt per channel. 
Each data channel is monitored by a microcomputer 
(WORKER) which detects and times the P- and S-waves 
and does initial processing of the data. 
essing includes calculation of amplitudes and a 
measure of quality for P- and S-waves, P-wave first 
motion, and S minus P (6 - P) time. Each computer 
also windows the P- and S-waves, depending on the 
S - P time, and performs a Fast Fourier Transform 
(FFT) on the data. The spectra are then fit for 
D.C. level, corner frequency, and high-frequency 
slope. This information, collected by each WORKER 
detecting the event, is sent to a central microcom- 
puter (the BOSS) for final processing. 

This proc- 

The BOSS evaluates the incoming data on the 
basis of userspecified criteria for the minimm 
number of recording stations in a specified time 
window and on the basis of quality. If these cri- 
teria are not met, there is no further processing 
and the WORKERS are released to search for another 
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Figure 1. The ASP in field-ready condition. Totai 
power consumption is less than 15 watts. Panels 
are standard 19 inch width. [CBB 003-3236] 

event. If no event is detected, further processing 
continues according to pre-set instructions from 
the user. At present, the following operations can 
be performed in the BOSS (Fig. 2): 

1. Debuq. All data from WORKERS are printed 
out. 

2. Event count. Lists the number of events 
from turn-on which have met occurrence criteria; 
number of events which have S - P times between 
0-1 8 ,  1-2 s, 2-3 8 ,  and > 3 s i  average P and S 
amplitudes; and the station which received the 
first P-wave. 

3, &Values. Calculates and lists the cumula- 
tive and interval b-values using average P- and S- 
wave amplitudes. 

4. Location. Calculates and prints the hypo- 
center coordinates, time, and residuals for each 
event. Also gives for each station, the distance 
to event, azimuth, take-off angle, P residual and 
S residual. 

5. FFT raw data. Calculates and lists for 
each station the following parameters of the P- and 
Sraves: corner frequency, long-period level, and 
high-frequency roll-off slope. 

6. FFT processed data. Calculates and lists 
for each station the moment, source radius, dis- 
placement, stress drop, and high-frequency slope 
using the corner frequency, long-period level, and 
high-frequency slope (Brunes' model). 

7. 
and S-waves. 

Average value of FFT-processed data for P- 

The first field test of the ASP was carried 
out at The Geysers geothermal field in northern 

California. During apmoximately 20 days of opera- 
tion, over 550 events were processed. As this was 
the first actual field test of the system, our 
principal aim was to detect system software prob 
that could not be located in laboratory testing, 
rather than a comprehensive study of stress release 
in The Geysers production region. After comparing 
the results of the ASP with results obtained from 
the simultaneously tape recorded data, it was seen 
that the automatic detection and processing system 
was performing satisfactorily in all areas. 

Future Activities 

b 

Our current plans are to conduct a detailed 
microearthquake survey at the Cerro Prieto geo- 
thermal field in the Salton Trough. A second ASP 
is being built which will be used for monitoring 
acoustic emissions at the Climax Stock nuclear 
waste repository at the Nevada Test Site (Majer et 
al., 1981). 

We are also planning to make improvements in 
the ASP system. 
during the time the computer is processing and 
printing results. 
and full printing and processing is carried out, 
printout time via the thermal printer may be as 
long as 7 min. Moreover, because the floating-point 
arithmetic done by the RCA package is relatively 
slow, the total effective dead-time between events 
could be as long as 10 min, although in practice 
the dead-time rarely exceeds 2 to 3 min. To solve 
this problem a tape cassette recording system is 
being interfaced with ASP to cut the output time to 
less than 20 8 .  Also planned is the inclusion of 
an arithmetic processor chip to replace the soft- 
ware floating-point arithmetic package. 
two improvements, maximum dead-time between events 
will be reduced to less than one minute. 

One problem is the loss of events 

If many stations record an event 

With these 

We also plan to interface the WORKER to a more 
powerful Boss computer--HP-85, 9835, or LSI-11 com- 
puter. This will allow more sophisticated process- 
ing, such as fault-plane solutions using moment- 
tensor analysis and frequency-wave number processing 
for noise studies. Also planned is a more advanced 
location program which will use a velocity-gradient 
model rather than the half-space model now being 
used. 
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w*** RUNNING I-VALUES 

NBT BP WC 85 BSC 
*2@6#0+tl tSN62N+13 +50021+13 464248413 +64248+13 

*I*** LOCATION O R I G I N  DAlh ****I 

EVENT TINE - DELlA 
DLI HR 1111 SEC (EEC) 
521 17 S4 32 -11,897 

X I  I1 7.N RNSORES) RMS(SRE8) 
*48112*11 *18786*11 *93776*11 *21011-11 *S7307+11 

Figure 2. PT = arrival time ( i n  machine 
counts tOO/sec) of P-wave; PA = P-wave amplitude, = P-wave quality, i.e., (PA/LTA = PQ) where 
LTA = long-term average (4096 points) prior to trigger; PP = polarity of P-wave, + = up, - = down; magnitude of PP = quality of polarity estimate; PSL = P-wave spectral length; 
PFO = frequency value of corner frequency; PLP and PEX are mantissa and exponent of long period 
level; PGI and PGF are  integer and fraction of frequency exponent €or high frequency slope; 
ST = S-timet DT = 6-P time; SA = S-wave amplitude; SQ = Spual i ty;  SSL = S-wave spectral length; 
SFO, SLP, SEX, SGI, and SGF are the same as PFO, PLP, PEX, PGI, and PGF, except for S-wave. 
A l l  other values are labeled and self-explanatory. This printout is for the DEBUG mode and lists 

An example of printout received a f t e r  each earthquake. 

b; the most complete output data set. [XBL 812-2644] 
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ADVANCES IN MAGNITOTELLURIC SURVEY TECHNIQUES AND DATA 6, 
INTERPRETATION 
W. M. Goubau, 1. Clarke, and R. F. Miracky 

Nine new magnetotelluric soundings have been 
made along a l i ne  south of the Cerro Prieto Power 
Plant. 
the main steam production zone. The new data for 
apparent r e s i s t i v i t i e s  and the tipper are consis- 
tent  with findings of the 1978 and 1979 surveys 
that  suggested a zone of high r e s i s t i v i ty  near the 
p o w e r  plant. To f ac i l i t a t e  the interpretation of 
the data in terms of two-dimensional models, we 
developed a new method f o r  determining a regional 
str ike direction. The regional s t r i k e  is about 
N 300 W (magnetic) which is roughly paral le l  t o  the 
Cucapa Mountains to the w e s t  and the Imperial Valley 
f a u l t  to the east. 

PROGRESS I N  FISCAL 1980 

The new data define a southern boundary for  

Figure 1 shows the sites of the magnetotelluric 
soundings performed in 1978, 1979, and 1980. They 
form roughly four lines: DD', EE', FF', and a'. 
The soundings w e r e  a l l  perfomed with the rcmote 
reference technique (Goubau, e t  al., 1978; Gamble ,  
1978; Gamble et al., 1979a, b, c, d, 1980), using 
dc SQUID magnetometers. 
the frequency range Hz t o  40 Hz. For frequen- 
cies above 
f i e l d  with our DEC LSI-11 computer (Clarke et al., 
1979). 
digi ta l ly  on a Gould data logger operating a t  a 
sampling rate  of 1 Hz. These data were subsequently 
processed by the LSI-11 a t  the end of the survey. 

Data w e r e  acquired Over 

Hz the data w e r e  processed i n  the 

The long-period information was stored 

To present the results of a survey a s  clearly 
a s  possible, one m u s t  define a coordinate system 
tha t  obviates as much as possible any l a t e ra l  synrme- 
t r y  i n  the conductivity profiles. 
have simply oriented our coordinate axes so that  one 
axis is parallel  t o  a major f au l t  o r  mountain range. 
However, t h i s  is  not always a reliable estimate of 
the subsurface symmetry. This year w e  developed a 
new method for determining a regional s t r i k e  direc- 
t ion that  is based on data obtained a t  a number of 
locations. The method works a s  follows. If  the 
conductivity has two-dimensional symmetry, one can 
rotate the coordinate system into an orientation for 
which the diagonal elements of the impedance tensor, 
Z, and Zyy, are  identically zero. Operationally, 
t h i s  is done by finding the angle that  minimizes 
I 12 + [ Z  12, or equivalently, maximizes ( q y j 2  +P,,z. Re rotation angle is (ideally) inaepen- 
dent o frequency. If the impedance tensor is 
affected by noise and/or the influence of three- 
dimensional conductivity structures, the values of 
Z, and zyy w i l l  not be zero in the rotated coordi- 
nates, and the rotation angle w i l l ,  i n  general, de- 
pend on frequency. Thus, an estimate of the strike 
direction from a single station and a single frequen- 
cy may not be meaningful. 
of local three-dimensional structure on the deter- 
mination of the strike,  we incorporate the results 

In the past w e  

To minimize the influence 

of a nlrarber of stations within the region of inter- 
est and the information at  a l l  frequencies by find- 
ing the  angle that minimizes 

where the summation is over a l l  frequencies and 
stations,  and W i  is a function that weights the sta- 
t i s t i c a l  significance of each term. 
function has the form W i  = f ( t ) / a  , where a is +e 
variance in the estimate of l k . f z  + I zyyi 12  asso- 
ciated with random errors,  and f f t )  i s  an adjustable 
function of the period t that scales roughly with 
skin depth. In  practice, the choice of f ( t )  has 
l i t t l e  influence on the computed rotation angles, 
as we w i l l  demonstrate below. 
C,, determined from the impedances, is given by 

The Weighting 

The rotation angle, 

( 2) 
'Po test the val idi ty  of regional s t r ike esti- 

mated from equation ( 2 )  we make an %dependent esti- 
mate of the strike using the tipper T, which 
we  can express as the relationship between vertical  
and horizontal magnetic fields:  

+ T H  
HZ - TxHx y y' 

The orientation of the regional s t r ike  for  the tip- 
per is the angle that minimizes: 

The angle is given by 

W e  investigated the s t ab i l i t y  of our regional 
magnetotelluric s t r i k e  determination by comparing 
the orientations found with different functions of 
the period as weights and by ccunparing resul ts  
obtained a t  the stations on different lines.. 
calculated the regional mtrike for  the stations on 
l ine DD' with four different weighting functions: 

we u 
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G- A Surveyed 1978 
0 1  2 3 4 5 k m  A Surveyed 1979 - 

0 Surveyed 1980 

Figure 1. Location of magnetotelluric 6tations a t  Cerro Prieto, BajaLI California. [XBL 

f ( t )  = 1, t112, t4 and t312. 
tions from Z, and T with these weights are qiven in 
Table  1. TFiey are remarkably consistent. Despite 
the fact that  the relat ive weights of the long and 
short periods are varied by more than lo6# t he  vari- 
ation in the tipper estimate of s t r ike  varies by 
only 2 0.40 while the impedance s t r ike varies by 
f 2.3.. The mean disagreement between the impedance 
and t ipper s t r ikes  is 1.4.. This is canparable to  
the uncertainty i n  the orientation of the telluric 
lines. 

The s t r ike  determina- 

., This agreement between the Z, and T determina- k$ ns of s t r ike indicates that  me structure almg 
DD' might be well matched by a two-dimensional model. 

,9-114981' 

Table  1. Regional s t r ike  on l i ne  DD' estimated 
with different weighting functions. 

Function of period Strike fran Z Strike €ran T 

-32.3' -30.6' 0 t 

p 2  -30.0' -30.1' 

t -28.4. -29.8' 

t3/2 -27.8' -30.2. 
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However, t o  ensure that  a two-dimensional model is 
gppropriate, one must confirm tha t  the component of 
T i n  the s t r ike direction and the diagonal compo- 
nents of g are small i n  the coordinate system 
aligned wyth the regional strike. This is the case 
for  l ine DD' , along which the magnitudes and phases 
of the off-diagonal components of g and the magni- 
tude and phase of Ty have been clogely matched by 
a two-dimensional model (Gamble et  al., 1980). 

A two-dimensional model i s  not appropriate for 

l i n e  EE' the Z, and * 
the other two lines. Table 2 lists the st r ike de- 
termined along the three l ines  w i t h  the same weight- 
ing function f ( t )  = t. 
str ikes  disagree by more than l o o  and on'TF', by 
3.20. While this may not seem t o  be a significant 
discrepancy, it is larger than any of the discrep- 
ancies on l ine DD' fo r  any weight i n  Table 1. Thus, 
we feel  tha t  any discrepancy between the strikes,  a s  
determined from Z, and $ and which i s  unambiguously 
larger than &e rocation of the t e l lu r i c  lines, would 
indicate that a two-dimensional model of the earth 
w i l l  be insufficient. 

Table 2. Regional s t r ikes  on different l ines  with 
f ( t )  = t. 

Line 2 s t r ike  T s t r ike 

DD' -28.4O -29.8O 

EE' -27.9O -17.3' 

FF' -25.5O -22.3O 

On the other hand, we see that  the regional 
s t r ike  as determined from % i s  essentially identi- 
ca l  on a l l  three lines: -27.0. & 1.50. All of the 
regionaz s t r ikes  determined fran the impedance w i t h  
the different weights and s ta t ion locations f a l l  i n  
the range 28.9O f 3.40. This confirms both our 
impression that  there i s  a relatively well-defined 
regional s t r ike  in the Cerro Prieto area and our 
assertion that  a stable regional s t r ike  can be 
determined by a regional calculation based on the 
measured values of E, even though there are signi- 
f icant deviations from a two-dimensional structure. 

Figures 2 and 3 show contour maps of T, and Ty 
a t  1 H z ,  where the axes have been rotated t o  conform 
t o  the regional s t r i k e  of N 30° W (magnetic). 
(Fig. 2)  is the tipper magnitude where the magnetic 
f i e ld  
If the region were s t r i c t l y  two-dimensional, T, 
would be small (approach zero) everywhere. Its 
deviation from values < 0.1 clearly indicates a 
three-dimensional structure. A pronounced effect  
occurs close to the power plant (Station 3, 1979). 
There is also the suggestion that  a northeast-trend- 
ing structure occurs between lines E and G. Ty (Fig. 3) is the tipper magnitude where the magnetic 
f i e ld  (Hy)  is aligned perpendicular to regional 
strike. If the region were s t r i c t l y  two-dimensional, 
contours of Ty would run paral le l  t o  regional s t r ike,  
which they do by and large. However, it is clear  
tha t  a three-dimensional structure is present. 

T, 

is aligned paral le l  t o  regional strike.  

rn + + P W  

+m 
ICK 

,*a + 
I C W  

Figure 2. Tipper T,. [XBL-7910-13038A] 

PROPOSED RESEAE(CH FOR 1981 

The state-of-the-art of remote reference mag- 
netotellurics is such tha t  random errors inherent 
in the data acquisition are now much smaller than 
uncertainties i n  the interpretation of the measure- 
ments. 
tha t  may simplify the solution of the inverse 
problem. In particular,  we wish to investigate the 
possibil i ty of using measurements of magnetic f i e ld  
gradients, together with magnetotellurics, t o  get a 
more direct  determination of the derivatives of the 
e lec t r ic  and magnetic f i e lds  that enter into 
MBxwell's equations. 

Thus, we plan to investigate new schemes 

The SQUID magnetometers have worked quite reli- 
ably. 
past two years i n  SQUID technology may improve the 
slew ra te  of the magnetometers by orders of magni- 
tude and may eliminate the problem of flux jumps 
that a t  times s t i l l  exis t  with our current systems. 
W e  plan to investigate the possibil i ty of incorpo- 
ra t ing such new SQUIDS into our MT system. 

However, the great progress made over the 

Y n  + + I r Y  

Tipper Magnitude (TY) at I HZ 
Magnetic vecta Aligned Perpendicular to cmolo@c Grain 

a t , , , , *  

n o  

-. 
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Figure 3. Tipper Ty. [XBL-7910-13039al 
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RESERVOIR ENGINEERING 

4DVANCES IN RESERVOIR MODELING 

Overview 
K. Pruess 

Geothermal reservoirs are very complex systems. 
I n  the process of exploration and f i e ld  development, 
large amounts of data are assembled. These data 
provide information on rock formations, geanetry 
of the system, composition and thermodynamic s t a t e  
of the fluids,  and other important characteristics. 
In order t o  develop a geothermal reservoir in a 
rational way, it is necessary t o  construct a wmodel" 
which integrates a l l  the diverse pieces of informa- 
tion into a unified picture. 
a simplifiea mental analog of a canplex system 
which makes the system and its behavior readily 
accessible t o  the human mind. Besides containing a 
description of the system ( the data base), a model 
also includes assumptions about the important phys- 
i ca l  and chemical processes which occur in the nat- 
ural  s t a t e  or during exploitation. 
(numerical) models can help to answer some of the 
basic reservoir engineering questions such as: what 
are the reserves of f luid and heat? What level of 
power production can a reservoir support? 
w i l l  it l a s t ?  What is the optimal way of 
a reservoir? 

A model i s  basically 

Quantitative 

How long 

In  f i s ca l  1980 a major effor t  was made to 
improve existing modeling capabili t ies and t o  
encourage industry t o  apply the numerical models 
developed a t  Lawrence Berkeley Laboratory (LBL). 

r 50 participants from research laboratories and id vate companies attended a workshop a t  L8L which 
was designed t o  instruct i n  the use and application 
of several numerical reservoir simulation models 

developed a t  LBL. 
broad range of reservoir simulation and well-teat 
problems i n  geothermal reservoirs and aquifers. 
They are now being distributed t o  the engineering 
community by t h e  National Energy Software Center i n  
Argonne, I l l inois .  LBL advised the Department of 
Energy on design and implementation of a project 
for  comparison and validation of geothermal reser- 
voir si-ators. This ef for t  was undertaken to 
improve acceptance and application of t h i s  powerful 
methodology throughout the industry. 

These models are applicable to a 

Various applications of numerical Simulation 
were made, among them a major f i e ld  case study for  
the vapor-dominated geothermal reservoir a t  Serraz- 
ZMO, Italy. This work demonstrated for  the f i r s t  
time the feas ib i l i ty  of detailed field-wide perfor- 
mance simulation and history matching. 
representing actual f i e ld  si tuations,  modeling can 
also be used a s  a "laboratory" for  exploring phys- 
i ca l  mechanisms operating i n  different types of 
geothermal reservoirs. An example of t h i s  kind of 
study is reported below for  a reservoir of the East 
Mesa type. 

Besides 

Work continued t o  ehance the scope of our 
models and t o  make them more rea l i s t ic  and appli- 
cable to "real world" situations. Of particular im- 
portance i n  t h i s  regard is  the ongoing development 
of equation-of-state packages for  compositional 
systems in which the f luid consists of a mixture of 
water and various noncondensible gases. A canputer 
model for  the system water/C02 is nearing completion. 

The following contributions i l l u s t r a t e  accom- 
plishments i n  reservoir modeling. 
the main axeas of work and are not intended t o  be 

They focus on 
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exhaustive. A more complete account of advances in 
reservoir modeling i n  f i s ca l  1980 i s  contained i n  
the references a t  the end of t h i s  annual report. 

Performance matching and prediction for the Serrazzano 
geothermal reservoir by means of numerical simulation 
K. Pruess, 0. Were, and R. Schroeder 

Experience in  the petroleum industry has shown 
tha t  detailed, quantitative reservoir models can 
aid i n  developing more eff ic ient  production schemes. 
Computer models of o i l  and gas reservoirs, usually 
referred t o  as "numerical simulators," have gained 
widespread acceptance and application i n  the indus- 
t r y  during the past decade. 

It is believed tha t  similar techniques could 
greatly enhance our understanding of geothermal 
reservoirs and thereby contribute t o  improved 
reservoir management. 
energy is inherently more complex than the pro- 
duction of o i l  and gas. Whereas oil and gas are  
saleable commodities, geothermal f luids  are not. 
They merely serve t o  transport subterranean heat 
t o  the ground surface, most of which was stored i n  
permeable rock masses. 
production is t o  recover tha t  heat &n the most 
eff ic ient  way. 

The recovery of geothermal 

The objective of geothermal 

In the past, geothermal reservoir simulation 
has been applied mostly t o  w e l l  tests, hypothetical 
m o d e l  problems, and idealized (one- or two-dimen- 
sional) models of actual reservoirs. 
study of a r ea l i s t i c  three-dimensional reservoir 
m o d e l  was carried out by Morris and Campbell 
(1979) for the liquid-dominated East Mesa KGRA, 
which is currently being developed for production. 
No detailed r ea l i s t i c  simulation has ever been made 
for  a producing vapor-dominated system. 

The only 

The primary objective of the Serrazzano study 
was to demonstrate the feasibi l i ty  of a detailed 
numerical simulation of a geologically accurate 
geothermal reservoir model. 
as a case study for  developing and evaluating the 
methodology for  two reasons: (1) detailed pro- 
duction data and much geological and hydrological 
information is available for  the reservoir, and 
(2 )  for  environmental reasons surface disposal of 
produced brines is no longer acceptable i n  Italy,  
and numerical studies are needed t o  aid i n  develop- 
ing an appropriate injection program. 

Serrazzano was chosen 

THE SIMULATOR SHAFT79 

The numerical simulations were carried out 
w i t h  a computer program called SHAFT79.. This 
program computes f luid and heat flow i n  a porous 
medium, including vaporization and condensation 
phenomena, using state-of-the-art mathematical 
and numerical techniques. 
a t  LBL a s  a flexible tool for  geothermal reservoir 
engineering. 

SHAFT79 was developed 

The source code is publicly available 

from the National Energy Software Center*, and a 
detailed manual was written t o  a s s i s t  interested 
users (Pruess and Schroeder, 1980). 

ThE RESERVOIR MODEL 

Serrazzano geothermal reservoir is one of 
the dis t inct  zones of the extensive geothermal 
areas near Larderello i n  Central Tuscany, Italy. 
Natural manifestations and ut i l izat ion of steam 
and hot water from shallow holes in t h i s  region 
have occurred fo r  centuries. Deep d r i l l i ng  was 
begun af ter  1930, and since 1939 electric power 
has been generated a t  Serrazzano from geother- 
mal steam. Present electric power output a t  
Serrazzano i s  approximately 40 Mwe. 

pre-exploitation s t a t e  of the reservoir w e r e  aban- 
doned when it became apparent t ha t  the almost can- 
plete lack of data would leave us w i t h  a multitude 
of rather meaningless parameter choices. Subse- 
quently, an effor t  was made, to model the period 
from 1959 t o  1975, for  which a much better defini- 
t ion of thermodynamic conditions i n  the reservoir 
is available. 

Our i n i t i a l  attempts a t  modeling the natural 

The model of Serrazzano reservoir is based on 
f i e ld  measurements of temperatures and pressures, 
laboratory data for core samples, and available 
geological and hydrological information. The res- 
ervoir i s  represented by a ful ly  three-dimensional, 
geologically accurate m o d e l  and production from 19 
w e l l s  for a 15.5-year period from 1959 to 1975 has 
been simulated i n  detail. By means of appropriate 
parameter adjustments, chiefly w i t h  respect to 
permeability and pore water distribution, it was 
possible to obtain reasonable agreement between 
simulated and observed reservoir performance. 
Details of the trial-and-error simulation procedure 
and the resulting reservoir m o d e l  are given i n  
Pruess e t  al .  ( 1980a, b). 

In brief,  the reservoir has a steam cap over- 
lying a boiling aquifer. The steam cap is centered 
i n  region I (Fig. l ) ,  which contains a pronounced 
structural  high and most of the older w e l l s .  The 
pore water is confined t o  the margins (regions I11 
and V I ,  Fig. l ) ,  and is  immobile because of the low 
liquid saturation. 
the water boils i n  place to provide the steam flow- 
ing t o  the w e l l s .  
formly throughout the two-phase regions. simulated 
results are extremely sensitive to the permeability 
distribution. Table 1 shows the permeabilities for 
the various reservoir regions a s  determined i n  the 
simulation. Figure 2 compares observed reservoir 
pressures for January 1975 w i t h  those obtained 
a f t e r  15.5 years of simulation. There is good 
agreement in  overall patterns, but i n  quantitative 
terms simulated pressures decline somewhat less 
rapidly than f i e l d  pressures. 
and permeability distribution determined fran the 
simulation provide evidence that  some steam reaches 
the main w e l l  f i e ld  through fractures from depth. 

AS the reservoir is produced, 

The boiling occurs rather uni- 

Pressure response 

Additional simulations w e r e  carried out to 
examine whether the somewhat more rapid pressur 
decline in  the f i e l d  a u l d  be a consequence of de 
layed thermal equilibration between rock masses of 
low permeability and localized permeable regions, 

6 
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Figure 1. Areal map of Serrazzano geothermal 
reservoir. 
heavy contours show boundaries of zones with 
different permeabilities. Straight l ines  are  
geological cross sections for construction of 
computational grid. [XBL 797-7591BI 

Light contours show caprock elevations1 

Table 1. Permeability distribution zones a s  defined 
i n  Figure 1 8  zone V is a deep boiling 
aquifer underlying the reservoir.. 

Permeability 
Zone (mill imrcy) 

I 4000 
I1 90 

I11 85 
I V  25 

V 85 
VI 40 

where boiling causes a decline of temperatures and- 
pressures. It was found tha t  a typical length of 
impermeable regions of 100-200 m, corresponding t o  
volumes of 1-8 x lo6 m3, mula generate the 
additional temperature and pressure decline needed 
t o  make simulated resu l t s  agree quantitatively w i t h  

)ld observations. Impermeable regions of this L e are compatible with geological evidence and 
w i t h  the fac t  that  of 37 w e l l s  dr i l led i n  Serrazzano 
only 19 are productive. 

’Figure 2. Pressure distribution for January 1975. 
.The thick contours are based on field observations 

(uni ts :  bars), whereas the thin contours are simu- 
lated resul ts  (units:  Pascals). The simulated 
resul ts  refer  to the lowest layer of the reservoir 
model. simulated ver t ical  pressure variations are 
small E 1 bar). Pressure increments between 
contour l ines  are 5 x 105 Pascals = 5 bars. 

[XBL 807- 140 1B] 

The model of Serrazzano reservoir as developed 
i n  the simulation, was also used t o  forecast produc- 
t ion on a well-by-well basis through 1990 and to  
assess effects  of injecting spent condensate. 
predict an overall decline i n  production rate  of 
22% from 1975 to 1990. 
dicted t o  be negligible because of the small amount 
of available condensate. 

we 

Injection effects are  pre- 

CONCLUSIONS 

The modeling work has demonstrated the feasi- 
b i l i t y  of field-wide distributed parapleter simula- 
t ions gf vapor-dominated geothermal reservoirs in 
geologically accurate geometry. The simulation 
resul ts  i n  a self-consistent reservoir model which 
integrates much of the f i e ld  data and provides a 
reasonable match of the observed f i e ld  performance. 
Production forecasting and analysis of injection 
effects  has also been demonstrated. 

The methodology developed i n  this study can be 
applied t o  other two-phase reservoirs, and should 
prove valuable in the design of production/injection 
schemes for enhanced energy recovery. 
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Heat and mass transfer in a fault-controlled geothermal 
reservoir charged at constant pressure 
K. P. Goyal and T. N. Narasimhan 

Studies of liquid-dominated geothermal systems 
such as Wairakei (Grindley, 19651, Broadlands 
(Grindley, 19701, Long Valley (finehart and Ross, 
19641, Imperial Valley (Elders e t  al., 19721, C e r r o  
Prieto (Puente and de l a  Pena, 1978), and Ahuachapan 
(Ward and Jacobs, 1971) suggest t ha t  geothernd 
anomalies are intimately associated with a specific 
pattern of faulting. For example, a t  Bast Mesa in 
the Imperial Valley of California, the Mesa faul t  
is believed t o  act  as a conduit for the hot fluids 
r is ing up from depth (Combs and Hadley, 1977). 
Bailey (1977) has hypothesized t h a t  the East Mesa 
geothermal reservoir is recharged by hot waters 
fram the f au l t  a t  the intersection with an aquifer 
of sufficient horizontal permeability. The two- 
dimensional conceptual model of such a system is 
shown in Figure 1. 
a vertically oriented region of highly fractured 
material with f i n i t e  width 2y& 
ables are denoted by a prime, and nondimensional 
variables without a prime.) It extends downward 

The f au l t  is considered t o  be 

(Dimensional vari- 

Figure 1. Coneptual model of a liquid-dominated 
geothermal reservoir. [XBL 7812-2200Al 

through the interbedded sediments of the reservoir 
for  a distance of L' into the basement rock. A t  
the surface, both the reservoir and the f au l t  are 
assumed t o  be overlain by a thin, impermeable, ther- 
mally conducting caprock. 
voir (L') i s  assumed t o  be much larger than the 
f au l t  width (2~;). 

The depth of the reser- 

RESULTS AND DISCUSSIONS 

The governing equations, the boundary condi- 
tions, and the related resul ts  from the study of 
the fault-aquifer system are discussed i n  Goyal and 
Narasimhan (1981). It may be noted from Figure 1 
t ha t  three scales of physical length are used t o  
define the system: 
depth (L')! and reservoir width (ti'). Thus the 
temperature f i e l d  can be obtained fo r  regions very 
close to the faul t ,  near the faul t ,  and f a r  from 
the f au l t  (Goyal and Narasimhan, 1981 1. In  t h i s  
sunrmary, however, we shal l  confine ourselves t o  the 
discussion of some of the more important results. 

semifault width (ye'); reservoir 

Table 1 shows the range of various nondimen- 
sional parameters used i n  t h i s  study. The meaning 
and the physical significance of each of these 
parameters are  described i n  detai l  i n  Goyal and 
Narasimhan (1981). Parameter d, l i s t ed  i n  the 
f i r s t  column, defines the location of the far-field 
boundary or, alternatively, the half-width of the 
aquifer, H ' ,  and is  equal t o  d/ye times the depth 
of the reservoir, L'. The value of d i s  obtained 
by integrating the parabolic energy equation in the 
aquifer u n t i l  the solution a t  the f a r  edge is with- 
i n  0.5% of the real  condition. 
provides an engineering estimate of the boundary 
location. 
i n  the y'-direction is very small compared t o  ver- 
t i c a l  conduction. 
is the rat io  of the actual pressure specified a t  
the f au l t  inlet in excess of the hydrostatic pres- 
sure t o  the reference convection pressure. The 
Rayleigh number, R, l i s t ed  i n  the third column, is  
the r a t io  of heat transfer due to convection to 
that  due to conduction under reference conditions. 
Large values of R suggest t ha t  the heat transfer 
due t o  convection is f a r  greater than that due to 
conduction. In t h i s  regard, one may expect that 
f luid par t ic les  moving through the system w i l l  t e  
to behave isothermally unless affected by cooling 
associated with a relatively cold boundary. 

This approximation 

A t  t h i s  point the convection of energy 

The nondimensional parameter, b, 

Lj 
The 
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parameter 'c (the overheat ratio) is defined as the 
ratio of the maximum temperature difference across 
4% system to the reference temperature. The non- 

nsional semifault width, ye, is defined as the w io of the half-fault width? ye*? to the depth of 
the reservoir, L'. As expected, ye is very small. 
It may be observed from Table 1 that increases in 
Pbr R, and ye will increase d, which means that a 
larger aqui€er is needed for the transition to the 
conduction-temperature profile when the parameter 
is increased. In physical terms, this result im- 
plies that the hot Isothermal portions of the aqui- 
fer, maintained by horizontal convection effects, 
will be more extensive in systems of relatively 
larger fault-inlet pressure, permeability, and 
fault size. 

Table 1. Values of d for different sets of 
parameters. 

'e R T 'b a 

0.32 

0.41 

0.49 

0.56 

0.255 

0.53 

0.64 

0.96 

0.41 

0.5 

1 

1.5 

2 

1 

1 

1 

1 

1 

500 

500 

500 

500 

250 

750 

1000 

500 

500 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.025 

0.05 

0.025 

u r e  2. Vertical velocity distributions along 
the depth of the fault for different fault inlet 
pressures. [XBL 8011-23691 
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Figure 3. Fault overpressure versus depth for 
various values of pb. [XBL 8011-23701 

velocity. It is consistent with the commonly held 
notion that one would require higher pressure to 
push more mass into the system. The vertical veloc- 
ity vanishes at the top of the fault as a result of 
the impermeable boundary assumrition. All the water 
is forced into the aquifer before it can reach the 
upper region of the fault. Figure 3 is a plot of 
fault overpressure, P, versus depth for different 
values of %. As one may expect, the overall fault 
pressures increase for an increased inlet pressure, 
%. It may be noted that the fault pressures de- 
crease upward and then increase toward the top of 
the fault. 
by the stagnation point at z = 0. 

This increase toward the top is caused 

The horizontal velocity in the aquifer at 
various depths is shown in Figure 4 €or different 
inlet pressures. As expected, horizontal aquifer 
velocities increase for an increased inlet pressure. 
The trend of the curves is similar to the overpres- 
sure curves in Figure 3. 
the top of the aquifer are associated with the rel- 
atively higher horizontal pressure gradients there. 
Figure 5 shows the variations of the aquifer temper- 
tture with depth at several horizons. The curve 
y = 1 represents the far end of the aquifer, which- 
is located at d/ye times its depth. It can be seen 
that temperature in the aquifer decreases with in- 
creasing distance from the fault, since heat is lost 
to the cold upper boundary. 
at $ = 0. I r  half of! the aquifer is at least within 
80% of the high temperature value. Fiqally, the 
effect of two different specified boundary condi- 
tions on d is shown in Figure 6. It may be noted 
that d increases linearly with M (Goyal and Mssoy, 
19801, but not so much with %. One would expect 
this in light of the fact that convection--a direct 
function of velocity-would be enhanced more by a 
velocity increase than by an equivalent pressure 

The larger velocities at 

It may be noted that 
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Figure 4. Horizontal liquid velocity in the aqui- 
fer along the depth of the reservoir for different 
values of PJ,. [XBL 8011-23711 

increase. 
isothermal region in the aquifer is greater when 
the inlet velocity is doubled than when inlet pres- 
sure is doubled. A detailed discussion of the 
effects of the various parameters listed in Tabla 1 
on the pressures, velocities, temperatures, and 
temperature gradients in the fault-aquifer system 
is given in Goyal and Narasimhan (1981). 

Thus it suggests that the extent of the 

CONCLUSIONS 

A quasi-analytic solution is obtained for a 
liquid-dominated geothermal system with a specified 
pressure at the fault inlet. 
the effects of various parameters, such as fault 
inlet pressure, Rayleigh number, overheat ratio, 
and fault width, on the thermodynamics and fluid 
mechanics of the system. We observe that the tem- 
peratures in the near-fault regions are maintained 

We have investigated 

h i  I I I I I I I I 1  1 

-0.4 

1.5 I6 V 18 I9 20 
Temperature 

Figure 5. Temperatures in the aquifer at different 
horizons and depths. [XBL 8011-23721 
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Figure 6. A comparison between the plots of M 
versus d and pb versus d (data of M vs d from 
Goyal and Kassoy, 1980). [XBL 8011-23671 

at the high value shown for the lower boundary. 
A hypothetical well in these formations would en- 
counter a zero vertical temperature gradient regime 
associated with a purely horizontal flow. 
trast, conventional wisdom suggests that the obser- 
vations of small vertical temperature gradients 
implies vigorous vertical convection. Although it 
is clear on theoretical grounds that vertical con- 
vection will generate nearly isothermal regimes, it 
should be clear that specific geologic structure 
can have a similar influence. 

In con- 

The concepts used to generate the model can be 
tested directly by comparison of the field data and 
the theoretical prediction. Current measurement 
techniques provide surface heat flux distributions, 
downhole temperature, and pressure distributions 
which can be compared with values obtained in a 
given model. 
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Thermodynamic models for geothermal and geopressured 
fluids 
E. R. lglesias 

Hydropressured geothermal reservoirm often 
contain, i n  addition to dissolved nonvolatile salts, 
significant amounts of noncondensible gases, chief- 
l y  COp 
geothermal formations of the Gulf Coast are believed 
t o  be saturated with dissolved methane and lesser 
volati le hydrocarbons. 

The saline brines in the geopressured- 

For the gas concantr&tions 
volved, the thermophysical properties of the hydro- Q ermal f luids  d i f f e r  considerably from thome of 

pure water, and therefore cannot be eatinrated fran 
steam tables. These properties are iinportant when 

computing f luid and heat transport i n  hydrothermal 
reservoirs and wellbores. 
predict the thermophysical properties of hydrother- 
mal mixtures is paramount in  reservoir engineering 
studies of reservoir and wellbore performance. In 
response to this need, I have developed m o d e l s  t ha t  
describe the thermophysical properties of w a t e r  
carbon dioxide and of water-methane mixtures perti- 
nent to reservoir engineering studies. 

Therefore,_fhe ab i l i t y  t o  

WATER-CARBON DIOXIDE SYSTEM 

A t t e m p t s  have been made (e.g., Sutton, 1976; 
Grant, 19778 Iglesias, 1979) t o  describe the prop- 
erties of H20-CO2 mixtures fo r  geothermal reservoir 
engineering purposes. These models include a series 
of ad hoc approximations which resul t  in significant 
inaccuracies outside a f a i r ly  restricted range of 
pressures , temperatures, and compositions. 

Three quantities--namely, the activity coeffi- 
cients of water and of carbon dioxide, and H21, the  
thermodynamic equivalent of Henry's Law constant-- 
are central fo r  any model describing accurately the 
thermophysical properties of H2O-COp mixtures. 
These parameters, which are intimately related to  
the solubili ty,  were determined by processing pub- 
lished experimental data (Iglesias, 1980a). Data 
reduction was achieved by imprwed equations which 
describe phase equilibrium of carbcm dioxide and 
water. 

Fesults of this work were subsequently applied 
t o  the development of a model f o r  the thennophysical 
properties of water-carbon dioxide mixtures 
(Iglesias,  1980b). This model accounts for mixture 
nonidealities not considered i n  previous work. 

Solubility of Cop i n  Water 

This issue has been investigated by several 
authors. EIowever, significant discrepancies exis t  
for temperatures exceeding 100 OC. These discrep- 
ancies have resulted, i n  part, from inappropriate 
assumptions about the equations of phase equilibria 
used to reduce the experimental data. A review of 
the l i terature  indicated tha t  the problem was i n  
computing the fugacity and act ivi ty  coefficients. 

My approach to the problem was to improve upon 
the Krichevsky-Illinskaya equilibrium equation used 
by Malinin (1974) i n  his  work on Co2 solubility. 
Elaborating upon this, I derived Y2, the C o p  activ- 

. i t y  Coefficient, from a Redlich-Meter expansion of 
the binary latxture's excess Gibbs energy and the 
relation of Y2 with the excess pa r t i a l  Gibbs energy 
(e.g., Prausnitz, 1969). Neglecting terms of order 
higher than cubic in the expansion, the act ivi ty  
coefficient i s  expressed i n  terms of two parameters: 
(A/RT) and (B/RT). The &a parameter gained over 
the Michevsky-Illinskaya formulation substantially 
improves data reproducibility with the new equilib- 
r i u m  equation. 

A further advantage was achieved over previous 
effor ts  by deriving the CO2 fugacity coefficient 
front the formulation of De Santis et  al. (1974). 
De Santis and h i s  co-workers developed a pressure- 
explicit  equation-of-state applicable t o  m i x t u r e s  
of polar gases. The fugacity coefficients derived 
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i n  this manner ref lect  the molecular interactions 
taking place i n  the gaseous mixture. This is  a 
considerable advance over previous formulations 
using the L e w i s  fugacity rule, especially a t  high 
temperatures (T  > 100°C), where the fraction of 
steam i n  the gas phase increases rapidly w i t h  
increasing temperature. 

Values of H21, (A/RT), and (B/RT) w e r e  
obtained by reducing the data of Takenouchi and 
Kennedy (1964) and of Malinin (1974) via the new 
equilibrium equation. Figure 1 shows the raw and 
smoothed resul ts  obtained fo r  H21, and compares 
t h e m  with previous smoothed results. 
able quali ty of the llO°C isotherm of Takenouchi 
and Kennedy (1964) renders the corresponding value 
of H21 inconclusive. The remaining resul ts  indicate 
tha t  Malinin's smoothed values underestimate 821 fo r  
T 2 250°C. 
also computed from H21. 

The question- 

High temperature heats of solution w e r e  

The main contributions of this work are  (1) to  
provide an upgraded model for  the solubili ty of co2 
i n  water, which could be used t o  reduce new experi- 
mental data as they become available and (2) to pro- 
vide reliable high-temperature values of H21 and of 
the Redlich-Kister coefficients. 

Thermophysical Properties for Geothermal U s e s  

The thermodynamic m o d e l  described here was 
developed mainly a s  an "equation-of-state" package 
i n  geothermal reservoir and wellbore numerical 
eimulators. 
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smoothed results. 
from other authors are also shown. 
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For these applications, the model was required 
t o  predict accurately the properties of H20-C02 mix- 
tures over w i d e  ranges of temperature ( i n  excess of  
lOOoC t o  near the c r i t i c a l  point of water), press 
( t o  about 200 bars), and compositions (up to sever 
C02 wts). 
H20-CO2 system may consist of a compressed solution, 
a l iquid solution in  equilibrium w i t h  a gas m i x t u r e ,  
and a "superheated" gas mixture. 

$4 
Within t h i s  range of parameters, the 

The properties of the gas mixtures, including 
fugacity coefficients, pa r t i a l  and t o t a l  molar en- 
thalpies, and internal energies, are derived from 
the equation-of-state of De Santis et al. (1974). 
This equation gives the gas pressure i n  terms of 
the temperature, t o t a l  molar volume, and mole frac- 
t ion of each component i n  the gas m i x t u r e .  

For the liquid phase, the pa r t i a l  molar volume 
corresponding t o  water and carbon dioxide are esti- 
mated by the pure l iquid water molar volume and by 
the inf ini te  dilution molar volume of Malinin (19741, 
respectively. The to t a l  molar volume is then com- 
puted from these and from the mole fractions of 
each component i n  the solution. The liquid molar 
enthalpies were derived from excess functions. 
These excess functions w e r e  formulated i n  t e r m s  of 
H21, the Redlich-aster coefficients, and the heat 
of solution, obtained froen Malinin (19741, and i n  
terms of the pure liquid water molar enthalpy. 

Phase equilibrium is handled by the modified 
Krichevsky-Illinskaya equation, and supplemented by 
a conventional fugacity equation for  the water com- 
ponent. 
accounted fo r  by Poynting correction factors. 

Pressure effects on phase equilibrium are  

A number of subroutines have been developed 
and tested t o  compute the various thermodynamic and 
auxiliary variables involved i n  the model. Current- 
l y  an "equation-of-state" numerical package is being 
developed on the basis of these routines. In its 
present configuration, the package's input variables 
are pressure, temperature, and molar volume of the 
mixture. The output variables include: enthalpy 
and composition of the mixture; (volumetric) gas 
saturation; and enthalpies, molar volumes, and compo- 
s i t ions of the gas and liquid phase. 

The main contribution of this work is  a model 
for the thermophysical properties of water-carbon 
dioxide mixtures which is reliable Over the ranges 
of temperature, pressure, and composition of inter- 
est for geothermal reservoir engineering purposes. 

WATER-METHANE SYSTEM 

The geopressured formations of the United 
States Gulf Coast are being probed fo r  methane re- 
covery feasibil i ty.  One c r i t i c a l  variable is the 
amount of methane actually dissolved i n  the pore 
brines. Sampling and subsequent analysis of these 
geopressured f luids  is therefore important for  the 
economic assessment of the resource. 

LJ Owing t o  diff icul t ies  experienced i n  the f i e  
w i t h  currently available downhole f luid samplers, 
interest  has recently arisen to develop new samplers 
designed especially fo r  geopressured environments. 
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Knowledge of the thermophysical and chemical 
properties of water-methane, and water-methane- 
y d i u m  chloride f luid mixtures can be advantageous 
1 downhole f luid sampler design, delineating sam- 

&j ler recovery strategies,  and developing f luid 
transfer from the sampler t o  other containers 
adequate for  subsequent analysis of the fluid. 

A Simple Model fo r  Geopressured Fluids 

I have developed a simple model t o  estimate 
chemical and thermophysical properties of geopres- 
sured fluids,  and have applied t h i s  model i n  con- 
puting and discussing bottomhole-, wellhead-, and 
sampler-related quantit ies (Iglesias, 1980C). The 
following paragraphs highlight the model and some 
results. 

W i t h  the exception of a Setschenow correction 
for  methane solubi l i ty  i n  NaCl solutions, I neglec- 
ted the complications posed by the presence of 
dissolved solids and considered a system composed 
only of water and methane. 
pr ia te  for  engineering purposes. 

This approach is appro- 

In  the present model, the contributions of 
methane to the liquid- and gas-phase molar volumes 
are estimated from a correlation (Brelvi and 
O'Connell, 1972), and from the ideal gas law, res- 
pectively. The corresponding quantities for liquid 
water and steam are estimated frcrn the steam table 
equations a s  given by the International Formulation 
Committee ( 1967). 

Methane solubili ty i s  computed fran an empir- 
i c a l  correlation (Haas, 19781, which assumes tha t  
steam exis ts  in the gas phase a t  its saturated pres- 
sure. 
methane solubili ty fo r  salinity. 

A Setschenow-type factor is used t o  correct 

Applications t o  Geopressured Fluids Samplinq 
and Production. 

Expected bottomhole and wellhead conditions 
(Fig. 2, Table  1) i n  geopressured wells of the Gulf 
Coast were estimated using the model described 
above. The thermodynamic transformations vndergone 
by the hydrothermal f luids  when the closed sampler 
and wellhead lubricator are cooled t o  near ambient 
temperatures were also assessed (Figs. 3 and 4). 

- 

Table 1. Bottomhole-wellhead relations. 

The main contributions of t h i s  work include a 
discussion of the combined effects  of depth and 
sal ini ty  on the in  s i t u  methane content, estimates 
of wellhead pressures, compositions and gas satura- 
t ions i n  relation to well depth, an assessment of 
the different ia l  pressures acting upon the sam- 
pler 's  walls, and recommendation of a procedure for  
safe recovery of the sampler from the wellhead 
lubricator. 
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Figure 2. 
Molal and (ppm) methane concentrations are indi- 
cated. The shaded area represents, approximately, 
the range of pressure and temperature covered by 
the geopressured formations of the Gulf Coast i n  

Solubility curves for the H2O-CH4 system. 

the United States. [XBL 801 1-6407Al 
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(ppm) ( am)  ( % I  ( % I  ( 8 )  (%) 

6000 1400 200 200 1.555 14,029 846 1.64 1.19 98.19 76.0 

6000 1400 200 150 1.555 14,029 834 3.53 0.72 99.44 45.9 

3600 800 150 150 0.704 6,297 460 1.51 0.51 98.98 72.9 6, 
3600 800 150 100 0.704 6,297 454 2.40 0.37 99.78 52.0 
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Overview 
C. W. Miller 

Pressure transient data analysis is an 
important method of measuring in-situ reservoir 
properties. However, these well-test analysis 
methods that  were developed i n  the petroleum and 
hydrology l i t e ra ture  must be modified t o  include 
the effects  of two-phase and nonisothermal flow i n  
the reservoir. Lawrence Berkeley Laboratory has 
continued its ef for t  to improve the design and 
analysis techniques of w e l l  t e s t s  i n  geothermal 
fields. 
oping quasi-analytic and numerical models germane 
to this effort .  

I n  f i s ca l  1980 the emphasir was on devel- 

The next a r t i c l e  describes a quasi-analytic 
model tha t  was developed t o  aolve the equations 
governing mass conservation, energy conservation, 
and Darcy's law. 
the pressure VS. log (time) approaches a s t ra ight  
l ine for  a constant ra te  flow t e s t  a t  l a t e  times 
even when the f lu id  i n  the reservoir is  two- 
phase. It is possible to measure the slope of tha t  
l ine to obtain t h e  transmissivity of the reservoir. 

The model showed tha t  the plot of 

The quasi-analytic method, however, f a i l s  t o  
take into account wellbore effects. Wellbore stor- 
age can l a s t  for several hours during a geothermal 
well t e s t  as a resul t  of the high ccnupressibility 
of the two-phase steam-water mixture in  the bore. 
Thus, the development of a transient two-phase well- 
bore model continued. The fr ic t ion fabtor was input 
as  an empirical correlation and the s l i p  between 
the phases was included. The s l i p  model was input 
in a m a n n e r  tha t  allowed modeling .of the shut-in of 
a well where the two phases separate. The existing 
wellbore model can be coupled w i t h  a two-phase res- 
ervoir simulator so tha t  well tests of two-phase 
reservoirs can be designed and analyzed. 

Testing geothermal wells requires instrumen- 
ta t ion tha t  can withstand high temperatures for  
prolonged times. An interference test (versus a 
production test) usually requires that the pressure 
response from several production wells be considered. 
The numerical program ANALYZE is one method of hand- 
l ing the multiproduction and observation wells with 
variable flow rates. ANALYZE i s  a history-matching 
program based on the Theis solution that varies the 
reservoir parameters and the position of hydrolog- 
i ca l  barriers t o  give the best f i t  of the observed 
pressure data. 

Future work i n  this area includes an effor t  to 
combine these three problems--two-phase reservoir 

deling, transient wellbore modeling, and vari- 
u e  flow ra te  analysis--in the development of a 

two-phase we1 1-test program. 

An analysis of two-phase production and injection tests 
M. I. O'Sullivan and K. Pruess 

By introducing a similari ty variable, r/&, a 
* quasi-analytical method can be used t o  calculate the 

flow induced ei ther  by injecting cold water into or 
by producing of f luid from a h o t r a t e r ,  or boiling, 
geothermal reservoir. O'Sullivan (1980) has de- 
scribed the application of the method t o  the analy- 
sis of constant-rate production tests. O'Sullivan 
and Pruess (1980) have considered the injection . 
problem. 
presented here. 

An outline of the method and resu l t s  is 

The constant-flaw-rate well t e s t  is  one of the 
most common methods for  determining the properties 
of petroleum o r  groundwater reservoirs. 
t e s t ,  when the pressure drop is  plotted against the 
logarithm of time, the resulting curve becomes a- 
symptotic t o  a s t ra ight  l ine  a f te r  a short i n i t i a l  
period. The mobility-thickness product for the 
reservoir can be obtained frcm the slope of t h i s  
l ine,  and the reservoir compressibility can be cal- 
culated from the intercept. 
test is based on the Theis curve solution, which 
assumes that  the f lu id  density and viscosity and 
the formation compressibility and permeability a re  
independent of pressure. 
the f lu id  is often boiling or near boiling, and the 
flow induced by a constant-rate well t e s t  is no t  
isothermal. 
ture  of steam and water w i t h  (L varying liquid sat-  
uration or a near-boiling liquid which flashes t o  
steam during the test. In  either case, the f lu id  
density and viscosity change quite significantly. 
Also, the compressibility of the reservoir is dom- 
inated by the  ra te  a t  which water condenses o r  
evaporates. Grant (1978) has shown tha t  the effec- 
t i ve  compressibility for  a two-phase f luid is 100 
t o  1000 times larger than for  liquid water and 10 
t o  100 times larger than for  superheated steam. 
The formation compressibility is  camnonly of the 
same order of magnitude as for liquid water (Grant, 
1978) and therefore is negligible compared t o  the 
two-phase f lu id  compressibility. The mobility- 
thickness product for the reservoir is affected by 
permeability reduction factors for  two-phase flow. 
These factors change as  the saturation of the f lu id  
changes, leading to  a to t a l  mobility which may vary 
significantly during the progress of the well tes t .  

In  this 

The analysis of this 

In a geothermal reservoir, 

The flow may be ei ther  a two-phase mix-  

Because of the complex properties of boiling 
water, the Theis solution is generally not appli- 
cable to the analysis of geothermal w e l l  tes ts .  
the special case where both the flow ra te  and the 
result ing pressure drops are small, Grant (19781, 
Grant and Sorey (19791, and Garg (19801, deduced 
tha t  the pressure versus log ( t i m e )  curve is apprax- 
imately l inear and showed how t o  calculate an effec- 
t i ve  compressibility and mobility-thickness product. 

In 
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Moench and Atkinson (1978) and Moench (1979) con- 
sidered the special case of very dry steam and 
showed that  the governing equations can be approxi- 
mated by a l inear diffusion equation i n  p2 (pressure 
squared). Sorey e t  al. (19801 recently compared 
w e l l  test  resul ts  obtained with a numerical simula- 
t o r  developed by Zyvoloski et al. (1979) ana a 
quasi-analytic procedure developed by Grant (1979). 
Their resul ts  show tha t  nonlinear effects are impor- 
tant  i n  some tests and, even when pressure depends 
approximately l inearly on log (time), it is not 
obvious what f luid properties (density, viscosity, 
relative permeability, etc.) should be used t o  
deduce the formation permeability from the drawdown 
curve. 

Following the standard similari ty technique a 
variable, I') = fi, i s  introduced, and the original 
pa r t i a l  differential  equations can be rewritten as 

problem: 
ordinary differential  equations for  the 

( 3 )  

When water is injected into a groundwater res- 
ervoir, the  pressure buildup also follows the w e l l -  
known Theis curve. 
that  the flow is isothermal and therefore the phys- 
i c a l  properties of the injected f luid are  the same 
as  the reservoir fluid. In a geothermal reservoir, 
the f luid may be hot water a t  temperatures in the 
range 150-250°C or a mixture of steam and water a t  
even higher temperatures. 
i c a l  properties of the reservoir f luid differ  sig- 
nificantly from those of the injected f luid with a 
temperature of 10-100OC. For example, the density, 
viscosity, and compressibility of l O O O C  water differ  
from the 25OOC values by approximately 24%. loo%, 
and SO%, respectively. The contrast is even greater 
for  a two-phase mixture, with order-of-magnitude 
differences between the liquid and two-phase values 
(Grant, 1978 1. 

The Theis curve analysis assumes 

In either case, the phys- 

One of the more important aspects of the pres- 
entwork is  comparing the results obtained fran the 
quasi-analytical similari ty method t o  results from 
the SHAFT79 geothermal reservoir simulator. 

The injection problem i s  particularly diff i -  
cu l t  for numerical simulators to handle, since it 
involves the propagation of sharp fronts i n  the 
reservoir. There is a "hydrodynamic" front where 
the f luid i n  the reservoir f i r s t  s t a r t s  t o  move 
significantly and, t r a i l i n g  behind it, a "thermal 
front" where the f luid cools down to  the injection 
temperature. Earlier, mess and Schroeder (1979) 
demonstrated the abi l i ty  of the SHAFT79 program t o  
model injection tests. 
onstrate the usefulness of the similarity method 
for  analyzing ei ther  production or injection tests 
and t o  confirm the accuracy of SHAFT79 by comparing 
results obtained with the two methods. 

One purpose here is to  dem- 

BASIC EQUATIONS AND THE SIMILARITY METHOD 

The basic equations solved (see O'Sullivan 
(1980) and Grant (1978) for  details)  represent con- 
servation of mass, conservation of energy, and 
Darcy's Law. These equations take the form of par- 
t i a l  differential  equations i n  radial distance, r, 
and time, t, which must be solved together with 
suitable i n i t i a l  conditions and boundary conditions. 
In the problems considered here, a constant mass 
flow ra t e  is specified a t  r = 0, an idealized zero 
radius w e l l r  it is assumed tha t  the i n i t i a l l y  uni- 
form constant pressure and enthalpy pers is t  a t  large 
enough distances from the w e l l .  For the injection 
case, the enthalpy a t  the w e l l  is also prescribed. 

H e r e  Qm is mass flow rate,  h is mixture enthalpy, 
and p is pressure; while FQ, Fh, and F are complex 
functions of I'), Qm, h, and p (see O'Suflivan (1980) 
for  details) .  The nonlinear ordinary different ia l  
equations are then solved numerically. 

NUMERICAL PWXEDURE 

For single-phase injection problems or any pro- 
duction problems, the numerical procedure follows 
that  of O'Sullivan (1980). A logarithmic scale is 
introduced by solving i n  terms of z, where z = log Q. 

Then equation (1 )  is numerically integrated f o r  Q,,, 
s t a r t i ng  from Q,,, = Q., a t  n = 0 and using estimated 
values for p(n )  and h(I')). Next, equation (3) up- 
dates p(1) using the newly calculated values for  
Q,,,(h) and the boundary condition p + po as I') + -. 
Finally, i n  the production case, a difference 
approximation of equation ( 2 )  is solved directly, 
for  injection, a difference approximation of equa- 
t ion (2) is solved by inverting a tridiagonal ma- 
t r i x ,  using the l a t e s t  values for p (~ ' ) )  and Q(I')) and 
the boundary conditions h + hl as rl + 0 and h + h,, 
as  + 0. These steps are then repeated u n t i l  con- 
vergence is obtained. For single-phase flow the 
process works very w e l l  with convergence t o  within 
a very small tolerance requiring only 5-10 i tera-  
t ions on crude i n i t i a l  estimates. However, the 
above process does not work for  two-phase injection 
problems. Instead, an inverse procedure is adopted 
where the position, say nC, of the condensing front 
is specified and the corresponding injection rate,  
Po, required t o  produce it is calculated. 

RESULTS 

The reservoir parameters (Table 1) are those 
of Sorey e t  al. (1980) and O'Sullivan (1980) fo r  a 
production w e l l  test problem. Two injection cases 
are reported here--a single-phase problem for  in- 
jecting 10O0C water into a 231OC reservoir, and a 
second problem for  injecting 100°C water into a 
reservoir of 2330~ with an i n i t i a l  liquid satura- 
t ion of 0.80. The pressure and temperature re- 
sponses are shown in Figure 1; the flow rate  buildup 
and saturation prof i le  are shown i n  Figure 2. The 
agreement w i t h  SHAFT79 results is good. 
the discrete nature of the SHAFT79 simulator tends 
t o  smear the sharp thermal front but it gives a 
reasonable estimate of its position. There w e r e  
some differences in  the steam table approximations 
used between SHAFT79 and the similari ty techniqu 
therefore, exact correspondence cannot be e x p e c t L I  
The results show a dual straight-line pressure drop 

Naturally, 



111 

corresponding t o  the Theis curves for cold and hot 
water, respectively. 
vmpressibil i ty of the two-phase f luid is evident 

Also, the very high effective 

u r o m  the much l a t e r  pressure buildup. 

Table 1. Reservoir data. 

porosity # = 0.15 

Rock density pr = 2000 kg/m3 

Rock specific heat C, = 1.0 kJ/kTK 

Permeability k = 0.24 x 10’12/m2 

I n i t i a l  pressure po = 3.0 MPa 

I n i t i a l  enthalpy h, - 1.0 W/kg or 
1.0158 W/kg 

Injection rate  , & 0.4036 kg/s 

Injection enthalpy hl = 0.4154 MJ/kg 

Only one production problem is  reported here, 
for a medium pressure reservoir w i t h  parameters 
identical  t o  those i n  the injection problem (Table  
1). The pressure drawdown curves for t h i s  problem 
for several i n i t i a l  liquid saturations are given 
i n  Figure 3. These curves show tha t  the p versus 
log ( t i m e )  p lot  does no t  give a straight l i ne  for  
two-phase or flashing flow. 
t i c a l  i n t e re s t  (say 104 < t /r2 < 106) the curvature 
is  not large, especially for  the low liquid Satura- 
t ion cases, but variations i n  k/vt do occur. 
resul ts  show t h a t  k/vt changes significantly during 
the course of the test for.high i n i t i a l  liquid sat-  
urations. In such cases, therefore, the initial 
values po and ho give a value of k/vt  (approximate- 
l y  the same as t ha t  a t  t/r2 = l), which is  not 
representative of the slope of the drawdown curve. 
?&so, the values of the obtained k/vt vary signifi-  
cantly with the value of the i n i t i a l  enthalpy. 

In the range of p r a c  

The 

Figure 1. Pressure and temperature profiles. The 
temperature profiles for  the hot-water and two-phase 
reservoirs are  coincident a f t e r  cooling COmmences. 

AFT79 results are shown as o fo r  pressure snd x 
e r  temperature for  the hot-water reservoir and 0 

for  pressure and + for  temperature for  the boiling 
reservoir. [XBL 812-26501 

7 I 

Figure 2. 
f i les .  The flow ra t e  curves coincide a f t e r  cooling 
commences. SHAFT79 resul ts  are  shown as 0. 

Flow rate  and liquid saturation pro- 

[XBL 81 2-26491 

A simple independent calculation shows tha t  
for  the Corey permeability reduction factors k/vt 
is a highly nonlinear function of saturation fo r  
any particular pressure, attaining a minimum value 
near S t  = 0.5 (O’Sullivan, 1980). Therefore, the 
pressure decline is most rapid fo r  tests where the 
i n i t i a l  saturation value is near 0.5-0.6. The re- 
su l t s  shown in Figure 3 are fo r  the Corey-type rel- 
ative permeability functions, where Star = 0.3 and 
hr = 0.05. Other relative permeability functions 
give a different shape fo r  the equivalent curves 
( for  example, a different location of the minuum) 
and lead t o  different pressure drawdown curves. 

Figure 3. 
t ion problem. 
liquid saturation values. 
simulation (SHAFT79) shown as 0 .  

Pressure drawdown curves fo r  the produc 
Curves are labeled with i n i t i a l  

Results from numerical 
[XBL 804-7010] 
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The flow ra t e  buildup curves are shown i n  Fig- 
ure 4. The two-phase curves are a l l  similar but the 
flashing flow curve is quite different. The flow 
rate  builds up much more quickly! since the liquid 
water is more dense. When the water flashes, the 
density decrease caused by boiling must be accom- 
panied i n  the two-phase region by an increase i n  the 
mass flow exceeding that in the single-phase region. 
Since the f ina l  flow rate  i n  the two-phase region 
is fixed by its value Qo as r + 0 (or t/r2 + m ) ,  

the flow rate  in the l iqu id  region must remain be- 
low Qo. 
accompanies flashing depends on the i n i t i a l  s t a t e  
of the reservoir. 
t o  flash and a larger flow ra t e  builds up before 
boiling occurs. 

The size of the jump i n  flow ra t e  that  

A colder reservoir takes lmger  

Oe20 * 

Figure 4. 
t ion problem. 
l iquid saturation values. [XBL 804-7012] 

Discharge build-up curves for  the produc 
Curves are labeled w i t h  i n i t i a l  

The most d i f f i cu l t  problem i n  analyzing the 
pressure drawdown curves is estimating the correct 
value of vt. 
the i n i t i a l  values po and ho can be used t o  calcu- 
l a t e  v t ,  but for m e d i u m  and high i n i t i a l  liquid sat- 
urations this procedure is not satisfactory. The 
changes in. saturation and flowing enthalpy during 
the course of the test are shown in Figures 5 and 6.  
The results in Figure 6 confirm the asymptotic 
analysis presented i n  O'Sullivan (19801, t ha t  the 
flowing enthalpy rises to an approximately constant 
level a t  a value of t/r2 a t  which the flow rate ,  %, 
reaches its constant f i na l  value. 

For low-liquid saturation conditions, 

The liquid saturation curves (Fig. 5 )  show 
tha t  only low i n i t i a l  liquid saturations lead t o  a 
"drying out" of the reservoir. Even for  the case 
S t o  = 0.5, the reservoir runs out of heat before it 
runs out of fluid. This difference in very long- 
term behavior (e i ther  drying out or cooling o f f )  is 
dependent on both the i n i t i a l  saturation and the 
relative permeability functions. Further calcula- 
t ions w i l l  determine the effect  of varying the 
relative permeability functions on this and other 
aspects of the results. 
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Figure 5.  
the production problem. 
i n i t i a l  liquid saturations. Results fran numerical 
simulation (SHAFT791 are shown as  0. [XBL 804-70131 

Liquid saturation response curves for  
Curves are  labeled with 

Calculated resul ts  based on the numerical sim- 
ulator SHAFT79 €or the single case Sto = 0.65 are 
shown in Figures 3 and 5. These resul ts  were ob- 
tained using the same grid a s  Sorey e t  al. (19801, 
and show that, i n  spi te  of discretization errors, 
the numerical simulation agrees w e l l  with the simi- 
l a r i t y  solution. The l a s t  point plotted on Figure 1 
a t  t/r2 E lo5 is a w e l l  block pressure with t/r2 
calculated from the procedure suggested by Garg 
(1980) with r = 0.56 x block radius. 
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Figure 6 .  Flowing enthalpy response curves for  th b.' 
production problem. 
liquid saturations. 

Curves a re  labeled with i n i t i a l  
[XBL 804-70141 
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CONCLUSIONS 

The similari ty method presented here prwides 
ery powerful method for  analyzing constant-flow 
e geothermal well tests. 

the solution method provides a means of checking the 
resul ts  obtained by standard reservoir simulation 
methods; thus, they can be used with confidence for  
analyzing constant-flow-rate w e l l - t e s t  results,  and 
other well-test results,  such as buildup tests and 
multiple flow ra t e  tests, f o r  which the similari ty 
method does not work. 

Because of i ts  accuracy, 

The solution method also enables the ready 
analysis of single-phase geothermal injection tests. 
With more effort ,  (owing t o  the t r i a l  and error 
procedure required), injection t e s t s  for two-phase 
or dry-steam reservoirs can also be analyzed. The 
limited resul ts  obtained t o  date indicate that-the 
SHAFT79 program is a useful tool  fo r  analyzing such 
t e s t s  and is much more flexible than the similarity 
method i n  terms of the types of tests, such as mul- 
tiple-rate, t o  which it can be applied. 

The simplicity of the similari ty method enables 
lengthy ( r ea l  t i m e )  calculations t o  be made very 
quickly; therefore, the similarity method provides 
a useful tool  fo r  parameter testing and for  apply- 
ing f i e ld  data t o  investigate theoretical problems, 
such as the form of the relative permeability 
functions. 
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Finite difference techniques for  model- 

Modeling of wellbore dynamics 
C. W. Miller 

WELBoRE is a numerical model fo r  simulating 
one-dimensional two-phase transient flow i n  a w e l l -  
bore. 
sional two-phase flow and transient energy flow i n  
the w e l l b o r e  have been reported i n  the l i terature,  
work on a transient two-phase momentum and energy 
flow model is limited. A transient model aids i n  
understanding the wellbore f l o w  during a w e l l  test. 
It is needed to study the interaction of f luid flow 
in the wellbore and the reservoir when transients 
i n  the bore are still important. A transient model 
can also determine the sandface flawrate during a 
w e l l  test when wellbore storage is important. 

Although models of steady-state one-dimen- 

The development of the WELBORE program has been 
reported in  previous years. A description of the 
numerical model Is given In Miller (1979). However, 
the model assumed no s l i p  between the phases, the 
fr ic t ion factor was kept a t  a constant value, and 
the w e l l b o r e  model was connected only t o  a liquid- 
f i l l e d  reservior. Although s l i p  between the phases 
is an important effect  that must be considered, it 
was still possible t o  investigate the effect  i n  the 
bore of nonuniform pressure transients t ha t  occur 
w i t h  time when a flgwrate change is made a t  wellhead 
on the downhole pressure change. 
s ib l e  t o  study the effect  of the nonisothermal 
changes i n  the bore on the expected drawdown. 
work was completed and previously reported by M i l l e r  

It was also pos- 

This 

(1979b). 
u 

ACTIVITIES IN 1980 

The major work i n  1980 consisted of updating 
the WELBORE model, which included s l i p  between the 
phases and the fr ic t ion factor as an empirical cor- 
relation, and connecting the wellbore model to an 
already developed two-phase flow reservoir model. 
In addition, the code was reformatted fo r  broader 
accessibil i ty t o  other m e m b e r s  of the reservoir 
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canmunity, and a user's manual was written for  the 
code. 
reservoir flow model was made available t o  other 
users. An ef for t  was begun t o  include a second com- 
ponent as C02 i n  the wellbore model. However, this 
work was postponed u n t i l  a complete C02 water-steam 
equation-of-state package was available. 

The wellbore model with the single-phase 

The addition of s l i p  between the phases 
required a major change i n  the transient model 
formulation. Ini t ia l ly ,  the flow of the two-phase 
mixture was written in  terms of an average mass 
velocity. An attempt was made t o  include the s l i p  
term by continuing to write a l l  terms i n  the momen- 
t u m  and energy equations comprised of t h i s  mass 
averaged velocity plus an additional expression t o  
account for  the s l i p  effect. 
t o  allow for  an accurate physical representation 
of the flaw. To correct t h i s  problem, a l l  terms i n  
the overall momentum and energy equations (except 
the transient tenns ae/at and a(pv)/at, where e is 
the specific energy, pv is the mass flawrate per 
uni t  area, and t is the time) were written separ- 
ately for  each phase. Thus the contribution of 
each phase to the energy or mmentum transport 
could be written into or  out of a f i n i t e  control 
volume. 
out of a control volume by the l iquid phase is 
(pv)g(l - ale& where 9. denotes l iquid and (1 - a) 
i s  the volume saturation of the l iquid phase. 
Using t h i s  method it is possible t o  calculate the 
separation of the phases when the well is shut in. 

such a method f a i l s  

Specifically, the convection of energy 

The s l i p  between the phases was determined by 
an empirical correlation. The f l o w  regime map sum- 
marized by Orkiszewski (1967) gave the types of 
flow (bubble, slug, transit ion,  mist) as a function 
of average velocity and quality. 
phase was then specified. 
are  given in Miller (1980a). 

The s l i p  i n  each 
The exact expressions 

The f r ic t ion  factor was tha t  given by Chisolm 
(1973). It is not written as a function of flow 
regime but as  a function of quality and the fr ic-  
t ion factor tha t  muld exis t  i f  the f luid flow were 
a l l  liquid. 
because it was based on experiments with a steam- 
water mixture flowing ver t ical ly  i n  a pipe a t  flow- 
rates  comparable t o  those found i n  a geothermal well. 
Most friction-factor correlations i n  the available 
steady-state geothermal flow models are based on 
oil-gas or water-air flow. 
relation based on a steam-water experiment might 
bet ter  be able t o  model the flow i n  a geothermal 
well. 

This empirical correlation was chosen 

It was f e l t  that a cor- 

Since any transient model can be used t o  model 
the steady-state flaw, the measured pressure prof i le  
i n  a well has been compared t o  the numerical calcu- 
la t ion of tha t  prof i le  using WELBORE. Figure 1 
shows such a comparison for  well M-91 a t  the Cerro 
Prieto field. For t h i s  case, the conditions a t  the 
wellhead were input t o  the program, and the result- 
ant pressure prof i le  and downhole conditions were 
calculated. 
bore model with different options for f r ic t ion  fac- 
t o r  and s l ip ,  thereby allowing the user t o  choose 
the model tha t  best f i t s  the data. 
along with the selected empirical correlations, has 
been checked against a couple of cases i n  which the 

It is not the intent t o  develop a well- 

This model, 
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Figure 1. Pressure prof i le  i n  PI-91 a t  Cerro Prieto 
field. 
Federal de Electricidad de Mdxico.) [xBL 8011-64211 

(Measured prof i le  provided by Cornisi6n 

pressure prof i le  was measured and has given good 
agreement. 
correlations become available. 

The program w i l l  be updated when bet ter  

The WELBORE program was also modified for  
easier use by other researchers. 
were added tha t  allow calculations for  different 
boundary conditions. 
ble t o  specify mass or volume flowrate or to give 
the wellhead pressure. Downhole, one can specify 
the reservoir flow tha t  enters the bore by using 
the reservoir flow calculations or by j u s t  giving 
the downhole pressure as  a function of time. Ini- 
t i a l  conditions tha t  are still needed are the mass 
flowrate, downhole or reservoir pressure, and energy. 
One option includes the heat transfer from the bore 
t o  the surrounding rock. 

Several options 

A t  the wellhead, it is possi- 

The users' manual written by Miller (1980b) 

Figures 2-4 show results 
provides four examples tha t  illustrate the problems 
which could be solved. 
from three of those problems. Figure 2 is a p lo t  
of both the wellhead and downhole pressure change 
with time for  two drawdown cases where the f lu id  is 
flashing i n  the bore. 
l iquid phase reservoir were calculated along with 
the changes i n  the bore. 
sure drop t o  be larger a t  wellhead than downhole, 
occurring when a flowrate increase is f i r s t  made. 
Also i l lus t ra ted  here is the large difference be- 
tween wellhead and downhole pressure changes: 
a t  l a te r  times, a f te r  the flowrate change has bee- 
made, the slope of the pressure change with t i m  

time of these calculations, wellbore storage is 

The flowrate changes i n  the 

The figure shows the pres- 

even 

wellhead is not equal to tha t  downhole. Over 
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Calculation of sandface flowrate given 
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still important8 therefore, a steady-state flaw 
model would be inadequate to model the wellbore 
flow. 
assume tha t  the mass f l o w  i n t o  the bore is equal to 
the mass flow out of it.) 

( A  steady-state flow model must naturally 

Figure 3 i l l u s t r a t e s  the different pressure 
buildup curves tha t  can occur when the well is 
actually shut i n  and when the flawrate is just  de- 
creased but not shut off. Because the convection 
terms are  written separately for each phase. the 
program calculates the actual separation of the 
steam and liquid water i n  the bore when the w e l l  
is completely shut in. Eowever, t h i s  calculation 
requires a correlation for  the s l i p  between the 
phases, when the l iquid phase is fa l l ing  and only 
the steam phase is rising. 
a re  available for this case. A s l i p  factor approx- 
imating the s ize  in  the bubble regime was used. 
How t h i s  s l i p  factor influences the resul ts  w i l l  be 
investigated. In any case, a s l ight  leveling off 
of the pressure r i s e  w i l l  occur during the buildup 
(Fig. 3) .  This effect  resul ts  from the pressure 
tha t  r i ses  too fas t  i n  the bore when the two phases 
a re  separating out, causing the f lu id  to flow back 
in to  the reservoir. This calculation can be done 
only w i t h  a transient model. 

Bnpirical correlations 

Figure 4 shows the calculation of the sandface 
flawrate when a step change is made in  the flowrate 
a t  wellhead. For this calculation the downhole 
pressure, together w i t h  the wellhead flowrate, was 
specified. ~n addition, WELBORE calculates the 
sandface flowrate. For this case, wellbore storage 
is considered complete i n  14 minutes, based on cri- 
t e r i a  established in  the petroleum field. This 
c r i te r ia ,  however, ignores nonisothermal effects. 
The program ANALYZE t-nson ana &Edwards, 1980) 
can determine the reservoir parameters of the-actual 
sandface flowrate. ANALYZE is a history-matching 
program designed to analyze interference or produc- 
t ion data, using the actual sandface mass flowrate. 

As noted above, an additional improvement is 
the integration of the  wellbore calculation with 
the two-phase reservoir model of zyvoloski and 
O'Sullivan (1979). The energy, momentum, and mass 
equations have been coupled in  a manner whereby 
the  reservoir sandface pressure is applied in  the 
wellbore flow calculation, and the resultant f law 
between the reservoir and wellbore is applied in 
the reservoir calculation. 
exists:  
l a t e  the changes i n  the bore, since in most cases 
the calculations of interest  involve only those 
events tha t  occur during a w e l l  test. It is also 
easier t o  use a layered reservoir model when the 
calculation is explicit .  
how the wellbore flow affects  a two-phase reservoir 
t e s t  have not been made. 

FUTURE PLANS 

A time-step limitation 
large time steps are not needed to  calcu- 

Detailed calculations of 

Several problems can be investigated now t ha t  

A lay- 
the program WELBORE includes s l i p  between the phases 
and is connected t o  a two-phase reservoir. 
ered two-phase reservoir model interacting with the 
wellbore is proposed, following which the injection 
of water in to  the reservoir w i l l  be studied. Also. 
the modeling of drawdown and buildup t e s t s  of a two- 
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phase reservoir is proposed to determine what pro- 
vides the best measurement of reservoir conditions. 
Moreover, the deliverability of a well reservoir 
system deserves investigation to determine possible 
flowrates. 
to include a second component. 

The program will eventually be updated 
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ANALYE 

S. M. Benson 

ANALYZE is a history-matching program designed 
for pressure transient analysis of well tests in 
single-phase fluid-saturated reservoirs. Both inter- 
ference tests and production tests can be analyzed 
to yield reservoir transmissivity (kh/V), storativ- 
ity (cbch), and hydrologic boundaries. ~n analytic 
solution calculates the pressure drawdown-buildup 
in an idealized reservoir system. Figure 1 shows 
schematically the basic reservoir-well model assumed 
by computational algorithm. 
assumed to be an isothermal, isotropic, homogeneous, 
porous medium of constant thickness and infinite 
areal extent. 
line source which fully penetrates the reservoir 
thickness. The flow into the well is assumed to be 
purely radial and unifonnly distributed over the 
height of the well (gravity effects neglected). 

The reservoir is 

The production well is modeled as a 

The unique feature of the matching program is 
an analytic solution which calculates drawdown- 
buildup caused by arbitrarily variable flow rates 
from one or more production wells. 
modeled by superposition of consecutive "production 
pulses." 
pulse" may be constant or vary linearly with time. 

Flaw rates are 

The flaw rate within any "production 

RESERVOIR MODEL 

WELL 

Figure 1. Schematic of the well-reservoir system. 
[XBL 813-2722] 

Any variable flow rate history can be modeled to 
the desired accuracy by a series of sequential 
straight lines, each of the appropriate duration 
and inclination. 

The implementation of this technique allows 
the simultaneous analysis of pressure data for up 
to 20 observation wells, each influenced by the pro- 
duction (and/or injection) of as many as 20 wells 
with arbitrarily varying flow rates. 
can be analyzed for the reservoir properties, trans- 
missivity (kh/V), storativity (cbch), and a single 
vertical linear reservoir boundary. 
product is known for production well analysis, a 
skin value indicative of wellbore damage or enhance 
ment may also be obtained. 

Pressure data 

If the 9ch 

A nonlinear least-squares matching routine 
minimizes 

x2 1 5 ("calc "obs - "obs 
n=l 

where N = (I of observation wells, APcalc = calcula- 
ted pressure change, and = observed pressure 
change which is functionally dependent on the reser- 
voir parameters, well configuration, and flaw rates. 
By systematically changing.the specified reservoir 
parameters, the X2 sum is reduced until the minimi- 
zation requirements are satisfied. 
the program assumes that the correct reservoir pa- 
rameters have been attained. 

At this time, 

METHODOLOGY 

Variable Flow Rate 

To handle a variable flow rate, q(t), we assume 
that any production rate history can be adequately 
represented by sequential, straight-line segments, 
each of-appropriate length and inclination (Fig. 2). 
We prescribe q(t) to vary linearly within each in- 
terval Tk to. Tk+l; so for the kth line segment, 
qk can be written 

The drawdown, AStt), caused by a variable produc id 
tion rate qk is given by the line source solution 
(Carslaw and Jaeger, 1959): 
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Since q(t) is known from equation (21, the 
integration of equation ( 3 )  may be carried out. A 
closed-form solution of this integration is avail- 
able and a full developnent is given in Benson and 
McEdwards (1980) and MccEdwards (1981). The solu- 
tion is 

- Bk[(t-Tk) exp(-uk) - (t-tk+l) exp(-uk+l)~} , 
(4 )  

where 

The pressure response of one well is calcu- 
lated by summing the pressure response of each 
production pulse. 

Multiple Production Wells 

%b calculate the pressure response caused by 
several production-injection wells, the drawdm- 
buildup attributable to each well is calculated and 
then smmed. 
bitrary set of unique flaw rate data. Equation (4) 
and the principle of superposition form the basis 

Each production well may have an ar- 
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rate. [XBL 792-4851 

Pulse representation of a variable f l a w  

for all pressure calculations in ANALYZE. 
above equations, multiple wells with variable flow 
rates and reservoir boundaries can be rigorously 
accounted for in the pressure calculations. 

With the 

Hydrologic Boundaries 

A single, fully penetrating linear hydrologic 
boundary can be modeled using the method of images. 
Briefly stated, a boundary may be viewed and mod- 
eled as a line of bilateral symmetry about which 
image production wells are arranged in one-to-one 
symmetric correspondence with real production wells 
(Fig. 3). To model an impermeable boundary, each 
image well is assigned a flow rate record identical 
to its symmetrically located real well. This re- 
sults in zero pressure gradients perpendicular to 
the line of symmetry at the line of symmetry. 
constant potential boundary is modeled using image 
wells whose production-injection records are iden- 
tical to their symmetric counterparts but are of 
opposite sign (production versus injection). This 
situation results in zero pressure changes along 
the line of symmetry which is the necessary mathe- 
matical condition for a constant potential boundary 
of infinite horizontal extent. 
that model a boundary contribute an additional cuin- 
ponent to the calculated pressure change, which is 
parametrically dependent on the values of k h / U  and 
kh. Thus, for each iteration in which a boundary 
is being searched for, there are four parameters 
that can be changed: 

A 

The image wells 

kh/tl, kh, rimage, and a. 

Production Well Skin Effect 

The calculatedpressure response in a produc- 
tion well may also include an additional component 
due to the skin effect. The skin effect is  defined 
as the steady-state pressure change due to an annu- 
lar zone of enhancement or damage around the well- 
bore (Beals, 1966). The component of pressure 
change due to the skin is expressed in equation (51, 
where s is the skin value 

PRODUCTiON WELL 
A 

( 5 )  

SERVATION WELL 

A -. 
IMAGE 
WELL 

Figure 3. 
nodeling hydrologic boundaries. 

Schematic of image well locations for 
[XBL 813-2186] 
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tion of wellbore enhancement. 
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Least Squares Minimization 

The scalar x2 measures the agreement of the 
calculated pressure response with the observed pres- 
sure response. 
tenaine the reservoir parameters, for which x2 is 
the smallest, by changing the initial parameter 
values to those values which interactively reduce 
the value of x2. 
least-squares program LSQVMT, a nonlinear fitting 
routine. 
imization algorithm, see Beals (1966). 

The analysis technique aims to de- 

The minimization process uses the 

For a more canplete discussion of the min- 

A simplified expression of the minimization 
statistic is shown in equation (6) 

2-  

This formulation has an advantage over a logarithmic 
minimization statistic because both positive and 
negative pressure changes can be considered simul- 
taneously. 
tion and production data in a single analysis. 
difference between the calculated and observed pres- 
sure is normalized to the observed pressure change 
in order to give equal weight to all pressure data, 
regardless of the absolute magnitude of the response. 
The equal-weight feature is also implicit in 
conventional type curve matching. 
difference between the observed and calculated 
points is averaged over the total data points in 
the analysis. 
results from several analyses with differing 
numbers of observation points. The absolute 
magnitude of x2 is not the only determinant for 
success of a particular analysis. The absolute 
magnitude of x2 is a function of the accuracy of 
the data and the values of the reservoir parameters. 
Beals (1966) discusses the minimization procedure 
in detail. 

This allows the combination of injec- 
The 

The s m  of the 

This averaging allows comparison of 

'. 
. M  ..r 

'A 

0" ' 1  1 '  
, , * I t  

SAMPLE PROB-S 

The program has been validated by comparing it 

The following two sample problems illus- 
to numerous analytic models (McEdwards and Tsang, 
1977). 
trate some of the program's capabilities. Sample 
problem 1 demonstrates a full-field simulation of 
an injection test with four observation walls. 
Sample problem 2 analyzes the interference effects 
of four production wells on a single observation 
well. 

Sample Problem 1. 
Well-Injection Test 

Variable Rate Multi-observation 

The data for this problem were obtained from 
an injection test in a shallow groundwater aquifer. 
The aquifer is approximately 20 m thick and bounded 
above and below by clays of very low permeability. 
An array of observation wells were drilled to moni- 
tor the effects of injection (Fig. 4) and to obtain 
estimates of reservoir permeability, porosity, and 
compressibility. Many difficulties were encountered 
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Figure 4. Well location for sample problem 1. 
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during the test, resulting in a highly variable flow 
~ r a t e  (Fig. 5). 

6, Interference data froan each w e l l  were analyzed 
individually and i n i t i a l  estimates of the reservoir 
parameters were input for the full-field analysis. 
The match of observed and calculated p r e s w e  data 
is shown i n  Figure 6. 
kh/u = 8.21 x m3/Pa-s, 4ch = 1.72 x @a, 
d = 239 m, and a = 3 degrees (the angle t o  a l i ne  
which is perpendicular t o  a boundary). 

For t h i s  problem, 

Sample Problem 2. 
Interference T e s t  

Multiple Production W e l l  

The following data were obtained from a high- 
temperature , single-phase liquid reservoir used 
for e lectr ical  power generation. The reservoir is 
a sedimentary deposit of sands, clays, and shales. 
The t o t a l  reservoir thickness is not precisely 
known, but the central par t  of the reservoir is 
believed t o  be a t  least  100 m thick. The w e l l s  
tested range i n  depth from 2000-3000 m and have 
open intervals of 100-200 m. This interference 
test was conducted with four production wells t ha t  
were being developed for  the f i r s t  time. 
flow rates were gradually stepped up t o  the maximun 
rate ,  held constant fo r  several days, then reduced 
to a slow bleed. 
t ion schedule was maintained for  each w e l l .  The 
flaw rate of each production w e l l  and the pressure 
response a t  the observation w e l l  are shown i n  
Figure 7. 

Therefore, 

An accurate account of the produc- 

The comparison of the calculated and real  
pressure drops is shown i n  Figure 8. 
perfect, the f i t  is acceptable. 
of both the drawdown and buildup data w e r e  t o  eeter- 
mine i f  a reservoir boundary was influencing the 
pressure drops. Similar values of kH/u and 6ch were 
obtained for  both the drawdown and buildup data, 
indicating tha t  no boundary was influencing the 
pressure response. 

Although not 
Separate analyses 
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Figure 8. 
sure drops fo r  sample problem 2. 

Match of calculated and observed pres- 
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JDVANCES IN THE DEVELOPMENT OF TRANSIENT WELL-TESTING EQUIPMENT 

Overview 
S. M. Benson 

The Geothermal Group of the Earth Sciences 
Division has been involved i n  geothermal well tes t -  
ing since 1975. Experience indicates that  the 
effects  of high temperatures and of temperature 
changes on the behavior of downhole instrumentation 
have limited the use of conventional well-testing 
equipment developed by the  petroleum and ground- 
water industries. Consequently, several alterna- 
t ives  to conventional well-testing equipment have 
been explored. 
and capillary-tube system (Sperry Sun Pressure 
Transmission System) which uses nitrogen gas or 
helium t o  transmit downhole pressure transient data 
t o  the surface. This method has the advantage that  
no downhole electronics or transducers are required 
and tha t  a continuous surface read-out of downhole 
pressure is possible (Narasimhan e t  al., 1978). 
The disadvantage of t h i s  system, not identified 
unt i l  it had been used in  the f i e ld  on numerous 
occasions, is that  temperature changbs which take 
place along the length of the capillary tubing 
obscure transmission of the downhole pressure re- 
sponse to the surface (Wller.and Haney, 1978; 
Miller, 1980). This causes pressure-transient data 
obtained by this method t o  be inaccurate and unsuit- 
able for conventional well-test analysis. 

Among these was a downhole chamber 

Recognizing the need for  reliable instruments 
suitable for  geothermal environments, Lawrence 
Berkeley Laboratory (LBL) has developed a suite of 
low (110OC) and moderate (2OOOC) temperature well- 
tes t ing equipment. 
using off-the-shelf components and transducers tha t  
have been developed by various industries for a va- 
r i e ty  of high-temperature, high-pressure applica- 
tions. 
instrumentation packages which provide the measure- 
ment of key downhole quantit ies for determining the 
physical parameters of geothermal reservoirs (Le. ,  
pressure, temperature, and flow as  a function of 
depth and time). 

Fnphasis has been placed on 

The components have been combined i n t o  

Geothermal reservoirs are unique in  so f a r  (IS 

they occur in geologically complex environments. 
Typically, a wellbore in a geothermal reservoir w i l l  
in tersect  several dominant producing s t ra ta  or frac- 
tures. Wellbore flow surveys (spinner surveys) are 
required t o  locate these fractures and/or dominant 
production zones. 
used t o  determine the flash depth in  a wellbore. 
Temperature prof i les  in the wellbore are necessary 
to  identify convective and conductive thermal re- 
gimes within the reservoir and wellbore. Pressure 
surveys, i n  conjunction with temperature surveys, 
are used t o  determine whether the reservoir f lu id  
is a single-phase l iquid (steam) or a two-phase mix- 
ture  of steam and water. 

spinner surveys have also been 

Pressure-transient testing is the most accurate 
and commonly used method of obtaining estimates of 
the in-situ reservoir transmissivity and storativity.  
Pressure-transient data analysis is  also used t o  
determine the properties of the nearrel lbore reser- 
voir formation. 
i n  the wellbore varies w i t h  depth and may change 
during the test, it is essential  t o  have downhole- 
pressure data to obtain accurate pressure-transient 
data. 
temperature changes along the wellbore and a t  the 
we1 lhead. 

Well-test instrumentation that  is suitable for 
geothermal application must be stable and prwide 
repeatable data throughout a wide temperature range 
(ideally 80-315OC). It is not sufficient to have 
components which provide accurate data a t  a single 
temperature; nonisothermal temperature-dependent 
behavior of the components must be correctable. The 
use of microcomputers has tremendous potential  i n  
the development of these tools because it allows for 
the automatic real-time correction of nodinear and 
linear, nonisothermal, temperature-dependent trans- 
ducer properties. For t h i s  reason, and because of 
the f lex ib i l i ty  t o  be gained i n  the storage, manipu- 
lation, and processing of data, LBL has developed a 
data acquisition system centered around a DEC LSI 11 
microcomputer. 

Since the temperature of the f luid 

Wellhead data are inadequate because of 

A schematic of the computerized data acquisi- 
tion system is shown i n  Figure 1. The system i t s e l f  
is applicable to any type of instrumentation which 
has an electronic output, be it a frequency, resis- 
tance, or voltage signal. The signals fran the 
tools are multiplexed and input to the appropriate 
measurement device by a scanner. The microprocessor 
reads the signal from the selected device, e i ther  

. .. . .. . . . . . . E1 p2,2 1 m IIS.U" 

I-I l r rnar lcr  

- b  
Figure 1. 
t ion system. [XBL 812-2665] 

Schematic of computerized data acquisi- 
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the d ig i t a l  volt meter or a frequency counter. 
data are then  processed, displayed, stored, and 

The 

The system is extremely flexible! it 
s applicable to various types of well-testing ac- 

Because the LSI 1 1  can be operated i n  a foreground/ 
background mode ,  it can be programmed w i t h  data 
acquisition as its f i r s t  priority,  but real-time 
data analysis can take place concurrently. 

tinted i v i t i e s  Out* and i s  controlled by a real-time operator. 

This system has been used f o r  several applica- 
tions, two of which are summarized below. The 
a r t i c l e  ent i t led "The LBL PTQ Tool" discusses a 
wellbore-flow survey and pressure-transient w e l l -  
tes t ing tool. 
downhole pressure, temperature, and f lu id  velocity 
a t  temperatures up t o  200eC. I n  addition to stor- 
ing the data, the microcomputer is used t o  calculate 
the temperature correction of the signal fram a 
strain-gauge pressure transducer. Temperature data, 
measured by an RTD (Resistance Temperature Device) 
are calculated with a spline curve f i t  to factory 
specifications for the transducer. The'next uti- 
cle, "A Downhole Pressure/Temperature Probe for  Low 
Temperature Application," discusses how the system 
is used i n  conjunction with an interference/produc- 
t ion test monitoring system for  applications up to 

The PTQ tool  simultaneously measures 

107.C. 

Tremendous advances have taken place in  the 
design and avai labi l i ty  of instrumentation and 
components suitable fo r  geothermal application. 
Instruments for obtaining pressure-transient data 
w i t h  a high degree of accuracy and resolution and 
with real-time surface read-out are now available 
fo r  applications i n  downhole environments up to 
2OOOC. There are, however, two major obstacles to 
the development of instruments which w i l l  function 
a t  temperatures greater than 200*C, but both are 
being worked on by various private companies. The 
f i r s t  is that  electronic pressure transducers w i t h  
the desired accuracy and resolution are not avail- 
able for  use a t  temperatures higher than 200°C. 
must be emphasized t h a t  it is b p r t a n t  not only 
tha t  the transducer be operable a t  these higher 
temperatures, but that  the transducer remain stable 
when the temperature changes. 

It 

The second obstacle is the lack of electronic 
components which are operable and stible above 200eC. 
A t  the present time, Sandia National Laboratory i s  
developing a variety of electronic camponento, in- 
cluding a downhole multiplexer which w i l l  be rated 
for continuous use to 275.C (Veneruso, 1980). The 
advantage of having a high-tcmpcrature multiplexer 
is that it allows instruments which usually would 
be run on a multiconductor cable to be run mi a 
single-conductor cable. There are oeverd advan- 
tages to using single-conductor cable, the most 
important being tha t  single-conductor cable rated 
for  continuous use a t  300.C is available from 
commercial suppliers. 

In coming years, e f fo r t  w i l l  be concentrated 
on modifying the instruments now i n  use so t ha t  they 
w i l l  perform rel iably a t  temperatures up to 315.C. 
As part.of this effor t ,  we are making a passive 

mperature tool which w i l l  be rated for continuouo 
U e  up to 300%. A spinner tool, developad by mL, 

has also been modified so that  there are no elec- 
tronic limitations to operating the tool a t  300OC. 

Nonelectrical diff icul ty  may ar ise  a t  these high 
temperatures, but they should be identified during 
f i e ld  testing. Pressure transducers suitable for 
t h i s  type of application are being laboratory tested 
t o  determine how the output of the transducer is 
affected by elevated temperatures and by temperature 
changes. When a suitable transducer is identified, 
it can be incorporated into a downhole pressure 
probe. 
invaluable now tha t  real-time calibration of various 
types of components is possible. 
allows for  increased f l ex ib i l i t y  i n  tha t  transducers 
which have nonlinear temperature-dependent behavior 
may still be suitable, since such behavior can be 
corrected by appropriate computer calculations. 

The use of microcomputers w i l l  prove t o  be 

Such calibration 
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The LBL combined PTQ tool 
S. M. Benson, C. Goranson, R. Solbau, and A. Biocca 

Until recently, technology and methodology fo r  
geothetmal w e l l  tes t ing borrowed heavily fram the 
o i l  and gas industry. But increased knowle%ge and 
experience have shown that  well-testing requirements, 
though similar, are not the same. Both the unique 
hydrogeologic nature of geothermal reservoirs and 
the effect  of high temperatures on transient w e l l -  
tes t ing equipment oust be considered i n  the design 
of tranaient tes t ing instrumentation fo r  geothermal 
applications 

Geothermal wells are typically completed with 
an apcn interval of several hundred tq thousands of 
f ee t  over which pemmbil i ty  may be highly tmriable. 
For &stance, there may Ek more than one daninant 
production zone within a single w e l l .  
t a i l ed  flow VI. depth profilcs &re essential  t o  
correct interpretation of pressure fZlll8hnt data. 
Multiph8re wellbore flow C8n rlso le8d to misinter- 
pretation of pressure transient data and wellbore 
surveys. Temperature, pressure, and f lu id  velocity 
merourraents+ue required to determine the satura- 
t ion-profi le  of a w e l l .  

Thus, de- 
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A moderate temperature ( <  200°C) well-test tool 
specifically for geothermal applications has been 
developed at Lawrence Berkeley Laboratory (LBL). 
Three downhole parameters--pressure, temperature, 
and flow--are measured simultaneously. Off-the- 
shelf components were used in the downhole transdu- 
cer assembly. The surface electronics that convert 
the analog signal to a digital display consists of 
a digital voltmeter, frequency counter, scanner, 
and microprocessor. 

LBL COMBINED PTQ TOOL 

The LBL PTQ tool was designed for simultaneous 
measurement of pressure (P), temperature (TI and 
flow (Q) in geothermal environments of moderate 
temperature ( <  2OOOC). A combined-function tool 
has several advantages over single-function tools: 
fewer trips are required in and out of the well; 
simultaneous capture of all three types of data 
ensures uniform conditions for all parameters in a 
single test run: and synthesis of data is much 
simplified. The components of this tool are off- 
the-shelf transducers developed by industry for 
various moderate-to-high temperature environments. 
The components of the tool are a Bell and Howell 
(EL-1000-4) strain gauge, a resistance-temperature 
detector (RTD), and a modified Kuster flawmeter. 
The tool has no active electronics downhole, which 
eliminates the problems that arise in temperature- 
sensitive components. 

The CEC-1000-4 temperature-compensated, sput- 
tered strain gauge pressure transducer has a full- 
scale output of approximately 30 mV. Transducers 
are available with full-scale pressure ratings of 
2500, 5000, and 10,000 psia. The rated accuracy of 
the transducers at 8 0 1  is 0.25% of the full-scale 
reading. For the 2500 psia transducer this is 6.25 
psi, which is more accurate than required for tran- 
sient well testing. The resolution of the trans- 
ducer has not been tested because the calibration 
system, a deadweight tester, is only accurate to 
1 psi. 'The resolution is better than 1 psi and 
probably as good as 0.2 psi throughout the compen- 
sated temperature range. 

The CEC-1000-4 2500 psia transducer is temper- 
ature compensated between 80 and 400OF. However, 
the accuracy of the transducer, in its factory 
configuration, is temperature-dependent. With in- 
creased temperature, both the full-scale mV output 
and the null voltage of the transducer change. 
These thermal effects are expressed in terms of the 
change in the reading as a function of the full- 
scale reading per OF: 

Full scale output 
Pressure range 
Temperature compensation 
Zero shift 
Full-scale sensitivity shift 
Excitation voltage 

30.538 mV 
2500 psia 
80-400°F 
0.006% FR/OF 
0.001% FR/F 
10 volts 

Although the full-scale output shift and zero shift 
are a very small percent of the full-scale reading, 
the accuracy is strongly affected when a 320°F 
(80 - 40O0F) temperature change takes place. For 
instance, with the transducer at its full-scale 
reading (2500 psi), an 8 psi sensitivity shift and 
a -48 psi zero shift are incurred for a 320°F tem- 
perature change. 

10 Pressure = FSP x - EP 

PP - n 

FSMV + - sy:y x FSMV (T - 80°F) 
-- Zeros X FSP(T - 8O0C)r 100 

bi 

where FSP = pressure range, PP = mV signal out, 
EP = excitation voltage, FSMV = full-scale mV out- 
put, SENSV = full-scale sensitivity shift per OF, 
Zeros = zero shift per OF. With the simple calcu- 
lation, shown in Equation 1, the effects of the 
zero shift and the full-scale sensitivity shift can 
be corrected. Then, the rated accuracy of 0.25% FR 
can be obtained through the compensated temperature 
range. 

The temperature transducer is a platinum RTD 
in a three-wire configuration whose accuracy is 
calibration-dependent. Based on a two-segment 
linear calibration, an accuracy of l0C is obtained 
throughout the temperature range of the combined 
tool (10-2OOOC). Greater accuracy can be obtained 
using spline-curve fitting techniques; however, for 
initial testing of the tool, the 1OC accuracy was 
sufficient. The RTD is for both pressure trans- 
ducer temperature correction and wellbore fluid 
temperature. 

, 

A modified Kuster spinner tool operates as the 
downhole flow meter. 
located near a magnet emplaced in the rotating 
shaft induces a frequency proportional to the fluid 
velocity. The frequency signal is read at the sur- 
face by a frequency counter. Readings are reliable 
for a fluid velocity greater than 0.25 ft/s. 

A magnetic reed switch 

The complete tool is less than 4 feet in length 
and has a 2-in. O.D. (without centralizers and 
collars). In its combined configuration, it has 
been run on a 20,000 ft long seven-conductor cable. 
A modified seven-conductor cable head connects the 
tool to the cable. The spinner can be run separ- 
ately on a single-conductor cable. 

PRESSURE TRANSDUCER CALIBRATION 

The pressure transducer was calibrated with a 
deadweight tester and an oven. It was necessary 
to immerse the transducer in oil during calibration 
because a small differential temperature between 
the pressure diaphragm and the temperature-compen- 
sating resistors can cause large errors in the 
pressure output. The transducer was calibrated at 
three temperatures: 801, 212OF, and 3201. The 
calibration at six different pressures as a func- 
tion of temperature are shown in Table 1. As can 
be seen, the 0.25% FR rating is obtained for all 
pressures and temperatures. 
measured by adding a 1-psi load at each calibration 
point. A more precise calibration can be performed 
if the nonlinearity of the zero-shift coefficien+ 
and the sensitivity-shift coefficient are meas 
and included in the computer correction. 
an absolute accuracy of 0.25% FR is adequate for 
most transient well-testing applications. 

Pressure resolution was 

i d  Iiowev 



Table 1. Pressure transducer calibration, 
CEC 1000-4. 

WDWT* 80 OF 212OF 320°F 

A t m  12 15 10 
539 540 544 54 1 

1039 1045 1046 1044 
1539 1542 1546 1545 
2039 2039 2045 2044 
2514 2514 2516 2516 

*Deadweight tester 

SURFACE ELECTRONICS AND DATA ACQUISITION 

The major obstacle i n  developing the present 
system was finding a means t o  supply a constant 
10-v excitation t o  the pressure transducer. 
w i r e s  were needed t o  supply the voltage, regulate 
the voltage, and measure the transducer output. 
Figure 1 shows the wiring configuration. Voltage 
is supplied through legs A and B i n  the diagram. 
Leg A has a res is tor  i n  it which enables measure- 
ment of the current t o  the tool; moreover, leaks 
i n  the tool can be so detected. Legs C and F are 
measured t o  control the excitation voltage a t  the 
pressure transducer. The pressure reading i s  ob- 
tained from legs D and E. 

Six 

The seventh leg of the seven-conductor cable 
provides the measurement of two additional quan- 
tities--temperature and flow. The temperature i s  
calculated from the resistance through legs B and C. 
The change i n  resistance of the cable is measured 
on leg F. 
is transmitted t o  the surface on leg F. 

The frequency signal from the flow meter 

, 
The power supply (Fig. 1 )  serves two functions. 

Firs t ,  it is designed t o  supply a constant 10 volts 
t o  the pressure transducer. Second, i n  case of com- 
puter failure,  the power supply can ac t  a s  a backup 
device from which raw pressure data (mV) and raw 
temperature data (ohms) can be read. 

The signals from the pressure transducer and 
the thermistor are measured by a d ig i t a l  voltmeter. 
A frequency counter measures the signal from the 
flow meter. 

An LSI 1 1  microprocessor controls the data 
sampling interval, storage , processing, and display. 
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Figure 1. Wiring diagram and surface electronics 
for  the PTQ tool. [XBL 813-2764] 

FORTRAN programs have been written which accept 
operational commands from the f i e l d  operator. A 
CRT displays real-time data. 
out data at operator-specified intervals. Table 2 
shows a printout of typical test  data. 
also stored on a_ floppy disc which can store up to 
3920 records. 
selected fo r  data storage, a single disk can store 
between ten hours (10-s sampling) to several months 
(1-h sampling) of data. 

A T I  printer p r in t s  

Data are 

Depending on the time interval 

The LSI 1 1  operating system can be programmed 
i n  a background-foreground mode. 
allows the computer to be programmed f o r  the data 
acquisition ?si its highest priority. 
play of data or  data analysis can be performed 
concurrently without interfering with the primary 
function of the system. 

For example, t h i s  

Graphic dis- 

FIELD APPLICATION 

The LBL PlQ tool has been operated i n  the f i e l d  
In one test, a series of pre- on several occasions. 

transient testing surveys w e r e  run on a moderate- 
temperature geothermal well i n  the Imperial V a l l e y ,  
California. The operating environment for the sur- 
face equipment was harsh (ambient temperatures 110- 
120°F) and dust-laden. The dust particles caused 
no noticeable problems with the equipment. 
high ambient temperature, however, caused equipment 
fa i lure  several times. 
by maintaining the operating environment a t  temper- 
atures less than 90°F. 

The 

This problem was resolved 

Table 2. Printout of typical test  data. 

Time P T Q  rp PP EP IP sp 

12 : 06: 30 
13: 06:40 
13 : 06: 50 

2020.3 110.4 
2020.5 110.4 
2020.6 110.4 

13:07:00 2020.6 110.4 
13:07:10 2020.8 110.4 
13:07:20 2020.8 110.4 
13:07:30 2021.0 110.5 
13:07:40 2020.9 110.5 
13:07:50 2020.2 110.5 

0 
0 
0 
0 
0 
0 
0 
0 
0 - 

2.8732 24.687 10.0033 
2.8732 24.689 10.0034 
2.8732 24.691 10.0034 
2.873 1 24.690 10.0034 
2.873 1 24.693 10.0034 
2.8732 24.693 10.0034 
2.8733 24.695 10.0033 
2.8734 24.694 10.0032 
2.8735 24.685 10.0031 

19.930 13.1070 
19.930 13.1071 
19.930 13.1071 
19.930 13.1070 
19.930 13.1070 
19.929 13.1070 
19.929 13.1071 
19.929 13.1072 
19.929 13.1071 
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Three flowing surveys were run to determine 
pre-test conditions: a pressure log, temperature 
log, and spinner log. The flowing temperature log 
and the pressure log are  shown i n  Figure 2. 
the temperature and pressure gradients are  typical 
of a flowing single-phase liquid brine well. 
The spinner prof i le  (Fig. 3) shows two dis t inct  
production zones, one from 4700-4750 f t  and one 
from 5000-5100 f t .  

Both 

FIlTURe DEVELOPMENT 

With our current equipment, the greatest dis- 

A 2000c multiplexer, 
advantage of the combined function tool is  the need 
for  a seven-conductor cable. 
developed by Sandia National Laboratory, is  being 
made for  use with the LBL PTp tool. 
the tool t o  be run on a standard single-conductor 
cable. 

This w i l l  allow 

CONCLUSIONS 

The well-test equipment described i n  t h i s  paper 
was designed t o  measure the three essential quanti- 
t i e s  for transient analysis of geothermal wells-- 
pressure, temperature, and flow. Off-the-shelf , 
moderate-temperature components have been combined 
to make a practical  and available testing device. 
A microprocessor allows for an enormous amount of 
versa t i l i ty  i n  choosing the type, amount, and qual- . i t y  of data. The system has been f i e ld  tested i n  
two geothermal wells under severe operating condi- 
t ions and has demonstrated tha t  the sophisticated 
measurement devices (such as DVM and frequency 
counter) can withstand a field-type operating 
environment. 

I I I 
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Figure 2. Temperature and pressure prof i le  of 8 

geothermal well. [YBL 80 10-2 249 I 
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Figure 3. Spinner survey of a geothermal w e l l .  
[XBL 8010-22471 

This discussion has addressed the computer 
equipment in conjunction w i t h  a single downhole 
pressure-temperature-flow device. However, such 
application u t i l i ze s  only a few of the available 
channels on the scanner. A d d i t i o ~ l  surface, or 
other downhole, measurements can be performed with 
the proper choice of equipment. 
instrumentation of interference wells, wellhead 
temperature, wellhead pressure, and numerous other 
measurements can be qbtained, processed, and stored 
by the computer. 

Surface flow rates,  

The computer allows for both simple and ccmpli- 
cated data processing, including but not limited 
to nonlinear data calibration, stored or calculated 
or i f ice  flow calculations with nonlinear or i f ice  
coefficients, complicated data analysis methods, 
and equation of s ta te  calculations. 

A downhole pressure/temperature probe for low- 
temperature geothermal applications 
S. M. Benson, R. Solbau, C. Goranson, and B. Galbraith 

Downhole pressure transient t e s t  data are 
invaluable in evaluating geothermal production 
well&. 
two-phase wellbore flow make wellhead pressure and 
temperature data unsuitable for  standard pressure . . . 
transient data analysis. 
instrumentation for  well tes t ing i n  high tempera- 
ture geothermal reaervoirs has been hindered by the 
lack of high temperature transducers and electronics. 

Temperature changes in the wellbore and 

Lt The development of 
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But many geothermal reservoirs of less than 150.C 
are also being developed for  nonelectrical applica- 
':oris, thereby creating a need for  reliable,  low- 

t, low- t o  moderate-temperature instrumentation. +d fortunately, the high cost  of the probes current- 
l y  available for  moderate-temperature applications 
has limited the i r  use. .Responding to such a need, 
Lawrence Berkeley Laboratory (LBL) has developed 
and fabricated a ser ies  of re la t ively low cost 
well-testing instruments which use off-the-shelf 
components. 

THE LBL PRESSURE PROBE 

LBL has developed a low-temperature downhie 
pressure probe that  is rated fo r  temperatures up to 
107.C. The pressure transducer is a relatively in- 
expensive high-precision quartz-crystal transducer 
manufactured by Paroscientific Inc. We have used 
the same transducer as a wellhead pressure gauge i n  
interference tests. 
temperature transducer fo r  measuring downhole t e m -  
'perature. 
for  interference tes t ing i n  nonartesian wells. 
high resolution of the transducer makes it ideally 
suited for  measuring small water level changes 
(1 mm) i n  observation wells. 

The probe contains a thermistor 

The pressure probe has also been used 
The 

DOWNXOLE INSTR-NT PACKAGE 

The downhole instrument package includes a 
Paroscientific 400 or 900 ps i  digiquartz pressure 
transducer. The transducer is shock-mounted and 
connected t o  a pressure port w i t h  a stainless 
s t ee l  capillary tool. 
w i t h  a high-viscosity fluorosilicon f lu id  that  is 
stable to 550.F. This protects the pressure port 
of the transducer from brine contamination. The 
pressure transducer is rated for  continuous use a t  
temperatures up to 107.C and has a resolution of 
0.001 ps i  under f i e l d  conditions. 

The capillary is f i l l ed  

The temperature element is a Y S I  44011 t h e r m i -  
s to r . .  It is isolated from the f l d d  by 1/8-in.-O.D. 
s ta inless  s tee l  tubing. The thermistor has a teso- 
lution of 0.2.C and a response time of 1 s i n  
liquids. 
the temperature probe. 

A perforated protective housing encloses 

The housing fo r  the combined tool is 9 in. i n  
length and 2.73 in. i n  diameter. The housing is  
constructed of s ta inless  steel. Presently, the 
probe requires a four-conductor cable with which it 
is connected via an LBL-designtd cablehead. 
cablehead has a' length of 13 in. and a 1.5-in. 0.D. 

In its present configuration the quartz trans- 

The 

ducers are not temperature-canpensated throughout 
the operable temperature range. 
showed tha t  the accuracy a s  a function of tempera- 
ture was 0.0003 psi/.C for  both the 400- and 90Wpsi 
transducers (Wearn and Larson, 1980). Since the 
temperature is  measured downhole, it should be pos- 
sible  to correct the transducer output for this 

w small temperature sensi t ivi ty  of the transducer, 

A recent study 

rature dependence. However, as a resul t  of 

the temperature correction has not been necessary. 

SURFACE EQUIPMENT 

The Paroscientific digiquartz transducer can 
be operated without signal amplification for  hard- 
wired l i n k s  of up to 1 km. If the transducer is to 
run a t  a great depth in  the well or a t  large hori- 
zontal distances to the recording van, a l ine driver 
is required t o  amplify the signal. IBL has designed 
and fabricated a l ine  driver tha t  provides power to  
the transducer from a 12-V automotive battery and 
transmits the frequency signal for  distances up to 
2.5 km on a two-conductor wire. 

There are two data acquisition system alterna- 
tives. One system uses the Paroscientific model 
600 digiquartz crmputer and a Iiewlett Packard 5150A 
thermal printer. Pressure data can be measured and 
recorded a t  intervals ranging from 1 s to 2 hours. 
One computer is required for  each pressure transdu- 
cer, and the thermal pr inter  can be multiplexed t o  
accept data from two pressure transducers. The ad- 
vantage of t h i s  system i s  et a l l  components are  
off-the-shelf items. However, t o  expand the system 
requires the purchase of another canputer for  each 
transducer. 

Another alternative is a central data-acquisi- 
t i o n  system tha t  is easily expandable to include 
any number of transducers (Galbraith, 1980). LBL 
has designed and fabricated a data-acquisition 
system t h a t  can be used i n  a variety of f ie ld  
operations. 
around a DEC LSI-1/2 microprocessor. 
the l ine  drivers are read by a Hewlett Packard 
5328A frequency counter. The measured frequency 
signals are  than sent to the microcomputer where 
they are  converted t o  pressure. 
are then displayed cn a CRT, stored on a random- 
access floppy disc, printed, and graphically dis- 
played. 
are recorded against a single clock, eliminating 
the need for  clock synchronization. 

The data acquisition system is bu i l t  
Signals fran 

The pressure data 

Another advantage is that  a l l  measurements 

FIELD APPLICATION 

The downhole probes have operated successfully 
i n  several geothermal applications (Benson, 1980 1. 
More recently, a dothhole probe was used i n  a pro- 
duction well test in Mamath Falls, Oregon. One 
probe was placed a t  a 700-ft depth, 400 f t  below a 
shaf t  driver pump. A second probe was placed a t  a 
100-ft depth i n  an observation well located 1000 f t  
from the production well. 
t e s t ,  the well flowed a t  a ra te  of 60 gplh 
fluid-discharge temperature was approximately 180.F. 
A pressure buildup a f t e r  two hours of pumping is  
shown in Figure 1. The observation well showed no 
response due to  the pumped well. 

During the production 
The 

FWURE DEVELQPMENT 

The instrumentation package described here 
contains a very high-precision quartz pressure 
transducer ideally suited t o  small pressure 
changes. However, t h i s  degree of precision is not 
required when large pressure changes occur. As an 
alternative to the quartz crystal  pressure 
gauge, temperature-canpensatcd s t r a i n  gauges are a 
possibility. When combined with microprocessor 
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Figure 1. Pressure buildup i n  City W e l l  2, Klamath 
Falls, Oregon. [XBL 81 2-26521 

capability and/or single-application microprocessor 
chips, these transducers can provide a practical, 
cost-effective, and accurate alternative in 
geothermal applications (Benson, 1981). 
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INJECTION INTO A FRACTURED GEOTHERMAL RESERVOIR 
G. S. Bodvarsson and C. F. Tsang 

A t  present, reinjection is  a minor factor in 
the development of a geothermal field. Reinjection 
tests and small-scale wastewater reinjection have 
been carried out a t  several f ields,  e.g., East Mesa, 
The Geysers, Ahuachapan, and Rake. The .limited 
use of reinjection can probably be attributed t o  
the uncertainty whether premature intrusion of the 
injected cold water into the production region would 
cause a drastic reduction of production temperature. 
Various studies of reinjection into porous medium 
systems w e r e  made to address t h i s  problem (Tsang e t  
al., 1978). It is also generally believed that i f  
fractures are present i n  the geothermal reservoir, 
these fractures act a s  f a s t  conduits for  the cold, 
injected water to reach the production area even 
ea r l i e r  than expected. 
voirs are fractured t o  some exent, the effect  of 
fractures must be understood. 

Since a l l  geothermal reser- 

To date, nonisothermal flow through fractured 
media has received relatively minor attention i n  
the l i terature.  Earlier work includes studies by 
RDmm (1966), Bodvarsson (19691, Kasameyer and 
Schroeder (1976), and O ' M e i l l  (1978). 

In  our study we have used a well-validated 
numerical model t ha t  was developed recently a t  
Lawrence Berkeley Laboratory (LBL) to make a study 
of hydrothermal flow i n  a porous medium with a few 
major fractures. Detailed calculations of flows in  
and around each fracture are made to obtain an un- 
derstanding of the phenomenon. O u r  objective is  to 

study the movement of the thermal (cold water) front 
through the fractures re la t ive to its movement i n  
the porous medium during injection. This would help 
to answer the key question of the influence of frac- 
tures on the time of cold-water breakthrough a t  the 
production area. 

PROBLEM AND APPROACH 

The work summarized here has focused upon an 
injection w e l l  t ha t  penetrates a geothermal reser- 
voir a t  300T and having equally spaced, i n f in i t e  
horizontal fractures. Cold water a t  100°C is in- 
jected and is allowed t o  enter both the formation 
and the fractures through the injection w e l l  bore. 
The temperature dependence of viscosity and density 
i s  considered, but gravity is neglected. Thus, due 
to symmetry, only a horizontal section of the geo- 
logical geometry involving one fracture i n  an insu- 
lated porous m e d i u m  is included i n  the calculations 
(Fig. 1). Of course, such calculations are  also 
applicable to a single-fracture problem i n  which 
heat transfer to the caprock o r  bedrock i s  negli- 
gible. 

For t h i s  study we used the three-dimensional 
simulator, CCC (conduction-convection-consolidation), 
developed a t  LBL. 
validations are given by Lippmann e t  al. ( 1977) L' 
Bodvarsson et  al. (1979, 19801, and Tsang et  al. 

Details of the model and its 

( 1979 1. 
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of the problem and the basic section studied. 

schematic diagram showing the geometry. 

[XBL 805-7081] 

CALCULATIONS AND RESULTS 

Using the basic symmetry se 
Figure 1 , ' w e  consider the injection of 100-C water 
into a 300-C geothermal reservoir (Pig. 2).  Our  
numerical studies consider only the lower half of 
the system, from fracture to lower boundary (Fig. 2) ,  
divided into 144 elements. Vertically, it is divi- 
ded into s i x  layers of varying thicknesses, fran 
the thinnest near the fracture to the thickest ' far  
away from it. Horizontally, very f ine elements are  
assumed near the injection w e l l ,  increasing i n  width 
as a function of increasing distance fran the w e l l .  
An 8-in. wellbore is ass 

. .  

Qi 

Figure 2. Injection of loo°C water into a 300-C 
-otherma1 reservoir, corresponding t o  the basic 

Because of symmetry, u t i o n  shown in  Figure 1. 
only the lower half is modeled numerically. 

[XBL 806-1340] 

The resul ts  are presented below i n  two cate- 
gories: ( 1 )  rock  impermeable t o  f luid flow and 
( 2 )  rock permeable to f lu id  flow. Table  1 summa- 
r izes  important parameter values in the computer 
simulations. 

Table 1.  Parameters used i n  the numerical study. 

Fracture Rock matrix 

Thermal conductivity 

Heat capacity of solids 

Heat capacity of fluid 

Density of solids 

Permeability 

Specific storage 

Porosity 

Fracture aperture 

Fracture spacing 

( J / ~ s -  Y! ) 0.1-5.0 0.65 

(J/kg-OC) 1000 1000 

(J/kg-OC) 4200 4200 

( kg/m3 1 2650 2650 

(m2 1 0-1 10-13 1 10-10 

(m-1)  5 10-5 1 10-6 

( - 1  0.01 0.40 

(m) 5 10-4 

(m) 10.0 

Rock Impermeable to Fluid Flow 

Water at 100°C is injected a t  a constant-rate 
into a 3OO0C reservoir with an "infinite" horizon- 
t a l  fracture. The "infinite" horizontal fracture 
is simulated by a large enough radial mesh such that 
no pressure or temperature changes were observed i n  
the elements farthest  away fran the w e l l  a t  any time 
during the simulation. In th i s  f i r s t  case, the rock 
was assumed t o  be impermeable, but heat transfer by 
conduction was allowed between the fracture and the 
rock medium. Heat within the fracture was trans- 
ported by both thermal conduction and convection. 
Several values of thermal conductivity were used to 
study that effect, but all other parameters re- 
mained the same. 

Figure 3 shows the location of the thermal 
front represented by the 200-C temperature contour 
a f t e r  1.2 days of injection for  three of the cases 
(thermal conductivity 0.1, 1.0, and 5.0 J/s-m--C). 
The figure shows, a8 one would expect, t h a t  the 
higher the thermal conductivity of the rock, the  
less distance the thermal front advances radially 
along the fracture and the more it penetrates the 
impermeable rock medium. It is  clear that, even 
with conduction alone, a substantial retardation is 
observed i n  the advancement .of the front along the 
fracture. 

Figure 4 shows the cumulative areal velocity 
of the thermal front versus the thermal conductiv- 
i t y  of the rock matrix f o r  two values of t i m e .  
curves indicate that  there may be an exponential 
relationship between the thermal conductivity and 
the areal velocity of the front. 

The 

Figure 4 also shows that  the cumulative areal 
velocity of the thermal front is not independent of 
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Fracture spacing = IOm 

Figure 3. The position of the thermal front (the 
200.C contour) a t  t = 1.2 days for  different values 
of thermal Conductivity. Case of zero rock permea- 
bi l i ty .  [XBL 806-1335] 

time (or equavalently the  thermal front location) 
as one would expect fram a simple radial flow system. 
O'Neill (1978) also found t h i s  t o  be true for the 
one-dimensional case. 
plained when one considers the surface area of the 
fracture, through which conductive heat loss takes 
place as a function of time. 

This behavior can be ex- 

During injection, the 

1.0 2.0 3.0 4.0 5.0 6.0 
Thermal conductivity 

(J/ms.'C 1 

Figure 4. Thermal front cumulative areal velocity 
in  the fracture as represented by R2/t, where R is 
the radial position of the thermal front ( a t  200.C). 

[XBL 806-1 3361 

contact area between the injected cold water curd 
the fracture rock surfaces increases w i t h  time and 
consequently heat transfer also increases, retard- 
ing the movement of the thermal front. This Me.&.' 
non is of course much more drast ic  i n  the radial  
case than in  the l inear case. 

Rock Permeable t o  Fluid Flow 

When the rock medium is permeable, the injected 
water penetrates the medium as  well as  the fracture. 
The amount of water that  enters the fracture and 
the formation depends on their  respective transmis- 
s ib i l i t i e s .  The thermal omductivity of the rock 
was fixed a t  2.0 J/m-s-OC. 

Varying the permeability r a t io  between the 
fracture and rock medium, we studied several cases 
w i t h  the permeability of the fracture s e t  a t  10-10 
m2 or 100 darcies. 
r a t io  of l o 4  was used; i.e., the permeability of 
the rock was mz or 10 millidarcies. The cumu- 
la t ive areal velocit ies of the thermal fronts i n  the 
fracture and the rock for  t h i s  case are shown in' 
Figure 5. 
radial-flow system, the areal velocity again is ex- 
pected t o  be a constant. 
areal  velocity of the thermal front in the fracture 
is  more than one order of magnitude greater than  in  
the rock a t  ear ly  times. ?LS injection continues, 
the speed of the fracture thermal front decreases 
exponentially but begins to level off a f t e r  about 
10 days of injection. The rapid decrease i n  the 
areal  s p e d  of the thermal front in the fracture 
with time can be explained by the increasing thermal 
conduction and convection between the fracture and 
the rock medium. 

III the f i r s t  run a permeability 

For a simple constant-injection-rate 

This figure shows tha t  the 

The areal velocity of the thermal front in the 
rock, on the other hand, increases as injection 
proceeds, probably dw to cooling effects  fran the 
fracture fluids. Xowever, when the rock thermal 
front approaches the fracture thermal front, i ts 
speed decreases agajn. Mter  that, the fronts move 

h ,- .. A- = 2.0 J/m.s."C 
K,,= io4 

I d  I t I I 

0' IO' to5 IO6 107 

Time (seconds) 

Figure 5. Thermal front cumulative areal velocity. 
Two cuves  are shown for  the thermal front velocit- 
i n  the rock. The upper one corresponds to a con- L; 
stant  ver t ical  distance of 0.1 m from the horizon- 
t a l  fracture and the lower curve to 3.3 m fran the 
fracture. [XBL 805-9411 
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a t  virtually the same speed a t  a l l  times. The lack 
of data for  the areal velocity i n  the rock a t  early 
+:.ne8 is  due t o  the space discretization used i n  the 

y. We have defined the thermal front as the 

elements have not cooled down sufficiently t o  allow 
accurate determination of the location of the 2 0 0 ~  
isotherm. 

&d *C isotherm; and, a t  early times, the f i r s t  rock 

The most interesting characteristic of the 
curves shown i n  Figure 5 is the convergence of the 
different curves to each other, which means tha t  
the thermal front i n  the rock w i l l  catch up w i t h  
the thermal front in the fracture, and eventually 
they w i l l  advance together. Further studies w i l l  
be made to confirm t h i s  result. 

In the second run, w e  decreased the permeabil- 
i t y  r a t i o  t o  103. 
t o  the resul ts  of the case shown in  Figure 5, but 
the areal speed of the thermal front is less a t  a l l  
times, due to the increased permeability of the rock. 
Consequently, there is a relatively lower flow ra t e  
along the fracture. Figure 6 shows, i n  this case, 
the contour of the thermal front in the system a t  a 
number of times. A t  early times, the thermal front 
in the fracture is w e l l  ahead of the one i n  the rock. 
Eventually, however, the two fronts almost coincide. 
In this case, it is of interest  to note that a t  only 
23 m from the  injection w e l l ,  the thermal front in 
the rock has almost caught up w i t h  the front in the 

The resul ts  are basically similar 

fracture. 
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Figure 6. Contours of thermal front (2OOOC isotherm) 
a t  different t i m e s  for a permeability r a t i o  of 103. 

[XBL 805-70801 

ANALYTICAL WORK 

In order to verify our numerical results,  ad 
analytical study was performed. Lauwerier (1955) 
solved analytically the problem of the effect  of 
thermal conduction on the movement of the thermal 

in  a horizontal layer. In his model, u rier'assumed a steady l inear f luid flow i n  a 
horizontal layer of thickness ti, bounded by i m p e r -  
meable, thermally conductive medium on both sides. 

Grinqarten and Sauty (1975) adopted Lauwerier's 
solution fo r  radial flow and obtained the following 
expression fo r  the f luid temperature in the hori- 
zontal layer a 

-1/2 
To - =w 
To- Ti 

A l l  of the parameters i n  equation 1 are  defined in 
Table 2. 

Table 2. Parameters used'in analytical work. 

Density of solids, Ps 

Heat capacity of solids, Cg 

Density of water, PW 

Heat capacity of water, % 

Thermal conductivity of rock, 0.001-100-J/~-s-OC 

2650 kg/$ 

1000 J/kg-.C 

800 kg/& 

4200 J/kg-.C 

Density of rock, PR 2 50 Okg@ 

H e a t  capacity of rock, CR 800 J/kg-'c: 

Fracture aperture, h 0.001 m 

Flowrate, q 

Porosity, 4 

1.25 10-4 dls 

0.40 

By defining the thermal front as 

one can derive an expression for  the advancement of 
the thermal front: 

The f i r s t  te rm on the right side of equation 3 
denotes the advancement of the thermal front in a 
fracture when no conductive medium is present 
(Bodvarsson, 1969). The second term on the r ight  
side of t h i s  equation denotes the effect  of thennal 
conduction on the movement of the thermal front 
along the fracture. 

. 

Using the parameters shown in  Table 2, the 
curves shown in Figure 7 were generated. 
shows tha t  a t  early times the thermal f ront  advances 
along the fracture a t  a constant r a t e  corresponding 
t o  the first term i n  equation 3. Later on, however, 
the areal velocity movement of the thermal f ront  
along the fracture rapidly decreases due to the 
effect  of conductive heat transfer from the rock to  
the fracture fluids. 
ductivity, the sooner the curve divides fran the 
mother curve. It is of interest  to  note that,  fo r  

Figure 7 

The higher the thermal con- 
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Figure 7. 
the fracture based an Lauweriers (6) model. 

Areal velocity of the thermal front in  

[XBL 809-2773] 

a reasonable value of the thermal conductivity 
(2.0 J/m-s-OC), the areal velocity of the thermal 
front i n  the fracture a t  a radial distance of 100 m 
is only about 10-7 m2/s. 
w i t h  resul ts  from our numerical studies. 
shows the effects  of the fracture porosity on the 
movement of the thermal f ront  in the case of thermal 
conductivity of a = 103/~-~-0c. 
the porosity of the fracture does not significantly 
affect the areal velocity of the thermal front a t  
any time. 

This corresponds w e l l  
Figure 8 

AS the figure shows, 

SUMMARY AND DISCUSSION 

We have studied the movement of the thermal 
front (200OC isotherm) when l O O O C  w a t e r  is injected 
into a 300OC reservoir containing equally-spaced, 
horizontal fractures. 
studied using the numerical simulator COC: 
the effect  of heat conduction on the movement of 
the thermal front through horizontal fractures i n  
impermeable rocks, and second, injection into a 
permeable reservoir w i t h  horizontal fractures. 

Two basic problems w e r e  
first, 

Figure  8. 
movement of the thermal front i n  the fracture. 

The effects of fracture porosity on the 

[XBL 809-2771] 

When cold water is injected into a fracture i n  
impermeable rocks, heat transfer by conduction from 
the rock medium to the fracture w i l l  heat the wa 
and thus retard the movement of the thermal f r o n u  
the fracture. The larger the coefficient of thermal 
conduction of the rock, the more the advancement of 
the front w i l l  be retarded. If no thermal conduc- 
t ion takes place, the thermal front i n  the fracture 
w i l l  advance a t  a constant rate (R2/t). 

When cold w a t e r  is injected through a w e l l ,  
intersecting horizontal fractures i n  a permeable 
medium, both convective and conductive heat transfer 
take place, with the injection f luid permeating into 
the rock medium from the fractures. The results 
indicate that, although the thermal f ront  i n  the 
fracture advances a t  a much higher rate than the one 
i n  the rock a t  early times, it slows down rapidly as 
injection proceeds, and eventually the two f ronts  
coincide and advance together. In other words, a t  
some distance away frum the injection w e l l ,  the  
thermal f ront  w i l l  be uniform over the Wckness  of 
the reservoir and the system w i l l  behave as i f  the 
fracture does not exist. This distance depends on 
many factors such as the permeability ratio between 
the fracture and the rock m e d i u m ,  the fracture spar 
ing, the thermal conductivity of the rock and the 
aperture and porosity of the fractures. 

The resul ts  presented i n  t h i s  paper form an 
important basis for  understanding a fractured per- 
meable system w i t h  production and injection wells. 
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LBL STUDY OF THE VALLES CALDERA GEOTHERMAL RESERVOIR 

Overview 
C. F. Tsang 

A 50-MW geothermal power plant is currently 
being designed for  the Baca s i t e  i n  the Valles 
Caldera, New Mexico, as  a joint  venture of the 
Department of Energy (DOE), Union O i l  Company, and 
the Public Service Company of New Mexico. 
over 20 wells have been dr i l led  a t  the s i t e ,  and 
the data from these wells indicate the presence of 
a high-temperature, liquid-daninated geothermal 
reservoir. 
rently acting as  a technical advisor to  the DOE 
Geothermal Demonstration Project Office for  the 
development and u t i l i za t ion  of this geothemal 
resource. 
of work statements, data compilations and analyses, 
technical report-and conclusions, as w e l l  as  par- 
t ic ipat ion in  meetings to  review power plant design. 
Furthermore, we are to study the thermohydraulics 
of the geothermal reservoir a t  the Baca s i t e  using 
state-of-the-art modeling techniques. 

To date, 

Lawrence Berkeley Laboratory is  cur- 

Our work includes techniical evaluation 

It is important to the developers and the 
financial community tha t  reliable estimates be made 
of the mass of hot water (capacity) within a geo- 
thermal reservoir and the length of time (longevity) 
the reservoir can supply steam for  a power plant a t  
a given rate. Although many modeling and other 
techniques have been developed fo r  making these 
estimates, the i r  r e l i ab i l i t y  is  yet t o  be prwed i n  
a large-scale experiment- such as the demonstration 
project a t  the Baca site. Our approach therefore, 
is to model t h i s  reservoir and t o  estimate its ca- 
pacity and longevity a t  several key stages of the 
project. A t  each progressive stage, we w i l l  make 
use of the best information available to evaluate 

to determine the re l iab i l i ty  of the modeling 
revise our estimates. Fran these effor ts  we Bk capabili t ies currently available to the geothermal 

industry and the accuracy of the estimates. 

Such a program is  being carried out by a m u l t i -  
disciplinary group of LBL geologists, geophysicists, 
reservoir engineers, geochemists, and mechanical 
engineers. 
lyzing, and understanding the available data, the 
construction of an appropriate geological model, 
and the modeling of the geothermal reservoir under 
a given exploitation scenario. 
voir capacity study was made l a s t  f i sca l  year. In 
the current  f i sca l  year, the major resul ts  of the 
work have been the development of a geological and 
geophysical model, and a sensit ivity study of the 
longevity of the Baca geothermal reservoir. 

We work together in assimilating, ana- 

A preliminary reser- 

Development of a geological and geophysical model of the 
Valles Caldera geothermal reservoir 
S. Vonder Haar and M. J. Wilt 

The geological and geophysical model of the 
Baca f i e ld  and the surrounding portions of the 
Valles Caldera was refined during 1980. New ideas 
on the role of fault-controlled fracturing and de- 
tails of the stratigraphy p e r m i t  better definition 
of the reservoir. 
for computerized reservoir simulation (Bodvarsson 
e t  al., 1980). 

GEOLOGY 

This new-geological model is used 

The Baca geothermal area occurs at the inter- 
section of two major tectonic features--the NS- 
trending Rio Grande graben and the NE-SW-trending 
Quaternary volcanic lineament that  extends into 
Arizona (Fig. 1) (Bailey and Smith, 1978). Well 
locations are shown in  Figure 2, which also indi- 
cates the rugged topography tha t  makes geophysical 
f i e ld  studies and subsequent interpretations rela- 
t ively diff icul t .  
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Figure 1. 
f i e l d  i n  north-central N e w  Mexico. 

Location map of the Baca geothermal 
[XBL 807-7259] 

CONTOUR INTERVAL 1000 FEET 

4 ABANDONED WELL 

GEOTHERMAL TEST WELL 

0 

0 2 4 6  
1-1 KILOMETERS 

d A A 4  MILES 

AS OF DECEMBER 1979 

Figure 2. W e l l  location map for the Baca f i e l d  i n  
Redondo Creek Canyon of Valles Caldera. 

[XBL 799-1 1549Al 

Stratigraphy fo r  the Baca area has been w e l l  
defined from borehole cuttings and is  summarized 
in  Figure 3 and Table  1. 
five-layer model fo r  computerized reservoir sim Q 
tions. Layer 1: Caldera f i l l ,  Redondo Creek Rhya 
l i t e ,  and the upper portion of the Bandelier Tuff 
down to a chosen temperature horizon corresponding 
t o  the top of the reservoir. Layer 2: the lower 
segment of the Bandelier TuffI which is the major 
fracture-controlled reservoirI as determined by 
Union O i l  geologists. Layer 3: Paliza Canyon vol- 
canics, a fractured reservoir unit. Layer 4: the 
mixed Tertiary sands and older shales, sandstones, 
and limestones (this layer is po ten t id ly  a major 
production reservoir and is  probably a significant 
storage reservoir). Layer 5 :  presumed t o  be the 
granite basement but may also include highly m e t a -  
morphosed sedimentary units. 

W e  propose the followin- 

Some downhole geophysical logs suggest t ha t  
t h i s  five-layer model could be further subdivided. 
In  w e l l  Baca-13 a t  a depth of 4880 f t ,  there is a 
s h i f t  i n  the SP and wnducti$ty curves tha t  may 
indicate a temperature or  mineral zonation within 
the Bandelier resezvoir. An SP and r e s i s t i v i ty  
s h i f t  in w e l l  Baca-18 a t  a depth of 1285 f t  could 
represent a hydrothermally densified zone or  a ther- 
mal imprint during tuff emplacement within the Ban- 
delier caprock. Epidote, pyrite, and wairakite are 
hydrothermally precipitated minerals found i n  the 
Baca w e l l s  that  should eventually provide detai ls  
on the thermal history (Lambert and Epsteh, 1980). 

QUATERNARY 

OVATERNARY 

?UOCENE 

YIOILIDCINE 

ERMIAN 

CARBMllFEROUS 

WtRLUUBRlAN 

Union, 1978). [XBL 799-2904] 
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Table 1.  D a t a  for  BACA geological Model 

c 
Elevation Difference Top of Top of Top of sedi- Bandelier Bandelier Paliza 
above sea Total O F  a t  O F  a t  i n  OF F i r s t  Base of Paliza rnentary uni ts  caprock reservoir Canyon 
level  depth 3000' 6200' 3000-6200' 450.F caprock Canyon (TU, PU, PC) thickness thickness thickness 

W e l l  (ft) ( f t )  ASL" Am, ASL f t  ASL f t  ASL f t  ASL f t  ASL (ft) (ft) (ft) 

B-4 

B-5A 

B-6 

B-7 

B-8 

B-9 

B-10 

B-1 1 

B-12 

B-13 

B-14 

B-15 

B-16 

Bond 1 

B-1 

B-2 

B-3 

B-17 

B-18 

B-19 

9318 6376 

9290 6973 

8726 481 0 

8724 5532 

863 1 4384 

8640 5303 

8734 6001 

9065 693 1 

8429 9212 

9292 8228 

8605 6824 

9117 5505 

9622 7002 

590 

320 
@ 3400' 

540+ 
@ 4000' 
465 

@ 3300' 
570+ 

@ 4400' -- 
520 

570 

470 

515 

470 

540 
@ 3800' 

570 

490 

290 

440 

390 

480 

I- 

445 

485 

355 

460 

320 

490 

435 

8700 3675 -- 3 50 

8420 2560 -- --- @ 5820' 

8480 4726 -- 415 

8420 2200 --- 390 

9361 62557 --- 2337 

8735 52801 348 2807 

9119 56197 --- --- 

@ 6920' 

I 6 6 2 0 '  

@ 34857 

i oa 

30 

1 oo+ 

75 

90+ 

--- 
75 

85 

115 

55 

150 

50+ 

135 

-- 
--- 
I- 

--- 
--- 

68+ 

-- 

7300 

7300 

6500 

62 00 

6300 

e-- 

5800 

6100 

6075 

6300 

4900 

6520 

6250 

-I- 

---- 
---- 
---- 
---- 
65357 

---- 

3338 < 2942 

2690 < 2317 

< 3916 < 3912 

NO Tp 5424 

Nom 553 1 

3515 2805 

3625 2500 

1969 854 

3580 1202 

2805 2465 

3900 < 3612 

4062 2742 

-e-- ---- 

2018 3962 ---- 
1990 4610 -e- 

2226 e-- ---- 
--- 2524 776 

2934 2285 710 

2965 2475 1125 

2354 41 06 1115 

2992 2720 2378 

3705 2095 340 

2597 2620 

3372 2188 1320 

---- 

---- ---- ---- 

Abwe sea level. 
Source: Union, 1978. 
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0 I Mile 

To understand the reservoir geometry, various 
contour maps (Fig. 4)  and cross sections (Fig. 5 )  
have been made from w e l l  data provided by h i o n  O i l  
(1978). The temperature map (Fig. 4 )  indicates tha t  
well 5A i s  abruptly cut off from the main producing 
wells to the north. This is a strong suggestion of 
a fault. 
several prominent horizons found i n  the Baca reser- 
voir. 
has a s l ight ly  domal upper surface, the base of the 
Bandelier caprock, that is underlain by Paliza vol- 
canic and sedimentary units. In  the southern half 
of the f ie ld ,  the reservoir center dips gently t o  
south-southwest. The absence of Paliza volcanics 
i n  wells Baca-7 and Baca-8 indicate that  the reser- 
voir to the northeast consists of Bandelier under- 
la in  by sedimentary units. Further well tes t ing is  
needed t o  c lar i fy  the role of t h i s  important s t ra t i -  
graphic discontinuity on reservoir productivity. 

Figure 6 is a three-dimensional view of 

This figure indicates that the Baca f i e ld  

-9ooo 

7000 

-5OOo= 

B 
- 3 O o o 2  

0 

:I000 f 
> 

GEOPHYSICS 

0 -  a -  u - - Y -  - 

- 

Thermal models for  the Valles Caldera by 
Kolstad and McGretchin (1978) predicted tha t  the 
top of the original magma chamber may have been 
within 5 km of the surface 1.1 million years ago 
and may have extended outside the ring fracture 
zone. 
data cannot confirm the present-day existence of a 
magma chamber a t  Baca. Gravity data indicate a 
40-50 mgal gravity minimum over the Valles Caldera, 
but t h i s  is more logically explained by a great 
thickness of caldera f i l l  and l ighter volcanic units 
rather than a deep, extensive magma chamber. Pre- 
liminary modeling of t h i s  gravity, using densities 
and layer boundaries from well logs, indicates a 
thickness of up to 5 km of caldera f i l l ,  volcanics, 
and older sediments. 
major t?E-sw faul t ing immediately west of &dondo 

Our interpretation of existing geophysical 

The gravity data also indicate 

c 
-9Ooo 1: 

-7OOOW 

al - 

-5ooo 

-3Ooo 

1000 

VALLES CALDERA 
A SAN AWTONIO YOUHAIN 

Figure 4. 
level within the Baca reservoir from downhole 
temperature logs. 
centered around well 11. 

Temperature in O F  a t  6200 f t  above sea 

Note the high-temperature zone 
[XBL 807-72431 

8-4 

NE 
8-13 6-16 

Figure 5. Stratigraphic cross section i n  the Baca reservoir 
showing the possible steam cap and steam zone. See Figure 2 
for  well locations. [XBL 791 2-1 3472 I 

w 



Peak and show evidence of normal fault ing near 
Redondo Border, which lies w e s t  of the producing 
- 'old a t  Redondo Creek. Gravity measurements there- 

graben. 
u e  provide some definit ion to the Redondo Creek 

Geophysical data are used t o  define the areal 

Telluric prof i le  and magneto- 
extent of the reservoir and t o  determine the con- 
t rol l ing structure. 
t e l l u r i c  sounding measurements performed by 
Geonomics (1976) are  very helpful i n  estab€ishing 
boundaries t o  the geothermal f i e l d  and i n  locating 
areas of low re s i s t i v i ty  related t o  fracturing. 
Figure 7 shows the location of two telluric prof i le  
lines. Figure 8 shows the results of measurements 
along one of these lines. 
prof i le  measurements, the maximum N-S extent of the 
reservoir is  5-6 km. Shalloy temperature data cor- 
re la te  w e l l  with these boundaries, beginning near 
station 12 and extending t o  s ta t ion 29 (Fig. 7). 
The two low-frequency t e l l u r i c  prof i le  plots, which 
are sensitive t o  the rock units buried a s  deeply a s  
5 km, indicate that  the region between stations 20 
and 26 has the lowest r e s i s t i v i t i e s  a t  depth. This 
area corresponds to the zone of best  steam produc- 
t ion i n  the Redondo Creek area. Telluric profiles 
D-D' and H-8' (Fig. 7 )  both suggest the presence of 
a discontinuity eas t  of the Bond-1 w e l l  that may 
indicate a western boundary t o  the reservoir. A 
similar discontinuity i s  evident along prof i le  0 4 '  
(Fig. 71, along which w e  can place an eastern boun- 
dary t o  the reservoir. 
four possible reservoir boundary crossings, which 
is certainly inadequate for  outlining the to t a l  ex- 
tent  of the f i e l d  but does provide constraints for  
any reservoir models. 

As defined by t e l l u r i c  

These data then indicate 
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BASf Of CAPROCK 

sw 
Figure 6. A three-dimensional computer model of 
key surfaces i n  the Baca f i e l d  useful for reservoir 
simulation. Baca w e l l s  8 and 13 shown as location 
marker, other w e l l s  shown by black dots. Note the 
absence of Paliza volcanics i n  the northwestern por- 
hion of the f i e l d  near w e l l  8 and the relatively 
uniform dip of Z O O  t o  the south-southeast of each 
of the surfaces. [XBL 801 1-64241 

p ! ?  
Scale(km1 

Deep w d l a  
Ring fracture mrn 
Rhyolitic domes 
Fault system 

HOI rerirw~r boundorr 

Figure 7. 
temperature g raaen t s  (*C/lOO f t ) ,  geophysical survey l ines  
(e.g., A-A'), specific faul ts ,  and the estimated hot reservoir 
boundary. [XBL 7912-133491 

Base map of the Valles Caldera showing shallow 
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Figure 8. 
telluric profiles al.cntg survey l i ne  B-B'. 

Shallow temperature gradients and 

[XBL 7912-133501 

Magnetotelluric soundings taken in  Eedondo 
Creek, Alamo Canyon, and Sulfur Creek indicate t h a t  
the regions of low re s i s t i v i ty  a t  depth ate very 
localized and tha t  the Baca region in general has 
high resist ivity.  low-resistivity zones a t  depth 
have been identified near w e l l  13 i n  Redondo Canyon, 
i n  Sulfur Creek, and i n  Valle Seco. Station cover- 
age is inadequate, however, t o  map the dimensions 
of these zones accurately. me-dimensional models 
of the YIT sounding data i n  Redondo Creek generally 
show a three-layer section (Fig. 9 ) .  The top layer 
is low-resistivity Caldera f i l l ,  which is locally 
very l o w  near zones of hydrothermal alteration. A t  
300 m o r  so i n  depth, the high-resistivity upper 
portions of the Bandalier Tuff are evident. Resis- 
t i v i t i e s  for some soundings are 500 ohm-m o r  more in 
t h i s  unit, indicating low porosities. Within the 

100.0 I * . .....' I ' . ' . " ' . I  7 . - . . .  
MT STATION 12 

C /--*--- 1 

c 

a 

2.94i-L-m - 210m 
-4O?Om] 19.1 730n-m I 

4 

-01 4 .I 1.0 10.0 100.0 

Period T (KC) 

Figure 9. 
netotelluric sounding a t  Baca. 

Sample layer m o d e l  inversion of a mag- 
[(BL 812-2619] 

lower unit  of tuff ,  several soundings have located 
anomalously l o w  res is t ivi ty ,  beginning a t  about 1 km 
i n  depth. This deep low-resistivity zone i n  Redor%= 
Creek i s  very localized and corresponds remarkab 
with one area of good steam production. Beneath 
Bandalier Tuff, MT soundings generally indicate a 
s l ight ly  less resis t ive formation 100-200 ohm-m, 
which corresponds t o  Mesozoic rocks and perhaps to 
Precambrian basement. 

PLANS FOR 1981 

g, 

A l l  available data w i l l  be used t o  develop 
several possible reservoir m o d e l s  for simulation 
studies. In addition to the 40-kmz model that w e  
have been using, we w i l l  investigate ( 1 )  a region 
defined by the ring fracture zone, ( 2 )  an area ex- 
tending 5 km t o  the north and northeast from w e l l  
Baca-13, and ( 3 )  the "proven reservoir" centered 
around w e l l  Baca-4, 15, 11 ,  and 13. A l l  of these 
models w i l l  s a t i s fy  constraints provided from geo- 
logical and geophysical data. 

Additional two-dimensional modeling w i l l  be 
done with magnetotelluric and gravity data i n  an 
e f fo r t  to provide more information relating t o  the 
boundaries of the deep low-resistivity zone in 
Redondo Creek. Finally, w e l l  log information w i l l  
be used i n  providing r e s i s t i v i ty  and density for 
modeling studies. 
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Longevity of the Baca geothermal reservoir-A sensitivity 

C z B o d v a r s s o n  and C. F. Tsang 

The Baca geothermal reservoir is located in 
the Valles Caldera, New Mexico, about 55 miles 
north of Albuquerque. 
California and the Public Service Company of New 
Mexico are developing the field. To date, over 20 
geothermal wells have been drilled in the Valles 
Caldera, varying in depth from 2000 to over 9000 ft 
(Union Oil et al., 1978). Six of the wells have 
been drilled in the Sulfur Creek area, the remainder 
along Redondo Creek (Fig. 1). 

The Union Oil Company of 

In an earlier investigation, studies were made 
of the reservoir capacity and longevity. The res- 
ervoir capacity was estimated by volumetric calcu- 
lations using existing geological, geophysical, and 
well data. The longevity of the field was calcula- 
ted based on a power output of 50 MWe, by a two- 
phase numerical simulator (SHAFT79). 

The purpose of the present study is to deter- 
mine the sensitivity of our longevity estimates to 
the mesh and the relative permeability curves used 
in the simulations. 

PREVIOUS WORK 

Reservoir Capacity 

As reported by Bodvarsson et al. (19791, we 
have estimated the volume of hot water contained in 
the reservoir (reservoir capacity). The parameters 

$ 3 5  b 

c 

D n p  ..II. 
4 RinpImchn*Iw * RydlllS da. - h u l l  q r l * m  -- not INe,'lDl, bwoundory 

Figure 1. 
shallow temperature graaents (*F/lOO ft) 

Base map of the Valles Caldera showing 
geophys- 

cal survey lines (e.g., A-A'), specific faults, ccscc nd the estimated hot reservoir boundary (Grant, 
19778 Union Oil et ale, 19781 Counsil and Ramey. 
1979). [XBL 7912-133491 

needed to calculate the reservoir capacity are the 
areal extent of the hot water zone and the average 
thickness and porosity of the reservoir. 
extent of the hot-water zone was estimated from 
geological information, well data, and shallow 
thermal-gradient contours. These data are supported 
by geophysical data. Figure 1 shows the estimated 
areal extent of the Baca Reservoir (broken lines). 
An average porosity-thickness product f#i) was esti- 
mated to be 100 ft (Union Oil et al., 1978). Conse- 
quently, a reservoir capacity of 2.2 x 10-12 ~b of 
hot fluids was obtained. 

The areal 

Reservoir Longevity 

The longevity of the Baca field was studied 
using the two-phase simulator SHAFT79 (Pruess et 
al., 1979). The rese'rvoir was simulated by a basic 
rectangular mesh with overall dimensions correspond- 
ing to the estimates given above (Fig. 2). For 
reasons of symmetry, we modeled only half of the 
system. Instead of simulating individual wells, 
the fluid was produced uniformly over one node re 
resenting half the well field (assumed to be 1 km 1. 
The parameters used in the simulations were: 

8- 

Constant flaw rate 

Rock heat capacity 

Permeability thickness 

Thermal conductivity = 2.0 J/S-UI-.C 

Porosity thickness 

Initial pressure 

Initial temperature Ti = 300- 

Qt = 330 kg/s 

Cv * 950 J/kg-*C 

kH = 6000 mD-ft 

@H = 100 ft 

Pi = 110 bars 

The relative permeability equations were given by 
Corey (Faust and Mercer, 1979) (Table 1). The 
residual liquid and steam saturations were fixed at 
0.30 and 0.05, respectively. 

We studied five cases using a constant mass 
flow rate. The value was based upon the amount of 
steam theoretically required for a SO m e  power 
plant and a constant value of the mass fraction of 
steam in the separators (Union Oil et al., 1978). 
Five cases were studied: a bounded reservoir. an 
infinite reservoirr and three injection cases. m c h  
case was run until the pressure In the production 
node dropped below the designed wellhead pressure 
of 10 bars (Union O i l  et al., 1978). The longevity 

The Mesh Used In ?he Simulation 

1 2  
P: pmduction d e  
I : injectionnode Scale (km) 

Figure 2. The mesh used in the longevity study €or 
mclosedm reservoir cases. [XBL 7912-13354] 
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Table 1. Relative permeability equations 
(plots are  shown i n  Figure 4 ) .  

Corey's curves: 

l - s m - s  
s* = 1 - sm - srs 

Grant's curves: 

s < sm 

s L sm 

Counsil and Ramey's curves: 

s - 0.20 s > 0.20 
krs = { o*80 

s 5 0.20 

of the f i e l d  was i n  each case defined as the t h e  
it took t o  reach the pressure of 10 bars. 
sults are  given i n  Table 2. 

Sensitivity Study 

Zhe r e  

Two important factors m u s t  be considered when 
modeling two-phase flow i n  geothermal reservoirs-- 
the mesh-dependence of the results, and the degree 

Coarse mesh 
Fine mesh 

90------1 

1 
0 1 . .  , . . a  I . . . .  1 
0 1 2 3 4 5 6 7 8 9 1 0 1 1 1 2  

Time (years) 

Figure 3. Mesh dependence: pressure behavior i n  
production node. [XBL 807-7248] 

of dependence by the results on the specified rel- 
at ive permeability curves. 
study t o  determine the sensi t ivi ty  of our resul ts  
t o  these factors. 

W e  conducted a brief 

For t h i s  purpose, a new, finer mesh was con- 
structed t o  determine the sensit ivity of the results 
t o  the mesh i n  the simulations. The fine mesh con- 
sists of 81 elements, each element having a volume 
four times smaller than the corresponding element 
i n  ear l ier  simulations (Fig. 2).  The production 
element, however, remained the same size. Using 
the f ine mesh, w e  studied the case of a constant 
mass flow rate  with closed reservoir boundaries 
(case 1 ) .  Figure 3 compares the fine and coarse 
mesh resul ts  for the pressure behavior i n  the pro- 
duction node. Although the two  curves are  quite 
similar a t  early times, the curve corresponding t o  
the fine mesh is shifted about 2 bars above the 
curve corresponding t o  the coarse mesh. 

To explain t h i s  behavior, l e t ' s  consider the 
f ine mesh. 
node undergo phase transit ion ( t o  a two-phase con- 
dit ion) a t  an earlier t i m e  than the larqer nodes i n  
the coarse mesh. Consequently, steam flows into 

The nodes adjacent t o  the production 

Table 2. Summary of cases and primary results. 

Conditions a t  the end of the run 

Boundary Time Pressure Temp. Vapor 
Case Flow r a t e  conditions Injection (yr) (bars) O C  satuation 

1 Constant Closed None 7.4 10 237 1.0 
2 Constant "Infinite" None 9.6 10 214 1.0 
3 Constant Closed 4 km to NW 12.9 10 180 0.99 
4 Constant Closed 1 km t o  NW 13.7 10 180 0.91 
5 Constant Closed 1 km t o  NE 14.0 10 180 0.87 
6 Variable Closed None 25 10 214 1.0 
7 Variable Semi-infinite None 26 10 213 1.0 
8 Variable "Infinite" None 35 10 185 1.0 
9 Variable Bounded with None 50 10 180 0.48 

a fau l t  
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Figure 4. Relative permeability curves used in the 
study. [XBL 807-7250] 

the production node at an earlier time. This lm- 
plies that for fine mesh less boiling is required 
in the production node at any given time, resulting 
in a smaller pressure drop; however, the higher 
steam flow into the production node causes higher 
vapor saturation at any given time in the node, so 
that superheated conditions are reached earlier. 
Therefore, in terms of .longevity, the coarser mesh 
gives results that are slightly more optimistic 
(increased longevity). 

To study the effects of the relative permeabil- 
ity curves on our results, we used curves suggested 

90 I I 

Vapor saturation 

by Counsil and Ramey (1979) and Grant (1977), in 
addition to the Corey curves. 
and Ramey are based on experimental results over a 
small range of vapor saturation (0.20 < S < 0.30). 
For our simulation studies, these data were linear- 
ly extrapolated over the full range of saturation. 
The curves developed by Grant t 1977 
data from the Wairakei geothermal field. 
relative permeability corresponds to the fourth 
order Corey equations, but the steam phase is con- 
siderably more mobile. 
for the curves in this study are given in Table 1; 
the curves are illustrated in Figure 4. 

The curves by counsil 

are based on 
The liquid 

The mathematical expressions 

Figure 5 shows pressure behavior at the produc- 
tion node for case 1 and different relative permea- 
bility curves. The figure shows that longevity 
(the time when pressure falls below 10 bars) is 
essentially unaffected by a specific relative per- 
meability curve. 
Counsil and Ramey's curves lie at all times below 
those results based on Corey's equations. 
expected, since the mobilities of the steam and the 
liquid are generally less for Counsil and Ramey's 
curves. At early times, the pressure behavior 
based on Grant's curves is less than in the case of 
Corey's curves because more steam is produced; con- 
sequently, more boiling occurs in the production 
node. Cne must remember that the mass ratio of 
steam and liquid produced depends on the relative 
permeability curves. 
curves, however, the longevity is slightly higher 
because of the much more mobile steam phase. 

The pressure plots based on 

This is 

In the case that uses Gr'ant's 

In addition to the runs shown in Figure 5, a 
couple of runs were made using modifications to 
Counsil and Ramey's. In the first run, the steam 
was made immobile at a vapor saturation of 0.60, 
but the relative permeability of the steam In- 
creased linearly, becoming fully mobile at a vapor 
saturation of 1.0. The results agreed very closely 
with the original run based on Counsil and Ramey's 
curves, indicatihg that the steam relative permea- 
bility curve may not be very important for t h i s  
problem. 

tions were fixed at 0.60 and the curves were again 
linearly extrapolated to become fully mobile at a 
vapor saturation of 0.0. 
ity incmased to almost nine years. 
mobility of the water phase causes considerably 
more liquid to enter the production node; conse- 
quently, the longevity increases. 

~n the second case, the residual water satura- 

In this case, the longev- 
The increased 

The effects of the relative permeability 
curves on longevity were studied in relation to a 
variable mass flow rate. Counsil and Ramey's curves 
were used. 

The results compared 
quite well--a longevity of 23 years was obtained for 
the Counsil and Ramey case, compared to 25 years for 
the Corey case (Grant, 1977). 

+e results were compared to those re- 
.suits based on Corey's curves. 

CONCLUSIONS 
Time (years) 

h., 
Figure 5. Effects of relative permeability curves. 

[XBL 807-7249] 

In studying the sensitivity of our longevity 
estimates, we have found that the results are mesh- 
dependent to some degree and that the longevity 
values obtained by using the coarse mesh may be 
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s l ight ly  optimistic. 
permeability curves suggested by Counsil and Ramey 
and by Grant, seems t o  indicate tha t  the resul ts  
are  not very sensitive to the particular re la t ive 
permeability curves chosen. 
mobility of the liquid phase. 
increase considerably i f  re la t ive permeability 
curves are  employed where the liquid phase is more 
mobile than in  the curves tha t  we have used. 

A brief study, using relative 

The key factor is the 
The longevity may 

REFERENCES CITED 

Bodvarsson, G. s., Vonder mar ,  s., w i l t ,  u., and 
Tsang, C. F., 1979. Preliminary estimation of 
the reservoir capacity and longevity of the 
Baca geothermal f ie ld ,  New hxico .  
Sciences Division Annual Report 1979, Berkeley, 
Lawrence Berkeley Laboratory, IBL-10686. 

Earth 

Counsil, F. R., and Ramey, 8. J., 1979. Drainage 
relat ive permeabilities obtained from steam- 
water boiling flow and external gas drive 
expeziments. Transactions, Geothermal 
Resources Council, V. 3, p. 141-143. 

Faust, C. R., and Mercer, J. W., 1979. Geothermal 
reservoir simulation--numerical solution tech- 
niques for  liquid- and vapor-dominated hydro-? 
thermal systems. Water Resources Research, 
V. 15, no. 1, p. 31-46. 6.' 

Grant, M. A., 1977. Permeability reduction factors 
a t  Wairakei. 
Heat Transfer Conference, Salt Lake City, Utah, 
August 15-17, 1977. 

Paper presented a t  AIChE-ASME 

Pruess, K., Zerzan, J. H., Schroeder, R. C., and 
Witherspoon, P. A,, 1979. Description of the 
three-dimensional two-phase simulator SEAFT78 
for use in  geothermal reservoir studies. 
presented at  meeting of Society of Petrolem 
Engineering, Denver, Colorado, February 1-2, 
1979. 

Paper 

Union Oil Company of California and Public Service 
Company of New Mexico, 1978. Geothermal 
Demonstration Plant. Technical and Wanagement 
Proposal to WE. 

RESERVOIR EVALUATION OF KLAMATH FAUS, OREGON 
M. T. O'Brien and S. M. Benson 

Research ac t iv i t ies  i n  f i sca l  1980 focused on 
a detailed geologic study of three wells i n  the 
Klamath Fal ls  known geothermal resource area (KGRA), 
i n  south central Oregon. 

Extensive use of the low-temperature geother- 
m a l  resource is ongoing in  the Klamath Falls area 
(Fig. 1). The resource is used for  small-scale 
industrial  and domestic use. More than 400 wells 
w i t h  a temperature range of 100-235OF (38-112OC) 
are  extracting heat from the reservoir, using a 
downhole heat-exchanger system. In 1979 the c i ty  
of Klamath Falls began a c i tywide d i s t r i c t  heating 
project. 
buildings and approximately 100 residences. 
supply of approximately 700 gpn of 220.F geothermal 
f luid is required (U.S.G.S., 19788 Benson et  al., 
1979) t o  meet the peak heating load. Based on the 
success of Phase I and the feas ib i l i ty  of pumping 
m r e  f luid from the reservoir, the project w i l l  be 
expanded to heat the en t i re  downtown d is t r ic t .  
Expanded use of the reservoir will require an 
accurate prediction of long-term effects  of pumping 
large quantit ies of f luid from the reservoir. 
mating the potential f lu id  flow from the reservoir, 
requires construction of a geohydrologic model of 
the geothermal reservoir. Cne necessary s tep is t o  
describe the subsurface geology. The research ac- 
t i v i t i e s  for  f i s ca l  1980 concentrated on the l i th -  
ology, mineralization, and preparation of a general- 
ized geologic cross section. 

Phase I includes heating 14 government 
A 

Esti- 

This study focused on the portion of the E R A  
within the c i ty  of Klamath Falls and did no t in -  
clude the geothermal area of Olene Gap and Klamath 

Hills (see Fig. 1). Complete results are  reported 
in  O'Brien et  al. (1981). Here, the lithology and 
previous well tests are  summarized. 

Figure 1. 
i ca l  features, south-central Oregon. 

Klamath Fal ls  area and major g e o q r a u  

[XBL 801265691 
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GEOLOGY 

b.i The Klamath Falls KGRA is part of the horst 
and graben structure of the Basin and Range prov- 
ince. Large grabens form Upper and mwer Klamath 
Lake basins and Swan Lake-Langell Valleys. 
a re  flanked by steeply dipping, normal fau l t s  
s t r iking N25-3%. 
importance trend north-south and northeast-southwest. 
The dip is nearly ver t ical  in places such a s  Rattle- 
snake Point. Offset ranges up t o  1000-1600 f e e t  
(300-500 m). The c i ty  geothermal area o c d s  adja- 
cent t o  the fau l t  margin of an uplifted block, east  
of the Upper Klamath Lake graben. 
geology has been described by Peterson and MacIntyre 
(1970) and more recently, Gammel (1980) has reported 
on the hydrogeology. 

,They 

Other f au l t  systems of lesser 

The regional 

Three dominant rock units crop out i n  the 
Klamath Falls area: a basalt ic flow sequence(s1, 
white tuff and tuffaceous s i l ts tone,  and volcanic 
sediments including basal t ic  breccia. The basalt ic 
flow(s) are medium grey, vitreous, and aphanitic t o  
fine-grained crystalline. 
s i t i c  flows. Some outcrops are  massive and include 
plagioclase phenocrysts up t o  4 mm i n  length. Many 
locations have basalt ic flaws tha t  are  vesicular t o  
scoriaceous. Jointing i s  widespread and is present 
i n  flaws south of and along the east  shore of Upper 
Klamath Lake. The white t o  buff tuffaceous uni t ( s )  
are  vitreous w i t h  black inclusions (hornblende?) 
and glass shards. The tuff is very fine grained 
and readily breaks down t o  clay sized grains. 
is very porous and poorly t o  moderately consolida- 
ted. Often the tuff is underlain by volcanic sedi- 
ments and basalt ic breccia and has a few thin units 
of interbedded basalt ic pebbles or l ap i l l i .  
volcanic sediments include basic volcanic flow 
fragments, tu f f ,  silt- and claystone, and minor 
amounts of l ap i l l i ,  scoria, and breccia. Some sed- 
iment shows al terat ion and reworking. The basal t ic  
breccia within the sediments is composed of angular 
t o  subangular basalt ic cobbles t o  boulders 10 cm t o  
0.5 m. 
w i t h  evidence of alteration. The breccia occurs 
below basalt ic flaws, for  example, a t  Plum Xi119 
and the ridge east  of Barkley Springs. 
baked contact occurs between the breccia and over- 
lying basalt ic flow. 

They may include ande- 

It 

The 

The matrix is  l igh t  grey t o  buff t o  yellow 

Often a 

It is d i f f icu l t  to establish stratigraphic 
relationship among these three units. 
flow units are  often topographically above the white 
tuff. 
along f au l t  blocks. 
Klamath Lake, the basalt  flow is i n  contact with 
the tuf f ,  and there are  stringers of basalt ic frag- 
ments, l a p i l l i ,  and breccia into the tuff .  
tuff and basalt  indicate a 20-30. dip t o  the west, 
based on flow planes i n  the basalt  and stringers i n  
the tuf f ,  suggesting simultaneous deposition. 

The basal t ic  

Eowever, most of the basal t ic  outcrops occur 
A t  Moore Park, south of Upper 

Both the 

The stratigraphic section mapped by Peterson 
and McIntyre (1970) for  the Klamath Fal ls  area in- 
cludes these rock uni ts  and dates them as Pliocene 

The oldest unit  i n  the immediate KGRA u a Pliocene lacustrine and f luv ia t i le  tuffaceous 
s i l t s tone  u n i t  w i t h  sandstone ashy diatomite, basal- 
t i c  tuff and breccias, and a few th in  basalt  flows 

Holocene. 

interbedded. 
Klamath Lake in the vicini ty  of Moore Park and east 
of Plum Hills. 
Pleistocene basalt ic flows and pyroclastics forming 
the ridges east  of Upper Klamath Lake (Naylox Moun- 
t a in  and Hogback Mountain). 
flows occur west of Swan Lake Valley, and Pleis to-  
cene-Holocene units include basal t ic  tu f f ,  f luvial  
terraces and lacustrine deposits, and Quarternary 
al luvial  and diatomacious deposits. Many of these 
units a re  in fau l t  contact with each other. 

This unit  crops out south of Upper 

Peterson and McIntyre map Plio- 

Pleistocene basalt  

Peterson and McIntyre apply no names t o  these 
unitst  however, Newcamb (1958) mapped the lacus- 
t r i ne  and f luvial  tuffaceous s i l t s tone  w i t h  inter-  
bedded sediment as the Yonna Formation of Pliocene 
age. 
this formation name because of the lack of forma- 
ion boundaries and clear definition of the rock 
sequence tha t  makes up the unit. 

Sammel (1980) and others take exception to 

Rocks older than the Pliocene lacustrine silt- 
stone do not crop out i n  the Klamath Falls area. 
However, they a re  present i n  d r i l l  cuttings from 
some of the geothermal wells. 

SUBSURFACE LITHOLOGY 

Detailed study of cuttings and dr i l le rs ’  logs 
were completed for  three wells i n  the c i ty  area of 
the geothermal f i e ld  (well location shown on Fig. 2) .  
Samples for  c i ty  wells 1 and 2 (a 1 and 2 )  were 
collected i n  10-ft intervals,  whereas samples for  
YMCA-2 well were taken “when the rock-type changed,” 
as  indicated by the driller. 
examined under an optic microscope, and selected 
samples were analyzed by x-ray diffractameter and 
petrographic t h i n  section. 
prepared on the basis of these analyses. 

A L 1  samples were 

Lithologic columns were 

fnherent i n  rock samples from w e l l  cuttings 
is the potential of downhole contamination. Re- 
quently, ten to twenty percent of a sample has the 
same lithology as  the sampling interval above and 
could represent contamination, or a small propor- 
t ion  of the lithology is two-tenths in to  the sam- 
pling interval. However, the first occurrence of a 
rock type in  well cuttings is probably rel iable  and 
consistent with downhole lithology. Another l imi- 
ta t ion of well cuttings is the lack of information 
on fractures and the types of contacts between l i th -  
ologies. 
when interpreting the l i thologic columns. 

These limitations must be kept i n  mind 

Lithology of W e l l  ilF-1 

W e l l  m-1 i s  located (see Fig. 2)  in the 
southeast quarter of S 28, T 38s. and R 9E. It is 
dr i l led  at  an elevation of 4191 f t  (1278 m) to a 
depth of 360 f t  (110 m), penetrating fine-grained 
volcanic detr i tus  and andes i t icbasa l t ic  flours. 
The lithology is i l lus t ra ted  in  Figure 3. The f i r s t  
one hundred fee t  is claystone, s i l i c ious  tuf f ,  and 
tuffaceous sediment. Thin flows of andesit icbasal-  
t i c  composition occur a t  100-110 it, 250-260 f t  and 
290-350 f t  (30-33 m, 76-80 m, and 88-107 m) depths. 
Betweeen the volcanic flaws are  tuffaceous sediments 
with volcanic fragments and glassy shards. A vol- 
canic breccia, occuring a t  350-360 f t  (107-110 m) 
depth is scoriaceous and vitreous, with vein f i l l -  
ings of s i l i ca ,  calci te ,  and zeolites. 
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[XBL 811-2578] 

KF- I 
Elev. 4191' 

FT. 

Light gray cherty claystone, white siliceous claystone (reworked ash?). 

White siliceous tuff ,  very f ine grained, poorly indurated, trace l i t h i c  grains. 

Lithic micro-graywacke with cherty claystone fragments. 

Gray s i l ts tone and s i l t y  claystone. 
Buff t o  gray tuffaceous sediment, increasing volcanic fragments i n  lower 

Basic volcanic fragments, aphanitic, vugs, pyrite. 
portion. 

Euff t o  brown tuffaceous sediment, vitreous luster,  poorly indurated, t race volcanic 
fragments, black glassy phenocrvsts (150-160'). 

White tuff ,  with black glassy shards, tuff  welded in lower portion. 

Basic volcanic sediments, f ine grained, vitreous luster,  rounded grains i n  siliceous 
matrix. 

Dark gray basic volcanic fragments, aphanitic, moderately hard. 
Volcanic graywacke, dark gray angular t o  subrounded inclusions, some pyrite, vein 

f i l l i n g  matrix l i gh t  gray, vitreous luster,  chalcopyrite/marcasite (280'). 

Gray basic volcanic fragments, aphanitic, massive, hard, trace amounts of veination 
(300-320'), few euhedral pyrite (320-340'). 

Red basic volcanic breccia, scoriaceous, subangular, 1-3 mm aphanitic basalt ic 
inclusions, red aphanitic matrix, vitreous luster,  many vugs sometimes f i l l e d  
with s i l i ca ,  zeolites, calci te  and/or pyrite. 

Figure 3. Lithologic column for  Klamath Falls City W e l l  #l (a-1 on location 
map Fig. 2). Fbck description based on drillers' cuttings. [XBL-806-7 1641 



143 

Lithology of KF-2 Well 

Well KF-2 is located 840 ft (260 m), southwest &i KF-1 in the same quarter section (Fig. 2). It 
penetrates lithologies of similar thicknesses and 
extends to a depth of 880 ft (268 m) (Fig. 4). The 
sequence includes claystone, tuffaceous and volcanic 
sediments, basaltic-andesitic flows, and ash. 

Gray and buff to brown clay and claystone occur 
in the first 100-ft interval. White tuff fragments 
occur within the clay at 50-80 ft (15-24 m) depth. 
The tuff is vitreous, massive, and well indurated 
with black inclusions. The inclusions are so small 
(0.003 mm) that it is not clear whether they are 
crystal or glass. Diatoms are present in the clay- 
stone at 60 ft (18 m) depth, occur in all units to 
a depth of 140-150 ft (43-46 m), and may occur be- 
low this unit. 

Below the clay units are black andesiticbasal- 
tic fragments, probably representing flow sequences 
at 100-140 ft, 300-360 ft, and 520-540 ft (30-43 m, 
90-110 m, and 160-164 m) intervals and with a small 
portion of diatomaceous clay and tuffaceous sedi- 
ment, possibly interbedded material. 
canic fragments occur at the 250-260 ft (76-80 m) 
interval. 
black glassy inclusions/phenocrysts. These frag- 
ments are similar to the red volcanic lapilli in 
KF I1 at the 350-360 ft (107-110 m) interval. A 
very pure andesitic-basaltic volcanic sequence o c  
curs at 280 ft (85 m) depth and extends to a depth 
of 360 ft (110 m). It is black, massive, and vit- 
reous with few inclusions/phenocrysts. 

Red basic vol- 

They are aphanitic and vitreous with 

Below the thidk volcanic unit ia a series of 
volcanic sediment, silt ash, "micro-graywacke," 
claystone, and basaltic fragments from 360 ft 

The unit 
like volcanic detritus, ash, and reworked 

m) to a depth of 660 ft (200 m). 

flbw fragments representing a period of deposition 
between volcanic flows. 

At the 830-ft depth, a thin grey vitreous tuff, 
with basaltic-andesitic fragments, extends to the 
total depth of the well. 
not known because sampling ends at 880 ft (268 m) 
depth. There is some mineralization and calcitic 
cementation. 
samples from 140 ft (43 m) to the total depth of 
the well. The mineralization and cementation are 
associated with clay and siltstones and with vein 
and vug-filling in the volcanic fragments. 

The base of this unit is 

Moderate effervescence occurs in the 

Lithology of YMCA-2 Well 

The YMCA-? well i s  located approximately 
1 mile south-southeast of the KF-1 and 2 wells. 
The well is 1410 ft (430 m) deep; however, rock 
cuttings were collected only when the lithology 
changed and to a depth of 1079 ft (329 m). 
graphic thin sections were prepared from several 
samples. 
and high glass content, it is very difficult to 
estimate the composition of the rock. 

crd e 5, varies from silt to claystone and from vol- 
canic sediment to basalticandesitic flows. 
differs from wells KF-1 and KF-2 in that there is 

Petro- 

However, due to the fine-grained texture 

The lithology of YMCA-2 well, shown in Fig- 

It 

less alteration of the rock, and the first basaltic 
andesitic flow, at a depth of 860 ft (262 m), is 
several hundred feet deeper than the KF-1 and R - 2  
wells. 

The upper units are a sequence of tuffaceous 
sediments and vitreous tuff. Below the tuffaceous 
sediment is a 50-ft (15 m) transition sequence of 
volcanic detritus above the volcanic flow unit(s). 
From 857 ft (261 m) to the depth of the well (1079 
ft, 329 m), andesiticbasaltic volcanic fragments 
occur. They are dark gray; aphanitic, massive with 
few glassy inclusions; silica, pyrite, and opaline 
vein filling; and some vugs. It is evident from 
petrographic thin sections that 80-90% of the vol- 
canic material is feldspar and 10-20% is glass, 
towards the mafic end in composition. 

Within the 912- to 1070-ft (278-326 m) inter- 
val, a small percentage of red scoriaceous volcanic 
fragments occur with elongated black glassy and 
white opaline inclusions. The last sample, the 
1070- to 1077-ft (326-238 m) interval, represents 
a dark-gray andesite flow unit with gray and red 
aphanitic volcanic fragments. Examination of the 
drillers' log suggests that flow units may occur 
throughout the depth of the well. 

One problem has been that the drillers' cut- 
tings and the petrographic thin sections are very 
fine grained, and it is difficult to identify min- 
erals and to obtain an accurate estimate of feldspar 
composition. Therefore, these limitations must be 
kept in mind in interpreting this lithologic colmn. 
Using extinction angles of combined Carlsbad and 
albite twins, the feldspar composition is estimated 
as andesine-labradorite and the volcanics as ande- 
site. However, basalt may be present in different 
horizons within this and other flow sequences. 

TEMPERATURE PROFILES 

Temperature profiles were measured in KF-2 
and YMCA-2 and are caapared to the lithology in 
Figures 5 and 6. In city well KF-2, the tempera- 
ture remained almost constant at 195OF (91OC) from 
250 to 800 ft (76-244 m) depth. The initial 
thema1 gradient was high and a maximum temperature 
of 206OF (97OC) was reached at a depth of 200 ft 
(60 m) where a lost circulation zone was penetrated. 
The lost circulation zone (LC) occurs in a unit of 
andesitic-basaltic fragments, probably a volcanic 
flow sequence(s). 
zone corresponds with the upper contact of the rock 
unit, and the base of the zone shows no response to 
the lithology because the flow sequence extends be- 
low the zone. However, the base of the I.& zone may 
occur along a volcanic flow boundary or along a 
fracture plane. 
from 360 ft to 800 ft is probably caused by the 
flaw of fluid down the wellbore from about 360 ft 
and into the formation at 850 ft. 

The upper boundary of the Lc 

The nearly constant temperature 

In the YMCA-2 well the temperature reading 
begins at a depth of 500 ft (150 m) and the profile 
extends from 800 ft (244 m) to the total depth of 
the well (Fig. 5). The gradient increases uniform- 
ly from 100.F (38.C) to 1550F (68OC). There is 
little influence of the change of lithology on the 
temperature profile and no major lost circulation 
zone was penetrated. 
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K F-2 
Elev. 4176' 

FT. 

-No sample. 
.-tBuff-brown clay with few glassy-pumice fragments, unconsolidated. 
-Light gray clay, vitreous, glassy, lithic frag. moderate consolidation. 
-Brown ash with white tuff fragments. 
-Gray vitreous claystone, poorly indurated, with white tuff fragments. 
-Massive gray claystone, moderate to well indurated, conchoidal fracture. 

Black basic volcanic fragments, with gray tuffaceous sediment and gray claystone 

Gray to brown calcitic silty claystone with basic volcanic fragments. Claystone 
with diatoms, Stephanodiscus sp. 100-110, 120-130 ft. 

is poor to moderately well indurated, vitreous, effervescent, with few glassy 
fragments . - 180-190' trace amount volcanic lapilli - 190-200' first occurrence pyrite, euhedral, 2 mm, vein filling. 

amounts of white tuff fragments, diatoms. 

/ 
,Dark gray basic volcanic fragments and gray silty calcitic claystone with trace 

-Gray calcitic silty claystone, with basic volcanic fragments, tuff, pyrite. .-. -. -. /Gray basic volcanic fragments with calcitic claystone and pyrite, silica and 
- * - . - - -  pyrite veination, trace rhyolitic tuff and porcelain fragments. - 252' gray siliceous tuff - 250-260' red volcanic fragments with black glassy inclusions - 270-280' possible baked contact. 

- - - -  
.-.-e -. - Salt and pepper basic volcanic fragments with clear, white and black - Black basic volcanic fragments, angular, massive, vitreous luster. ........... microphenocrysts. 

- Gray volcanic silty sediment, unconsolidated to poorly consolidated, with cal- 
- * - - - * -  citic matrix, few volcanic fragments with inclusions, few white tuff fragments. - 450-460' first occurrence marcasite/chalcopyrite (? )  .-. -. -. - -  - - 

- Volcanic fragments and ash in siliceous and calcitic matrix, a "micro-graywacke." - 480-490' first occurrence of green mineral - 510-520' pyrite and chalcopyrite (? )  phenocrysts, 2.0 mm. 

some glassy shards. - 520-530' euhedral pyrite crystals, 2-4.0 rn - 530-540' subhedral calcite, 1-2 mmj euhedral pyrite 1-3 nun; red cinders, 1-2 nun. 

- 570-580' first occurrence Fe oxide, illite ( ? )  

tuff with inclusions. 

650-660' zeolite, euhedral. 

"powder" on surface. - 660-670' zeolite, 0.25-0.75 mm - 670-680' black glassy fragments, obsidian ( 3 )  - 680-690' white kilky to green mineral; first occurrence - 700-710' red tuffaceous frag., vitreous8 white and black glassy inclusions - 720-730' pyrite associated with volcanic fragments. 

vesicular, micro-phenocrysts, white aphanitic to opaline vug filling, pyrite. - 760-770' white tuffaceous and red tuffaceous fragments - 780-790' subrounded volcanic fragments old surface (?) - 820-820' Fe oxide vein filling, illite ( ? I .  

volcanic ash and silt, basic volcanic fragments and white tuffaceous fragments. 

angular to subrounded, often with vitreous inclusions, red tuffaceous fragments, 
moderate effervescence. 

-Black aphanitic basic volcanic frag., vitreous, white glassy "powder" on surface, 

\ Gray volcanic ash-silty claystone, first occurrence zeolite 540-550 ' 
-Unconsolidated volcanic sediment with black basic volcanic fragments and vitreous 

-2Red scoriaceous tuff with glassy inclusions and basic volcanic fragments; 

-Gray basic volcanic fragments, vitric, aphanitic, massive, with white glassy 

-6ray basic volcanic fragments with varied texture: aphanitic and massive to 

Gray vitreous tuffaceous fragments with vitreous black and white inclusions with 

1 .  * A ' I . Light to dark gray basic volcanic fragments, vitreous, aphanitic, massive, sub- 

Figure 4. 
Fig. 2). Rock description based on drillers' cuttings. IXBL-806-7 1651 

Lithologic column for Klamath Falls City Well If2 ( a - 2  on location map 
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Brown silty soil with volcanic detritus. 
Buff tuffaceous sediments with glassy shards. 

Gray tuffaceous sediment, massive, moderate induration 
with glassy shards. 

Light gray vitreous tuff with black glassy inclusions, 
massive, moderate induration, mainly feldspathic, 
andesine/labradorite, trace mica, pyroxene; diatoms: 
Stephanodiscus sp., Melosira granulata. 

Light-medium gray vitreous tuff with lithic, black 
glassy and andesitic inclusions, aphanitic, massive, 
moderately well indurated, opaline to cryptocrystalline 
quartz, andesine/labradorite, trace magnetite; diatoms: 
Stephanodiscus sp., Melosira granulata, Cymbella sp. 

Light gray clay, tuffaceous, vitreous, few glassy and 
lithic inclusions, poor to moderate induration. 

Gray volcanic sediment, white vitreous tuff with glassy 
inclusions, gray porceleinite, dark gray basic volcanic 
fragments. 

Dark gray to black vitreous basic volcanic fragments, 
aphanitic, massive, opaline vein filling, pyrite. 

Dark gray volcanic fragments, vitreous, aphanitic, 
massive, silica-opaline vug filling, with trace 
white vitreous tuff, pyrite, biotite and magnetite. 

h, Figure 5. Lkhologic column an 

Dark gray andesite fragments with gray and red basic 
volcanic fragments, aphanitic, massive to vesicular, 
andesine/labradorite, some vugs filled w i t h  silica- 
opaline. 

temperature profile for YMCA-2 well. 
Rock description based on rock cuttings and petrographic thin sections. 

[XBL-806-7166A] 
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Buff-brown clay. - Light gray clay. - Brown ash with white tuff fragments. > Gray vitreous claystone with white tuff fragments. 
Massive gray claystone. 
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PUMP TESTS 

pump t e s t s  were conducted i n  the three wells b, gain information about reservoir continuity ana 
permeability. 
a re  tabulated i n  Table 1.  

Well casing and flow characterist ics 

DISCUSSION 

Several factors are  important i n  interpreting 
the geology of the Klamath Falls geothermal field.  
The RGRA is located in  an area of active faulting, 
mostly near ver t ical  normal faults. 
three fau l t  systems trending NW-SE, N-s, and 
NNE-SSW. The predominant rock units are  andesitic- 
basalt ic volcanics, tuff  and tuffaceous s i l ts tones,  
and volcanic sediments. 
ness and distribution, sometimes interbedded and 
i n  f au l t  contact. 
outcrops of some volcanic flow sequences. 
quently, without detailed f i e ld  mapping, it is 
di f f icu l t  to correlate the rock un i t s ,  even over a 
short geographical distance. 

There are  

The units vary i n  thick- 

Jointing is present i n  surface 
mnse- 

Comparing the l i thologic columns, temperature 
profiles,  and well tests, indicates tha t  lithology 
and change i n  rock type have l i t t l e  effect  on the 
reservoir and flaw within the c i ty  area of the KGRA. 
Instead, flow properties appear t o  be controlled 
more by regional structure, f au l t  systems, and frac- 
ture  planes. Because the nature and location of 
these flow surfaces cannot be accurately described 
by dr i l le rs '  cuttings, w e l l  logs and core sections 
and further w e l l  tes t ing w i l l  be required to assess 
the hydrogeology of the Klamath Falls Z R A .  

Table 1 .  Well completion and flow characteristics. 

Well KF- 1 KF-2 KF-2 YMCA-2 

Casing size 

Cased depth 

Open interval 

Flow rate  

Transmissivity 

( in . )  12 12 

(ft)  300 360* 

(ft) 300-360 360-900 

(-1 700 60 

(mD-ft/cP) 7.25 x lo6 

12 9-5/8 

200-240 980 

195-240 980-1400 

900 300 

0-195 

1 .1  x 106 

Perforated from 195 t o  240 f t  a f t e r  temperature 
is taken. 

KF-1 was pump tested in  September 1979 by 
pumping for  a total of 15 hr. A maximum flow ra te  
of 700 gpn (44 l i t e r / s )  was held constant for  a 
period of 7.5 hr  with a drawdown of 70 f t  (21 m). 
The discharge temperature of the brine was 218OF 
(104OC). Three observation wells were monitored 
during the pump t e s t  a t  a distance of 1500 f t  
(460 m), 1000 f t  (300 ml, and 150 f t  (46 m). 
Rapid pressure drops indicated a high degree of 
hydraulic continuity throughout several dis t inct  

ithologic units. 
ndicate very high reservoir permeability. 

Analysis of the t e s t  data 

KF-2 was pump tested in February 1980. Dur- 
ing the time of t h i s  pump t e s t ,  the  well was cased 
t o  360 f t  (110 m). 
(4  l i t e rs / s ) ,  with 170 f t  (52 m) of drawdown, was 
obtained. The discharge temperature of the brine 
was 1850F (85 .C) .  Several observation wells were 
monitored during the pump t e s t ,  but no pressure 
change was observed. 
the w e l l  was so small, no information about r e s e r  
voir continuity could be gained. Cn the basis of 
a thermal anomaly in  the temperature prof i le  (see 
Fig. 61, the interval between 195 and 240 f t  (61- 
73 m) was identified as a potential  production zone. 
The well was then perforated in  t h i s  zone and pump 
tested. A flow rate  of about 900 gpm (57 l i t e r / s )  
with 212OF ( lOOeC) brine was r 

A flow ra te  of about 60 gpm 

Since the flow ra te  out of 

YMCA-2 was pump tested i n  August 1979 by pump 
ing for  approximately 20 hr. 
300 gpn (19 l i t e rs / s )  with 180 f t  (55 m) of draw- 
dawn was maintained for  4.5 hr. 
temperature was about 1460F (630'2). 
well, 500 f t  (152 m) from the production w e l l ,  was 
monitored during the pump test. Pressure data anal- 
-is fran the observation w e l l  indicates a reservoir 

eabi l i ty  of about 1 darcy. However, without a 8.tm etailed spinner survey of the wellbore, it is not 
possible t o  determine i f  the production is uniform 
over the open interval of the well. 

A maximum rate  of 

The brine discharge 
An observation 
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SUBSURFACE HYDROCEOLOCY OF THE SUSANVILLE, CALIFORNIA, GEOTHERMAL 
RESOURCE 
S. M. Benson and M. Bodvarsson 

The Susanville geothermal anomaly is located 
i n  northeastern California, a t  the foot of the 
Sierra Nevada. 
hot-water wells and a natural hot spring in i t i a l ly  
identified th is  area as  a prospective s i t e  for  the 
development of geothermal energy. More recently, 
increased foss i l  fuel costs and the high price of 
transporting l iquified natural gas t o  Susanville 
and the surrounding area stimulated interest  i n  
developing the resource for  a city-wide space heat- 
ing program. Since l a t e  1978, the Water and Power 
Resources Service and the Earth Sciences Moision 
of Iawrence Berkeley Iaboratory (LBL) have collab- 
orated on a geothermal resource evaluation project 
a t  Susanville. As part of this project, 12 deep 
and 5 shallow temperature-gradient holes were 
dril led,  subsurface geologic and geophysical data 
were analyzed, and a well t e s t  was conducted. The 
resul ts  of the well test have been discussed in  
several reports (Benson e t  al., 1979, 1980). This 
a r t i c l e  summarizes the subsurface geology and geo- 
physical logs. 

The presence of several shallow 

GEOLOGIC SETTING 

The c i t y  of Susanville is located a t  the inter- 
section of three major physiographic provinces: 
the Modoc Plateau, the Sierra Nevada, and the Basin 
and Range province (see Fig. 1). Plio-Pleistocene 
volcanic rocks form a dissected plateau north and 
west of the city. These volcanics have been iden- 
t i f i e d  (U. S. Bureau of Reclamation, 1976a) as  
members of the Warner Basalt, a collective unit  of 
petrographically and structurally similar lavas 
found throughout the Modoc Plateau. 
v i l l e  l ie  the JutassicCretaceous quartz monzonite 
and quartz dior i te  of the Sierra batholith. Ex- 
tending east  and southeast from Susanville is the 
graben-like structure of Honey Lake Valley, f i l l e d  
in  part by Pleistocene sediments of extinct Lake 
Lahontan . 

South of Susan- 

The Susanville geothermal exploratory wells 
penetrated Holocene a l luv im and Pleistocene Lake 
Lahontan sediments, interbedded w i t h  Plio-Pleisto- 
cene basalts and andesites. These same li thologic 
uni ts  are penetrated by water wells i n  the Susan- 
ville-Johnsonville area and typically provide good 

yields of groundwater. The amounts of water pro- 
duced fran ei ther  the basalt  or  the sediments a re  
not well understood (Rudser, 1978). Meteoric water 
permeates through fractures and joints  i n  the basalt  
and along vesicular and scoriaceous zones a t  the top 
and bottom of the basalt  units. The Iake Iahontan 
s e d h n t s  thicken to the east  of Susanville. 'Ib 
the south, they interface with coarser, near-shore 
Lahontan deposits. These near-shore deposits crop 
out along the base of Mamond Ridge. 

The geologic relationships formed between rock 
units of the three major Intersecting provinces are  
too complex t o  be discussed in de ta i l  here. we can 
camnent, however, on stratigraphic and structural  
characterist ics of the potential  Susanville geother- 
m a l  area, based on observations made from li thologic 
and geophysical w e l l  bore logs. 

Geothermal Wells i n  the C i t y  of Susanville 

Twenty-three temperature gradient holes and 
wells have been drilled in the c i ty  of Susanville 
t o  date. 
d r i l l ed  and four (TG-I, TG-17, TG-18, TG-19) were 
completed t o  a target  depth of 46 m for  preliminary 
resource identification. Between 1977 and 1980, 
the Water and Power Resources Service dr i l led  
twelve exploratory holes (Suzy 1 through Suzy 11 
and suzy g~), w i t h  depths of 135 m t o  640 m, i n  an 
attempt t o  outline the areal extent of the geother- 
mal  ananaly. Standard heat flow completions were 
used for  most of the wells (Benson e t  al., 1980). 
S i x  older wells, f ive  dr i l led  in the 1920s and one 
dr i l led  i n  the early 1960s, are also present. 
locations a re  shown i n  Figure 2. 

Five temperature gradient holes were 

Well 

Lithologic well logs compiled during dr i l l ing  
are available in  another report, a s  are  the geo- 
physical well 16gs prepared in  part by a camnercial 
logging company (for  w e l l s  Suzy 2 and 3) and a gw- 
ernment well logging service (Benson e t  al., 1980). 
The standard suite recorded by the  government 
service was a s  follows: SP, caliper, res is t ivi ty ,  
neutron, gamma-gamma ray, natural gamma ray, and 
temperature (SP, caliper,  and res i s t iv i ty  were not 
run i n  the cased holes). The sui te  recorded in 
Suzy 2 and 3 was s l igh t ly  different. With the 
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Figure  1 .  Location map of Susanville Geothermal Anomaly (a. 6. Bureau of 
Reclamation, 1976a). [XBL 813-2697] 
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Figure 2. Location map of wells d r i l l e d  to date i n  Susanville. [XBL 801-6767] 
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exception of the Naef well, geophysical well logs 
were not run in the wells drilled prior to this 
investigation (the Haef, Davis, L.D.S. Church, 
Lassen Lumber and BOX I2, and wirth wells), and 
little information is available on total depths and 
well completion. 

Interpretation of Subsurface Logs 

mo basalt beds were identified as marker 
units on the natural gamma ray logs. 
between wells drilled in these t w  units inferred 
the structural relationships of the lithologic 
units penetrated. 
cally penetrated within the first 30 m of drilling. 
The second bed is encountered between 90 and 150 m. 
The basalt beds are absent or ill-defined on the 
Suzy 3 natbral gamma well log. The upper basalt 
bed is not evident, and there is a poorly defined 
basalt bed between 40 and 70 m. In Suzy 9, 9h, 
and 11, the upper basalt bed is present, but the 
laver bed is andesite rather than basalt. 

Correlations 

Qle of the basalt beds is typi- 

CM the basis of the gamma ray log correlations, 
the Susanville geothermal prospect has been divided 
into five structural units (Fig. 3) .  Cross sections 
have been constructed to illustrate the structural 
relationships between the various units (Figs. 4 
and 5). m e  Susanville wells typically penetrate 
3-5 m of recent Holocene alluvial deposits, 6-20 m 
of basalt, 90-120 m. of interbedded Lake Lahontan 
sediments and Pleistocene basalt lenses, and 30+ m 
of Plio-Pleistocene basalt (Benson et al., 1980). 

/ 
/ 

0 600 1200faet - 
Figure 3. 
prospect into five structural units. 

Division of the Susanville geothermal 

[XBL 806-72 101 

. s u z y s  

Figure 4. 
units, as indicated by the natural gsmma logs. 

Qoss sections showing relationships between various structuraI 
[XRL 806-721 11 
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Figure 5.  Cross sections showing relationships between various structural 
units, as indicated by the natural gama logs.' [XBL 806-72091 

Petrologic Studies 

The Water and Power Resources Service obtained 
core samples from several of the wells. Several of 
the cores from the basaltic units had fracture 
planes and vugs which were filled with hydrothermal 
mineral deposits. 
composed of zeolitic minerals and carbonates. 
fracture plane mineral deposits from well Suzy 9A 
were analyzed to determine what type of hydrothermal 
mineralization had taken place and, specifically, 
what type of zeolites were present. Correlation of 
zeolite species with different thermal regimes pro- 
vides valuable information about the thermal history 
of the resource. Three distinct zones of minerali- 
zation were identified. 

These deposits were primarily 
The 

Figure 6 shows a thin section of the fracture- 
coating hydrothermal deposit of the Suzy 9 core. 
From the outer surface to the rock substrate, the 
three zones are: 

1. A buff-gray, fine-grained crystalline 
layer about 1.5 mm thick. 

2. A translucent to white coarse grained 
crystalline layer with large crystals, approxi- 
mately 3.5 EUQ thick. 

3. A fine-grained, white to gray-white layer 
about 1 mm thick adjoining the rock surface. 

1 

I 

3- 
STILBITE 
LAUMONTITE 
QUARTZ 
CARBONATE 
PYRITE 

STILBITE (2 Form?) 

QUARTZ 
CARBONATE 
CLAY? 
2nd ZEOLITE? 

LAUMONTITE - LEONHARDITE 

STILBITE 
LAUMONTITE - LEONHARDITE 
CARBONATE 
PYRITE 
CLAY ? 
ILLITE? 
2nd ZEOLITE? ' 

Figure 6. 
under crossed nichols. [XBB 800-115061 

Thin section of the fracture-coating hydrothermal deposit 



153 

W 1300 

1200 - 
c 
0 

0 > 
0)  

.- 
e A. 
lj 1100 

B. 

SUZYl SuZy2 Suzy3 Suzy4 Suzy 5 Suzy 6 

iooa 

suzy a 
1300 

E 1200 

0)  

p 1100 

looo 20 40 60 

suzy 9 

T 
- 
20 40 60 

Temperature ('C) 

Davis 
7 

1 
- 
20 40 60 

Naef - 

- 
20 4060 

1100 

lo00 ~'~ 

Temperature ('C) 

L 2040 6080 

suq IO 

Y ' '  
- 
20406080 

Temperature 

suzy 7 

\ - 
204060 

Swimming 
L L B 2  pool 
71r 

'1 
- 
20 40 60 

- 
\ 
- 
20 40 60 

Figure 7 .  
(B) Suzy 8 and 9, the Davis, Naef, LLB#~ ,  and Swimming Pool wells; and 
(C) Suzy 9a, 10, and 11.  [XBL 801144221 

Temperature p r o f i l e s  from wells: (A) Suzy 1 through 7; 



154 

6masson and Ilristmannsd'ottir (1972) have 
identified temperature and depth zones for zeolites 
deposited in Icelandic basalts. 
zones in order of increasing temperature are: 
chabazite zone, a mesolite/scolecite zone, a stil- 
bite zone, and a laumontite zone. If the zeolite 
temperature sequence is applied to layers A, B, and 
C, it can be implied that layers A and C reflect a 
temperature range of 70°-150°C and layer B a range 
of 70-110°C. The thickness and coarse crystalline 
form of layer B suggest that the producing solutions 
were probably present for a much longer period of 
time than those solutions producing layers A or C. 
The thickness of the entire fracture plane (zeolite 
sequence) is quite large (5.5 m d ,  suggesting that 
warm solutions have been moving through the fracture 
plane for a considerable period of time. Although 
there are uncertainties in the relationship between 
temperature, solution, and zeolite deposition, the 
sample indicates that this geothermal system has 
long been in existence. 

Temperature Distribution of the Anomaly 

The temperature 
a 

Temperature profiles obtained from the wells 
are shown in Figure 7. 
ture logs indicate several trends: 

Examination of the tempera- 

1. The temperature profiles are characteris- 
tically similar for wells within each block outlined 
by the structural study (Fig. 8 ) .  

2. In wells with temperature revrrsals, the 
maximum temperatures were recorded in a zone 
immediately above or below the contact between the 
Lake Lahontan sediments and the lower basalt or 
andesite unit. 

3. Temperatures are generally warmest in 
Blocks 2, 4, and 5, with maximum temperatures in 
the wells ranging from 35 to 83OC. 

Subsurface temperatures are contoured at three 
subsurface elevations (1250 m, 1200 m, and 1150 m) 
in Figure 9. AS illustrated, at shallow depths 
(elev. 1300 m; 50 m below average ground surface), 
the anomaly is centered around the -vis and Naef 
wells. At greater depths, the anomaly becomes 
asymmetrically shaped around a northwest trending 
axis. The anomaly deepens to the northwest. 

9.10 

A. 
TEMPERATURE (OC) 

CONTOURS 
at 1250 m elevation 

1-40 

20. 8.  
TEMPERATURE (OC) 

CONTOURS 
at 1200 m elevation 

.>.a C. 
TEMPERATURE (OC) 

CCNTOURS 
at 1150 m elevation 

Figure 9. Subsurface temperature contours 
Figure 8. Cross sections of the thermal anomaly. (A) at 1250 m elevation; (B) at 1200 m elevation8 

[XRL 796-7511] and ( c )  at 1150 m elevation. [XBL 8011-64231 
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reservoir storativity are ambiguous. However, low 
storativity values obtained indicate secondary per- 
meability (fracture permeability) may be playing a 
major role in fluid movement throughout this section 
of the reservoir. 

CONCLUSIONS 

The anomaly is sharply bounded to the west, 
indicating a hydrologic and/or geologic disconti- 
nuityt e.g., a fault or a fracture zone. To the 

q b a t e s ,  while it is more abruptly bounded to the 
ast and north, the thermal anomaly gradually 

south. Analyses of cores and geophysical data 
suggest cooler groundwater fran shallow saturated 
strata may be mixing with geothermal fluids in 
these areas. 
anomaly and the noticeable temperature reversals 
in the southern portion of the field suggest that 
heated fluids are upwelling along a m-trending 
fault, or at the intersection of several faults. 
They are then dispersed into the reservoir, flowing 
through the most permeable strata. In the southern 
portion of the anomaly, the basalt-agglomerate in- 
terface appears to be the most permeable. 

SUSANVIUE WELL TESTS 

The asymmetrically shaped thermal 

From December 10, 1978, to January 8, 1979, 
the Reservoir Engineering Group at LRL conducted a 
well test in Susanville (Benson et al., 1979, 1980). 
Eight observation wells and one production well 
were monitored. The well test consisted of four 
segments, the first segment involving the measuring 
of background data prior to pumping the Davis well. 

The second segment of the test consisted of 
pumping the Davis well at a rate of 250 gpm for a 
period of 9 days. The well was then shut in, and 
the pressure build-up was observed. Several days 
after the Davis well was shut in, the Church well 
was shut in for twelve hours, then pumped again for 
several daysr shut in for twelve hours, and then 
pumped continuously for the duration of the test. 
During the last segment of the test, the Fbosevelt 
swimming pool well was pumped at a rate of 275 gpn 

three days and then shut in. Table 1 presents 
ummary of the values obtained from the well tests 

arid possible indications of reservoir boundaries. 
Benson et al. (1980) provide a detailed description 
of the Susanville well test. 

Pressure data indicate hydraulic continuity 
between all of the observation wells and production 
wells. 
reservoir has a permeability on the order of sev- 
eral darcies. Porosity values extracted from the 

Preliminary analysis indicates that the 

The occurrence of the Susanville geothermal 
anomaly appears to be related to a northwest trend- 
ing fault and/or the intersection of several faults. 
Temperature contours and temperature profiles sug- 
gest that heated fluids upwell along the fault and 
are then dispersed into the highly permeable 
agglomerate-basalt interface and/or permeable zones 
within the fractured volcanic sequence. 
water reservoir deepens to the northwest. 
higher temperatures indicate-that this fluid is less 
diluted with cool groundwater. Areal confinement of 
the shallow thermal anomaly has been established for 
qhree sides of the resource (west, east, and south). 
The northwestern boundary of the thermal anomaly has 
not been completely defined. In the southern por- 
tion, the thermal anomaly is vertically confined at 
or near the agglomerate-basalt interface, as indi- 
cated by a temperature reversal. 
reversal occurs in the temperature gradient holes 
in the northern part of the anomaly. 
temperatures are not known at depths below 300 ut. 
The maximum temperature measured, 8 4 T ,  was in well 
Suzy 9A. 
from well Suzy 9 indicate fluids of temperatures 
betwen 70% and 150% have been flowing through the 
fracture system for some time. This temperature 
range agrees with the temperature regimes indicated 
from water samples (U. S. Bureau of Reclamation, 

The hot 
These 

No temperature 

However, 

Petrologic studies of a fracture coating 

197633) 

Analyses of interference and production test 
data from the southern portion of the anomaly give 
high permeability values. Storativity values are 
low, suggesting a low porosity of the producing 
strata. This information is consistent with geo- 
logic data indicating a fracture-dominated hydro- 
logic system. Wells in the northern portion of the 
resource have not been sufficiently tested at this 
time to make estimates of the productivity of these 
higher-temperature fluids. 

Table 1. Summary of well test values and indications of reservoir boundaries. 
~ ~~ ~ 

Indication of reservoir 
Observation well Pumped well m/)1 4ch boundaries 

6 mD-ft 2.3 1 0 ' ~  ftlpsi Barrier boundary Naef Church 3.6 x 10 - 
CP 

Naef 

Naef 

2.3 x 10 6 - mD-ft 7.2 ftlpsi Barrier boundary Davis 
Cp 

3.9 x ft/psi 6 mD-ft Swimming pool 3.4 x 10 - 
Cp 

5 mD-ft 
7.3 x 10 - 

CP 
Not obtained 

None 

None 
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ENERGY UTILIZATION TECHNOLOGY 

GEOTHERMAL ENERGY UTILIZATION TECHNOLOGY 
R. L. Fulton 

Ihe ut i l izat ion technology portion of the 
geothermal energy program a t  Lawrence Berkeley 
Laboratory (LBL) provides the analytical tools and 
data required t o  ful ly  understand the processes by 
which geothermal energy can be economically devel- 
oped. Although this development requires accurate 
economic and technological assessment of the proc- 
esses used, t h i s  information is not always avail- 
able. 
attempts t o  provide t h i s  information, which is an 
extension of present technology into areas tha t  
were not of previous interest .  The tools and data 
developed under this project and other Laboratory 
resources are then applied to Department of Energy 
(DOE) sponsored projects t ha t  serve as  paths t o  
the geothermal industry. 

The LBL uti l izat ion technology project 

Because the binary-cycle process is expected 
t o  be the method chosen t o  exploit most moderate- 
temperature hydrothermal resources fo r  e lectr ical  
energy, most of our uti l izat ion technology projects 
are  focused on this process. 
Experiment is providing laboratory-quality data on 
heat-transfer film coefficients of the various can- 
didate hydrocarbon working fluids,  and a DOE/EPRI 
heat-exchanger test wil l  provide a verification of 
these data under f i e ld  conditions. 
f luid properties is underway tha t  seeks t o  provide 
the best available thermodynamic and transport data 
on brines and working fluids. Direct-contact heat 
exchange is being investigated because it is expec- 
ted t o  improve the economics of second-generation 
geothermal power plants. 

The Binary Fluid 

A study of 

In 1980 the Binary Fluid Experiment concentra- 
ted on condensation film coefficients for  mixtures 
of isobutane and isopentane . 

The DOE/EPRI f i e l d  heat-exchanger t e s t  was 
relocated t o  the DOE Geothermal Component Test 
Facil i ty a t  East Mesa, California, and made ready 
for tests tha t  would s t a r t  early i n  f i s ca l  1981. 

The 500-kW Direct-Contact Heat Exchange p i l o t  
plant was completed a t  East Hesa and began an exten- 
ded test program tha t  w i l l  provide both system and 
subsystem performance data. Alternative methods of 
hydrocarbon removal from the effluent brine stream 
of a direct-contact heat exchanger were tested. A n  
approach t o  the analysis of the direct-contact heat- 
exchanger performance was developed tha t  takes in to  
account the s l ight  miscibility of the hydrocarbon 
and brine and provides a new parameter for  evaluat- 
ing the heat-transfer performance. 

,Our computer code, GEOTIIM, was used to study 
the relationship of working-fluid composition and 
resource temperature for  economically optimized 
binary-cycle power plants. In addition, a useful 
characterization parameter for  the working f luid and 
i ts  transposed c r i t i c a l  temperature was identified 
and reported. Members of the LBL staff  acted as 
technical advisers t o  the DOE project off ice  on both 
the Baca Geothermal Demonstration Power Plant i n  
New Mexico and the Heber Geothermal Binary Demon- 
s t ra t ion Power Plant i n  California's Imperial Valley. 

The LBL geothermal uti l ization technology activ- 
i t ies  wil l  continue into f i s ca l  1981 with completion 
of the Binary Fluid Experiment, the DOE/EPRI f i e l d  
heat exchanger test, and the extended test program 
for the 500-kw direct-contact p i lo t  plant. 
cal  work w i l l  be in  support of the Heber Geotherm 
Binary Demonstration P o w e r  Plant and w i l l  begin an 
investigation of thermal energy conversion processes 
for  the geopressured resource. 

AnalytG 

ccri 
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UNALYSIS OF DIRECT-CONTACT HEAT EXCHANGER PERFORMANCE 
P. M. Rapier 

The U. S. Department of Energy's Division of 
Geothermal Energy has undertaken a program to delin- 
eate and demonstrate the e c o n d c  advantage of the 
Directeontact Heat Exchange (DCHX) process in power 
generation. 
under test at East Mesa in January 1980 by Barber 
Nichols Wgineering, subcontractor to Lawrence 
Berkeley Laboratory (LBL). 
accurately testing and modeling DCIM tower perfor- 
stance. 

A 500-kW DCIM pilot plant was placed 

Finphasis has been on 

In operating the DCHX tower, the subcontractor 
overcame some severe startup problems throughout the 
plant and successfully completed the baseline tests. 
Computerized heat and mags balances to within 7 %  
were conducted, which showed the instrumentation and 
calibration to be excellent. Nevertheless, within 
the DCHX column the available modeling and testing 
procedures were unable to establish a boiler/pre- 
heater interface; directly measure the pinch temper- 
ature; utilize the bulk temperature profile, which 
suggested strong preheater backmixing down to the 
12-foot level or explain why no brine temperatures 
higher than the two-phase boiling point have been 
observed. These and other inadequacies indicated 
the need for an alternative to the univariant three- 
phase boiling hypothesis, a need which LBL has al- 
ready addressed by its development of a bivariant 
two-phase boiling model and an equilibrium flash 
boiler/preheater combination (Rapier 1978). 

1980 ACPIVITIES 

Patents Pendinq 

Application was made for letters patent under 
the united States Department of Energy auspices for 
an equilibrium flash boiler, comprising the vapor 
continuous zone, or top section of the 500 kW DCHX 
tower. fn baseline and preliminary tests conducted 
during 1980, this evaporator has 'met and exceeded , 

the performance of its predecessors, the volumetric 
and surface type boilers, with only its essential 
features having been installed. The advantage of 
the equilibrium-flash process ia that a greater . 

percentage of the boiler feed can be vaporized at 
a given temperature and pressure than by other 
processes. (Perry, 1950). 

A patent application was also filed for multi- 
stage flash degassing of geothermal brine feed to a 
DCm unit. By remwing Co2 ahead of the preheater, 
the tendency for submerged boiling and offgassing 
with the consequent backmixing can be greatly miti- 
gated and the volumetric efficiency of the tower 
improved. 

%,quilibrium Flash Modeling of Beterogeneous 

P 
fn a major developnent from Sage and Idcey's 

(1955) data on the heterogeneous n-butane/water 

system, LBL has derived the phase diagrams for the 
ICq/water system by the principle of corresponding 
states. 
replace pure component properties assumed with 
three-phase boiling models, LBL has developed a 
multicomponent two-phase boiling model which close- 
ly duplicates the observed temperature profiles 
within the DCHX column. 

Using these reliable mixture properties to 

Figure 1 shows that the process involves three 
steps: 
isobaric preheating. Although three-phase models 
predict univariant azeotropic boiling, the observed 
boiling in the 500-kW plant is two-phase with two 
degrees of freedan. The bubble point is about 12.F 
above azeotropic with about 5.8 mole % water in the 
vapor phase at a pressure of 415 psia. 
departure from azeotropic conditions is classically 
called the boiling point elevation (BPE) and at 
constant pressure depends uniquely on composition 
(mcabe and smith, 1976). similarly, the composi- 
tion of the vapor phase is 1.3 mole % higher in 
water vapor than azeotropic, which is the cause of 
the BPE. 
in previous geothermal investigations. 

adiabatic mixing, isothermal separating, and 

The 12OF 

The BPE of the mixture has been overlooked 

L- 
ADIABATIC ADIABATIC 

PROCESS PROCESS 
MIXING SEPARATING 

I 
L 

V a h  
Continuous + Brine 

Continuous 

L "i" 

Figure 1. Process block diagram for a direct- 
contact equilibrium flash boiler/preheater tower. 
The boiler comprises the vapor continuous zone, 
including the froth zone; the preheater comprises 
the brine continuous zone. [XBL 8012-65091 



158 

Adiabatic Feed Mixing Process. This process 
occurs i n  the ent i re  froth and splash zone surround- 
ing the hot brine injection nozzle. In the boiler, 
heat transfer occurs only as  a consequence of adia- 
bat ic  flash mixing and isothermal separation, so 
that "pinch" temperature differences vanish and the 
concept of a thermal gradient is superfluous. The 
best boiler configuration is obtained by using 
conventional mixing nozzle and flash dnnn design; 
staged equilibrium flash theory w i l l  yield a l l  the 
necessary information for  multicomponent heat and 
mass transfer calculations. Volumetric heat trans- 
f e r  coefficients for  sizing the boiler mixing zone 
can be obtained from Figure 2 (Porter 1965) as a 
function of the total mixing velocity a t  the brine 
nozzle. For best efficiency the nozzle velocity 
should be as  high a s  possible. 

Adiabatic Separation of Working-Fluid Vapor 
and Residual Brine-Rich L i m a .  The residual brine 
leaving the froth zone proceeds by gravity into the 
brine continuous region of the DCHX column. 
working-fluid vapor r i ses  out of the splash zone and 
is demisted by a woven mesh demister. The working- 
f lu id  velocity through a horizontal demister should 
be for best performance, 

The 

1/2 
vc * o . . . ( y )  f t /s .  

io3 

Non Boiling Data 
(I -00 inch Test Sectic 

I , I  I I 

6 8 IO 20 40 
VT , f t /sec 

Figure 2. 
mixing velocity (Porter, 1965). [XBL 8012-65121 

Boiling heat transfer coefficients VS. 

Countercurrent DCHX Preheater Column. The pre- 
heater ideally functions a s  a countercurrent direct- 
contact liquid-liquid heat exchanger from the top 
of the brine continuous zone downward to the exte 
tha t  it is not disrupted by backmixing. The back- 
mixing can occur as  eddies from the brine nozzle 
abwe, by submerged boiling and offgassing of non- 
condensables from the I C 4  distributor below, or  by 
"wake-shedding," as w i t h  the Letan--hat model 
(1968). The existence of the countercurrent opera- 
t ion can be validated only by measuring actual tem- 
perature differences between the brine and hydro- 
carbon along the length of the column. 
the boiler 's  equilibrium flashmixing operation, 
these differences w i l l  nearly vanish along the pre- 
heater/ boiler interface. Consequently, preheater 
"pinches" derived from models which neglect inter- 
fac ia l  backmixing and measured thermal prof i les  a re  
inappropriate t o  re f lec t  the actual preheater per- 
f ormance . 

Q 

Because of 

LBL is investigating models using the measured 
bulk mixture temperatures within the preheater for  
comparing ideal and actual preheater performance. 
For example, i n  run #7, since less than half of the 
25-ft preheater length is active because of back- 
mixing (compare in Table 1 bulk AT/ft, run 17 vs. 
ideal) ,  the  bulk temperature r i s e  per foot is only 
27% that of an ideal 25-ft preheater, wherein a l l  
backmixing and crossflow effects  have been theoret- 
i ca l ly  removed. 

operating and ideal preheaters w e  can define the 
volumetric preheating efficiency % as  the ra t io  
of the mean respective bulk temperature r i s e s  per 
foot. 
column can be quantitatively taken into account. 

From this comparison of the volume ra t io  of the 

Thus the measured temperaturq prof i le  of the 

Data Evaluation 

The data of 20 runs of the DCHX unit  a t  East 
Mesa have been grouped into f ive averaged se t s  and 
analyzed. 
i n  Table 1 along with those of three typical runs. 

The resu l t s  are summarized and presented 

Average #3 of the most stable runs demonstrates 
a boiling point of 253OF a t  415 psia  for the working- 
f lu id  composition of 5 mole % water and 95% isobu- 
tane. The vaporization efficiency, q, was 88.67%, 
the vapor pressure depression, VPL, was 49 psi ,  and 
the to t a l  boiling point elevation, BPE, was 11.1yP. 

These balances which can be solved by the 
lever principle from the E-X diagram are based upon 
enthalpies per pound of mixture, as single valued 
functions of composition, since, 

aH = TdS + VdP. 

A t  constant applied pressure, VdP approaches zero, 
so tha t  the enthalpy depends only on the boiling 
point; and the boiling point depends only on 
composition. 

Fam #7 from Table 1 is i l lus t ra ted  on the T-X 
a t  the nozzle, the hot flashing diagram (Fig. 3); 

brine a t  320.20F and the preheated IC4 droplets 
mixed adiabatically. As the brine flashes dawn 
the equilibrium pressure of 414.7 psia,  it mixes 
with and vaporizes a l l  the working f lu id  and leaves 
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Table 1. Summary of DCHX performance (runs of 7/22/80 and 7/23/80 a t  East Mesa). 

Run C5 Run 17 Calc. 
( l inear  (most (highest (lowest (most ideal 
T-L p l o t )  stable)  . Ev) Bv) stable)  

Av# I A d 2  A v # ~  Av#4 Av#5 Run# 1 

Temp. O F  

brine i n  

Temp. O F  

brine e x i t  

Temp. O F  
HC i n  

Temp. O F  
WF out 

ps ia  
WF out 

BPE OF 

Bulk AT 
OF/ft 

EP 

25' Tower V, 

B l r n r h t r  . 
LMTD OF 

BTU/OF-f t3-hr 

Potential 
f lash  OF- 

Br ine/HC 
mass rat io  

Brine FR 
Mlb/hr 

HC FR 
mb/hr 

Prhtr. AH 
MMbtu/hr 

Boiler AH 

DCHX A% 
MMbtdhr 

Vdh' 

319.54 320.1 319.6 19.09 

151.36 154.15 153.13 153.1 

94.96 97. oa 94.5 95.95 

252.52 253.45 253.0a 252.92 

415.5 415.95 415.05 415.77 

31.18 31.68 31.48 31.39 

430.29 435.09 432.58 431.92 

0 . ~ 2  0.8832 0.8867 0.8899 

45.97 SO. 82 49.01 47.54 

10.52 11.45 11.08 10.92 

5.08 4. a4 4.92 4.9 

0.272 0.26 0.264 0.263 

4000 3940 3985 4040 

39.100 36,000 38,000 37,400 

692 0 6833 6880 7000 

11.32 11. 11.68 11-45 

66.52 66.17 

1 205 1 236 1.1864 

103.05 104.36 105.78 103.81 

85.51 85.48 87.333 87.55 

9.847 90808 10.12 100064 

7. i a  7.20 7.346 7.13 

17.03 17.01 17.47 17.42 

319.38 319.1 

152.25 156 

95.15 98.5 

253.23 251.2 

41 4.6 417.1 

31.56 30.46 

433.19 424.53 

0.8842 0.9108 

50.15 37.86 

11.23 9.2 

4.91 4.45 

0.263 0.239 

4030 3950 

37,200 45,700 

6970 6890 

11.49 11.49 

66.15- 67.9 

1.2193 1.132 

105.67 99.81 

319.5 

155.1 

97.3 

256.4 

41 5 

33.33 

446.3 

0.8552 

64.63 

14.4 

4.95 

0.265 

3909 

29,400 

6856 

11.54 

63.1 

1.236 

104.33 

86.66 88.17 84.41 

10. 02 9.869 9.81 

7.29 7.345 7.39 

17.31 17.31 17.21 

320.2 

155 

93.9 

254.2 

415 

32.10 

437.18 

0.8758 0.938 

54.28 26.8 

12.2 6.5 

5.02 10.3 

0.269 1 

31375 

34,400 

6670 

12.07 

66.0 66.5 

1.2199 

105.75 

86.69 

10.17 9.87 

7.33 7.35 

17.49 17.22 
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Figure 3. 
diagram showing isothermal t ie  l ine  connecting 
bubble point and dew point. 

Adiabatic mixing process on T-X phase 

[XBL 8012-65101 

a residual brine-rich liquid. 
mass, the bulk preheating and mixing process oper- 
a tes  along the ver t ical  0.8 mole fraction water com- 
position line, and the mixture boils continuously 
a t  254.2.F i n  the two-phase (L2 + G )  region of 
the phase diagram. A t  t h i s  temperature, azeotropic 
boiling oocurs a t  471 psia, so tha t  there exis ts  a 
56-psi vapor pressure loss (VPL) in  two-phase boil- 
ing. This VPL is equivalent thermodynamically t o  a 
12.2.F boiling point elevation (BPE). 

By conservation ot 

As a further i l lustrat ion,  it can be seen from 
the H-X diagram (Fig. 41, t ha t  drawing a s t ra ight  
line from the brine i n l e t  bubble point of 320.2.F 
through the observed feed mass composition of 55% 
on the vaporization t ie l ine  of 254.2.F and then 
extrapolating to intersect the IC4 liquid l ine  
yields a temperature of about 254.F for  the boil- 
ing ICq-rich phase. Other lines, drawn as  shown in 
the cooler sections of the preheater, solve for  the 
coldest bulk l iquid temperature and for the median 
temperature. 

Vaporization Efficiency, E, 

LBL's study of phase equilibria i n  DCfM opera- 
t ions reveals tha t  the most important cr i ter ion for 
measuring performance and for  improving design is 
the  classical steam vaporization efficiency, h, 
defined as the r a t io  at  the vapor ex i t  temperature 
of the partial pressure actually exerted by the 
hydrocarbon to its saturation pressure (Perry, 1950). 

The baseline tests a t  design flaw boiled off vapors 
a t  about 237.0°F, a pressure of 338 psia and a 
vaporization efficiency of 85%. 

pressure of 414.7 psia  and a vaporization efficien k*i boiling temperature was increased t o  252.1°F a t  a 

of 89%. When 340.F brine becomes available from 
pumping the 6-2 well and when a higher velocity 
brine nozzle is instal led in the OCfM unit ,  it is 
expected tha t  the two-phase boiling temperature can 
be raised to 255.F and the pressure to 450 psia. 
The vaporization efficiency corresponding to these 
conditions is 94.88%, which is close to the 95% 
l i m i t  predicted by Carey (1930) and which is the 
design value tha t  corresponds t o  the definit ion 
phase of the project. 

During July the 

The highest efficiency results i n  a working 
f lu id  having the highest pressure and lowest steam 
fraction for the temperature. 
operation for  the turbine. 

This yields the best 

FUTURE WORK 

1. Parallel  developments of two-phase and 
three-phase boiling models are to be continued dur- 
ing f i s ca l  1981. 

2. Testing of additional devices within the 
DCfM column w i l l  be scheduled t o  improve overall 
tower performance and to  create modular designs for 
a 20-ft-diameter column, thereby replacing the 
plural i ty  of DCfM units  otherwise required for  
commercial s ize  (2  50 m e )  installations.  

40C 

I C 4  Inlet 93.9.F- 
Known 

0 

Figure 4. Graphic solution of heat and mass balan 
for run X7 on enthalpy-composition phase diagram. 
(Any number of isothermal t i e  l ines  may be drawn.) 

[XBL 8012-65131 
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BINARY GEOTHERMAL POWER PLANT INVESTIGATION AT LBL 
W. L. Pope and P. A. Doyle 

This article summarizes the results of geo- 

The early work 
thermal binary Rankine-cycle studies which began in 
1979 and continued through 1980. 
was not presented in the 1979 Annual Report while 
U.S. Patent protection was being obtained. 

Fbughly 80% of all commercial electric power 
generated in the U. S. is produced in simple reheat 
or combined steam Rankine thermodynamic processes. 
Key determinants in Rankine-cycle performance are 
the choices of working fluid and turbine states. 
A current difficulty in the design of the closed 
organic "binary" Rankine cycle for geothermal power 
plants is the selection of the optimum working 
fluid and turbine states. 
to all non-pteam Rankine systems under development 
in the U. S. and elsewhere and is, therefore, a 
matter of great technical importance to.the world 
power community. 

This difficulty is common 

Recent geothermal binary-Rankine-cycle power 
plant research at Lawrence Berkeley Iaboratory (LBL) 
shows considerable promise toward resolving the 
difficulties. Our preliminary investigations, de- 
scribed in detail in Pope and Doyle (1980) and sum- 
marized in Pope et al. (1980) have been successful 
in identifying a useful 
dynamic characterization parameter--the fluid's 
transposed critical temperature (TPCT) line in the 
anomalous specific heat region above the critical 
point. 

working-fluid thermo- 

Although the Rankine cycle has been used world- 
wide for over 100 years and the existence of a 
fluid's specific heat anomaly has been known for 
perhaps 50 years, we believe we are the first to 
identify the importance of working fluid specific 
heat behavior in the critical region to the perfor- 
-mce of optimum Rankine-cycle power plants. 

(si In brief, we have found that when the opthum 
working-fluid mixture composition is determined for 
a supercritical, binary-Rankine-cycle power plant, 

the optimum turbine-inlet state is always in the 
anomalous specific heat region, very close to the 
transposed critical temperature line, such that the 
turbine expansion is dry but with minimum exhaust 
superheat consistent with the vapor boundary char 
acteristics of the selected mixture system and 
imposed power plant constraints. 

These findings are based upon detailed inves- 
tigations of geothermal binary-Rankine-cycle power 
plant conceptualizations assuming the ieobutane/ 
isopentane (iCq/iC5) system (Pope and Doyle, 1980) 
and upon recent spot checks of three other two- 
component hydrocarbon mixture-systems for resource 
temperatures between 150°C and 220°C. 

Figure 1 is a schematic diagram of the simple 
geothermal binary-Rankine-cycle power plant inves- 
tigated (Pope and Doyle, 19801, including a list of 
seven independent variables which characterize the 
overall thermodynamic performance of the system. 
The plant assumes conventional shell-and-tube heat 
exchangers and a forced-draft wet cooling tower. 
The surface plant is coupled to a simulated hydro- 
thermal resource of infinite lateral extent and 
fixed depth via frictionless, adiabatic wells. 
Brine (pure H2O) is produced at the wellhead as 
saturated liquid using downhole production pumps 
driven by electric motors. 
injected. Design heat-transfer coefficients are 
input constants, and the flaw rates per well are 
specified. All major system parasitic losses are 
included, and each subsystem is adequately charac- 
terized with regard to thermodynamics and economics 
for the problem at hand. 

Although this is about the simplest systeiu 
configuration we could cane up with and yet simulate 
the "whole potato," a number of technical and finan- 
cial input assumptions (Pope and Doyle, 19801 which 
could have influenced our results had to be nulled 
out. TO do this we varied brine unit heat costs, 
plant subsystem unit costs, and subsystem efficiency 

All spent brine is re- 
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I ,  h I " eladom 

Figure 1. 
mal binary-Rankine-Cycle power plant investigated 
in Pope and Doyle (1980). Also shown is a list of 
seven independent variables which characterize the 
overall thermodynamic performance of the system. 
See Table 1 and Fig. 2 of the above-mentioned report 
for other details. 

Schematic diagram of the simple geother- 

[XBL 806-1 1341 

factors over wide limits (up to a factor of 5). 
our calculations represent system designs optimized 
in seven parameters using state-of-the-art tech- 
niques (Kestin, 1980, Sec. 8.2.8). 

A l l  

Figure 2 shows our computed optimum isobutane 
mole fraction for t h i s  plant configuration assuming 
the icJiC5 mixture-system between resource tempr- 
atures of 165.C and 205.C. It can be seen that the 
optimum isobutane mole fraction is a monotonically 
decreasing function of resource temperature, as pre- 
dicted by Starling (1977). This figure also shows, 
however, that the optimum composition depends upon 
unit brine costs and assumed constraint conditions. 
For the same input assumptions, our results agree 
very well with the Holt/Ghormley study conducted in 
1976 for EPRI (Roberts, 1976). 

Figure 3 is a schematic diagram of typical 
computed optimum turbine expansion paths followed 
for supercritical cycles on pressure-enthalpy coor- 
dinates. Note that the optimum turbhe-inlet state 
is always adjacent to the transposed critical line 
for the optimum mixture composition. The Group A 

LBL with /979 brine costs and 
KOo F brine r e m  constraint 

a1 L 

-_-_ 2? 0.2 
sub- critical transition 

o.+ LBL with baseline casts 
I un-emstmined I 

I I I I 1 I I  
180 190 200 

Resource temperature T m  (OC) 

Figure 2. 
a function of resource temperature. 
composition also depends on turbine constraints 
(not shown). [XBL 805-9631 

Computed optimum iCq mole fraction as 
The optimum 

cases represent cycles for which the turbine inlet 
state was allowed to be anywhere outside the two- 
phase vapor envelope and the crosshatched region,. 
for the selected mixture composition. Because i(J 
many instances expansions could proceed into the 
two-phase zone, the expander dry stage adiabatic 
efficiency was arbitrarily penalized by 1% for each 
percent of working-fluid moisture present at stage 
exhaust conditions. In other words, lacking another 
basis, we applied ~aumann's rule-of-thumb from steam 
turbine technology. 

For the Group B-1 cases, the turbine inlet 
state was constrained to assume only values of in- 
let entropy which were greater than the maximum 
saturated vapor entropy of the selected mixture 
canposition. 
bine expansion (and therefore the above efficiency 
penalty was not applied) and allws the simulation 
of designs under practical stage superheat matgins 
on a consistent basis. 

This constraint ensures only dry tu- 

The Group 8-2 expansion line represents cycles 
for which the brine return temperature (primary 
heater exit temperature) was constrained to be 
greater than or equal to 344X (160.F). !Phis return 
temperature m y  apply to binary-Rankine geothermal 
plants at the Heber resource in the Imperial Valley 
of California. 

S, (maxl 
I 

Enthalpy - 
Figure 3. Pressure-enthalpy sketch illustrating 
typical turbine expansion paths €or each constraint 
group of this study. 
two-phase and shaded region were disallowed in 
cases. 
dome location and shape) were Ignored for illustra- 
tion purposes. [XBL 806-1 1381 

Turbine inlet states in the. 

6.i Differences in optimum composition (vapo 
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Figure 4 shows our correlation between the 
temperature on the TPCT line (at the optimum tur- 
V n e  inlet pressure) and the optimum turbine inlet 

perature for busbar cost optimized iC4/iC5 mix- u e binary-Rankine-cycle power plants. The numbers 
on the curves apply to the circles with the dots, 
which represent turbine states at various resource 
temperatures between 170.C and 200.C with Baseline 
input subsystem assumptions (Pope and Doyle, 1980, 
Table 1). The other symbols on the plots represent 
a variety of input subsystem unit cost or efficiency 
factor assumptions which differ from Baseline Con- 
ditions by as much as 500% (Pope and Doyle, 1980, 
Fig. 2).  

It can be noted that the optimum dimensionless 
turbine inlet temperature is, in all cases, within 
1% of the dimensionless transposed critical temper- 
ature line for the optimum mixture composition. 
Note also that the degree of departure of the opti- 
mum turbine inlet temperature from the TPCT line is 
independent of the resource temperature and of all 
unit cost or subsystem efficiency factor assump 
tions, and depends only upon the assumed constraint 
conditions. 

Figure 5 shows our correlation between the 
reduced pressure on the TPCT line (at the opthum 
turbine inlet temperature) and the optimum reduced 
turbine inlet pressure. Cnce again, all points 
represent a variety of resource temperatures and 
radically different subsystem unit cost and effi- 
ciency factors, but the TPCT line departure depends 
only upon imposed constraints. 

Figures 2 to 5 represent binary-Rankine power 
plant conceptualizations optimized for minimum cost 
of energy at the busbar for a variety of input unit 
cost assumptions. 

Could the input cost assumptions somehow - create the observed TPCT affinity? 
strate that this is not the case with the following 

We can demon- 
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Pigure 4. Correlation between the temperature on 
C TPCT line (at the optimum turbine inlet pres- k e) and the optimum turbine inlet temperature for 

busbar cost optimized iC4/iC5 mixture geothermal- 
binary-Rankine-cycle power plants. [XBL 805-9651 
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Figure 5. Correlation between the pressure on the 
TPCT line (at the optimum turbine inlet temperature) 
and.the optimum turbine inlet pressure. 

[XBL 605-9641 

test. Mter obtaining cost optimum values for the 
previously described seven independent system p a r  
ameters (Fig. 11, the pinch point temperature dif- 
ferences of the three nonwork-producing subsystems 
of the plant are fixed. 
optimized in four-parameter, constrained thermody- 
namic brine "yield" optimizations in which minimum 
brine mass flow rate is the Design Objective for 
fixed net system power. In these optimizations, - all subsystem costs and financial factors are 
immaterial. 

The systems are then re- 

This test is a useful measure of thermodynamic 
optimality for geothermal Rankine-cycle power plants, 
because when the brine flow-rate is minimized the 
net plant fuel (brine) utilization efficiency is 
Wimized. 

In these tests, our computed thermodynamic 
optimum turbine inlet states fall within 0.1% of 
the TPCT line of the optimum working-fluid mixtures 
--that is, to within about the limits of resolution 
of our existing process simulator. We believe this 
test provides a sound thermodynamic basis for the 
preference of the TPCT line for supercritical 
Rankine-cycle power plants. 

Figure 6 illustrates the busbar energy cost- 
design surface (Design Objective) for an optimized 
mixture binary-Rankine-cycle power plant. Here, 
the relative busbar energy cost has been plotted as 
a function of turbine inlet temperature and pres- 
sure. The values of pressure and temperature.along 
the sharp trough--the Global Minimum busbar cost 
region--are virtually coincident with the transposed 
critical temperature line of the selected optimum 
mixture [see Pope and Doyle, 1980, Figs. 10 and 11). 
The gradually sloping operating region on the left 
of Figure 6 corresponds to slightly subcritical and 
sl ightly supercritical turbine inlet states below 
the TPCT line, to the right of the critical point 
in the superheated vapor region on pressure-enthalpy 
coordinates. 
"steeper" if off-design expander characteristics 
had been factored in.) The region on the right 
side of Figure 6, where the busbar energy cost rises 

(Note that this region would be 
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TRANSPOSED CRI77CAL T€UP€RA 
(GLOBAL U/N/UUU cosr) 

Figure 6. 
face (Design Objective) for a simple geothermal 
mixture binary-Rankine-cycle power plant as in 
Figure 1. [XBL 805-9681 

Relative busbar energy cost design sur- 

abruptly, corresponds to turbine inlet states imme- 
diately above and/or to the left of the TPCT line 
(on P-h coorainates) which would result in expan- 
sion, by one or more exhaust stages, into the two- 
phase vapor region of the selected optimum mixture. 
This plot clearly shows the potentially severe 
system economic penalties associated with reduced 
turbine efficiency due to wet expansion, and empha- 
sizes the importance of accurate knowledge of the 
location of the fluid's vapor-saturation boundary. 
Although superheat at the turbine exhaust is unde- 
sirable, expanding into the two-phase vapor dome 
must be avoided with these wretrogradew fluids if 
moisture degrades turbine efficiency. 

Why are all our optimum cycles supercritical? 
It can be shown that if the unit fuel cost is very 
low, there is no economic incentive for high-temper- 
ature (pressure) turbine states to increase utiliza- 
tion efficiency in subcritical Rankine cycles and, 
therefore, no economic advantage from even higher- 
pressure (efficiency) supercritical cycles. 

The input unit fuel cost for the examples pre- 
sented (Pope and Doyle,.1980) ranged from about 60# 
per million Btu to about $3.00 per million Btu. 
Under these conditions, the optimum cycle for t h i s  
plant configuration and hydrocarbon mixture-system 
between 165OC and 200°C was always a supercritical 
cycle. 
tions on the simple binary geothermal cycle that 
suggest that when the annualized fuel costs are 
equal to or greater than the annualized plant 
capital plus operating and maintenance costs, the 
supercritical cycle is preferred. As we have pre- 
viously shown, this optimum cycle is always a TPCT 
Rankine cycle for the geothermal-plant configuration 
and hydrocarbon-mixture systems investigated. We 
have strong reason to believe the Transposed Criti- 
cal Temperature Rankine thermodynamic cycle will be 
most appropriate for numerous other Rankine process 
applications other than geothermal, and we urge 
other investigators to explore this possibility in 
their mrk. 

We have done a limited number of calcula- 

Additional system correlations (Pope and Doyle, 
1980, Figs. 13, 14) suggest that the TECT line could, 
be used with other, previously identified, fluid 
characterization parameters to make consistently L' 
good initial selections of working fluids and tur- 
bine states. A successful effort in this direction 
might'reduce current geothermal binary cycle &&- 
tial fluid selection difficulties to the level of 
a programmable hand calculator and greatly enhance 
the state of the art. One facet of our current 
efforts involves developing a system correlation 
based on process state exergy (Kestin, 1980, 
Chapter 3). 

We have found that the mixing rules in the 
fluid-properties formulations we are using do not 
adequately predict the critical-point locus for 
some hydrocarbon mixtures (Silvester, 1978). For 
future work, which will concentrate on conditions 
applicable to the Heber Binary Demonstration Plant, 
we plan to use new fluid property routines based 
upon Extended Corresponding States formulations. 

A comprehensive patent application based on 
the foregoing concepts has been filed (Pagano, 1980). 
This Method Application utilizes the fluid's trans- 
posed critical temperature for selecting and operat- 
ing Rankine process systems. 
disclosed are new and potentially applicable to a 
broad variety of Rankine systems and subsystems 
(turbines, simple cycles, and combined cycle plants 
for electric power, automotive, and waste heat 
recovery applications), 31 potential claims were 
identified. 

- 

Because the concepts 

Major conclusions of this study are: 

1. The Transposed Critical Temperature is an 
important thermodynamic property which should be 
considered in the selection of working fluids and 
operating states for geothermal binary-Rankine 
cycles. 

2. A high priority should be placed on the 
development of a new equation of state for hydro- 
carbon mixtures. Extended Corresponding States 
formulations appear promising. 

3. Although our study (Pope and Doyle, 1980) 
was limited to simple binary-Rankine-cycle geother- 
mal power plants with a single mixture system, 
greatly simplified financial characterization, and 
a limited resource temperature range, additional 
recent investigations support much broader poten- 
tial TPCT applicability. 

4. Mixture-binary-Rankine cycles appear to 
offer significant utilization efficiency and eco- 
nomic advantages Over pure fluid cycles and, conse- 
quently, could play an important role in electric 
power development of moderate-temperature geothermal 
resources. 

LJ We acknowledge the valuable contributions t 
this work from H. S. Pines, L. F. Silvester, and 
R. L. Fulton of LBL, and encouragement from numer- 
ous outside reviewers of our original report (POP 
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and Doyle, 1980). Special thanks go t o  Sheldon R. 
Meyer of Phillips-Moore and Associates fo r  prepar- 
lng the patent application. 

L4 
REFERENCES CITED 

Kestin, J. (Editor-in-Chief), 1980. Sourcebook on 
the production of e l ec t r i c i ty  from geothermal 
energy. Providence, mode Island, Brown mi- 
versity. U. S. Government Printing Office 
(DOE/RA/4051-1), Washington, D. C. 20402 
(Section 8.2, Conceptual design optimization, 
was prepared by w. L. pope, P. A. Doyle, H. s. 
Pines, R. L. Fulton, Lo F. Silvester, and J. M. 
Angevine of the LBL Earth Sciences Division.) 

Pagano, R., (Editor). LBL researchers find a key 
t o  more eff ic ient  power plants. 
V. 7 ,  no. 31, 1980. Berkeley, Lawrence 
Berkeley Laboratory, Public Information 
Department. 

Currents, 

Pope, W. L., and Doyle, P. A., 1980. The trans- 
posed c r i t i c a l  temperature Rankine thermody- 
namic cycle (concept). Berkeley, Lawrence 
Berkeley Laboratory, LBL-10312. 

Pope, w. L., Doyle, P. A., Fulton, R. L., and 
Silvester, L. F., 1980. The importance of the 
specific heat anomaly i n  the design of binary 
Rankine cycle power plants, Presented a t  the 
Geothermal Resources Council Annual Meeting, 
Sal t  Lake City, Utah, September 9-11, 1980. 
Berkeley, Lawrence Berkeley Laboratory, 
LBL-10974. 

Starling, K. E., 1977. Conclusion stated a t  pres- 
entation before the Fourth Meeting of the 
Centers fo r  the Analysis of !l'hermal-Mechanical 
lbergy Conversion Concepts (CATMEC), Lawrence 
Berkeley Laboratory, Berkeley, California, 
January 24-25, 1977. 

Ibberts, V. W., 1976. Geothermal energy conversion 
and economics - Case studies. Prepared by 
Holt/Procon for  Electric Power Research Insti- 
tute,  Pa10 Alto, California, November 1976. 
EPRI ER-301, Project 580. 

Silvester, L. F., 1978. Thermodynamic and trans- 
port  properties of l ight  hydrocarbons and 
their binary mixtures. In  Earth Sciences 
Division Annual Report 1978. Berkeley, 
Lawrence Berkeley Iaboratory, LBL-8648. 

BINARY FLUID EXPERIMENT IN 1980 

8. W. Tleimat, A. D. K. Laird, G. V. Dizon, S. Zhao, H. Rie, and T. Vermeulen 

The Binary Fluid Experiment (BFE) was designed 
t o  obtain laboratory-quality data t o  determine heat- 
transfer film coefficients for  heating and condens- 
ing certain working f luids  proposed for use in  bi- 
nary-cycle geothermal power plants. 

The apparatus was designed and constructed t o  
simulate the binary cycle, with steam as the heat 
source instead of geothermal brine and a throt t l ing 
valve instead of a turbine. 
t o  use a variety of working fluidst  
hydrocarbons, mixtures of l i gh t  hydrocarbons, or  
refrigerants. 

The equipment was bu i l t  
pure l igh t  

In specifying heat-transfer equipment for a 
process, the designer is usually armed with well- 
tested information on the performance of similar 
equipent  under similar or  identical  conditions. 
However, i n  unusual applications, such a s  a binary- 
cycle geothermal plant using isobutane or a mixture 
of isobutane and isopentane a s  the working f luid,  
reliable data on the transport and thermodynamic 
properties of the working-fluid a t  the desired con- 
ditions are essential  for sizing the heat-transfer 
equipment. The empirical correlation equations, 
such a s  those of Dittus and Boelter, Colburn, sider 

j Tate, used t o  calculate the film coefficient 
Lid based on f luid transport properties and give 

the mean value, o r  the most probable value, of a 
large amount of experimental data. 

Because of minor and unrecognized variations 
i n  conditions, the designer can only be reasonably 
sure tha t  the performance of the heat exchanger 
w i l l  be within f 35% of the mean. Consequently, t o  
assure fulfillment of guarantee for a new design, 
t h e  designer would select a heat-transfer coeffi- 
cient value a t  the lower l i m i t ,  resulting i n  higher 
cost  of equipment. 
or  lack of re l iable  data fo r  the desired conditions, 
make the designer's task d i f f i cu l t  a t  best. 
factor i s  extremely important for  the geothermal 
program, because computer studies (LBL's GEUlFIM, 
for  example) indicate tha t  heating the f luid i n  the 
supercrit ical  region w i l l  result i n  higher cycle 
efficiency than heating below the c r i t i c a l  point. 
Moreover, other studies (Pope e t  al., 1980) indi- 
cate t ha t  using mixtures of isobutane and isopentane 
as the working f lu id  in  the loop and heating the 
f luid close t o  the pseudocritical l i ne  (transposed 
c r i t i c a l  l ine)  w i l l  result i n  high efficiency as 
w e l l  a s  extend the useful l i f e  of the geothermal 
reservoir. Consequently, the most effective and 
rel iable  approach €or specifying the heat-transfer 
equipent  is t o  determine the heat-transfer coeffi- 
cient a t  the proposed operating conditions of the 
plant. 

Lack of data on f lu id  properties, 

This 

The BFE apparatus was bu i l t  and installed at  
the Univereity of California's Richmond Field Sta- 
t ion t o  determine the heat-transfer coefficient for  
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Binary fluid experiment, schematic flow 

working fluips at the proposed conditions of the 
binary-cycle geothermal power plants. 
a simplified schematic diagram of the experiment. 
A detailed description of the apparatus is given 
elsewhere (Tleimat et al., 1979b). 

Figure 1 is 

ACCWPLISHMENTS DURING 1980 

Data on heating and condensing of 90/10, 80/20, 
and 70/30 mole % isobutane-isopentane mixtures were 
obtained and analyzed. The empirical correlation 

0.82 -0.4 Nu = 0.022 Re I 

found earlier (Tleimat et al., 1979a) for heating 
isobutane, gives an excellent fit to the observed 
film coefficient in heatinq, when simplified for 
convenience by using the viscosity and thermal con- 
ductivity of pure isobutane in the correlation. 

The results for condensation showed that the 
Nusselt correlation for condensing a pure substance 
did not fit the results obtained for condensation 
film coefficients for mixtures. 
the condensation film coefficients for mixtures were 
consistently lower than those for pure isobutane, 
especially when the temperature difference between 
the vapor and the wall was relatively low. 
sation data for 90/10 and 80/20 mole % mixtures have 
been published (Tleimat et al., 19801, including 
Figures 2 to 6 shown here. Figure 2 shows the ratio 
of the condensation film coefficient of the mixture 
to that predicted from the Nusselt correlation for 
pure isobutane at the same saturation temperature 
as a function of the temperature difference between 
the vapor in the condenser shell and the outside 
wall of the tube. Figures 3 and 4 show the conaen- 
sation film coefficient for the 90/10 and 80/20 
mixtures, respectively, as a function of Reynolds 
number. Figures 5 and 6 show the dimensionless 
plots of the data shown on Figures 3 and 4. The 
solid lines show the Nusselt correlation for pure 
isobutane with values of transport properties as 
given by Hanley ( 1976). 

It was found that 

Conden- 
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B 

c; 
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tv - tw "c 
Figure 2. 
to film coefficient for pure substances (Nusselt 
correlation) as a function of temperature difference 
between vapor and outside wall of tube of 90/10 and 
80/20 mole % isobutanejisopentane mixtures. 

Ratio of film coefficient,for mixtures 

[XBL 8010-73571 
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Figure 3. Film coefficient for condensation of 
90/10 mole % mixture of isobutane/isopentane on a 
horizontal tube as a function of Reynolds number. 

[XBL 8011-127951 
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2 r  Re. - 
w Figure 4. 

80/20 mole % mixture of isobutane/isopentane on a 
horizontal tube as a function of Reynolds number. 

Film coefficient for condensation of 

[XBL 8011-127961 
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Figure 5. 
t ion of 90/lO mole % mixture of isobutane/isopentane 
on a horizontal tube. 
correlation for pure substances. 
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Solid line shows the Nusselt 
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FUTURE PLANS 

Data w i l l  be obtained on heat-transfer film 
coefficients for heating and condensing other mix- 
tures of isobutane-isopentane. It is anticipated 
tha t  data w i l l  also be obtained for  supercrit ical  
heating and condensing of Freon 114 and mixtures of 
Freon 114 and Freon 115. The data w i l l  be used in  
the design of heat exchangers for the Sperry grav- 
ity-head technology program for  the developnent of 
turbine-driven downhole pumps fo r  the geothermal 
program. 
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MEXICAN-AMERICAN COOPERATIVE PROGRAM 

OVERVIEW OF THE MEXICAN-AMERICAN COOPERATIVE PROGRAM 
M. J. Lippmann and N. E. Goldstein 

The Cerro Prieto geothermal f ie ld  is located 
about 35 km south of the c i ty  of Mexicali i n  Baja 
California, Mexico (Fig. 1). U n t i l  October 1980, 
when a 1O-MW power plant went on l ine a t  Brawley, 
California, Cerro Prieto was the only liquid- 
daninated geothermal system generating electr ic  
power on a commercial scale i n  North America. 

Production of 75 MWe began in  1973; i n  A p r i l  
1979 it was increased to 150 MWe. In May 1981 a 
30-MWe lower pressure turbine is scheduled t o  go 
into operation. 
Federal de Electricidad (CFE), which manages and 
operates the f ie ld ,  c a l l  for a t o t a l  production of 
620 We by 1984. The probable capacity of the Cerro 
Prieto reservoir is estimated t o  be about 1100 m e  
(COmisi6n Federal de Electricidad, 1980). 

The l a t e s t  plans of the Comisibn 

To Brawley 

EL 

GEOTHERMAL 
FIELD 

1. I O  ban 8; Felipe 

Figure 1. Location map of the Cerro Prieto 
geothermal field. [XBL 788-1 04091 

IXlring the winter months, the generation capac- 
i t y  of CFE's system i n  northern Baja California, 
which includes Cerro Prieto, exceeds the local needs. 
Recently, San Diego Gas and Electric of southern 
California has begun purchasing 20  t o  30 MW of tha t  
surplus e lec t r ica l  power. 
is bound t o  increase as  the development of the Cerro 
Prieto f ie ld  continues. 

The sale of e lec t r ic i ty  

@E's large development plans are  based on a 
comprehensive exploration e f for t  which began in  1975 
and covers not only Cerro Prieto but also other 
promising areas i n  the Mexicali Valley. A t  present, 
about 75 deep wells have been completed a t  Cerro 
Prieto (Figs. 2 and 3). The dr i l l ing  program has 
continued with step-out wells i n  the eastern areas 
(e.9.. M-117 and M-1891, exploration wells around 
the vil lage of Hidalgo (e.g., H-2 and M-1721, and 
new, deeper production wells i n  the exploited area 
(e.g., E-1 and E-2). 

Lawrence Berkeley Laboratory (LBL), under the 
direction of the Division of Geothermal mergy of 
the U.S. Department of mergy (DOE), has been work- 
ing with CFE i n  carrying out a cooperative project 
on a r r o  Prieto. 
performed through a 5 y e a r  agreement signed i n  1977 
between B E  and DOE (Witherspoon e t  al., 1978). 

These geothermal s tudies  are  being 

A number of organizations are  cooperating in  
this project (Table 1). The Earth Sciences Division 
of is coordinating the U.S. technical ac t iv i t ies  
carried out under the agreement; the Coordinadora 
Ejecutiva de Cerro Prieto of CFE i s  coordinating the 
Mexican participation. 

Table 1. Principal organizations cooperating in  the 
Mexican-American project. 

Mexico 

Comisibn Federal de Electricidad (CFE) 
Inst i tuto de Investigaciones El'ectricas ( I I E )  
Direccibn General de Estudio del Terri torio 

Centro de Investigacibn Cient'ifica y 

Consejo Nacional de Ciencia y TecnologTa 

Nacional (DETENAL) 

EducaciSn Superior de msenada (CICESE) 

( CONACYT ) 

United States 

Department of mergy (DOE) i 

Lawrence Berkeley Laboratory (LBL) 
U. S. Geological Survey (USGS) 
University of California, Riverside (UCR) 



169 
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Figure 2. Location of w e l l s  a t  the Cerro Prieto 
geothermal f i e l d  (as  of October 1980). 

[XBL 801 0-29571 

The principal objectives of t h i s  Mexican- 
erican project are t o  develop a hydrogeologic 

m o d e l  of the Cerro Prieto geothermal system and t o  
study its response t o  large-scale f luid production 
and injection. 'Ihe experiences gained w i l l  be ex- 
tremely useful for  planning the developaent of s i m -  
i l a r  water-dcminated geothermal f ie lds  i n  the nearby 
Imperial Valley, California. 

In January 1980 discussions were ini t ia ted 
between DOE/LBL and CFE t o  exte 
American cooperative program t o  
Azufres geothermal f i e l d  i n  the s t a t e  of Michoacbn, 
Mxico. 
which w i l l  include Los Azufres, may be signed during 
the f i r s t  half of f i s ca l  1982. 

ACTIVITIES DURING FISCAL 1980 

An amendment to  the present agreement, 

Some of the ac t iv i t i e s  and resul ts  discussed 
below are described i n  further detai l  elsewhere i n  
t h i s  volume. Most of the results obtained i n  pre- 
vious years have been published i n  the proceedings 
of the f i r s t  two symposia on Cerro Prieto (Lawrence 
Berkeley Laboratory, 1978; Comisian Federal de 
Electricidad, 19811, 

Geoloq 

In March 1980 a 3-day internal workshop between 
DOE and B E  personnel was held i n  Menlo Park, C a l i -  
fornia (The Vallombrosa Meeting), t o  exchange the 

Figure 3. 
Prieto's w e l l s .  
charged through the silencers, par t ia l ly  hidden by 

Wellhead installations a t  one of Cerro 
The produced f luids  are  being dis- 

the steam plume. [CBB 782-1 4951 

l a t e s t  data and resul ts  on the Cerro Prieto f ield 
(Lippmann and Magon, 1980). The main objective was 
t o  develop a hydrogeologic model of the geothermal 
system. 

updated map of the f a u l t  system for the 
f i e l d  was drawn on the basis of recent geologic and 
geophysical studies (Fig. 4). It was decided t h a t  
the f a u l t  interpretation based on well-torrell 
correlations of the contact between the relatively 
unconsolidated unit  A and the l i t h i f i e d  U n i t  B is 
inaccurate. W e  now understand tha t  t h i s  is a 
gradational thermal metamorphic contact which cuts 
across lithologies and owes its position t o  the 
geometry of subsurface isotherms rather than to 
faulting. 
continuous NW-SE f a u l t  traceable from the Gulf of 
California t o  the Cerro Prieto volcano, is believed 
t o  be merely a boundary f a u l t  t o  the f i e l d  rather 
than the conduit for ascending hydrothermal fluids. 
This conclusion is based partly on the generaliza- 
t ion tha t  strike-slip f au l t s  do not account fo r  sig- 
nificant f luid flow compared t o  normal or  reverse 
faults. However, the Cerro Prieto f au l t  does not 
behave a s  an impermeable boundary near the surface. 
It was noted from water-level responses tha t  w e l l  
M-6 w e s t  of the f au l t  is connected to the main pro- 
duction area east  of the Cerro Prieto fault .  The 
Volcano f au l t  system, a series of NE-SW faul ts ,  is 
considered t o  have three main components, Delta, 
Pgtzcuaro, and Hidalgo. 
t ha t  t h i s  fracture system acts  a s  the conduit t o  

The Cerro Prieto faul t ,  an apparently 

It i s  generally believed 
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Figure 4. Simplified f a u l t  map €or Cerro Prieto. 
[xBL 804-7022~1 

f luid flow, especially where it intersects the NW-SE 
f a u l t  system. A new NE-SW f a u l t  (Morelia faul t )  has 
been discovered north of the main production field. 
It passes near w e l l s  M-7 and M-94. This f a u l t  was 
considered to be part  of the northern (leaky) boun- 
dary. 
railroad track, is believed t o  extend northward for 
an undetermined distance beyond the Morelia faul t ,  
and might extend as f a r  south a s  the vil lage of 
Delta (near w e l l  M-1891, which was damaged i n  June 
1980 by a magnitude 6+ earthquake. From interfer- 
e n c e t e s t s  and recent lithological studies, it is 
clear tha t  the f i e lds  on opposite sides of the 
Michoach faul t ,  Cerro Prieto I and 11, are con- 
nected. The hot water is believed to flow i n  a 
westerly direction a t  some depth while cold water 
from the Colorado River recharges the reservoir 
from the northeast. 

The Michoacdn fault ,  which parallels the 

Work done by Lyons and van de Kamp (1980) on 
the deltaic depositional environment i n  the f i e l d  
suggests t ha t  wells i n  Cerro Prieto I and 11 a re  
producing generally from delta-plain sediments. 
However, it was considered tha t  wells M-6 and S-262 
have penetrated prodelta materials. 

The mineralogic and petrographic studies on 
cuttings and cores still continue a t  the University 
of California, Riverside. Various methods of geo- 
thermometry have been used, including authigenic 
mineral assemblages and l i gh t  stable isotopes, t o  
study temperature distribution and rock-fluid inter- 
actions i n  the subsurface. These data have revealed 

a pattern of mineral zones and isotopic ra t ios  i n  
the rocks which serves to define the shape of the 
reservoir and t o  record the pattern of hydrothema+ 
circulation prior t o  production. 
(1980) inferred the existence of an elongate plume 
of convecting hot water which dips 45O to the north- 
east, is recharged from the northeast, and dischar- 
ges t o  the southwest (Fig. 5 ) .  

a, Elders e t  al .  

Geophysics 

IgL continued a program of geophysical monitor- 
ing of the field. Precision gravity, dipole-dipole 
r e s i s t i v i ty  surveys, and seismic monitoring were 
carried out over the area to determine whether 
subsurface changes i n  the physical properties of 
rocks are taking place i n  response to exploitation 
of the field. Additional magnetotelluric stations 
w e r e  added to help delineate the f i e l d  boundary. 

I)uring f i s ca l  1980, CFE continued its explora- 
t ion of new potential geothermal areas i n  the wexi- 
Cali Valley. Schlumberger res is t ivi ty ,  magnetic, 
gravity, self  potential, and heat flow surveys were 
completed a t  Tule Check (northwest of Cerro Prieto), 
and Schlumberger r e s i s t i v i ty  and heat flow surveys 
w e r e  carried out a t  Mesa de Andrade (southeast of 
Cerro Prieto). Ilowever, only the results of the IgL 
work are  discussed here. 

During the geophysical presentations and dis- 
cussions a t  the Vallcrnbrosa Meeting the following 
points were raised about the Cerro Prieto area: 

1. The positive magnetic and coincident grav- 
i t y  anomalies centered about 6 km northwest of the 
Cerro Prieto volcano are due to a shallow magnetic 
basement. 

Figure 5. 
f i e l d  into regions of characterist ic flow regime 
R, Recharge Zone; P, Thermal Plume Zone; D, Ms- 
charge Zone; B, Zone of Horizontal flow (a f t e r  
Elders e t  al., 1980). [XBL 811-7517] 

Proposed division of the geothermal 
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2. The large, circular, positive magnetic 
anomaly and the general gravity l o w  south of Nuevo 
'eon, about 5 km southeast of well M-53, could be 
used by a complex of diabase dikes and sills at a v epth of roughly 2 km. 

3. Coincident gravity and magnetic lows are 
indicative of thick sedimentary sequences; one such 
pattern is observed south of the Cerro Prieto vol- 
cano, centered on the highway to San Felipe. Seis- 
mic reflection data support this interpretation. 
However, magnetic and seismic evidence obtained be- 
tween the volcano and Nayarit suggests that volcanic 
rocks exist above the basement within the sedimen- 
tary rocks. 

4. Gravity methods seem better than magnetic 
methods for helping to define the zone of hydrother- 
mal alteration/metamorphism associated with the geo- 
thermal field. 

5. The "ridge-like" gravity high extending 
southeastward from w e l l  M-96, subparallel to the 
Cerro Prieto fault and truncated by the PZatzcuaro 
fault, very likely results from densified shales 
below the contact between the unconsolidated and 
consolidated sediments (WB contact). 

6. There is no clear evidence of the simple 
basement horst purported to underlie the original 
production area. 

7. ~ 0 t h  gravity and magnetic data have proved 
useful in defining major structures in the Mexicall 
Valley . 

8. The large dipolar self-potential anomaly 
mapped over the field seems to be caused by a com- 
bination of fluid flow (electrokinetic effect) and 
temperature gradient (thermoelectric effect). 

9. At Cerro Prieto, where normal resistivities 
of the saline sediments are low (1-2 ohm-m), the 
geothermal field is best correlated with a resis- 
tivity high. 

10. Resistivity laws near the field could be 
explained by (a) marine sediments to the west con- 
taining saline pore fluids or (b) near-surface 
thermal manifestations, offset laterally from the 
reservoir. 

11. Detailed interpretation of dc resistivity 
( dipole-dipole) provides a two-dimensional picture 
to depths of 2-3 km; parameters of deeper layers 
are better fixed by means of magnetotelluric inter- 
pretation. 

Dipole-Dipole Resistivity 

A dipoledipole resistivity s w e y  was repeated 
in March 1980 over an established E-W line centered 
over the reservoir region. 
performed in a nearly identical manner to those done 
in fiscal 1979, and we utilized the same current 
electrodes and equipment. 

The measurements were 

Current was impressed by 
ns of the LBL 25-kW motor generator, which pro- adb ces a 40-s square wave pulse of 17-35 A. A dipole 

length of 1 km was used, and voltages at potential 
dipoles with separations of up to n = 8 were read 

using our programmable, multichannel digital re- 
ceiver. 
averaged simultaneously; usually four signal cycles 
were stacked for each measurement and 15-25 measure- 
ments were used to obtain an average apparent resis- 
tivity. Analysis of the data shows that the stan- 
dard errors associated with 90% of the data points 
are less than 2%. However, the accuracy in most 
apparent resistivity estimates is probably not that 
good. 
gave average apparent'resistivities that agree to 
within 4-6%. Telluric noise cancellation was not 
used. 

Signals from four potential dipoles were 

Repeat measurements made several days apart 

A comparison of 1979 and 1980 data sets reveals 
that a change in apparent resistivities has occurred 
that cannot be attributed merely to measurement 
error. An analysis of the changes is being deferred 
until another set of data is obtained in fiscal 1981. 

Seismic Monitoring 

The five-station seismic network was put back 
into operation after several months, during which 
time we modified the three-component geophones to 
operate in the high temperatures encountered in the 
100-m-deep wells. 
replace the hardwire links between stations with a 
radio telemetry system because the wires were fre- 
quently broken by human activities (Fig. 6). Fol- 
lowing the earthquake of June 8, 1980, centered 
10 km southeast of the field, the aftershock activ- 
ity became so high (50-100 events per day compared 
to two events before the earthquake) that routine 
monitoring and recording of data was not possible 
with the triggered digital cassette recorder. We 
therefore set up a visual monitor on one geophone 
until the number of aftershocks decreased and normal 
monitoring could resume. 

We also found it necessary to 

Magnetotellurics 

Nine new MT stations were established in fis- 
cal 1980 to obtain more complete coverage on the 
southern side of the field (Fig. 7). Data were 

Figure 6. Checking the radio telemetry system €or 
the induced seismicity network. [CBB 782-22401 
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Figure 7. Location of magnetotelluric stations at 
Cerro Prieto. 

collected over the frequency range from 40 to 
approximately 0.001 Hz using the reference magnetic 
technique (Gamble et al., 1979). A discussion on 
methods of data analysis and results is presented 
elsewhere in this report (Goubau et al., 1981). 

Gravity Survey 

Between January and March 1980, the 60 gravity 
monuments around the field were occupied for the 
third successive year. 
accordance with procedures discussed by Chase et al. 
(1978) and Grannell et al. (1979). Each station was 
occupied four times; during each visit four readings 
were obtained for a total of 16 readings per station. 
A La Coste and Romberg G-model gravity meter was 
used in a looping technique in which each station 
is surveyed between two base-stations no more than 
5 hours apart. The data were reduced to observed 

Measurements were made in 

[XBL 799-114981 

gravity values using meter calibrations and the 
appropriate corrections made for both earth tides 
and instrument drift. 

The standard deviations for most of the sta- 
tions is better than f10 vgal. 
accuracy--the best achieved in the 3 years of meas- 
urements--is due to the use of a new spring-mounted 
transport box which has greatly reduced mechanical 
vibrations during travel Over rough roads. 
no significant gravity variations have been noted 
yet at any station, small changes in gravity have 
occurred in two areas; (1 )  south-southeast of the 
Cerro Prieto volcano and ( 2 )  east of the field near 
Hidalgo. 
may not be related to geothermal production; rath 
they seem to result from small elevation changes 
(the free-air correction is 3 vgals/cm) caused by 
regional tectonics. 

This degree of 

Although 

These changes of approximately 5-10 vgal-- 

L i d  
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Geochemistry 

CFE continued studying the chemical variations 
served in  the fluids produced by the Cerro Prieto 

k l l s .  Fausto e t  al. (1981) used the Nan and 
Na-KCa geothermometers and chloride content t o  
study the direction of water recharge and the phys- 
i ca l  processes occurring in the reservoir. 

The changes with t i m e  i n  enthalpy and chemical 
composition of geothermal fluids have been inter- 
preted by A. H. huesde l l  (U. s. Geological Survey), 
M. A. Grant (New Zealand), A. Maiion (CFE),  and 
others t o  indicate two major effects of exploita- 
t ion on the Cerro Prieto reservoir: (1)  Local boil- 
ing in  the aquifer results from near-well pressure 
decreases. The zones of local boiling are charac- 
terized by f luids  with excess enthalpy (steam flow) 
during expansion into new hot rock and by local 
quartz deposition and silica-deficient fluids, es- 
pecially during the period of expansion. 
lack of a low-permeability cap on the reservoir 
allows the influx of cold water from above because 
of the reduction in pore pressure. 
influx is indicated by decreases i n  chloride, 
oxygen-18, and other f luid constituents and by 
chloride-enthalpy slopes characterist ic of cold 
sweep processes. 

( 2 )  The 

This cold water 

In f ie lds  with t ight  caprocks, general pressure 
redvction produces a steam cap, and some shallower 
wells permanently produce nearly dry steam, a phe- 
nomenon not found at  Cerro Prieto. 
tures away from wells, a s  indicated by the Na-Kea 
geothermometer, show slow decreases not immediately 
affected by local boiling or  cold water influx. 
HOwever, a f t e r  the heat contained i n  reservoir rocks 
is exhausted, the inflow of cold water must produce 

Aquifer tempera- 

enthalpy declines. 

Reinjection 

The reinjection of untreated brines a t  about 
165OC into w e l l  M-9 continues. CFE, which is i n  
charge of the operation, reports t ha t  a f t e r  an ini- 
t i a l  reduction (from 40 to about 25 ton/hr), the  
injection rate  has increased t o  about 80  ton/hr. 
The monitoring of neighboring production wells de- 
tected no changes i n  wellhead temperature, pressure, 
or  enthalpy caused by the injection operation. 
shallow depth of injection (721-864 m i n  w e l l  M-9) 
could explain why the surrounding producing wells 
do not show any effects,  especially pressure changes 
(the depth t o  the producing reservoir i n  t h i s  area 
is more than 1100 m). 

The 

Because of the success of the long-term M-9 
injection test, CFE is considering the repair of 
some older nonproducing w e l l s  i n  the present pro- 
duction area to convert them into injection wells 
(Codsi'on Federal de Electricidad, 1980. 

Reservoir mgineerinq 

CFE has continued i ts  well-testing program, 
ypecially i n  the eastern part  of the Cerro Prieto 

b e l a .  The reservoir permeabilities estimated from 
the well-test data were on the order of tens of 
millidarcies. 

The LBL pressure-temperature-flaw tool was 
tested w i t h  the improved surface equipment during 
the injection test a t  w e l l  M-9. The pressure and 
temperature transducers and the surface equipnent 
functioned w e l l  up t o  the hottest  temperature en- 
countered in  the well (229OC). However, the mL- 
modified Kuster flaw-tool indicated no f l o w  below 
the perforated interval and did not recover when it 
was pulled up the well. 
observed tha t  the turbine bearings would f a i l  while 
the hot section of the well was being surveyed 
(Alonso e t  al., 1979). 

LXlring the tests it was 

The LBL two-phase computer. program SHAFT79 was 
used i n  preliminary modeling studies of the f ie ld 's  
behavior. Two-dimensional horizontal and ver t ical  
Imped-parameter models were developed. 
ing used t o  obtain pressure and enthalpy histories,  
these simple models were used t o  gain insight into 
the relat ive permeabilities of steam and water 
phases for various saturation conditions. The com- 
plexity of the models w i l l  be increased a s  a better 
understanding of the boundary and i n i t i a l  reservoir 
conditions is obtained. 

Besides be- 

Field data for mass flow, heat flow, and tem- 

A computer program AVBRAGE was devel- 
perature for each Cerro Prieto w e l l  were compiled 
up t o  1977. 
oped t o  calculate (1)  yearly mass flow rates  for  
a l l  the wells, ( 2 )  t o t a l  mass flaw from the f i e l d  
each year, ( 3 )  annually averaged mass flow rates  
for the ent i re  field,  ( 4 )  annually averaged mass 
flow rates  per w e l l  per year, ( 5 )  t o t a l  mass flow 
rates  for each month for  the ent i re  production zone, 
( 6 )  cumulative mass produced, ( 7 )  monthly averaged 
mass flow rates,  ( 8 )  monthly averaged mass flow 
rates  per w e l l ,  ( 9 )  cumulative heat produced, and 
(10) annnually and monthly averaged enthalpies. 

The LBL computer program WELFLO was modified 
t o  include the effects of variable well-casing 
diameters. It will  now be possible t o  compute the 
bottomhole conditions from available wellhead con- 
ditions and develop a reservoir-pressure production 
history of the field.  

Subsidence- 

d first-order leveling survey was com- 
pleted i n  the area by DETENAL i n  December 1979. The 
preliminary resul ts  seem t o  indicate the same trend 
of localized vertical-subsidence and up l i f t s  a s  were 
detected by comparing the 1977 and 1978 vertical- 
control surveys. 

This year neither the regional nor the local 
horizontal-control networks were resurveyed by the 
U. S. Geological Survey. This f i e l d  work is planned 
for January 1981. It is expected to measure signi- 
ficant ground deformations resulting from the large 
earthquakes of October 1979 and June 1980. 

As part of the DOE Geothermal Subsidence Re- 
search Program managed by LBL, Terra Tek, Inc. 
carried out an experimental program to determine 
the me-hanical and physical responses of cores from 
selected Cerro Prieto w e l l s .  
w e r e  the effects of pore-pressure reduction due t o  
reservoir drawdown on rock compaction and ver t ical  
permeability. Abou-Sayed e t  al .  (1981) concluded 

M particular interest  
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t ha t  ( 1 )  pore pressure reduction w i l l  cause sub- 
s t an t i a l  compaction and reduction in permeability, 
( 2 )  some part of the compaction and permeability 
reduction is not returned upon restoration of pore 
pressure, and (c) the laboratory-measured vertical  
permeabilities of less than 1 millidarcy are  signi- 
f icantly less than the reservoir permeability of 
20 millidarcies or more estimated from well-test 
data. 

The Second Symposium on the Cerro Prieto geo- 
thermal f i e l d  was held October 17-19, 1979, i n  
Mexicali, Baja California, Mexico, followed by a 
f i e l d  t r i p  t o  the area. 
organized by CFE w i t h  the assistance of DOE and LBL. 
About 250 scient is ts  and engineers from the govern- 
ment, academia, and the private sector attended the 
symposimn. 
prepared by CFE and are expected to be published i n  
early 1981 (Comisibn Federal de Electricidad, 1981). 

This t i m e  the meeting was 

The proceedings of t h i s  meeting are being 

The English edition of a l l  papers presented 
during the F i r s t  symposium (San Diego, September 
1979) was published i n  Geothermics (v. 8, no. 3/4, 
19791 and V. 9, no. 1/2, 1980). The English- 
Spanish proceedings of this meeting had been issued 
previously (Lawrence Berkeley Laboratory, 1978). 

During this f i s ca l  year, preparations began 
for the Third symposium (San Francisco, California, 
March 24-26, 1981). A bilingual announcement was 
prepared and-mailed out, contracts w e r e  signed, and 
a c a l l  for papers issued. 
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QEOLOCY OF T H E  CERRO PRIETO FIELD 
S. Vonder Haar and J. H. Howard 

A comprehensive effor t  to understand the geol- 
ogy a t  Cerro Prieto began i n  1977 with the signing 
of a cooperative agreement between the comisi6n 
Federal de Electricidad de &ico (CFE) and the 
U. S. Department of Energy, Division of Geothermal 
Energy. Results of ongoing studies that  include, 
geophysics , geochemistry, w e l l  testing, and reser- 
voir engineering are discussed i n  the proceedings 
of the f i r s t  two symposia on the Cerro Prieto geo- 
thermal f i e l d  (Lawrence Berkeley Laboratory, 19791 
Comisi6n Federal de Electricidad, 1981). This 
article focuses br ief ly  on the tectonic regime of 
the Cerro P r i e t o  f i e l d  and on the altered porosity 
and permeability within the reservoir. 

The wedge-shaped region termed the Salton 
Trough extends southward from the Salton Sea t o  the 
Gulf of California geothermal f i e lds  (Fig. 1). This  
region is bounded on the east by the poorly defined 
Craton Margin Lineament and the Sierra Pinacate vol- 
canics. On the w e s t ,  the San Felipe basin-bounding 
f au l t  zone and the combined Elsinore/San Jacinto 
f au l t  zones form a sharp boundary. Slicing through 
the trough are the Cerro P r i e t o  and Imperial faul ts ,  
among others. These major f au l t s  may be thought of 
a s  hybrids, having features of both San Andreas- 
s tyle  wrench f au l t s  and oceanic transform faults. 
The Cerro Prieto geothermal f i e l d  i s  thus localized 
between major f au l t s  i n  a zone of crustal  spreading, 
most l ikely a t  an offset  of the landward extension 
of the East Pacific Rise. The f i e l d  lies about 5 km 

. 
eothermal field.  

Regional geology of the Cerro Prieto 
Note the prevalent and long 

NW-SE trending f au l t s  w i t h  much shorter intersect- 
ing faul ts  of NE-SW trends. [XBL 801-67181 

v1 

southeast of the rhyodacite Cerro Prieto volcano, 
which has been estimated by paleomagnetic dating a s  
having a maximum age of 110,000 years. 

Areas similar t o  the Cerro Prieto region were 
investigated i n  relation to both early r i f t i n g  
phases and transform faulting. In addition to 
studies of basins in  the Gulf of California, the 
in-situ structural  observations along transform 
fau l t  *An i n  the FAMOUS area of the Mid-Atlantic 
Ridge have provided clear insights into f au l t  s tyle  
and dynamics (Fig. 2 ) .  Geophysical studies and w e l l  
d r i l l i ng  i n  the Cerro Prieto region have furnished 
a m o d e l  that compares favorably w i t h  these analogs 
i f  the increasing r a t e  of deltaic sedimentation and 
the thickening of the continental basement near 
Cerro Prieto are considered. 

The structural  framework of the f ie ld ,  derived 
from interpretation of geophysical studies and sub- 
surface data from w e l l  logs, is  i l lustrated i n  Fig- 
ure 3. The first-developed producing area of the 
f i e l d  is located between the ~erro Prieto and the 
Michoacdn faul ts ,  which are approximately 3 km apart 
and nearly parallel .  The high productivity of cer- 
t a in  w e l l s ,  such as M-103 (Alonso et al., 19791, is 
most l ikely due t o  their proximity t o  the intersec- 
t ion of e i ther  the Cerro Prieto or the Michoacdn 

? 

-0 

Figure 2. Interpretive block diagram of the oceanic 
transform fau l t  ‘A” i n  the Mid-Atlantic Ridge, show- 
ing structural  domains. 
and 200-m-wide active zone of strike-slip movement 
within a 4-km-wide f au l t  trough suggest the possible 
complexity of faulting along the Cerro Prim and 
Imperial f au l t s  and within the producing geothermal 
f i e lds  ( a f t e r  Choukroune e t  al., 19781.. 

[XBL 797-75831 

The ramps, cross-faults, 
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.Figure 3. 
with a simplified fau l t  system. 

Map of the Cerro Prieto geothermal f i e ld  
[XBL 804-7022Al 

fau l t  and the NE-striking se t  of faults.  Such inter- 
sections furnish a fracture zone of re la t ively high 
permeability tha t  serves as  a preferential conduit 
for  convective circulation of geothermal fluids. 

Although only the dip-slip component of fault-  
ing is evident from well-log correlations, there 
may also be significant l a t e ra l  s l i p  in  sane cases. 
Vertical offsets range up to several hundred meters. 
Only a few wells have penetrated the basement rocks, 
and these indicate a general deepening of the sedi- 
mentary section from west t o  east, with fau l t  blocks 
bounded by the W-striking fau l t s  displaced progres- 
sively downward t o  the east. Seismic refraction 
surveys indicate that  the depth to the basement east  
of the Cerro Prieto f au l t  is approximately 5 km. 
West of the fau l t  the basement refractor (5700 4 s )  
is a t  a depth of 1.5-3 km. 

The stratigraphic section of Cerro Prieto is 
divided into three broad units:  unconsolidated 
sediments (silts, clays, sands) that  extend from 
the surface to a depth of approximately 800 m i  
underlying consolidated sandstones and shales; and 
granodioritic basement rocks. Within the consoli- 
dated sedimentary rocks, there are two principal 
reservoirs: an upper reservoir from which most of 
the present production from the f ie ld  is  derived, 
and a hotter, deeper reservoir where temperatures 
reach 35OOC. The two zones are separated i n  some 
locations by approximately 50 m of re la t ively imper- 
meable shale. From well-log analyses, Lyons and 
van de Kamp (1980) have identified five classes of 

Figure 4. 
t i a ry  planktonic microfossil found i n  Cerro Prieto 
geothermal well cuttings. 
graph provided by J. L. Lamb, Exxon Production 
Research; actual diameter of the microfossil is  

Cassigerinella chipolensis, a mid-Ter 

Scanning. electron micro- 

0.7 

I 

2 

3 

- 
n 
0 
x 4  - c - 
f a 
8 5  

6 

7 

[XBB 790-134471 

1.65 2.15 2.65 p Gramsfcc 

Perforated 
intervol 

- m. 

1 Reservoir T > 260'C 

I I I I I I 
O 00 

45 30 15 

265 p Gromslcc 
b 

1.65 2.15 

*Mmerol data after Elders a d  others (in press) 

Figure 5. 
for well M-103 as determined from well logs and 
cuttings. The high porosity in  the perforated 
interval represents extensive dissolution porosity. 

[XBL 805-7079] 

Plot of porosity and density versus de-h 

LJ 



177 

Figure 6. 
below the surface; the f i e ld  of view across the photograph is 40 p~ (0.04 mm). 
This reservoir quartz sandstone lies within the 260aC epidote mineral horizon. 
Note the hydrothermally precipitated, platy, and needle-shaped clay particles 
clogging the opening between the sand grains, thus reducing permeability. 

Scanning electron micrograph of a core chip from w e l l  NL-1 a t  2720 m 

[XBB 799- 125 1 1 1 

l i thofacies,  each with a characterist ic lithology 
and apparent thickness. Present production is lim- 
i t ed  t o  the thicker, mixed sand and shale classes 
representative of a delta plain depositional envfi- 
Onment . 

Of major importance to the regional strati- 
graphy was the discwery, i n  w e l l  cuttings f r m  the 
Cerro Prieto geothermal f ie ld ,  of a planktonic 
m a r i n e  microfossil--Cassigerinella chipolensis, a 
mid-Tertiary foraminifer approximately 15 million 
years old (Fig. 4). I f  the presence af t h i s  fora- 
minifer is confirmed by more extensive sampling, 
the current conceptualization of the opening of the 
Gulf of California and the mid-Tertiary history of 
the Pacific coast w i l l  need t o  be revised. 

Within the del ta ic  sedimentary rocks of the 
reservoir, there are diverse porosities and permea- 
b i l i t i e s .  Much of the matrix porosity a t  depth (as 
in w e l l  M-103 a t  5200 f t ,  Fig. 5)  is due to alter- 
ation by hot fluids. Scanning electron micrographs 
(Fig. 6)  vividly document the clogging of openings 
between sand grains by hydrothermally precipitated 

bj"'"' 
The geothermal reservoir is now believed t o  be 

recharged by waters primarily fran the east and 

northeast, consisting par t ly  of Colorado River water 
and par t ly  of sea water whose chemical constituents 
are concentrated by solar evaporation in coastal 
lagoons. 

From petrographic and mineralogic analyses of 
well cuttings, four zones of alteration have been 
recognized by Elders e t  al. (1980). In order of in- 
creasing threshold temperature, these are (1 )  a dia- 
genetic zone, (2) an i l l i te-chlor i te  zone (> 150*C), 
(3) a calc-aluminum s i l i c a t e  zone ( >  230*C), and 
( 4 )  a b io t i t e  zone (> 325.C). Diagrams of depths 
t o  the f i r s t  appearance of diagnostic alteration 
minerals (Fig. 7)  illustrate the temperature d i s t r i -  
butions within the field.  
alteration-mineral horizons generally conforms to 
the dome-like pattern of relatively high density 
and high electrical res is t ivi ty  associated with the 
producing f ie ld ,  a s  indicated by surface geophysical 
surveys. 

The configuration of the 

Fractures i n  the reservoir rocks often appear 
to be sealed by hydrothermal mineralization. 
fore, although fracture permeability undoubtedly 
plays a role, the secondary matrix porosity due to 
the solution effects  of the geothermal f luids  in the 
sandstone is also a major factor in providing reser- 
voir permeability. 

%ere- 
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DENSIFIED ZONE 

/' M-5 I ) 7 6  ) 
Surface 

5 % EPIDOTE 

J 

Figure 7. This three-dimensional perspective of 
the present Cerro Prieto geothermal f i e l d  indicates 
an upper densified dome-like surface at approxi- 
mately 1 km t ha t  serves as a lorpermeability bar- 
rier, par t ia l ly  capping the reservoir. 
densified zone and the 5% epidote surface is the 
zone of extensive dissolution porosity with its 
zone of variable permeability. 

Between the 

[XBL 805-70731 

The main geologic and economic significance 
of secondary matrix sandstone porosity is  tha t  it 
extends the depth range for  effective sandstone 
porosity 1-3 km below the depth l imit  for effective 
primary porosity. Generation and migration of both 
petroleum and geothermal water occurs mainly below 
the range of effective primary porosity. 
t ion and the accumulation sites of geofluids are  
thus commonly controlled by the distribution of 
secondary porosity. The distribution of secondary 
matrix porosity i n  a productive sandstone formation 
may npt necessarily show a direct  relationship with 
the original depositional layering or burial history 
and is  d i f f i cu l t  t o  predict. However, ow detailed 
geological analyses a t  Cerro Prieto have m e t  with 
success. An i n i t i a l  summary of these ideas is shown 
i n  Figure 8. This diagram w i l l  be refined a s  more 
geothermal f i e lds  cane into operation (such a s  the 
Heber and Salton Sea f ie lds  north of Cerro Prieto). 
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Figure 8. Accelerated porosity alteration in the 
deltaic quartz sandstone of the Cerro Prieto geo- 
thermal field.  The immature stage represents main- 
l y  mechanical reduction of primary porosity; the 
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carbonate mineral dissolution and mature "B" is of 
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metamorphic zone of very low matrix porosity, yet  a 
key zone for  microfracture porosity. [XBL 805-7075] 
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kkALYS1S OF CERRO PRIETO PRODUCTION DATA 
K. P. Coyal, C. W. Miller, and M. 1. Lippmann 

As part  of the Mexican-American cooperative 
program, Lawrence Berkeley Laboratory (LBL) has 
undertaken the analysis of available production 
data from the Cerro Prieto f i e ld  i n  order to gen- 
erate  relevant reservoir parameters t o  numerically 
simulate the behavior of t h i s  geothermal system. 
The primary objective of this modeling is to est i -  
mate the energy production capacity and longevity 
of the f ie ld  under different prcduction and injec- 
t ion scenarios. 

A f i r s t  step in  the simulation is to validate 
the model against the known production history of 
the field. For that  purpose the modeler needs to 
know t h e  evolution of the f ie ld  due to exploitation. 
Since most computer programs are designed t o  simu- 
l a t e  the behavior of the ent i re  geothermal f ie ld ,  
they compute physical properties of the f luid i n  
the reservoir i t s e l f  rather than i6 the wellbore. 
Traditionally, routine measurements of the produc- 
t ion data are made only a t  the wellhead. However, 
sometimes downhole measurements for  temperature and 
pressure are also made, a s  described by Bermejo et 
a l .  (1978). 

Our purpose is to analyze the wellhead data to 
obtain the production history of the f ie ld ,  and t o  
calculate the downhole conditions of some represen- 
ta t ive  production w e l l s .  

The following ac t iv i t ies  were undertaken dur- 
ing f i sca l  1980: 

1. Production data for  mass flow, heat flow, 
and temperature were compiled for  each well during 
1973-1977 t o  obtain the production history of the 
field.  

2. A computer program, AVERAGE, was developed 
t o  calculate (a) yearly MSS flow rates  for a l l  the 
w e l l s ,  (b) to ta l  mass flow from the f i e ld  each year, 
( c )  annually averaged MSS flow rates  for the en- 
t i r e  f ie ld ,  (a) annually averaged mass flow rates  
per well, ( e )  t o t a l  mass flow rates  for each month 
for the ent i re  production zone, (f) cumulative mass 
produced, (g)  monthly averaged MSS flow rates ,  
(h )  heat produced each month and each year from the 
ent i re  f ie ld ,  (i) cumulative heat produced, and 
( j )  annually and monthly averaged enthalpies. 

3. The LBL computer program WELFU) (Miller, 
1979) was modified t o  calculate the bottomhole con- 
dit ions under single- or  two-phase flow, with or  
without variable well diameter. 

The information generated using program AVERAGE 
was summarized in  the form of tables and graphs. 
P:qure 1 shows the cumulative mass produced i n  the 

It may be Q ed that  about 100 million tonnes of f lu id  was 
o Prieto f i e ld  from 1973 t o  1977. 

extracted by 1977. Figure 2 shows an average mass 
f l o w  ra te  of the f i e ld  for each month. This plot 

~ 

I 1 

Years -+ 
Figure 1. Cumulative mass production in the Cerro 
Prieto f ie ld .  [XEL 808-7265] 

is quite useful for  preparing the input data €or 
the model used to study the reservoir behavior. 
It may be noted in  t h i s  figure that the production 
ra te  increased sharply during 1973 from about 1000 
tons/hr to  about 2200 tonnes/hr. This rise is 
attributed t o  the fac t  that  more w e l l s  were placed 
in to  production. The to ta l  number of wells in- 
creased threefold, from 4 wells in March 1973 to 11 
wells i n  December 1973. Another rise i n  the mass 
flow ra te  during 1976-1977 was also the result of 

I 1 

I 
I973 1974 1975 1976 I977 1978 I979 1980 

Yeors - 
Figure 2. Mass discharge rate  from a l l  w e l l s  in 
the Cerro Prieto field.  [XBL 808-7266] 
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an increase i n  number of production wells. The 
average number of production wells during 1974-1975 
were about 12 compared t o  15 durina 1976-1977. 

Figure 3 shows the cmulative heat produced 
from the Cerro Prieto f i e ld  during 1973-1977. About 
30 x 1012 kcal was extracted from the reserooir by 
the end of 1977. It is equivalent to an average 
energy production of about 800 MW. A c t u a l  e lectr ic  
power production f r a  the f ie ld  dur ingth is  time 
was only 75 MW. This shows an operating efficiency 
of about 9% of the produced heat energy. Figure 4 
shows the monthly averaged heat discharge for each 
month up to December 1977. It may be noted tha t  
the trends of Figures 3 and 4 for mass and heat ex- 
traction are quite similar, a s  expected. Figure 5 
shows a plot of average enthalpy production fran 
the f i e ld  versus time. Here one may note that  the 
average enthalpy of the f ie ld  increases up to mid- 
1975 and decreases thereafter up to 1977. Two fac- 
to rs  govern th i s  type of f ie ld  behavior. F i r s t  is 
the addition of new production wells, which, i n  gen- 
eral, enhances the energy output, as  can be seen in  
Figure 5 up to 1975. 
enthalpy of the produced f luids  resulting fran the 
mixing with the colder waters drawn from the over- 
lying aquifers under the pressure gradient associ-' 
ated w i t h  the f i e ld  exploitation (Truesdell e t  al., 
1978). 
enthalpy decline during 1975-1977. %is type 
of f ie ld  behavior data is quite useful for  a mod- 
e le r ,  since it is useful t o  see whether the model 
is able to predict a similar enthalpy response. 

Second is the decrease in the 

This factor appears to contribute to the 

During t h e  next phase of our study, computer 
program WELFLO was used and modified t o  calculate 
the downhole conditions under both single-phase and 
two-phase flow. This  code is able to calculate 
pressures, temperatures, velocit ies,  saturations, 
and enthalpies of each phase as a function of depth. 

Wellhead measurements, such as pressures, mass 
flow rates ,  and enthalpies, are often susceptible 
t o  some error. %us the downhole conditions pre- 
dicted by these data may also be i n  error. 'Ib find 
the effect  on downhole conditions, a sensit ivity 
analysis was conducted for  wells M-90 and M-91, for  
which pressure data are available. 
wellhead pressures, and enthalpies were varied be- 
tween +20%, and it was found tha t  the overall pres- 
sures in  the wells e i ther  increased or decreased i n  

Flow rates ,  

Yeors - 
Figure 3. 
i n  the Cerro Prieto f ie ld .  

Ctqulative heat production from a l l  wells 
[XBL 808-72701 
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Figure 4. 
wells, Cerro Prieto field.  [XBL 808-72691 

Monthly averaged heat produced fran a l l  

response to a corresponding pressure change a t  the 
wellhead. As expected, an increase in the wellhead 
enthalpy resulted in lower pressures throughout the 
well, and vice versa. However, the increase in 
pressures associated w i t h  reduced enthalpies was 
quite significant for both w e l l s  and may be attri- 
buted t o  m e  presence of only water below certain 
depths i n  the wells. On the other hand, a decrease 
i n  the wellbore pressures due to increased enthalpy 
was larger in M-91 compared to that  in  M-90. This 
difference may have been caused by the presence of 
only l iquid water i n  M-91 and steam-water mixture 
in H-90. It was also noticed that the decrease in 
the pressures i n  w e l l  M-90 was negligibly s m a l l  for  
the enthalpy increase froln 5% to 20%, indicating a 
flow of a two-phase f luid i n  the well with lower 
f lu id  densities. Thus the error toward increasing 
enthalpy may be comparatively smaller and within 
acceptable l imits  i f  the well were assmed t o  be 
f i l l ed  t o  its f u l l  depth with a two-phase mixture. 
The effect  of flow ra te  on the pressures was rela- 
t ively small. 

' 1974 ' I975 * I976 ' 1977 ' I978 ' 1979 * 1980 
Yeon- 

Figure 5 .  
Cerro Prieto f ie ld .  

Average enthalpy production fran the 
[XBL 808-727 21 
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The effect  of well radius on the bottomhole 

'1 radius does affect  the downhole pressures con- 
pressures was also studied. It was found tha t  the 

u e r a b l y .  Furthermore, the wells in  the Cerro 
Prieto f i e ld  were found t o  have scale deposits. 
For example, by 1976 more than 2.5 inches of scale 
had accumulated i n  well H-30 a t  a depth of 1500 m. 
Similar scale deposits were also observed i n  many 
other wells i n  the field.  Thus, to  obtain reason- 
able downhole pressures, it is necessary t o  have a 
computer program which accounts for  variable diam- 
eters.  
uniform well diameter, was modified t o  account for 
variable diameters. 
calculate bottomhole pressures a t  different times 
for  each well and t o  develop isobaric maps for the 
reservoir and t o  study i t s  pressure changes as the 
development of the f i e ld  continues. 

The computer program WELFM, which uses a 

It w i l l  now be possible to 

The information on the production history of 
the f i e ld  and the changes in downhole reservoir 
conditions w i l l  be used t o  validate the numerical 
model be'ing developed for  the Cerro Prieto geo- 
thermal field.  
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NUCLEAR WASTE ISOLATION 

i Although a number of d i f f e r e n t  rock types  cont inue to  be considered as p o t e n t i a l  

j 
j 

geo log ic  r e p o s i t o r y  environments f o r  the emplacement of nuc lea r  wastes, t h e  b u l k  of t h e  
E a r t h  Sciences Div i s ion ' s  efforts are pointed t o  r e sea rch  i n  f r a c t u r e d  media w i t h  empha- 
sis on hard rock geologies .  Such phenomena as mechanical response t o  thermal load ing ,  
f l u i d  f l o w  through f r a c t u r e s ,  and chemical s o r p t i v i t y  m u s t  be i n v e s t i g a t e d  t o  understand 
the i r  i n t e r a c t i o n s  and magnitudes. As t h i s  body of  knowledge i n c r e a s e s ,  t h e  t e c h n i c a l  

nuc lea r  waste i s o l a t i o n  i n  hard rock or  other r e p o s i t o r y  media. Within t h e  Ea r th  

Sciences Divis ion,  research con t inues  both on fundamental i n v e s t i g a t i o n s  of g e o l o g i c a l  
aspects o f  f r a c t u r e d  media and on experimental  and f i e l d  r e sea rch  p r o j e c t s  of a more 

: community w i l l  develop confidence i n  v a l i d  long-term p r e d i c t i o n s  about t h e  i n t e g r i t y  of 
j 

I a pp l i ed  na tu re .  

The Swedish-American Cooperative Program, begun i n  J u l y  1977, was a first-of-its- 
kind experiment for f r a c t u r e d  rocks. The fundamental q u e s t i o n s  of how to c h a r a c t e r i z e  
materials and p r o p e r t i e s  and how to  measure them were approached both experimental ly  
and t h e o r e t i c a l l y .  The major f i e ld -da ta -ga the r ing  p o r t i o n  of  t h i s  effort  w a s  completed 
a t  the St r ipa  mine i n  Sweden i n  August 1980. A comprehensive a n a l y s i s  of these f i e l d  
resul ts  has begun and w i l l  cont inue for a number of y e a r s  a t  Lawrence Berkeley Laboratory 
and va r ious  o t h e r  o r g a n i z a t i o n s  under c o n t r a c t  t o  t h e  Department of Energy. Background 
and p re l imina ry  resul ts  from some specific experiments conducted a t  t he  S t r ipa  s i te  
fo l low i n  t h i s  report. It is expected t h a t  these cont inuing a n a l y t i c a l  efforts w i l l  
improve t h e  e x i s t i n g  s ta te  of knowledge and p o i n t  to  a d d i t i o n a l  experiments and method- 
o l o g i e s  to c h a r a c t e r i z e  a f ractured rock mass for t h e  permanent and safe i s o l a t i o n  of 
nuc lea r  wastes. 

Other topics under s tudy  span the range of theoretical ana lyses ,  l a b o r a t o r y  s t u d i e s ,  
l i t e ra ture  surveys,  and computational s imula t ions .  Included i n  t h i s  report are r e s u l t s  
from s t u d i e s  of t h e  chemical and p h y s i c a l  waste-rock r e a c t i o n s  t h a t  c o n t r o l  r ad ionuc l ide  
c o n c e n t r a t i o n s  i n  geo log ic  environments. A review o f  c u r r e n t  thermomechanical-hydrochem- 
ical  modeling, a p rogres s  r e p o r t  on the  con t inu ing  t h e o r e t i c a l  development of a u n i f i e d  
chemical t r a n s p o r t  model to  predict t h e  mig ra t ion  of i n t e r a c t i n g  solutes i n  water-satur-  
a t e d  porous or f r a c t u r e d  media, a n  update  on groundwater d a t i n g  techniques based ons the  
d i s e q u i l i b r i u m  between 234U and 238U1 and a r e p o r t  on the  development and e v a l u a t i o n  of 
geophysical  t echn iques  which might be used t o  monitor  the o p e r a t i o n a l  i n t e g r i t y  of repos- 
i tories i n  hard rock are also presented.  

T h i s  work w a s  supported by (1) t h e  A s s i s t a n t  Sefcretary f o r  N u c l e a r  Energy, O f f i c e  of 
Nuc lea r  Waste Management, Divis ion of Waste< I s o l a t i o n ;  and ( 2 )  t h e  A s s i s t a n t  S e c r e t a r y  
for N u c l e a r  Energy, O f f i c e  of Nuclear Waste Management, D iv i s ion  of  Surp lus  Fac i l i t i es  

? 

u n a g e m e n t  of  the U. S. Department of  Energy under Con t rac t  No.  W-7405-ENG-48. 
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u TOPICAL INVESTIGATIONS 

A REVIEW OF THE STATE OF THE ART OF THERMOMECHANICAL-HYDROCHEMICAL 
MODELING OF A HARD-ROCK WASTE REPOSITORY 
C. F. Tsang 

Recent interest in the possibility of isolating 
nuclear waste in hard rocks has opened up a major 
new area of research (Lawrence Berkeley Laboratory, 
1978, 1979). The basic idea is to store nuclear 
waste in repositories emplaced in hard rock forma- 
tions so that no appreciable radionuclides will 
escape into the biosphere for hundreds of thousands 
of years. 
lenge because of the following unanswered questions. 

This presents a problem of major chal- 

1. How can we define the physical system 
under study? 
rock mass is a major problem. 
yet been developed to represent such a system by an 
equivalent porous medium with major fractures or 
some other suitable model. Furthermore, much work 
is required to determine the parameters describing 
the fractured rock system by means of a finite num- 
ber of borehole observations. Studies to date tend 
to be either completely deterministic (detailed 
fracture approximatlon) or completely random (pop 
ous medium approximation). A proper understanding, 
perhaps employing a stochastic approach, is urgent- 
ly needed. 

The characterization of a fractured 
Procedures have not 

2. How can we calculate the processes associ- 
ated with such a system? 
involved: (a) heating of the rock mass by the 
nuclear waste, (b) mechanical behavior of the rock, 
(c) the flaw of the fluid in the geological system, 
and (d) chemical transport and reactions between 
water, rock, and dissolved radionuclides. There 
are hopes that some portions of these processes may 
be uncoupled, butthis is by no means certain for 
all possible systems. In any case, coupled studies 
must be made to determine the limits of validity of 
uncoupled modeling. Up to now, various fields such 
as hydrology, geochemistry, and geothermal energy 
have, at most, coupled two of the four effects at 
the same time. 
stand the overall process when all four processes 
are involved is a problem of major proportions. 

Four major processes are 

To develop a model and to under- 

3. Is it possible to extrapolate our under- 
stantiing and calculations to the 103 - 106 years 
necessary to isolate the waste? What makes the 
present problem unique is the requirement that 
modeling has to be extrapolated with sufficient 
accuracy to times on the order of 103 - 106 u, 
while being validated by only 2-20 yr of experiments. 
This not only demands very carefully designed models, 
t also requires including all relevant processes 

which may be of little sign'ificance in experiments 
of "short" time span. 

cd our modeling, especially those slow processes 

USES OF MODELING 

The uses of modeling are not limited to simu- 
lating what has happened in the past or making pre- 
dictions for the future. Modeling can also be used 

1. To understand key processes. By generic 
studies, such isolated key factors as borehole 
stability and convective flow in fractures, can be 
investigated and an understanding of the processes 
obtained. 

2. To determine sensitivity of key parameters. 
This will help to establish criteria for the accu- 
racy with which a parameter need be measured in the 
field or in the laboratory. 

3. AS a tool for designing experiments. m- 
eling can be used to determine crucial guidelines 
concerning the layout of field experiments and the 
required sensitivity of instrumentation. 

4. AS a test against field data. Any discrep- 
ancy will either point out some error and inaccura- 
cies in the model or, more interestingly, uncover 
unexpected processes or effects not yet built into 
the model. 

5. As a prediction tool. By simulation, using 
site-specific conditions, predictions can be made 
for different scenarios or for later times. 

STATE'OF THE ART OF MlMERICAL M9DXLS 

NO numerical model is currently available 
that couples simultaneously all four processes: 
heat transfer, fluid flow, mechanical stress and 
displacement, and chemical reactions. However, 
considerable literature exists in the modeling of 
each of these phenomena. Because of the develop- 
ments in the related fields of hydrology, petroleum 
engineering, geothermal energy, and geochemistry, 
some progress has also been made in the coupling 
of pairs of these processes. 
and thermohydrological &elm are samewhat more 
highly developed, mainly for porous media, but 
much work remains to be done for fractured systems. 
In contrast, the hydromechanical and hydrochemical 
models for the waste repository systems are still 
in an early stage of development. 
of this section summarizes the state of the art of 
thermohydrological, thermomechanical, hydromechan- 
ical, and hydrochemical modeling. 

The thermomechanical 

The remainder 



Thermohydrological Modeling 

Table 1 lists the major thennohydrological mod- 
els available and their main characteristics. The 
choice is somewhat arbitrary and emphasizes those 
in the published literature that could be applied 
to or may be extended for use with fractured systems. 
In general, models of porous media models are quite 
well developed, but, except for the double-porosity 
models, they were not originally designed for frac- 
tured rock systems, hence much work needs to be done 

to establish their applicability to those systems. 
All of these models are verified against a few ana- 
lytical solutions, but more validations should be 
made, especially against fracture-flow solutions. 
Only about five of the models listed have been val- 
idated against field data. 
uncertainty in input data or consider statistical 
distributions of parameters. 

None of the models treat 

Table 1. Some of the major themohydrological models. 

Model Current developers Main characteristics 

ccc M. Lippmann, LBL Flow-heat-consolidation, 3D, IFD, geo- 
thermal, aquifer storage, waste isolation 

Duguid J. Duguid, ONWI Flow, double-porosity, 2D, FE, 
hydrology 

O'Neill K. O'Neill, CRRE Flow-heat, double-porosity, 3D, FE, 
A. Shapiro, Princeton geothermal 

GWJTHEF34 A. Runchal, D & M Flow-heat-(transport), ZD, IFD, waste 
isolation 

FIN1 A. Burgess, Acres Flow-heat, 2D, FE, 
waste isolation 

CFEST S. apta, BPNL Flow-heat-solute, 3D, FE, 
hydrology, waste isolation 

SWIFT S. pahwa, Intera Flow-heat-solute-(transport), 3D, FD, 
waste isolation 

Coats K. Coats, Intercomp Flaw-heat, two-phase, 3D, FD, 
geothermal, petroleum 

Faust- C. FaUSt, Flow-heatb two-phase, 3D, FD, 
Mercer J. Mercer, Geotrans geothermal 

~~~~~ 

MUSHRM J. Pritchett, S3 Flow-heat-solute, two-phase, 3D, FD, 
geothermal, geopressure 

SHAFT79 K. Pruess, IBL Flow-heat, two-phase, 3D, FD, 
geothermal, waste isolation 

Sources: Brownell et al., 1975; Burgess, 1977; Coats, 1977; Duguid and Lee, 
1977; Lippmann et al., 1977; Narasimhan et al., 1977; Rattigan et ax., 1977; 
Dillon et al., 1978; Narasimhan et al., 1978; O'Neill, 1978; Cole and Gupta, 
1979; Faust and Mercer, 1979; Pruess and Schroeder, 1979; Runchal et ale, 
1979; Ayatollahi and Noorishad, 1980; Wang et al., 1980. 
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ermomechanical Modelinq 

Table 2 lists some of the major thermomechan- 
i ca l  m o d e l s  available. 
are  integral methods, which assume linear behavior. 
The finite-element and finite-difference methods, 
on the other hand, t r e a t  the system i n  detail .  
can handle complex nonlinear behavior and possibly 
the coupling of f luid flow, heat transfer, and me- 
chanical responses. 
essentially continuous m o d e l s ,  even though special 

The boundary-element methods 

They 

Most of the available models are 

provision may be made to incorporate discrete 
discontinuities. Some of these models have been 
applied t o  f i e l d  data. 
are w e l l  simulated although temperature-dependent 
thermal properties may be needed fo r  accurate model- 
ing. 
incorporate f au l t s  or fractures in the calculations. 
Further work i s  needed i n  t h i s  area, such a s  vali- 
dation of these models for fractured systems and 
generic studies of borehole s t ab i l i t y  with the pres- 
ence of fractures. 

In general, t h e r m a l  f i e ld s  

The stress-strain results show the need t o  

Table 2. Some of the major thennanechanical models.' 

Capabilities 

Source of code 

Ld 

Basis of method Code name 

Boundary-element SALT Ow1 x x x x  X 
methods SALT2 University of Minnesota X X X X 

BASUM University of Minnesota X X X X 
EXPAR University of Minnesota X X X X X 
REPOS University of Minnesota X X X X X 

BEH2D Dames  iG Moore x x x x x x x  
DAMBZT Dames h Moore x x x x x x x x  

Finite element FINEL Dames h Moore/Imperial X X X X X X X X 

DM4ShT.L Dames & Moore/Swansea X X X X X X X 
College 

University 
BASFEH University of Minnesota X X x x  
RSI/TRANCO RE/SPEC x x x x  
RSI/TEPO =/SPEC X x x  x 
RSI/TEVCO RE/sPEc X x x  x 
RSI/NOMOR ' RE/SPEC X x x  x 
CDC/ANSYS Swanson Analysis Systems X X X X X X X 
CDC/MARC Marc Analysis Research X X X X X X X 
Rock structure Agbabian Associates x x  x x x x  

ADINA, ADINAT MIT x x x x x x x x  
SAP University of California X X X X 
NONSAP University of California x x x ]r x 
SANDIA-ADINA Sandia National Labs x x x x x x x x  
JAC Sandia National Labs X X X X X X X 
SANCHO Sandia National Labs X X X X X X X 
COUPLEFLOW Sandia National Labs x x x x  x 
WULFF Sandia National Labs X X X X X X X 
BMINES U.S. Bureau of Mines x x  x x x x x  
BMINES (Modified) Sandia National Labs X X X X X X X X 

University of Minneso X X 
Lawrence Livermore x x x x x  x 

Science Applications 

interaction 

(explicit) DAMSI5-L Dames & Moore x x x x x  x 
STEALTH X X X X X X X X 

(implicit) GwTIIERM, PORFoW Analytic & Computati 1 Coupled thermal 
Research, Inc. f luid and stress 

2-D 

This table  was canpiled w i t h  assistance of G. Hocking, R. Hoffman, 
A. Runchal, L. R a m s p o t t ,  T. Butkovich, and R. Krieg. 
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Hydromechanical Modelinq 

Currently there are not many coupled fluid- 
flow and stress-strain m o d e l s .  The major ones are  
l i s t ed  in  Table 3. Among these, only the model by 
Ayatollahi and Noorishad is designed for  fractured 
systems. 
f i e ld  experiments are needed. Additional and more 
extensive generic studies are needed to understand 
the capability of the models, a s  well as the behav- 
ior  of the interactions between f luid flow and 
stress-strain. 

More validations against laboratory or 

Table 4. Xydrochemical models. 

Developers Main characterist ics 

Ahlstrom, Cole, 
Wash+rn e t  al, 

(PNL) 

Table 3. Coupled hydromechanical models. 

Developers Main characterist ics 
~ ~~~~~~~ ~ ~ ~ 

Sandhu and Wilson FE(variationa1 p r i n ~ i p l e ) ~  
( UCB ) saturated porous m e d i u m ,  

2D axisymmetric, 
water incompressible. 

Ghaboussi and Wilson FE(variationa1 principle),  
(UCB) saturated porous medium, 

2D axisymmetric, 
water compressible. 

Ayatollahi and Noorishad FE(variationa1 principle),  
(LBL) nonlinear porous medium 

with fractures, 
2D axisymmetric, 
compressible f luid 

Safai and Pinder FE (Galerkin) , saturated- 
(Princeton) unsaturated porous media 

axisymmetric 

Sources: Sandhu and Wilson, 1969; Ghaboussi and 
Wilson, 1971; Safai and Pinder, 1979; Ayatollahi e t  
al., 1980. Acknowledgment is also made t o  J. 
Noorishad for discussions and assistance i n  the prep- 
aration of t h i s  table. 

Hydrochemical Modeling 

Substantial work has been conducted i n  chemi- 
cal  modeling i n  aqueous systems (American Chemical 
Society, 1979). Flowever, the modeling of coupled 
chemistry and fluid-flow relevant to nuclear waste 
isolation problems is still i n  an ear ly  stage. 
Many factors need t o  be considered including phys- 
ica l ,  chemical, and radiological properties of the 
rock medium and waste form. Also needing study is 
the dependence of sorption, complexation, dissolu- 
t ion,  and precipitation on thermal effects,  ground- 
water flow, and concentration gradient. Table 4 
summarizes major coupled hydrochemical m o d e l s .  The 
models by Ahlstrom.et al. and Lichtner and Benson 
were developed for  waste repository studies. 
Norton's (1979) primarily involved geological pro- 
cesses such as ore deposition and formation of geo- 
thermal reservoirs, although his results can be 
useful for  our work. A l l  these models require 
validation. 

Lichtner and Benson 
(LBL) 

Norton e t  al, 
(U. of Arizona) 

Macro-micro transport model, 
discrete-parcel-random walk 
algorithm, 1D ( Z D  steady 
s ta te  flow), instantaneous 
equilibrium, sorption; radio- 
active decay canplexation and 
precipitation not included. 

1~ Galerkin method, 
deterministic, instantaneous 
equilibrium, ion-exchange, 
complexation, precipitation. 

lD, I F D  method, 
deterministic, instantaneous 
equilibrium, ion-exchange, 
complexation, precipitation 
and radioactive decay. 

ADI-FD method, dissolution 
precipitation, single-phase 
heat and mass transport, 
local thermal equilibrium, 
irreversible fluid-rock 
reactions. 

Sources: Win and James, 1973; Ahlstrom e t  al., 
1977; Norton, 1979; Lichtner and Benson, 1980. 
Acknowledgment is also made to P. Lichtner for  dis- 
cussions and assistance i n  the preparation of t h i s  
table. 

Coupled Thermal-Fluid-Stress Modeling 

Several groups, including LBLr SAI, and Dames 
and More, are currently attempting t o  develop 
models to study coupled thermal, f luid,  and stress 
effects.  
sional systems, are  only par t ia l ly  coupled, are  
still i n  the developent stage, and require careful 
validation. 

These models are mainly for  two-dimen- 

RESEARCH NEEDS 

To study the thennomechanical and hydrochem- 
i ca l  processes around a hard rock repository, it 
is convenient to discuss three different levels of 
scale: 

1. Canister scale. Here the borehole stabil-  
i t y ,  maximum allowable temperatures, l ining or engi- 
neered barrier design, and hydrochemistry a re  the 
key questions. 

2. Repository scale. A t  t h i s  scaler the 
excavation layout, shaf t  design, repository s tabi l -  
i t y ,  and waste choice of backfil l  material are 
matters of major concern. 

scale are the reaional groundwater flow, c h e m i c a l b  
transport and dispersion, and effects  of major 
fractures or faul ts .  

3. Regional scale. Main problems a t  t h i s  .I 
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These different scales require different levels 
of sophistication i n  the coupled themumechanical 
and hydrochemical modeling. The sophistication 

Qegional scale. mwever , regional scale requires 
results from repository scale for  input, which i n  
turn depend cm resul ts  fran canister scale studies. 

eeded probably decreases from canister scale to 

Figure 1 i l l u s t r a t e s  the couplings among the 
four processes for t igh t  formations which are of 
interest  to us here. 
pling between chemical reactions and fluid flow. 
The f luid flow transports the chemicals, and any 
dissolution or precipitation would affect  the flow 
velocity. Because the f lu id  velocity is propor- 
t ional t o  the cube of fracture aperture, a s m a l l  
change in aperture due to precipitation would have 
a significant effect  on f lu id  flaw. This coupling 
i s  probably c r i t i c a l  a t  the canister scale, but it 
is still important a t  the regional scale, although 
the process may be much slower and perhaps easier 
t o  model. 

F i r s t ,  there is a strong cou- 

I 1 I 1 

I W E A L  TRANSPORT I -1 AHD REACTIONS 

WATER FLOW 

Figure 1. Schematic of couplings. 

Between heat and f lu id  flow, the influence of 
heating on regional groundwater f l ?  is  of major 
interest .  However, the amount of f luid i n  the hard- 
rock m e d i u m  may be s m a l l  €or t igh t  systems, and its 
effect on the temperature f i e l a  may be l e s s  signifi-  
cant, except near the canister. similarly, for  the 
interaction between stress-strain in changing the 
fracture aperture may cause significant flow differ-  
ences, but the influence network may be smaller, 
except possibly on the canister scale. 

The remaining couplings indicated i n  Figure 1, 
are thermal effects  on the ra tes  and thermodynamics 
of chemical reactions and the thermally induced 
stress-strain phenomena. The reverse influences 
may be minimal. 
shale and t u f f ,  stress-strain effects  may affect  
heat flow. 

It is possible, however, that for 

With the above discussion as babkground and 
reviewing the present state-of-the-art, we may con- 
clude that  our capability of handling these coupled 
processes is still i n  an unsatisfactory s ta te .  Many 
times drast ic  assumptions have to be made to f i t  the 
si tuation to the capability of the available models 

Though a fully-coupled u el involving a l l  four processes may not be needed 
(nor is it possible with current computer capabil- 
i t i e s ) ,  careful studies should be made to establish 

r site-specific studies. 

the limits of various simplifications. 
these studies, careful validations of current models 
for  fractured rock systems are of particular impor- 
tance, especially against f ie ld  data. We also need 
the i r  application to improve our understanding of 
a l l  relevant physical and chemical processes in 
fractured rock. In this way, we may be able to 
just i fy  any assumptions w e  make and have more con- 
fidence i n  our modelin results, especially when 

Besides 

extrapolated t o  103- 10 1 yr . 
Some Challenging Problems 

Some of the challenging problems facing 
modelers today are  l i s t ed  below. 

1. The characterization of fractured rock 
masses. 

2. The determination of parameters fran a 
small number of borehole observations. 

3. W e l i n g  of uncertaintiesi stochastic 
modeling. 

4. Evaluation of effective fracture surface 
area. 

5. Megascopic dispersion phenmena, and 
determination of dispersive coefficients from f i e ld  
data. (Is the functional form tha t  i s  usually 
assumed for  dispersion valid for slow velocities?) 

6. Geochemistry modeling with ion-exchange, 
dissolution and precipitation, sorption and com- 
plexation. 

7. Modeling of jointed rocks. 

8. 
simulation. 

9. 

Determination of appropriate scales of 

Effects of changes in  permeability/con- 
nectivity/porosity due to chemical reactions or 
temperature increase. 

10. Effects of system heterogeneity and 

11. Modeling long-term’ geological phenomena. 

Many other problems may be l is ted.  

anisotropy. 

These 
problems not only may require modelers to build 
numerical models, but also t o  use them to gain a 
bet ter  understanding of a l l  the processes involved. 

CONCLUDING REMARKS 

The present paper attempts to answer three ques- 
t ions concerning the state of the art of numerical 
modeling for  nuclear waste repositories. (1 )  What 
are the major issues involved? 
now? (3 )  What further research needs to be done? 
The argments presented are somewhat subjective but 
can be used as basis for further discussions. Much 
work remains to be done i n  model validation, espe- 
c ia l ly  for  fractured rock masses, the application of 
models to the understanding of relevant processes, 
and the study of the couplings among processes. 

(2 )  Where are we 
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With a concerted effor t ,  we would hope in  the near 
future to have a good understanding of a l l  the pro- 
cesses involved t o  enable development or a r&asonably 
confident long-term prediction of the behavior of a 
hardrock waste repository. 
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MONITORING ACOUSTIC EMISSIONS AT THE CLIMAX STOCK REPOSITORY 
E. L. Majer, T. V. McEvilly, and D. Hopkins 

Lawrence Berkeley Laboratory is monitoring 
acoustic emission (AE) microseismic (MS) act ivi ty  
related t o  the emplacement of spent fuel by 
Lawrence Livermore National Laboratory (LLNL) i n  
the Climax Granite a t  the Nevada T e s t  Site. 

The experiment seeks to develop and evaluate 
techniques for monitoring the integrity of nuclear 
waste repositories and t o  determine the sui tabi l i ty  
of granite or hard rock a s  a r e p s i t o r y  medium. 
Acoustic emission and microseismic techniques are 
being employed t o  study the relation between as- 
Crete rock fai lure  and/or stress release relative 
t o  thermal effects,  radiation degradation, mine 
geometry, and canister spacing. The scale of the 
experiment is designed to monitor e las t ic  wave 
energy i n  the range 1-10 kHz. These frequencies 
correspond t o  fracture generation on the order of 
meters to a few centimeters i n  length. Although 
there may be microfracturing on a much smaller 
scale, i.e., lOOkHz-lMHz, it was f e l t  that  these 
fractures would not be important i n  determining 
overall mine integrity. 

The spent-fuel experiment is being conducted 
i n  granite 430 m beneath the surface. 
temperature anticipated i n  the rock is 100°C. In 
addition to the m-MS measurements, LLhlL has in- 
s ta l led 430 thermocouples, 18 stress meters (vibrat- 
ing w i r e ) ,  116 extensometerfi, and 34 convergence 
heads in the faci l i ty .  

1980 ACTIVITIES 

The maximum 

The AE-MS experiment began in December 1979 
w i t h  the emplacement of sensors (piezoelectric 
accelerometers), preamplifiers, and a 15-channel 
transient waveform analyzer (Fig. 1). The sensors 
are deployed i n  a 15-station, three-dimensional 
-Tray centered on the canister d r i f t  which would 

entually house the spent fuel and heaters (Figs. Y and 3). Results from 3 months of monitoring 
act ivi ty  prior to heater turn-on and waste emplace- 
ment are: 
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Figure 1. System configuration. The transient 
waveform analyzer allows a lOO0:l slowdown so that 
the data can be processed or recorded with m i c r o -  
earthquake equipment and techniques. 
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Figure 2. 
ment showing canister locations (solid dots in 
center d r i f t ) ,  heater locations, and AE sensors. 
Heater output is adjusted t o  the thermal output of 
the spent fuel canisters. 

Plan view of climax repository experi- 
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Figure 3. Cross section of climax repository show- 
ing downhole location of AE sensors. 
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1. The repository rock has average P- and S- 
wave velocit ies of 5.5 to 5.9 and 3.2 t o  3.6 W s ,  
respectively, fo r  a Poisson's r a t i o  of 0.20 to 0.25; 
values are typical fo r  granite. 

2. The rock on th i s  scale is not homogeneous 
i n  velocity and attenuation properties for  seismic 
waves a t  frequencies between 1 and 10 kHz. Ongoing 
observations of these properties may offer a means 
of mapping the  progress of fracture zones or zones 
of alteration. Preliminary findings indicate a Qp 
of about 50. 

3. Certain discrete seismic events occur with- 
in the mine structure that  are not associated with 
the canister area. These events occur a t  a r a t e  of 
1-3 per week and seem to be related t o  fracturing 
on the scale of centimeters, presumably i n  response 
t o  stresses induced by mining, dril l ing,  and coring. 

4. There was no evidence that strong ground 
motion within the respository, associated with near- 
by underground nuclear explosions, induces cracking 
or otherwise enhances the microfracturing process. 

Several weeks prior to  waste emplacement and 
heater turn-on, there was a period of relatively 
low human act ivi ty  within the mine. During t h i s  
t i m e  the number of detected events subsided t o  
about one per week. After emplacement, however, 
the AE-MS act ivi ty  dropped even further. 
w e r e  recorded for  2 weeks. A t  this t i m e  the t r ig-  
ger status (stations a t  which signals must r i s e  
above a minimum level i n  a specified t i m e  window) 
used three stations in the middle of the array. 
When the trigger stations were reduced t o  two cen- 
t r a l  stations the activity detected increased again 
t o  1-3 events/week. 
detected act ivi ty  seems to be occurring i n  two 
different types of events. 
event with an impulsive onset occurring a t  the r a t e  
of 1-2 per week and located i n  the rock mass. The 
second type is the event with an emergent onset 
occurring i n  a swarm sequence. Although more dif- 
f i c u l t  to locate, these events seem t o  occur in the 
canister d r i f t  a t  shallow depths near canisters 
11-15, possibly i n  the concrete floor of the d r i f t .  
These events are of roughly equal magnitude, i.e., 
no dominant event with a foreshock or aftershock 
sequence, whereas the single impulsive events are 
distributed i n  magnitude. 

No events 

After waste emplacement, the 

The f i r s t  type is the 

visual identification of 

Week 

Figure 4. 
before and af ter  waste emplacement. 

Number of events per week detected 
[XBL 813-27241 

cracks in the concrete around the top of the canis- 
ter and heater holes was made several w e e k s  after 
emplacement. It is not known whether (1 )  the con- 
crete cracked before the rock, ( 2 )  the rock had 
developed cracks (although the lack of discrete 
events a t  the time would suggest not), o r  ( 3 )  the 
cracks in the concrete w e r e  already there and had 
opened when heating began. Eowever, the radial  
pattern of the cracks (i.e., a t  a 45-degree angle 
t o  the canister center l ine)  would suggest a com- 
pressive stress due to the heating of the canister. 

The emergent-type events w e r e  detected f o r  
only several weeks--and always near the east end of 
the canister d r i f t ,  although the entire d r i f t  had 
been f i l l e d  with canisters or heaters. A f t e r  this 
phase, act ivi ty  returned t o  1-4 events per week. 
However, fo r  the f i r s t  time, events were located 
near the canisters below the canister d r i f t  floor, 
i n  the rock mass. These events suggest t ha t  the 
rock is beginning t o  respond t o  the emplacement of 
the canister and/or heater turn-on. 
the number of events detected during the length of 
the experiment. 

Figure 4 shows 

To date, it seems as if the waste emplacement/ 
heater turn-on has had an effect  on AE-MS activity. 
Although small, the main effect  has been on the con- 
crete floor above the canisters. The rock either 
has not been sufficiently heated t o  respond on a 
large scale, or its nature is such tha t  expansion 
is not manifested i n  discrete fai lure  events, al-  
though several events have been detected near the 
canisters for the f i r s t  t i m e .  As the experiment 
continues and rock temperatures increase, it w i l l  
be easier to determine the importance of thermal 
stresses to rock fracture and failure.  

ACTIVITIES PLANNED FOR FISCAL 1981 

A piezoelectric pulser has been installed i n  
AE 13 to provide continuous velocity and attenua- 
t ion monitoring. Presently the AE-MS data are being 
recorded on magnetic tape and returned t o  Berkeley 
for  analysis. However, there is considerable 10s- 
of dynamic range ana processing capability. T h e L i  
fore, an Automated Seismic Processor being bu i l t  
w i l l  provide on-line detection, source characteriza- 
tion, stress release, and source location. 
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P. C. Lichtner and L. V. Benson 

There is a need in many earth science problems 
for a comprehensive transport model capable of 
accurately predicting the migration of interacting 
solutes in water-saturated porous or fractured media. 
For example, not until recently has detailed atten- 
tion been given to the influence of chemical inter- 
actions on the potential migration of radionuclides 
from a high-level nuclear waste repository. 
formation of neutral or negatively charged ion pairs 
which are not easily sorbed, reduction and oxidation 
reactions, ion-exchange, coprecipitation and precip- 
itation-dissolution reactions could all play an 
important role in determining the rate of advance 
of chromotographic fronts of radionuclides should 
they escape from their original confinement. 

The 

Although several sophisticated thermodynamic 
models are capable of predicting the equilibrium 
distribution of species resulting from various 
chemical reactions, the developent of models which 
couple fluid transport processes with chemical 
interactions is still in its infancy. 

This is the second progress report on the 
continuing theoretical development of a unified 
chemical transport model. The model assumes a 
phenomenological description of advective and 
diffusive/dispersive fluid flow coupled to locally 
equilibrated chemical reactions describing ion 
exchange and aqueous complexation. 
generalizes the work of &bin and James (1973) to 
include ion-exchange site-competition effects and 
aqueous complexation. 

This work 

One objective of this work has been to develop 
a general theoretical framework from which simpli- 
fying assumptions can be made on the basis of sound 
physical judgement and experience. 
formulating the solute-transport problem as a system 
of partial differential equations which are exact 
within the stated assumptions, this theory can be 
used to analyze the validity of various approxima- 
tions, such as the common use of a linear sorption 
isotherm description of ion-exchange processes and 
the intuitively-based zone model widely employed in 
chromotography. 

By precisely 

Two effects of chemical reactions on retarda- 
tion were studied during this fiscal year. 
effect of competition b.etween cations for sorption 
sites was investigated by examining the movement of 
concentration isopleths in a one-dimensional model. 
It was discovered that retardation could be enhanced 
or diminished relative to that pradicted*by the 
customary linear isotherm description depending on 
whether interference with other fronts was coherent 
or noncoherent. Coherent interference results when 
' h e  derivatives of two interfering concentration 

b n t s  are of the same sign; noncoherent interfer- 
ence occurs when they are of opposite sign. Non- 
coherent interference occurs, for example, between 

The 

a sorbing species and its corresponding desorbing 
species, resulting in a greater retardation of the 
sorbing component than expected from calculations 
employing a linear isotherm. 

Sorbing and desorbing interference was further 
studied in a three-component sorption model in 
which an anion component was included to balance 
aqueous charge. Conservation of local aqueous 
charge and the decoupling of the anion component 
from the cations allowed the elimination of one of 
the cations, resulting in a single nonlinear partial 
differential equation for the remaining cation. 
This equation is exact within the assumption of 
local chemical equilibrium and includes all inter- 
ference effects between the two cations. It should 
prove useful in studying chromatographic column ex- 
periments when nontrace concentrations are present. 

The influence of complexation on retardation 
was shown to result, in the absence of site-compe- 
tition effects, in a general expression for the 
retardation factor, defined as the ratio of the 
average pore velocity vo to the actual solute 
velocity, vret, of the form 

V 
R = O =  1 +=Kd, 0 ret V 

where the factor a contains the effects of complex- 
ation, p is the bulk density of the porous medium 
with porosity 4, and is the distribution coeffi- 
cient obtained in the absence of complexation. 

When complexation was introduced into the 
three-component sorption model between the anion 
and the sorbing cation with equilibrium coefficient 
%I, a was found to have the explicit form 

+ =01c+ a -  
1 + K (c- + c+) ' 01 

where c, is the anion concentration and c+ the sorb- 
ing cation concentration. 
amounts of c+, complexation can be an important 
factor in solute-migration rates. 

Thus even for trace 

This work has demonstrated the feasibility of 
developing a transport model.of chemically inter- 
acting solutes in porous media within the restric- 
tion of local chemical equilibrium. 
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SORPTION MODELING STUDIES AND MEASUREMENTS AT P I N  1980 FOR THE 

R. j. Silva, A. F. White, g d  A, W. Yee 
$ACIFIC P$ORTHWEST~BORATORIES WRIT PROGRAM * 

A -- 
This program covers an experimental and theo- 

re t ica l  investigation of the principal physical and 
chemical reactions that  control the aqueous concen- 
t ra t ions of radionuclides in geologic environments 
anticipated for  terminal waste storage fac i l i t i es .  
The goal of the program is t o  develop a basis for 
predicting the radionuclide-geologic media interac- 
t ions that  govern migration. 

In f i sca l  1979 experimental and theoretical 
effor ts  were concentrated on a study of the sorption 
of cesium on the substrates s i l i ca  and mntmoril- 
lonite--two representative geologic materials that 
are widely distributed and frequently coat weath- 
ered surfaces--in order to begin to delineate the 
principal parameters in sorption processes. Cesium 
sorption isotherms were obtained for the two sub- 
s t ra tes  a t  26oC as a function of i n i t i a l  C s  concen- 
t ra t ion,  p ~ ,  and NaC1' supporting electrolyte con- 
centration i n  batch-type expriments using finely 
crushed material. Theoretical e f for t s  were aimed 
a t  developing and tes t ing an electrolyte-binding 
electr ical  double-layer model t o  predict sorption 
isotherms. Comparisons of calculated data with 
experimental data showed tha t  the model was able to 
simulate the isotherms reasonably well (Silva, 1979). 

~n f i sca l  1980, experimental and theoretical 
studies of the sorption of Cs on s i l i ca  and mont- 
morillonite were expanded t o  include the behavior 
of vO2" i n  contact with the two substrates. 

EXPERIMENTAL RESULTS 

Solution concentrations were measured a t  25OC 
for  UO2* and Cs+ i n  contact w i t h  Belle Fourche 
Clay  (montmorillonite) and Min-u-si1 ( s i l i ca )  as a 
function of pH, i n i t i a l  U and C s  concentration, and 
supporting electrolyte concentration in  batch-type 
experiments using finely ground material ( a  few m i -  
crons i n  diameter). For uranium, the i n i t i a l  lK12++ 
concentrations were about 10-4 E, 10-6 1, ana 
10-8 5; PH values were 5,  7,  and 9; supporting elec- 
t rolyte  solutions were 10-3 M, 10-2 M, 10-1 M, and 
1 5 NaCl prepared i n  the absence of &, and ;he same 
solutions containing M t o t a l  carbonate. For 
cesium, the i n i t i a l  concentrations w e r e  about 
10-5 E, 10-6 5, 10-7 1, ana 10-9 5; p~ values were 
5, 6, 7, 8, 9, and 10; supporting electrolyte con- 
centrations were 10-3 E, 10-2 5, 10-1 E, 1 E ~ a ~ l ,  
and a synthetic basalt groundwater. 

5, 

Examples of the resul ts  obtained for C s  and 
Belle Fourche Clay and for  Cs and Min-u-si1 are 
shown in Figure 1 .  Here the logs of the measured 

points) for  several different i n i t i a l  Cs and NaCl 
concentrations. 

values are  given as a function of pH (solid 

lo3 
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Figure 1.  
versus PH for  Belle Fourche Clay and s i l ica .  

Log Cs distribution coefficient ( K d )  
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Examples of the results obtained for  U and 
Belle Fourche Clay and for  U and Min-u-si1 are 
shown i n  Figure 2. Since precipitation of uranium 
hydroxide was expected t o  occur for  the more concen- 
trated U solutions, p lo ts  of did not seem apprr- 
priate.  
concentrations are given as a function of pH (solid 
points) for the different  i n i t i a l  U and electrolyte 
concentrations. 

Instead, the log of the f inal  U s o l u t i o n b  
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Table 1. Chemical Thermodynamic Data for U and Cs. 

Reaction Log K 

COMPLEXES 
+ + U02+ + H 0 = U02(OH) + H  2 2 

+ + 2H UOs+ + 2H20 = U02(OH)2 0 

2~0:' + A ~ O  = (uo~)~(oH)~+ + H + 

2U02 2+ + 2H20 = (U02)2(OH)~+ + 2H+ 

3UOr + 5H20 = (U02)3(OH)5 + + 5H+ 

4U02 2+ + 7H20 = (U02)4(OH)7 + + 7H+ 

uo;+ + co3 2- = uo2co; 

uo: + 2c03 2- = uo2(co3)2 2- 

uo;+ + x o 3  2- = uo2(co3)3 4- 

uo;+ + c1- = U02Cl + 

+ 
UO$ + 3H20 = U02(OH); + 3H 

3UO:+ + 4H20 5 (U02)3(OH)Y + 4H+ 

2+ - + 3U02 + 7H20 = (U02)3(OH)7 + 7H 

+ cs + c1- = CSClO 

PRECIPITATES 

U02+ + H20 = Y - U03 + 2H 

UO:+ + H20 = UO 

UO:' + 2H 0 = UO (OH)2 + 2H 2 2 

+ 
2 

+ w+ 3 ( amorph ) 
+ 

U02+ + 3H20 = U02(OH)2 . H20 + 2H -t 
2 

2+ 2- uo2 + cog = uo co 2 3  

(1 1 (2 1 (3 1 

- 5.50 - 5.78 - 5.90 
-10.80 

-21.0 

- 4.4 
- 5.89 - 5.63 - 5.6 
-12.31 -11.80 

-16.46 -15.65 -15.0 

-11.93 

- 5.63 

-15.65 

-30.75 

-22.76 

10.07 

16.98 

21.40 

0.24 

-0.39 

- 7.69 
-10.40 

- 5.56 - 5.60 
- 5.40 
14.46 

L 

Source: Smith and Martell ( 1976), Iangmuir ( 19781, Sylva and Davidson ( 19791, 
Allard et al. (1980), Lemire and hemaine (1980). 

COMPUTER SIMULATIONS 

Attempts were made to simulate the observed be- 
havior of U and Cs with the two substrates in terms 
of the known solution chemical thermodynamic data of 
U and Cs, the measured properties of the substrates, 
and proposed sorption reactions using a computer 
program called MINEQL (Silva et al., 1979; Westall 
et al., 1976). 

Briefly stated, MINEQL is designed to accept 
a list of input components of a solution, e.g., 
cations and anions, and their analytical concentra- 
tions; solve the appropriate set of mass balance 

and equilibrium constant expressions that describe 
the specified reactions; and produce a list of the 
identities and concentrations of all species, solu- 
tion and solid, formed by the interaction among the 
components and between them and/or water. Sorption 
of ions by solid surfaces can be included by writ- 
ing the reactions as complexation of the ions with 
surface sites. The surface is treated as a weak 
acid, SOH, which can dissociate or adsorb ions (e.g., 
Na+, CS', U02++) in exchange for H+. 

The development of surface charge produces b 
difference in the activities of ions near the sur- 
face and in the bulk solution. Our version of 
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M I N E Q L ,  developed by Davis e t  al. (19781, incorpor- 
ates the surface charge corrections through the use 

the electrical double-layer model. Activity co- L A  cients of ions in solution are calculated using 
the Davies equation. 

The thermodynamic constants taken fran the 
l i terature (Smith and Martell, 19761 Langmuir, 1978; 
Sylva and Davidson, 19798 Allard e t  al., 19801 
Lemire and hemaine, 1980) for the solution reac- 
tions of U O ~ "  and CS+ used in the simulation cal- 
culations are given in Table l. The four different 
sets  of constants for the proposed hydrolysis prod- 
ucts of UO2" produce considerably different calcu- 
lated values for the solution concentration of U i n  
equilibrium with the solid uranyl hydroxide, parti- 
cularly a t  the higher pH values. 

The constants for the surface reactions of the 
solid substrates and other input parameters used i n  
the simulation calculations are given in Table 2. 
The surface acid dissociation and sodium exchange 
constants were estimated from surface charge data 
obtained from acidbase t i trations of aqueous sols 
of the clay and s i l ica  containing different amounts 
of NaCl. 
constants were estimated from the sorption data. 

Since montmorillonite typically exhibits a t  
least  two energetically different exchange sites 
(frequently designated SOH and TOH) with differing 
acid dissociation and exchange constants, a two-site 
model was used for the clay analyses. 

The values of the Cs/H and U/H exchange 

An example of the results of the calculations 
for C s  are shown in Figure 1. The solid curves show 
the results obtained without including the surface 
charging effects1 the broken curves show results 
when they were included. 'Ihe same quality of f i t  
was obtained for the other initial cs solution con- 
centrations. 

Table 2. Reactions and parameters for solid 
substrates 

Reaction -9 K 

SITES 
B. F. Clay Min-u-si1 
SOH TOH SOH 

SOH - SO- + H+ 

+ 
SOH + Na+ - SONa + H 

SOH + Cs+ = SOCs + H+ 

2SOH + Wr = U02(SO)2 + 2H+ 

PARAMETERS 

sorption s i t e  concentration 
( m e d g )  

2 Surface area ( m  /g) 

Q/Na = 12 

= 1500 

-4.0 -7.1 -7.4 

-0.24 -2.9 6 .6  

0.84 -1.8 -5.5 

2.7 -2.6 -10.0 

0.36 0.04 0.021 

80 0 2.52 

An example of the results of the calculations 
for U are shown in Figure 2. The solid curves 
(number refers to different Nadl concentrations) 
resulted when the hydrolysis data of Lemire and 
hemahe (1980) and the hydroxide solubilities and 
carbonate complexes of Langmuir (1978) were used; 
these sets of constants gave the best overall f i t  
of the calculations to the experimental data. For 
comparison, the broken curves show results of NaCl 
alone ( 
Only sorption of W2++ by surface ion-exchange reac- 
tions was considered. 

DISCUSSION 

E )  using Langmuir's hydrolysis constants. 

In general, MINE(& was able to simulate the 
data for C s  plus clay reasonably w e l l  mer the en- 
tire range of pH, i n i t i a l  C s  concentrations, and 
electrolyte concentrations, assuming the solution 
concentration of C s  was controlled only by sorption 
of Cs+ by ion-exchange reactions w i t h  surface sites. 
Inclusion of surface charging corrections did not 
improve the f i t .  For Cs plus s i l ica ,  the simula- 
tions did not give as good a representation of the 
experimental data as for C s  plus clay. However, i n  
general, MINEQL predicted the right order of magni- 
tude of Q versus pH over the range 7-10 for a l l  
values of i n i t i a l  C s  concentration and electrolyte 
concentration, assuming only sorption of CS+ ions 
by surface sites via ion-exchange reactions. Below 
pH 7, MINE= consistently underestimated the Q 
values by 1 to 2 orders of magnitude. Inclusion of 
corrections for surface charging produced a much 
poorer simulation of the experimental data. 

MINEQL was able to simulate the final uranium 
concentrations for n02" i n  contact with the 
s i l i ca  and clay t o  some extent for an initial con- 
centration of 10-4 M* For th is  i n i t i a l  concentra- 
tion, precipitation-of uranyl hydroxide was calcu- 
lated to occur for  pH values greater than  about 6' 
and was the principal control of the solution con- 
centration of U in  contact with both the s i l ica  and 
clay for the neutral t o  alkaline pH region. 
pH value of 5, the results of the calculations indi- 
cated that reactions of V O ~ + +  w i t h  the surface s i tes  
was not a significant process for the control of the 
uranium solution concentration for the quartz but 
was important for the clay. mr i n i t i a l  U O ~ + +  con- 
centrations of 10-6 M ana 10-8 5, no precipitation 
and l i t t le  ion-exchaGge sorption were calculated to 
occur and the final U solution concentrations w e r e  
not expected to decrease appreciably fran their 
i n i t i a l  values a t  any pH or NaCl concentration for 
U plus si l ica.  &xvever, 90% or more of the U was 
lost  from solution a t  PH values of 7 and 9 and 
smaller amounts a t  a p~ of 5.  For v02++ i n  contact 
with the clay a t  these in i t i a l  concentrations, the 
model overestimated the final solution concentra- 
tions a t  the higher pH values and also a t  a pH of 
5 for the higher NaCl concentrations. As with the 
si l ica ,  considerably more u was los t  fran solution 
than could be accounted for by ion-exchange reaction 
of v02" w i t h  surface s i tes  a t  a l l  PH values. For 
both s i l ica  and clay, the presence of total  
carbonate appeared t o  increase only slightly, i f  a t  
a l l ,  the measured U solution concentrations. It 
should be noted that the final U solution concen- 
trations for the clay differed very l i t t l e  from the 
values measured for the s i l ica  for the three dif- 
ferent i n i t i a l  U concentrations a t  pH values of 7 

A t  a 
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and 9 though the ion-exchange capaci t ies  of the two 
substrates  differed by a fac tor  of about 6 0 . .  Final- 
ly ,  there  appeared t o  be l i t t l e  a f fec t  of NaCl con- 
centration on the measured f i n a l  U concentration a t  
these pH values i n  contrast  to the behavior expec- 
ted f o r  ion-exchange reaction. 

CONCLUSIONS 

1. The solution concentration of Cs i n  con- 
tact with Belle Fourche Clay and silica is con- 
t r o l l e d  primarily by sorption of Cs+ by the solid 
substrates via  ion-exchange reactions. 

2. For W2*+ in contact with s i l i c a ,  ion- 
exchange reactions with surface sites do not appear 
to play a s ignif icant  r o l e  i n  the control of the u 
solution concentration a t  any p H  o r  NaCl concentra- 
t ion.  
ion-exchange reactions are important f o r  control- 
l i n g  the U solution concentrations f o r  pH < 7 but 
decrease rapidly i n  importance f o r  p H  > 7. 

For 002++ i n  contact with Belle Fourche clay,  

3. For an i n i t i a l  W2++ concentration of - M l  precipi ta t ion of uranyl hydroxide appears to con- 
-01 t h e  U solut ion concentration for pH > 6 for 
both silica and clay. However, for laver  initial 
concentrations, where precipi ta t ion w a s  not expected 
to  occur, large losses  of U from solution were found 
experimentally. This loss does not appear to be due 
t o  simple ion-exchange reactions of uranium species 
w i t h  surface sites since there was l i t t l e  dependence 
on the cation-exchange capacity of the substrates 
or on N X l  concentrations. There may be y e t  another 
mechanism, i n  addition to simple ion-exchange reac- 
t i o n s  hnd the formation of uranyl hydroxide that 
play a s ignif icant  role i n  the control of the solu- 
t i o n  concentration of uranyl under environmental 
conditions. 
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MASS SPECTROMETRIC DETERMINATION OF mU/2W DISEQUILIBRIUM 
M. Michel 

OBJECTIVES 

The purpose of this program is to develop 
techniques for dating groundwaters on the basis of 
the disequilibrium between 234U/23RU. This work 
has been slowed by the existence of a highly en- 
riched 235U component in the uranium present in ion- 
exchange resin, as reported previously (Michel and 
eyes, 1979). During 1980 this type of material 
has been shown to occur in varying concentrations 
in ion-exchange resins produced by several Fnufac- 
turers over at least a 15year period. The same or 
similar material is also observed in other manufac- 
tured products, particularly those associated with 
the plastics industry. 
of enriched 235U have had low priority. 
date, in the case of ion-exchange resin, indicate 
it may be present in the styrene polymer used as the 
base material for the resin. 

Attempts to trace the source 
Results to 

A comprehensive effort was initiated to reduce 
ffect of the 23% contaminant because it inter- 

feres with the uranium samples being examined for 
disequilibrium between 23% and 238U as part of the 
program to develop methods of dating groundwaters. 
A chemical separation scheme has been developed 
which is suitable for mass Spectrometric work and 
which assures minimum exposure of the groundwater 
sample to possible contamination by natural uranium. 
The chemical separation method has be 
synthetic and real groundwater sample 
used to measure the disequilibrium in 
ratio in groundwater samples from areas of possible 
interest as nuclear waste repositories. The reason 
for developing the mass spectrometric technique was 
to uae the extreme sensitivity of this method to 
reduce the size of water samples. 
tant consideration, as samples recovered under dif- 
ficult circumstances (e.g., from deep drill hole 
are usually limited in volume. 

This is an impor- 

EXPERIMENTAL RESULTS 

Previous work (Michel and Keyes, 1979) indi- 
cated that it might be sossible to deplete the ion- 
exchange resins of the 35U contaminant by repeated 
cycling through, essentially, a blank run of the 
chemical separation scheme. 
of the reservoir to be depleted, small batches of 
untreated resin were chemically oxidized with hydro- 
gen peroxide (in sulfuric acid medium) and analyzed 
for uranium with a 233U isotopic dilution technique. 
Using this isotope, it is possible to get the iso- 
topic composition of the sample and a quantitative 
determination of uranium in the same sample. From 
these experiments it has been found that some nat- 

To determine the size 

Val uranium as well as the enriched 235U were 
u l e a s e d  from the resin. The puantities of each 

released appear to be independent of the relative 
amounts present and appear to vary with as yet 
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undetermined differences in column operation tech- 
niques. This implies a different site in the resin 
structure for at least part of the two components. 
Analysis of several different batches of resin gave 
amounts va 
with the 2%J enriched by factors of 1.1-1.5. 
special batch of resin was prepared by a commercial 
firm where special care was taken to reduce the 
uranium and other inorganics to as low an amount a5 
possible. 
but was enriched by a factor of 1.7 in 235U. 
higher enrichment of the low uranium sample is 
consistent with the previous suggestion that the 
styrene polymer may be the source of the 235U and 
that the natural uranium came partly from reagents 
used to convert the polymer to the active resin. 
The special batch of resin was subjected to extreme 
cycling through the chemical process, with blank 
isotopic and chemical analyses being performed at 
intervals. After an extended series of such treat- 
ments, a column was obtained which permits separa- 
tion of the uranium from groundwaters, thereby 
introducing sufficiently little enriched 235U as 
to allow mass spectrometric determination of the 
234U/230U ratio to be made with negligible error in 
a sample as small as 1 ng. The amount of 23% in 
such a sample, if in equilibrium, would be 0.55 pg. 
Even after depletion of the resin, the amount re- 
mwed in each cycle is still not reproducible enouqh 
to eliminate an occasional higher level of 235U. 
Because the enriched 235U contains a small amount 
O f  234U (present at hiqher concentrations relative 
to 235U than in natural equilibrium uranium), it 
should be pointed out that any sample of natural 
e 
'%J enriched slightly relative to 238U. 
23%/235U ratio for a known source, such as the 
ion-exchange resin, can be determined, correction 
for this contamination can be made based on the 
observed increase in the 23%/23821 ratio. 
nately, this increases experimental error because 
the several isotope ratios used in the correction 
reduce the precision of the final 234~/23821 ratio. 
In addition, if more than one source of enriched 
235U contributes, as may well be the case, and if 
each has a different amount of 234U, the correction 
becomes impossible to make with any confidence. 
For this reason it is essential to reduce the 2 3 5 ~  
effect as much as possible. 
purpose of dating groundwater systems, high preci- 
sion is not required because the interpretation of 
the data does not lead to precise ages. 
to the uncertainty surrounding the closed nature of 
the groundwater system with respect to addition or 
subtraction of uranium. 

ing from 1 to 2 ppb of total uranium, 
A 

This resin had only 0.78 ppb of uranium 
The 

ilibrium uranium contaminated by it will have the 
Since the 

Unfortu- 

Fortunately for the 

This is due 

It has been recognized by many researchers that 
no single method of moundwater dating is likely to 
be convincing by itself, inasmuch as all are likely 
to suffer from one or more deficiencies in meeting 
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the hydrogeologic prerequisites for a good age de- 
termination. Since each method is likely to depend 
on different critical parameters, agreement among 
different methods represents the best verification 
of the observed age. 

MEASUREMENT OF GROUNDWATER SAMPLES 

Work has begun on groundwater samples from the 
Pasco Basin in the state of Washington, a region of 
successive lava flows separated by sedimentary lay- 
ers which often contain water. 
of its low seismic activity and other practical ad- 
vantages, has been suggested as a possible waste 
repository site. A t  present the data are too frag- 
mentary to reveal age information, but the results 
to date well illustrate the advantages of the mass 
spectrometric method developed under this program. 

This region, because 

One sample from a deep drill hole piercing the 
successive lava flows will suffice to illustrate the 
direction of the research. 
well has a total uranium content of 9.5 parts per 
trillion. 
it with gaseous €IC1 until 4 in hydrogen ion. This 
was followed by treatment with sulfur dioxide gas 
until just below saturation. After isotopic dilu- 
tion with 233U, the solution was passed through an 
ion-exchange column packed with strong base anion- 
exchange resin, pretreated to be in the chloride 
form. The eluent was discarded, the column washed 
with one column volume of 4 HCl, and the uranium 
eluted with 0 . 1  XC1. For the column chosen, the 
uranium is quantitatively recovered in about 30 
drops of solution. This is reduced to about 40 p1 
in volume in a closed sub-boiling dry nitrogen flow 
evaporator, and the resultant solution pipetted into 
the ion source of the mass spectrometer. The final 
solution was free of iron or other visible evidence 
of inorganic ions. 

The groundwater in the 

A 50-1 sample was processed by treating 

The mass analysis showed the sample to be 
"enriched" in 234U by a factor of 1 . 8  over the equi- 
librium value. 
of uranium, with the 2 3 ~  'being at about 0.047 pg 
(approximately 1 0 8  atoms). 
made for slight contamination by enriched 23% from 
the column resin. Without this complication, an 
isotopic ratio could have been measured on a consid- 
erably smaller sample with the same precision. 

By comparison, determination of the enrichment 
of 23% by conventional alpha spectrometry, assum- 
ing (unrealistically) that essentially zero back- 
ground counting rates could be achieved, wuld take 
approximately 3600 days of counting time to give 
the same 2-3% precision, or more practically, wuld 
require 40 liters of water to make the measurement 
in 3-4 days of counting. 
kind of sensitivity the mass spectromatic technique 
affords for difficult-to-recover samples is clear. 
It is especially easy to see the advantage to be 
gained when remote samplers of limited volume come 
into use and can recover uncontaminated deep water 
samples. 
recovering larger samples is that the samples are 
likely to be contaminated with foreign materials or 
diluted by surface waters. 

The entire sample contained 475 pg 

A small correction was 

The importance of the 

The problems with present methods of 

IMPLICATIONS FOR REWLTED RESEARCH 

The existence of enriched 23% as a contaminan+ 

bd in laboratory materials poses the possibility tha 
this type of impurity could be responsible for un 
tected errors in published data which are bqsed on 
isotopic measurements of uranium. 
librium studies to date, the majority of near-sur- 
face or surface waters have been found to be only 
slightly enriched or depleted in 23%. Those which 
are depleted are in the minority. 
usually rather high in total uranium concentration, 
and it is generally easy to obtain samples contain- 
ing a microgram or m r e  of uranium in a reasonable 
volume of water. Thus one would not expect the 
small amounts of 23% found in this hrk, rarely 
over a few tens of picograms, to have a serious 
effect on such data. Because chemical recovery of 
uranium from large volumes of water is inconvenient, 
those waters of lowest uranium content generally 
represent the smallest samples to be counted in the 
alpha spectrometer, and these may be affected 
slightly by the presence of a little enriched 23%. 
In principle, the investigator would be aware of a 
problem from the observation of a non-natural ratio 
of 23%/23%. mwever, for reasons associated w i t h  
the nuclear energy levels in 231Th and with the 
usual practice of counting until a predetermined 
standard deviation in the precision of the 23'%J/238u 
ratio is achieved, small enrichments in 23% would 
probably not be noticed. Thus it is possible that 
some relatively small fraction of previous measure- 
ments werestimate the enrichment or underestimate 
the depletion of 234U. The maqnitude of this error 
should not be large, and it may not drastically 
alter the conclusions of any published work. 

In most disequi- 

Such waters are 

With respect to the 235U/238U ratio itself , 
there is a paper by Arden ( 1 9 7 7 )  reporting an anom- 
alously high 235U abundance in the m r e  chemically 
resistant phases of a carbonaceous chondrite. 
Subsequent attempts by others to confirm this work 
have been unsuccessful (Chen and Tilton, 1 9 7 9 ;  Chen 
and Wasserbug, 1 9 8 0 ) .  Arden used 23% as the iso- 
tope dilution spike for quantitative analysis, 
mitting it, of course, for the main isotopic anal- 
yses and spiking a fraction of the sample. He also 
measured the blank levels of supposedly natural 
uranium from all sources to be sure the data were 
not subject to error. These are routinely spiked 
since the only use is to get quantitative data. 
Unfortunately, the 235U spike obscures any contami- 
nation by enriched 235U in the blank. 
effect of such contamination would be to make the 
blank appear smaller than it actually is. 
more, Arden used a two-stage dissolution technique 
in order to demonstrate that the chemically resis- 
tant phases had the highest enrichment. 
were first partially dissolved under rather mild 
conditions with analysis of the resulting uranium 
in solution. 
dissolved, and the uranium in this fraction also 
analyzed. The second sample, invariably only a . 
fraction of the total uranium, would be expected to 
contain, on the average, as much 23% contamination 
as the first. Thus one would expect the anomaly to 
be distinctly greater in the more resistant frac- 
tions (second sample) and, generally, greater the 

The net 

Further- 

The samples 

Then the remainder of the sample was 
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smaller the total amount of uranium. This was the 
case in Arden's data, leading one to suspect that 

23% found to be so widespread in this work may 
partially or wholly responsible for the reported 

G t o p i c  anomaly. 

CONCLUSION 

An extremely simple ion exchange separation 
technique has been developed and tested €or extract- 
ing uranium from groundwaters with purity sufficient 
for the thermal ion source of the atass spectrometer, 
Le., at the level of 0.05 pg or less. The primary 
interference is from a widely observed industrial 
source of enriched 23%. Repeated blank runs have 
demonstrated that the ion exchange resin, which is 
the most difficult source of 235U enrichment to 
control, can be depleted and that the performance of 
the resin slowly imprwes with the. At present, it 
is possible to separate the uranium ftom samples of 

ponds to measurements on 0.05 picograms of 234~. and 
a usable sensitivity of approximately 1.7 x g. 
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PRELIMINARY CHARACERIZATION AND ASSESSMENT OF THE WEDON SPRING 
LOW-LEVEL WASTE DISPOSAL SITE 
B. Y. Kanehiro, V. Guvanasen, A. Smith, and R. Sterrett 

The Weldon Spring Quarry was the site for 
disposal of law-level radioactive wastes between 
1960 and 1969, having been previously used for 
disposal of TNT-contaminated soils during the 
1940s. 
4 miles west of the Weldon Spring Chemical Plant 
and about 20 miles west of St. L0ui.s (Fig. 1). 
The location of the quarry with respect to the 
Missouri River is shown in Figure 2. 

The quarry occupies an 8.6-acre site 

e 0 p. 
Oh 

Location map of the Weldon Spring Quarry. 
[XBL 813-2184] 

This project rep;esents the first phase of 
the characterization and assessment of the radio- 
active waste disposal site at Weldon Spring, 
*Missouri, performed by the Lawrence Berkeley 
Laboratory. 
Department of Energy as the first part of their 
Engineering Options Plan for the Weldon Spring 
site. 

The work was done for the 

Figure 2. Location of the quarry with respect to 
the Missouri River. [XBL 813-2185] 
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Radioactive wastes at the Weldon Spring 
Quarry site currently pose a number of potential 
hazards, including: (1) radiation exposure and 
contamination of trespassers into the quarry; (2) 
contamination of groundwater, particularly the 
water pumped from the alluvial well field opposite 
the quarry across the slough, which supplies 
drinking water; and ( 3 )  contamination of nearby 
surface waters, particularly the Femme Osage 
Slough and the Feme Osage Creek. 

SCOPE OF WORK 

The two main objectives of this study are: 
(1) to characterize and assess the present situa- 
tion at the site and ( 2 )  to obtain sufficient data 
for predicting the future of the site under exist- 
ing conditions as well as possible changing condi- 
tions in the future. It is especially desirable 
that the efficiency of proposed engineering options 
for the site be determined. 

These objectives imply that answers are needed 
for the following types of questions concerning the 
site. What type of and how much radioactive mater- 
ial is presently at the site? 
nuclide migration paths? 
trations will the waste arrive at critical points 
in the migration process? 
to the above questions if various engineering op- 
tions are implemented? 

What are the radio- 
When and at what concen- 

What will the answers be 

Finding the answers to these questions requires 
a variety of activities: 
the migration front of radioactive nuclides must be 
determined; a model for flow of groundwater and 
chemical transport must be developed or an existing 
model modified for the site; and data to provide 
input parameters for the model must be collected. 

the present location of 

For Weldon Spring, this implies that addi- 
tional information is needed in conjunction with 
characterizing and assessing present conditions: 
(1) characterization of the geometry of the site 
with respect to topography, geology, and hydrologic 
boundaries; (2) characterization of the hydraulic 
and chemical properties of the geologic materials 
found in and around the site, specifically, the 
permeabilities and storage coefficients, adsorptive 
properties, dispersivities, and porosities; and 
(3) the present conditions, including an inventory 
of radioactive materials at the site and the loca- 
tion of the present migration front of radioactive 
nuclides and other contaminants. 

ACTIVITIES FOR 1980 

The Weldon Spring project began in 1979. 
1979 phase was primarily directed toward the assess- 
ment of present conditions and some boundary condi- 
tions at the site. The 1980 phase was directed 
toward developing the capability to forecast the 
future migration of radionuclides from the site. 
To this end,'work was expanded to include material 
property determinations and numerical model develop- 
ment and modification. 
formed follows. 

The 

A tabulation of work per- 

Geologic and Hydrologic 

1. Geologic data were accumulated and review-' 

b to determine boundary conditions. 

2. Low-level area photographs were obtained 
to locate critical terrain features for boundary 
conditions and sampling locations. 

3. A map of fractures and other potential 
conduits for contaminant migration in the limestone 
was prepared to better understand both the boundary 
conditions and the potential material properties of 
the limestone. 

4. misting wells were cleaned preparatory to 
geophysical logging. 

Geophysical logs of the boreholes were run, 

The logs 

5. 
including borehole television for fracture identi- 
fication and natural gamma radiation logs. 
will be used to infer both material properties and 
boundary conditions. 

6. Seventeen new observation wells were 
drilled outside the quarry to determine the geom- 
etry of the geologic formations in the area and to 
try to gain some information about the location of 
the present migration front of radioactive nuclides. 

7.. IXlring the drilling of the new wells, solid 
samples, taken with a split spoon sampler at inter- 
vals from 2.5 to 5 ft, were used to define geometry 
and material properties. 

8. The new wells were surveyed and tied to 
established benchmarks, and older existing wells 
were resurveyed. 
essary for accurately determining an isopotential 
map. 

This precision surveying is nec- 

9. ~n ongoing program of monitoring water 
levels was initiated. 
assessing the effects of seasonal variations on the 
water table. 

10. 

This is imperative for 

Ten hydraulic tests of the new wells were 
performed to determine material properties. 

11. Based on the results of the hydraulic 
tests, small-scale tracer tests were run to esti- 
mate the porosity and determine a possible order of 
magnitude value for dispersivity in the limestone. 

12. Work is ongoing on the predictive model 
that will be used to organize all of the field data 
and do the final forecasting for the site. 
model is presently complete enough to be used for 
the analysis of the pump and tracer test. 

The 

Waste Characteristics 

1. Existing radiological data were accumula- 
ted and reviewed. Information on materials known 
to have been dumped into the quarry was reviewed. 

2. A preliminary radiological survey was co I: 
ducted, including plans for protection of personnel 
working at the site. 
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3. Areas requiring limited access due t o  high 3. Specific analyses are  being done for  ura- 
This supplies information about i n i t i a l  con- 

4. Radiological samples w e r e  obtained in  order the geological material, i.e., material properties. 

surface radiation levels  were delineated. nium. 
dit ions and possibly the adsorption of uranium on 

t o  quantify the yolumes and species of radionuclides 
present. 

CONCLUSIONS 
5. A law-level, helicopter-borne, detailed 

radianetric survey was performed by EO=, Idaho. 
Results of the  survey should 'be available in  1981. 

Radiological samples w e r e  obtained during 6. 
the dr i l l ing  of observation w e l l s .  
analysis w i l l  provide information about the loca- 
t ion of uranium migration from the site. 

Results of 

Geochemistry 

1. A n  ongoing program was in i t ia ted  t o  monitor 
the groundwater geochemistry i n  the area. 

2. Analysis of groundwater samples is being 
done for  a large range of cations and anions. Such 
analysis w i l l  provide information about the present 
location of material escaping from the site, i.e., 

. i n i t i a l  conditions. 

perhaps the most important finding t o  date is 
t ha t  uranium has been found outside the quarry both 
i n  solid samples of alluvium taken during dr i l l ing  
and in  water samples from the w e l l s  a f t e r  comple- 
tion. 
walls, approximately 400 f t ,  the implication is 
t ha t  there is potential  for  future problems with 
the municipal w e l l s  located down gradient from the 
quarry. More work m u s t  be done t o  determine the 
f u l l  extent of migration and t o  col lect  enough data 
t o  predict future migration a t  the site. 

Although these w e l l s  are  close t o  the quarry 

Future work for  t h i s  project w i l l  be directed 
primarily toward forecasting future migration under 
present conditions and evaluating proposed engineer- 
ing options. 
instal la t ion of more monitoring wells a t  greater 
distances from the quarry, evaluation of far-field 
boundary conditions and material properties, and 
the forecasting i t s e l f .  

Included in  t h i s  work w i l l  be the 
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SWEDISH-AMERICAN COOPERATIVE PROGRAM 

STRIPA HEATER TESTS 
T. Chan 

'Jb gain a basic understanding of the response 
of a hard rock mass to thermal loading under condi- 
tions similar to those expected in a future geolog- 
ical repository, a series of heater tests have been 
conducted in a granite body at a depth of 338 m in 
an abandoned iron-ore mine at Stripa, Sweden, about 
150 km west of Stockholm. 
Swedish-American cooperative program of investiga- 
tions on radioactive waste disposal initiated in 
July 1977 between the Lawrence Berkeley Laboratory 
(LBL) in the U. S. and KBS (the Nuclear Fuel Safety 
Program) in Sweden (Witherspoon and Degerman, 1978). 
Cook and Witherspoon (1978) have provided details 
of the objectives and design of these heater tests. 

This work is part of a 

Heating commenced in June 1978 and lasted for 
approximately one year. 
strumented ta measure the temperature, displacement, 
and stress fields. Monitoring of the rock response 
continued for six months after the heaters were de- 
activated. All field activities were concluded in 
June 1980 with the completion of in situ post-test 
calibrations of instrumentation. The status of the 
project as of June 1980 was reviewed by Chan et al. 

The rock was heavily in- 

(1980). 

Activities in fiscal 1978 and 1979 were summa- 
rized in previous annual reports (Witherspoon et al., 
1978; Hood et al., 1980). Major activities during 
fiscal 1980 included post-test calibration and eval- 
uation of instrumentation, data base preparation, 
and a limited amount of post-test thermal and ther- 
momechanical analyses. 

INSTRUMENTATION RECALIBRATION AND EVALUATION 

Instrumentation at Stripa included 389 thermo- 
couples for temperature, 35 rod extensometers for 
displacement, 30 U. S. Bureau of Mines (USBM) bore- 
hole deformation gauges, and 26 IRAD vibrating wire 
gauges for stress determination (Schrauf et al., 
1979). 
monitoring of rock cooi-down had been concluded, 
all instruments were recovered whenever possible 
and recalibrated. This recovery and recalibration 
has provided valuable information for evaluating 
the performance of the various types of instrumen- 
tation under prolonged operation in a hot and humid 
environment. 

After the heaters had been turned off and 

A problem with the calibration procedure has 
been identified for thermocouples and is still be- 
ing analyzed. For extensometers and USBM gauges, 
good repeatability w a s  obtained between pre-test 
and post-test calibrations. A major problem with 
the extensometers was friction in' the rods, which 
could cause step-wise jumps in the measured dis- 
placement up to 0.1 mm, according to simulated bench 

tests. The USBM gauges experienced a high failure 
rate during operation due to corrosion problems. 
The reliability was improved after taking remedial 
measures. Recalibration of IRAD gauges has shown 
that the calibration parameters apparently vary be- 
tween gauges and with time, calibration configma- 
tion, and preset stress. Further investigation is 
in progress. 

DATA BASE PREPARATION 

Data acquisitih and display were accomplished 
using an on-site computer-based system (McEvoy, 
1979). "Raw voltage" data from some 750 sensors 
were collected at a sampling rate of four per hour, 
digitized, transmitted to the computer and recorded 
on a magnetic tape. These data tapes were sent to 
UBL every fortnight for archiving. A parallel data 
acquisition system consisting of four data loggers 
provided back-up data. 

In anticipation of post-test data analysis, 
the enormous data base (approximately 50 million 
measurements) has recently been verified, converted 
to engineering units, structured, and written onto 
two standard magnetic tapes, copies of which are 
available to the nuclear waste storage research com- 
munity. This is the first time that a comprehensive 
data base of this type has been released in computer- 
readable form. 
the following steps: (1) verification of "raw data" 
recorded on magnetic tapes by demonstrating their 
nearly perfect cross-correlation with corresponding 
back-up data recorded by data loggers, ( 2 )  correc- 
tion for voltage error introduced by a hardware 
problem in the computer-based data acquisition sys- 
tem, (3) compensation for temperature dependency of 
instrumentation characteristics and conversion to 
engineering units, (4) verification of procedures 
in item 2 by statistical test and procedures in 
item 3 by repeating the calculations on randomly 
selected data using either a different numerical 
algorithm or an independently coded computer program 
based on the same algorithm, and (5) compacting the 
data by time-averaging and structuring in the order 
of causality: heater power, temperatures, displace- 
ments, and measurements from which stresses can be 
deduced and written on standard magnetic tapes. 

The data base preparation includes 

Details of the data verification and process- 
ing procedures outlined above, as well as the data, 
are presented in Chan et al. (1980). 

THERMAL ANALYSIS 

Prior to conducting the experiments, prelimi- 
nary calculations were made to @de the design. 
Because of the tight schedule of the project and 
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the need to store the complete predicted history of 
the thermal field in an on-site comgmter at stripa 
for instant graphic comparison with field data, a 

u i i g h l y  idealized closed-form solution based on the 
Green's function method was adopted (Chan et al, 
1978). 

In Figure 1, calculated and measured rock 
temperatures at several thermocouples, located at 
various elevations in the vertical hole nearest to 
the 3.6 kW heater (at 0.4 m radius), have been 
plotted as a function of time. 
general agreement between the closed-form solution 
(broken curve) and experimental results (asterisks), 
closer examination of comparison plots such as 
Figure 1 has revealed that (1) above the planned 
horizontal heater midplane (z = 0 plane), measured 
rock temperatures are higher than predicted by the 
closed-form solution with an isothermal boundary 
condition, whereas below the midplane, measured 
temperatures are lower than predictedt and (2) 
rock temperatures measwed abwe the horizontal 
midplane are higher than those at equal distances 
below the midplane. 'These trends generally hold 
for all three heater experiments. 

Although there is 

Further examination of the field data, along 
with detailed finite-element calculations, was 
undertaken to identify the causes of the asymmetry 
of the vertical temperature profile (Chan et al., 

5 c 
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Figure 1. 
as a function of time at radial distance 0.4 m from 
the axis of the 3.6-kw heater and at various eleva- 
tions. The closed-form solution models the experi- 
ment as a finite-length line heater in a semi- 

binfinite medium. The finite-element model (FEM) 
includes more realistic initial and boundary condi- 
tions and accounts for temperature-dependency of 
the thermal conductivity of stripa granite. 

Measured and calculated rock temperatures 

[XBL 804-9273] 

1980). If groundwater convection or steam forma- 
tion were responsible for the higher rock tempera- 
tures abwe the planned midplane, the vertical 
asymmetry would be expected to be more pronounced 
for the 5-kW experiment than for the 3.6-kW experi- 
ment because of the higher temperatures and thermal 
gradients in the former. 
data for these two experiments shows that the oppo- 
site is true. 
the position of the 3.6-kW heater might be in error. 
When the position was remeasured, it was found that 
the 3.6-kW heater was indeed installed 10-13 cm 
above the planned position. Shifting the heater 
position up 10 cm remwes more than 50% of the dis- 
crepancies between observed temperatures and the 
original closed-form solution. 

Comparison of the field 

This has led to the suspicion that 

Possible causes for the remaining discrepancies 
were investigated by nonlinear, finite-element anal- 
ysis. In the finite-element model, the nonuniform 
initial temperatures measured in the rock, the con- 
vective boundary conditions at the surfaces of the 
heater hole and the heater and extensometer drifts, 
and the variation of thermal conductivity of Stripa 
granite with temperature all were taken into account. 
The close agreement between the finite-element solu- 
tion (solid curve) and measured temperatures in 
Figure 1 demonstrates that conduction is the pre- 
dominant heat transfer process. Asymmetry in the 
vertical temperature distribution can be attributed 
primarily to operating conditions. 
ancies still remain. 
to geological features such as dikes, faults, and 
joints. 

Minor discrep 
These may perhaps be related 

THERMOMECHANICAL ANALYSES 

In contrast to the temperature results, the 
rock displacements differ significantly from the 
values calculated prior to heater turn-on (lower 
curve, Figs. 2 and 3) using temperature-independent 
rock properties (Chan and Cook, 1979). A limited 
number of laboratory tests of intact small samples 
of stripa granite were conducted in parallel with 
the in situ heater tests (Swan, 1978r Chan et al. 
(1980). Among the different rock properties, the 
thermal expansion coefficient varies most rapidly 
with temperature. 
ratio are also temperature-dependent at higher tem- 
peratures. Finite-element calculations were made 
to investigate the influence of these temperature- 
dependent properties on predicted displacements and 
stresses. 

Young's modulus and Poisson's 

In Figure 2 the measured vertical rock dis- 
placement (negative sign indicates expansion) be- 
tween two anchor points for a vertical extensometer 
in the 3.6-kW heater test is compared with calcula- 
ted displacement obtained using both constant and 
temperature-dependent rock properties. Evidently, 
considering the temperature dependence of rock prop- 
erties significantly improves the agreement between 
calculated and measured displacements during both 
the heating and cooling periods. However, the dis- 
placements calculated with temperature-dependent 
material properties are somewhat smaller in magni- 
tude than the measured displacements. 

A similar plot is shown in Figure 3 for rela- 
tive horizontal rock displacements between two 
anchor points at a radial distance of 1 m on oppo- 
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site sides of the 3.6-kw heater and about 0.6 m 
below the bottom of the heater. 
of temperature-dependent rock properties again sip 
nificantly reduces the magnitude of the calculated 
displacements, the results are still much higher 
than the measured values, in contrast to the situa- 
tion for the vertical displacements. One reason 
may be that the axisymmetric model used is stiffer 
in the vertical direction and more flexible in the 
horizontal direction than the real rock structure. 
Another possibility is that the measured horizontal 
displacements are unreliable because of their small 
values (generally less than 0.2 mm) and thus prob- 
ably contains larger percentage errors. Better 
agreement between modeled and measured horizontal 
displacements were obtained for the 5-kW heater 
test where larger displacements occurred (Chan et 
al., 1980). 

Although the use 

I I I 

\Experimental 

Temperature Dopendent 

0 Constant Pmpertier - 
c - 

Figure 3. 
zontal rock displacements between two anchor points 
1 m radial distance on opposite sides of the 3.6-kW 
heater for a horizontal extensometer 0.6 m below 
the bottom of the heater. Displacements calculated 
using both constant and temperature-dependent prop- 
erties are shown. Note that displacements calcula- 
ted with temperature-dependent rock properties are 
smaller in magnitude than measured displacements. 

Calculated and measured relative hori- 

[XBL 803-49061 

Serious decrepitation of the wall-rock has 
been observed in the 5-kW heater borehole shortly 
after the peripheral heaters were turned on. Ac- I* 

cording to linear thermoelastic calculations u s i n u  
constant rock properties (Chan and Cook, 1979), the 
highest compressive stress, #..e., the tangential 
stress at the heater hole, would have reached a 
value of 215 M P a  before the peripheral heaters were 
turned on. 
creases very rapidly after the turn on of the peri- 
pheral heaters. A casual comparison of this stress 
with the uniaxial compressive strength 208 M P a  of 
Stripa granite at 2OoC may suggest that the onset 
of gross borehole failure occurred when the tangen- 
tial stress exceeds the compressive strength (Hood 
et al., 1980). Further calculations using tempera- 
ture-dependent properties (Chan et ale, 1980), have 
shown that the stress at the wall of borehole is 
very sensitive to the temperature-dependence of the 
rock properties, as shown in Figure 4. Further work 
is needed to elucidate the mechanism of this thermo- 
mechanical failure because the strength of Stripa 
granite (Swan, 1978) is also somewhat temperature- 
dependent and has been measured only to 190°C, where 
it has decreased to a value of 148 MPa, and gross 
borehole failure occurred at a temperature estimated 
to be over 300OC. 

This calculated tangential stress in- 

CONCLUSIONS 

The Stripa heater tests conducted in the past 
three years have yielded a great wealth of field 
data on the thermal and thermomechanical behavior 
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Figure 4. 
5-kW heater borehole at midplane level as calcula- 
ted by three finite-element models: Model B, con- 
stant rock properties1 Model C,  upper-bound curve 
for temperature-dependent properties determined by 
laboratory testing; Model D, lower-bound curve for 
temperature-dependent rock properties determined 
laboratory testing. 
axial compressive strength, QC, of strip granite. 

Tangential stress at the wall of the 

t53r, Also shown are values for uni- 
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of a hard rock mass subjected to heating. Prelim- 
inary evaluation of instrumentation has already 
improved our knowledge of instrumentation require- 
hts for measuring rock temperatures, displace- 

L i n t s  , and stresses under simulated repository 
conditions. A limited amount of data analysis by 
comparison with numerical models has advanced our 
understanding of the thermomechanics of a hard rock 
mass. At the same time, it has also demonstrated 
the complexity of geotechnical problems at elevated 
temperatures and the need for a concerted effort 
of field tests, laboratory measurements, numerical 
modeling, and data analysis. 
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4 

The overall fracture hydrology program a t  
stripa has been outlined by Gale and Witherspoon 
(1979), and the preliminary results fran t h i s  pro- 
gram have been given in a series of reports and 
papers: Fritz e t  al. (1979a, b; 19811, Gale e t  al. 
(1979, 19801, Olkiewicz e t  al. (19791, Witherspoon 
e t  al. (1979a, b), Andrews e t  al. (19801, Forster 
and Gale (1980a, b), Gale and Raven (19811, Wither- 
spoon e t  al. (1980a, b) and Gale (1980). Other 
summary papers and reports, etc., appear in  various 
conference and workshop proceedings. 

OVERVIBW OF STRIPA FRACTURE HYDROLOGY PRCXRFM 

The overall hydrology program a t  stripa (Gale 
and Witherspoon, 1979) is summarized in  Figure 1. 
The five major areas of research are: (1) assess- 
ment of directional permeabilities; (2 )  geochemical 
and isotope studiest (3) tracer studiest ( 4 )  an 
underground macropermeability experiment t o  measure 
rock-mass seepage; and (5) pump tests. The macro- 
permeability experiment is discussed elsewhere in 
th i s  report. 
init iated a t  this time. Thus, t h i s  paper deals 
primarily with the f i r s t  two parts of the program: 
assessing directional permeabilities of the Stripa 
granite and the geochemical and isotope studies. 

The tracer studies have not been 

EXPERIMENT 

Figure 2. 
locations. 

General geology and hydrology borehole 
Squares are 50 m on a side. 

[XBL 804-9434] 

Fracture hydrology t e s t s  have been performed 
in  both surface and subsurface boreholes. The sur- 
face boreholes consist of s i x  water-table wells, 
WT-1 through WT-6; a pump t e s t  well, WT-7; and three 
long inclined boreholes, SBB-1, SBH-2, and SBH-3 
(Fig. 2). SBH-1 is an open, 76arm diameter, dia- 
mond-core hole, 385 m long, that  angles downward a t  
45 degrees, passes over the top of the t e s t  excava- 
tions, and terminates a t  approximately the 290% 
level. SBH-2, also diamond-cored, was dril led from 
the west toward the test excavations. This borehole 
is 365 m long, angles downward a t  52 degrees, and 
terminates i n  the position shown i n  Figure 2 a t  
approximately the 290% level. SBH-3, 315 m long, 
also diamond-cored, is dril led from the north a t  an 
angle of approximately 50 degrees south toward the 
test excavations, terminating i n  the position shown. 
A l l  three inclined surface boreholes'were oriented 
t o  optimize their  intersection w i t h  the majQr frac- 
ture sets. 

I MATHEMATICAL MODELLING 

Figure 1. Block diagram of fracture hydrology 
program a t  stripa (Gale and Witherspoon, 1979) 

[XBL 7811-21441 

The subsurface hydrology boreholes (Fig. 3) __ 
are located a t  the north end of the t e s t  excavat 
This group of boreholes are a l l  diamond-core hol 
30 m long and 76 m i n  diameter, except R-1 and R-6 
which are 40 m long. 

. b 
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Figure 3. 
hydrology boreholes. [XBL 7811-131081 

ACTIVITIES IN FISCAL 1980 

Location and orientation of Subsurface 

Permeability Measurements and Related Activities 

The primary focus of the fracture hydrology 
program in fiscal 1980 was the tabulation of the 
fluid pressure and flowrate data from the borehole 
tests at Stripa. This work has been completed and 
the data files have been assembled on computer 
tapes. Partially processed data is being published 
in a SAC Report (Gale, 1980). The basic test data 
€or the R-4 borehole are shown in Figure 4. 

I I 

Figure 4. Fluid withdrawal and fracture data fran 
R-4 Borehole (Gale et al., 1979). [XBL 813-26791 

Figure 5. 
hstallation pattern (Forster and Gale, 1980). 

Schematic perspective of borehole 

[XBL 81 3-26801 

Results from the field pressure pulse testing 
program were tabulated and reported in fiscal 1980 
(Forster and Gale, 1980). This program consisted 
of instrumenting five boreholes at the end of the 
ventilation drift with multiple packer assemblies 
(Fig. 5). In Figure 5, the solid areas along each 
borehole represent the open intervals in cavities 
being tested, and the gaps between the solid areas 
represent the inflatable packer elements used to 
isolate the cavities. Both steady-state injection 
tests and pressde pulse tests were carried out in 
these cavities. 
decay versus time plots are given in Figure 6.. 
The hydraulic conductivity values calculated from 
steady state tests are given as k,, values with 
the pressure-time record for the pressure pulse 
test in the same cavity. 
results presented in Figure 6, there does not appear 
to be any correlation between the range of steady- 
state hydraulic conductivities and the distribution 
of.pressure-time curves. 

A s m r y  plot of the pressure 

As can be seen from’the 

n5-5Dp *-* 

Figure 6. 
against log time (Forster and Gale, 1980). 

hunmary plot of normalized pressure 

[XRL 81 3-2681 1 

A laboratory study to assess the effects of 
sample size on the stress-permeability characteris- 
tics of natural fractures was completed by Gale and 
Raven (1981). This experiment included the collec 
tfon and testing of five samples, 10 cm, 15 cm, 
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Figure 7. Fracture hydraulic conductivity a s  a 
function of normal stress, samples 1-5, loading 
cycle 3 (Gale and Raven, 1980). [XBL 813-26831 

24 cm, 25 cm, and 30 c m  i n  diamebr, containing nat- 
u ra l  fractures oriented perpendicular t o  the core 
axis. Each sample was subjected t o  three loading 
and unloading cycles with flow rates ,  under radial  
flow conditions, being measured a t  given increments 
of normal stress. Figure 7 i s  a summary plot  of 
fracture hydraulic conductivity versus normal stress 
for  a l l  f ive  samples. This shows tha t  samples 3 and 
5 (the 20-cm and 30-cm diameter samples, respective- 
ly )  have different  stress permeability relationships 
than samples 1 and 2 (the 10-cm and 15-cm diameter 
samples, respectively). The 25-cm diameter samples 
(number 4 )  gave an anomalous stress-permeability 
relationship but it is believed tha t  t h i s  resulted 
fram damage t o  the fracture plane during sample 
preparation. The data for  samples 1 and 5 ,  the  
smallest and largest  samples, have been reported in  
Figure 8. This shows tha t  the apparent s ize  e f fec t  
reflected in  our data i s  the reverse of t ha t  predic- 
ted by Witherspoon e t  a l .  (1979~).  

Geochemical Studies a t  Stripa 

During 1979-1980 the  research reported by 
Fr i tz  e t  a l .  (1979b) was continued. Additional 
water samples from the mine and surrounding area 
w e r e  analyzed. A mineralogical study of the frac- 
ture f i l l  material from the research areas i n  the 
Stripa mine was conducted. 
summarized by Fr i tz  e t  a l .  (1980). 

These ac t iv i t i e s  a re  

0.15m m i m e n  (lwai.1976) 

0.1 i 1 0  40 
TOTAL NORMAL STRESS, 0,MPa 

Figure 8.  Comparison of the variation o f  fracture 
hydraulic conductivity with normal. stress, samples 
1 and 5 with published data a f t e r  Witherspoon e t  a l .  
1979c (Gale and Raven, 1980). [XBL 813-26841 

Figure 9 indicates t ha t  a l l  groundwaters from 
the Stripa mine f a l l  near the meteoric water l ine  
and therefore have not suffered significant evap-  
ration or  isotopic exchange with minerals. Evapora- 
t ion does seem t o  have significantly influenced many 
surface and shallow groundwaters i n  t h i s  area. The 
abundance of 2H and l80 is  dependent on the temper- 
ature of condensation. Therefore, the depletion 
observed in  deeper groundwaters i n  both 2H and l80 
suggests they were recharged under cooler climates 
than existed during recharge of shallow groundwater. 
Figure 10 also indicates t ha t  the fractured granite 
a t  Stripa contains different  water types a t  differ-  
ent  depths. The increase i n  Cl-l content i s  paral- 
le led by a decrease in  the l80/l60 r a t i o  of the 
groundwater. 

It was originally thought t ha t  a gradual in- 
crease i n  t o t a l  dissolved sol ids  (TDS) with depth 
persisted i n  the Stripa mine. However, more de- 
t a i l ed  sampling of a borehole extending from the 
410-m level t o  about 840- depth suggests t ha t  an 
abrupt increase i n  TDS occurs i n  the  deepest sample 
(811-to 838-m depth). Groundwaters from the 330-m 
level down t o  about 770-111 depth a re  chemically sim- 
i l a r  with only a s l igh t  increase in  TDS with depth. 
This suggests t ha t  a mixing of different water 
masses may be occurring a t  depth rather than a sim- 
ple  evolution of groundwater chemistry with depth. 
Perhaps more saline waters w i l l  be encountered a t  
greater depths i n  t h i s  area. bi 

Groundwater samples were collected from the 
dewatering systems during the fu l l -  and time-scale 
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Figure 9. 
water samples collected from the surface waters,, 
shallow groundwaters and water from the granite at 
Stripa. 
line of all but the surface water samples (Fritz et 
al., 1979b). [XRL 813-26821 

heater experiments. Changes in yroundwater chemis- 
try due to rock-mass and water temperature increases 
were only observed in heater boreholes where temper- 
atures i n  excess of lOOOC were encountered. 

Comparison of 6180 and 621-1 values of 

Note the closeness to the meteoric water 

A pump-packer assembly was used to collect 
low groundwater from SBH-3 (89- to 104-m depth 

Detailed analyses suggested that shal- interval). 
low groundwater, generally free fro& drilling fluid 
contamination, was obtained. The possibility of 
contamination from shallower groundwaters could not 
be excluded, however. 

s of sampling from excavations where artesian 
This emphasizes the useful- 
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FUTURE ACTIVITIES--FISCAL YEAR 1981 

In fiscal 1981, a detailed analysis of the 
fracture and borehole packer test data will be un- 
dertaken. 
be in determining how well we can characterize the 
fracture system fran borehole and drift mapping. 
This work should produce a three-dimensional char- 
acterization of the fracture system at Stripa as 
well as the statistics of fracture spacing, length, 
and orientation. 

Emphasis in the fracture analysis will 

Once the borehole packer-test data have been 
analyzed, we will use this data in a classical 
porous media approach to calculating flow into the 
ventilation drift. Also, the classical porous 
media approach will be used to conduct a prelimi- 
nary three-dimensional numerical model study of the 
regional flow system around Stripa. 
with an existing numerical model, will permit cal- 
culation of flow lines in an attempt to interpret 
the isotopic and geochemical data from the Stripa 
site within a flow system context. Additional 
model development will be required in order to 
fully incorporate the complete fracture permeabil- 
ity characteristics into a study of both the local 
and regional flaw systems. 
work in fiscal 1981 will involve an attempt to 
simulate the pressure pulse field tests within the 
context of the fracture system and boundary condi- 
tions at the Stripa site. 
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U I P A  MACROPERMEABILITY EXPERIMENT 
C. R. Wilson 

The macropermeability experiment is an attempt 
to measure the permeability of a large volume of 
low-permeability, fractured granite. The experi- 
ment is being conducted in a 5m x 5m x 33m drift 
called the ventilation drift at the 335- level of 
the Stripa mine in Sweden. 
are being monitored. The experiment began in Novem- 
her 1979, following completion of primary instrumen- 
tation, and ended in September 1980. 

Water flow and pressure 

The primary objective of the experiment is to 
improve techniques for permeability characteriza- 
tion of large volumes of low permeability rock for 
regional groundwater stud2es. In meeting this ob- 
jective, we expect the results at stripa to: , 

1. Measure the hydraulic conductivity of lo5 
to 106 m3 of rock. 

2. Confirm analysis of a series of borehole 
permeability tests. 

3. Improve our ability to monitor average in 
situ water pressures in fractured rock. 

4. Evaluate the ventilation technique for 
flow measurement. 

Discussion of the theoretical basis for the 
experiment and the need for this type of research 
are presented in earlier papers (Witherspoon et 
al., 1979, 1980; Long et al., 1980). Some of our 
more interesting results and interpretations are 
presented below. 

8o 1 

\ 

Bulkhead 

Exhaust 
Duct 

Distribution duct 

Figure 1. 
drift showing installed equipment and boreholes. 

Schematic representation of ventilation 

[XBL 7910-130041 

A schematic drawing of the experimental setup 
is presented in Figure 1. 
as the net moisture pickup of the ventilation system 
inside a sealed portion of the ventilation drift. 
The ventilation air is heated to improve its mois- 
ture carrying capacity and to improve the accuracy 
of the measurement. Hydraulic gradients are deter- 
mined by measuring water pressure in 90 isolated 
intervals of 15 boreholes penetrating the rock mass 
surrounding the drift. 
about 5 m long, a length intended to include suffi- 
cient numbers of open fractures (generally about 15 
to 20) within each zone to average the pressure data 
and to produce a smooth pressure profile, as would 

Water inflow is measured 

Each isolated interval is 

be expected in a porous medium. 

Modif ications 

mi 1 1 1  UUIl UICI mn 

Figure 2. Net moisture pickup by ventilation system for period February 1 
through September 30, 1980. (XBL 801 1-f2709] 
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Tests were run for three different room temper- 
atures of about 2OoC, 3OoC, and 4SoC, followed by a 
cooldown test back to 2OoC. 
20.C most closely reproduces the conditions under 
which the earlier borehole permeabilty tests were 
performed. Analysis of the data from these tests 
is now underway. 
will provide a higher accuracy of measurement and 
will permit investigation of temperature effects on 
the measured groundwater inflow ana on the ventila- 
tion techniques. 
straints, an attempt was made to continue all tests 
until steady state conditions were essentially 
reached. 

A roam temperatlire of 

The two higher temperature tests 

Subject to our overall time con- 

Net moisture pickup measurements are shown in 
Figure 2 for the period February 1 throuqh Septem- 
ber 30. 
about 50 ml/min., although the data show consider 
able scatter due to low measurement accuracy at 
this low temperature. 
run at an average roam temperature of about 18OC, 
which was as close to the ambient room temperature 
of about l5OC as we could operate while still evap- 
orating all the incoming moisture. Water pressures 
measured in the various isolated zones of the bore- 
holes are shown in Figure 3 for the ten R-holes and 
Figure 4 for the five HG-holes. 

Moisture pickup for the 2OoC test averaged 

This first test was actually 

DATA TAKEN 21 ~ R C H  1950 
a ~ w D ~ c A T E S  POSSIBLE PACKER 

ws LEAK 

Figure . Water pressures in the R-holes measured 
at end of 2OQC test. [XBL 8011-127101 

% H63 

DATA TAKEN 21 MARCH 1980 
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Fiqure 4. Water pressures in the HG-holes measured 
at the end of 2OoC test. [XBL 8011-127121 

#Figure 5 shows a distance-drawdown type semi- 
log plot of the R-hole pressure data for the 2OoC 
test. On such a plot, purely radial homogeneous 
porous medium type flow will appear as a straight 
line. Data from four out of the ten individual 
boreholes plot as surprisingly well-defined straight 
lines, with correlation coefficients on the order 
of 0.9 or better. These are shown as dashed lines 
on Figure 5. 
points plots very well as a straight line, with a 
correlation coefficient of 0.98. Assuming that 80% 
of the observed 5 0  ml/min net moisture pickup 
occurred as radial flow, as determined fran a theo- 
retical analysis of flow into the drift, the average 
hydraulic conductivity of the monitored rock mass 
is about 1.0 x mJs. 

The weighted average of all data 

It may be noted on Figure 5 that the w e i g h t u  
average line and the individual borehole lines would 
indicate a water head significantly higher than the 
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Figure 5 .  Distance-drawdown plot for 2O0C test. 
[XBL 8011-127081 

actual head if projected to the ventilation drift 
wall. This indicates that a skin of lower permea- 
bility rock exists between the drift wall and the 
zone 1 measurements. If this skin is assumed to be 
homogeneous and about 2.5 m thick, its hfiraulic 
conductivity would be about 3.5 x 10-11 m/s, or 
about one-third of the average conductivity of the 
rock mass. If the skin were thinnkr, its conductiv- 
ity would be even smaller. 

Heater power was increased on April 2 to raise 
the room temperature to 3OoC €or the second constant 
temperature run. 
reached by April 16, butthe increase in temperature 
was accompanied by a decrease in net moisture pickup 
of the ventilation system of about 16%, dropping 
from about 50 ml/min under the 20°C test to about 
42 ml/min at 3OoC. This test was interrupted for 
about three weeks to modify the equipment to permit 
a more precise monitoring of net moisture pickup. 
The heater unit was modified to recirculate air 
within the room, and the air flow monitor was modi- 
fied to measure considerably lower air flow rates. 
Calibration accuracy was improved by replacing the 
380-mm diameter air duct with a 165- diameter duct. 
Measurements recommenced for the 30OC run on May 14 
and the moisture pickup again stabilized at about 
42 ml/min. The 3OoC test was concluded on June 10. 

Figure 6 shows a distance-drawdown plot of the 

The target room temperature was 

- 

h*/ 
pressure data for the 30OC test. 
Figure 5 indicates that pressures are generally 

Comparison with 
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higher than for the 2OoC test, witn the greatest in- 
crease occurring nearest the drift. The pressures 
reacted in a manner which tends to compensate for 
the observed drop in net water inflow, such that 
the computed rock mass permeability tends to remain 
stable. 
all pressure data and on an observed net moisture 
pickup of 42 ml/min., the computed rock mass hydrau- 
lic conductivity for the 3OoC run is 9.4 x 
Thus, although the drop in observed moisture pickup 
was on the order of 16%. the compensating increase 
in water pressure resulted in a drop in computed 
hydraulic conductivity of only 6%, which is well 
within experimental error. We interpret this to 
indicate that the conductivity of the rock mass re- 
mained essentially unchanged as the room was heated, 
while-the conductivity of the skin around the drift 
decreased. It should be noted, however, that the 
above data and interpretations are all considered 
preliminary, and may be changed when the complete 
experimental results become available. 

Based upon the weighted average values of 

4 s .  

The reasons for the existence of the apparent 
skin of lawer~permeability rock around the drift 
and for its change in hydraulic conductivity as a 
function of room temperature are not known. How- 
ever, it is probably due to thermal expansion of 
the rock and/or chemical precipitates left in the 
rock by the evaporating water. 
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Figure 6. Distance-drawdown plot for 3OoC test. 
IXBL 8011-127111 



! 

216 
! 

After some i n i t i a l  surges due t o  changing room 
temperature and fan speed, the net moisture pickup 
fo r  the 45.C test settled back t o  about 43 ml/min, 
which is  essent ia l ly  ident ical  to the 42 ml/min 
pickup observed a t  30.C. It would thus appear t ha t  
for  the limited duration of the 45.C test, the 
approximately 15.C increase i n  room temperature did 
not produce a further decrease i n  net  moisture pick- 
up. Following the 45.C test, the rocin was cooled 
as  quickly a s  possible and the 2OoC cooldown test 
was considered to have begun when the roan a i r  
temperature reached 2OoC. The relat ively slow but. 
progressive increase i n  net  moisture pickup during 
t h i s  f ina l  test, a s  shown i n  Figure 2, confirms 
tha t  the heat added t o  the room and the rock during 
earlier tests was indeed responsible for  the pre- 
viously observed decrease in  net  moisture pickup. 
Time constraints required ending the cooldown test 
before it could be determined if the  groundwater 
system had stabilized. The average net moisture 
pickup a s  of the end of the cooldown test was about 
47 ml/min. 
45.C ana the 20°C cooldown tests is now underway. 

Preliminary data analysis for  both the 

The i n i t i a l  resul ts  of the macropermeability 
experiment show tha t  the ventilation and pressure 
measurement techniques applied a t  Stripa can be 
employed to generate reproduceable results i n  the 
measurement of l ow hydraulic conductivities in 
large volumes of fractured rock. Our tests have 

t 
~shown, however, that the accuracy of these tech- 
niques is quite sensit ive to local geologic and 
hydrolgic conditions, and their use should be care-- 
fu l ly  evaluated for  each application. 
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The geophysical program at Mripa was designed 
to provide data and interpretations relevant to the 
rock mechanics and fracture hydrology programs. 
Borehole logging techniques and the emplacement of 
ultrasonic transducers around the heater experiments 
have provided the chief means of investigation. 
Among the objectives are the mapping of fracture 
frequency and fracture location, the assessment of 
geological heterogeneity of the rock mass, and the 
monitoring of time-dependent changes induced by the 
heating and cooling of the rock mass during the 
heater experiments. 

Data acquisition terminated in fiscal 1979 
with the close of Lawrence Berkeley Laboratory (LBL) 
field operations at Strips. 
mary of salient findings made thus far. 

what follows is a sum- 

RADON TRANSPORT IN GROUNDWATER 

Total count gamma ray logs were run in most of 
the surface and underground boreholes at Stripa 
(Nelson et al., 1980). Ordinarily, the total count 
rate measured by a borehole probe simply detects the 
summed gamma emissibns of all isotopes in the three 
major decay series occurring naturally in rock-- 
potassium, thorium, and uranium. Ifowever, at Mripa 
an unusual circumstance occurs. The groundwater 
contains sufficient mounts of radon to be observed 
on the total count gamma-ray log, Over and above the 
gamma contribution from the rock itself. These very 
unusual, high radon levels oc& because: (1 ) the 
uranium content in granite is high, between 35 ana 
40 ppm, (2) the uranium seems to be localized along 
fracturest and (3) groundwater flow is along frac-.' 
tures in law-porosity rock so that dilution is min- 
imal, and the flow rates are high enough to bring 
in sufficient radon to be detected. 

A simple thin-crack model for radon transport 
in fractured media is shown in Figure 1 where it is 
assumed that water flowing radially inward along a 
fracture enters a borehole, flaws upward in the 
bore, and exits the hole at the collar. If the 
radon decay rate is A, then using the parameters 
defined in Figure 1, the entering concentration at 
the wellbore is 

. 

-XhK(b* - a ) 

P I* co = [1 - exp 
The flaw rate and source geometry determine 

the value of the exponent and hence the dependence 
of concentration upon flow. If the flow is suffi- 

antly high so that Q >> AKh(bZ - a2), then the 
U v e  equation predicts that Co decreases inversely 
with Q, which is contradictory to our observations 
at Stripa. 

217 

If,on the other hand, the flow rate is l o w  
enough or the source area large enough that the 
fluid residence time within the source area is sev- 
eral half-lives or more, so that Q CC hh($ - a2), 
then the exponent can be ignored and Co = E/&. 
Under these conditions the entering concentration 
is independent of flow rate and dependent upon 
geometry only through the fracture width h. 
fore, we expect the radon concentration in ground- 
water entering a borehole to be reasonably constant, 
subject only to local variations in radon emanation 
and crack aperture. 

There- 

If radon enters at one fracture intercepting a 
borehole and moves upward within the water column 
without diffusion or dispersion, then a single expo- 
nential decay with distance z fran the source should 
be observed. 
to the observation point in a hole of area A is sim- 
ply Az/Q, so the concentration C ( z )  = Coexp(-Az/Q). 

The travel time from the entry point 

I 
- 2b + 

i 

Figure 1. Thin crack model for radon transport. 
Water flaw radially at a rate Q through a thin 
crack of aperture h into the borehole. The crack 
contains a circular source area of outer radius b 
which produces radon atoms at a rate E. 

[XBL 602-6794] 
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Hence, i f  t h e  iuyaritlun of tne concentration, or 
equivalently the gamma-ray count ra te ,  i s  plotted 
against depth, a straight-l ine f i t  t o  the decay w i l l  
give the f l o w  ra te  Q i f  the single-entry no-mixing 
conditions prevail. 

F igure  2 gives an example where t h i s  technique 
is  applied t o  a gamma log from borehole S2, a 40-m 
angle hole alongside the time-scale d r i f t .  A back- 
ground count r a t e  of 200 counts per second has been 
subtracted fran the logs t o  remwe the counts con- 
tr ibuted by the radioelements i n  rock, the remaining 
counts contributed by radon daughter products i n  the 
wa te r f i l l ed  borehole. The three logs, run on three 
separate dates, show a progressive increase i n  count 
ra te ,  at tr ibuted t o  an increased inflow ra t e  over 
the 1 . 5 y r  time span. 
loses half its ac t iv i ty  over 9-m length, corresponds 
t o  a flow ra t e  of 11.5 liters/day, a r a t e  which was 
confirmed shortly a f t e r  with the bucket-and-stop 
watch method measuring the outflow a t  the collar.  

A more complex example is shown in  Figure 3, 

The slope of curve 2, which 

where the gamma log is  shown along with determina- 
t ions of the ac t iv i ty  (approximately 200 cps) i n  
rock core specimens established i n  the low-back- 
ground counting f ac i l i t y  a t  LBL. 
a s lan t  hole, with the water level a t  80-m s lan t  
depth. 
is caused by radon introduied into the wellbore by 
groundwater i n f i l t r a t ing  into the open hole and 
t r ickl ing down the lower side. Water entering the 
hole gradually releases its radon t o  the a i r  a s  it 
t r ick les  down the hole. 
water reaches the top of the water column, the count 
ra te  drops because the water has already released 
radon t o  the a i r ,  where the solubi l i ty  i s  higher. 

Spikes and other fluctuations in  the log are  

Borehole SBHl is  

The high count ra te  above the water level 

Once the radon-charged 

caused by geological changes, such a s  the granite- 
metamorphic contact a t  208 m. 
contain lower uranium and thorium concentrations, 
a s  shown both by the single datum and by the lower 
gamma log response. Within the granite, the count 
ra te  exceeds 300 cps, except a t  depths greater than 

The metamorphics 

Depth Gamma 
(m) (cnts / sec) 

Depth Gamma 
( m )  (cnts /set) 6; 

Granite 0 Leptite 1 Greenstone 

Figure 3. Complete gamma log of hole SBH1, logged 
i n  February 1978. The f ive data points are  computed 
from laboratory spectral  gamma analyses of core 
samples. [XBL 808-72961 

Slant depth (m) 

Figure 2. 
dates. 
25 m have been subtracted. 
flows of 3.0 and 11.5 liters/day, resDectively. 

Logarithmic plot  of S2 gamma logs for  three different 

The slopes of l i n e s  1 and 2 indicate 
The 200 cps background due t o  the rock and the anomaly a t  

[XBL 802-5791] 
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345 m, where the count ra te  drops t o  the 200 cps 
level contributed by the  rock alone. 
the radon-charged groundwater ex i t s  the hole be- 

As a resul t ;  * 

en 320 and 345 m, with s t a t i c  conditions below L? hat  depth. Because the count r a t e  is re lat ively 
constant above the ex i t  zone, the flow ra te  must be 
high compared t o  the radon decay rate.  A simple 
calculation shows tha t  the flow exceeds 1000 liters/ 
day. 

Hence, a t  Stripa, the gamma log serves a s  a 
flaw profi le ,  locating zones of water entry (or  
loss) by an increase (or  decrease) i n  the t o t a l  
activity.  If mixing within the borehole does not 
occur, the ac t iv i ty  decreases exponentially along 
the hole away from the entry point, result ing from 
the steady decay of radon. As we have shown, the 
ra te  of radon decay can then be used t o  estimate 
the volumetric flow rate.  

It is important tha t  the natural radioelement 
distribution in  rock and groundwater a t  a waste 
storage s i t e  be carefully determined during the 
site characterization phase. Even with careful 
baseline studies, one must remain aware tha t  the 
natural radioactive component of groundwater may 
change due t o  changes i n  the hydrological regime. 

Monitoring Configuration 

M 6  M7 

Drift floor 
in full scole 

I m 

CROSS-HOLE ULTRASONIC INVESTIGATIONS IN 
HEATED GRANITE 

Ultrasonic measurements were made between 
four ver t ical  holes i n  the vicini ty  of the 3.5-kY 
heater experiment, using the configuration shown in  
Figure 4. The measurement program involved pa i rs  
of transmitting and receiving sondes inserted at  
4.2s depth t o  obtain data over the ray paths indi- 
cated i n  Figure 4. 
reinserted a t  regular intervals during the lb-month 
heater operating time t o  monitor changes i n  compres- 
sional and shear-wave veloci t ies  as  the rock mass 
heated and cooled. Compressional wave ar r iva ls  were 
picked with a precision of f0.20 on an oscilloscope 
display. 

The sondes were removed and 

Preliminary results from the ultrasonic exper- 
iment are  discussed by Paulsson et  al .  (1980). 
Shown i n  Figure 5 is one of the more dramatic f i e l d  
results:  compressional veloci t ies  along the four 
ray paths i n  the heater mid-plane increase during 
the f i r s t  50-100 days following turn-on of the 
heater, remain a t  f a i r ly  constant levels for  nearly 
400 days of operation unt i l  the heater is turned 
off,  and then quickly drop. As a check on system 
consistency, Figure 5 also shows veloci t ies  measured 
along a reference l i ne  between two nearby boreholes 
where the rock is unaffected by temperature or  
stress increases from the heater. 

Although simple in  form, the resu l t s  a re  an 
integrated representation of ultrasonic velocity 
changes along different t ravel  paths, each segment 
of which responds t o  different  thermal and stress 
loads. As discussed by Paulsson e t  a l .  (1980), how 
the  rock responds a t  each point along the t ravel  
path w i l l  depend upon: (1) its composition; (2) the 
behavior of discontinuities,  including the e f fec ts  
of mindralogy and stress-induced fracture closure; 
(3)  the velocity-stress dependence of i n t ac t  rock; 
and (4) the in-situ stress s t a t e  existing pr ior  t o  
heating. Unraveling such dependencies and tying 
them t o  changes of rock modulus w i l l  represent an 
important contribution t o  undertanding the thermal 
effects  induced i n  the rock mass surrounding the 
heaters. 

Figure 4. 
borehole 4.2 m below the f loor  of the underground 
d r i f t .  Only four of the numerous instrumentation 
boreholes surrounding the heater are  shown here. u e four holes track the sonic wave propagational 
speed along ray paths in  the central  plane of the 
heater. [XBL 7910-130541 

Heater H9 (3.5 kW) is centered i n  a large 

t h i s  configuration sonic transducers i n  each of 

Figure 5. 
almost 400 days during 1978 and 1979. During t h i s  
time the transducer array of Figure 4 was used to 
acquire the velocity changes shown here. The ref- 
erence l i ne  was f a r  enough from the heater t ha t  it 
was unaffected by the  heater operation. 

The H9 heater operated a t  3600 W fo r  

[XBL 801-67421 
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ACOUSTIC EMISSION ACTIVITY 

Acoustic emission methods a re  cammonly em- 
ployed t o  study the  behavior of cracks and crack 
formation in laboratory samples. 
single-sensor acoustic emission system t o  monitor 
acoustic ac t iv i ty  during the cooling of the rock 
a f t e r  turn-off of the two full-scale heater experi- 
ments (Paulson e t  al., 1980). Although the lack of 
multiple sensors made it impossible to locate events, 
it was possible to track the changes i n  to t a l  emis- 
s ive ac t iv i ty  during cooldown of two similar exper- 
imental geometries. 

W e  used a simple, 

As shown i n  the equipent  diagram of Figure 6, 
emissive waveforms from ei ther  the 3.5- o r  5.0-kW 
heater areas were amplified, band-pass f i l t e red ,  
and sent t o  an oscilloscope which triggered when 
the preset threshold level was exceeded by a cycle 
of the waveform. 
for  one-minute intervals and recorded on paper tape. 

The result ing pulses were counted 

Valid data was acquired during the nighttime 
hours when there was no human ac t iv i ty  i n  the ex- 
perimental areas. 
several t i m e s  during the observation period by drop- 
ping a steel ba l l  onto a fixed target  i n  each of 
the areas. 
i n  response during the f i r s t  475 days of data col- 
lection. 

System constancy was checked a t  

The resu l t s  suggest no discernable loss  

Observed resul ts  from the 5.0-kW experiment a re  
shown i n  the histogram plot  of Figure 7 .  Plotted in  
the figure is the nmber of l-min intervals per re- 
cording day i n  which a minimum number of cycles w e r e  
counted. The 3.5-kW experiment produced very simi- 
l a r  results.  Both exhibit  a sudden rise of ac t iv i ty  
immediately following turn-off of the heaters, but 
peak ac t iv i ty  does not occur before the passing of 
several more days. Acoustic emissions then dimin- 
ished wer the next 60 days. 
t r a s t s  with the displacement and stress measurements 
which show a maximum ra te  of change a f t e r  turn-off. 

This behavior con- 

Stress and displacement gauges are  sensit ive 
primarily t o  the e l a s t i c  response of rock, whereas 
acoustic emissions a re  usually associated with 
ine las t ic  material behavior such a s  crack formation 

Tecktronix 502 Acurex 
Amplifier Autodata -9 

Data Logger 

HP 1740A 

u 

Counter Circuii 
(LBL) 

Figure 6. Block diagram of the acoustic emission 
monitoring system. [XBL 808~28121 

h H ' O  disp. 

Mm Experiment day 
C.n-olf 

Figure 7. 
the number of minutes per overnight recording 
period i n  which a minimum number of cycles w e r e  
counted during the one-minute sampling interval. 
Also shown are  curves for  radial  stress and dis- 
placement for  two holes i n  the A10 heater area. 

Acoustic emission ac t iv i ty  plotted as 

[XBL 809-2806] 

or  f r ic t iona l  sliding. The maguitudes or rock move- 
ments and stress changes associated with acoustic 
emission events a re  l ikely t o  be less than the sen- 
s i t i v i t y  of the displacement and stress gauges. 

To explain the lag of peak acoustic emission 
ac t iv i ty  following heater turn-off, a model was con- 
structed relat ing the temperature decay rate,  and 
thus the contraction in  the rock volume, around the 

A(a,t) 

O'.I 

/ a=lO 

I 
5 Ib Ib io 

DAYS #TER HEATER TURN-OFF 

Figure 8. 
( l inear  scale) computed for  turn-off of the 5.0-kW 
main heater. 
of A a t  day 10 fo r  each alpha value. 

The acoustic emission ac t iv i ty  function A 

Curves normalized t o  the same value w 
[XBL 8011-29991 
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heater to the acoustic emission act ivi ty .  
i v i ty  detected by the receiver from any one source 

The act- 

i n t  is taken to be proportional t o  the temperature Lit ecay a t  t ha t  point modified by the  distance fran 
the point t o  the receiver i n  order t o  include the 
effects  o f  spherical spreading and attenuation of 
seismic energy. 
approximates the recorded acoustic emission data 
quite w e l l  fo r  values of the  seismic attenuation 
coefficient,  alpha, of 1.0 (Fig. 8 ) .  Lower values 
of alpha eliminate the ascending portion of the 
c w e ,  but independent data on Q for the strip 
granite suggest t ha t  the higher value €or alpha is 
preferred. 

The result ing derived function 

As the  s t r ipa  experiment employed only one 
receiver, the amount of information pertaining t o  
the behavior of rock was limited. 
monitoring system fo r  repository sites should a t  
least be capable of locating events and determining 
the i r  energy. Such a system, described elsewhere 
in t h i s  annual report (see the a r t i c l e  i n  t h i s  sec- 
t ion  by E. Majer), was developed and instal led by 
LBL a t  the Nevada Test Si te  waste storage experiment. 

A more complete 
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HYDRAULIC FRACTURING AND OVERCORING IN-SITU STRESS MEASUREMENTS IN A 
DEEP BOREHOLE AT THE STRIPA TEST SITE 

/ 

T. Doe 9 

This report  summarizes the  preliminary resu l t s  
of the in-situ stress measurement program a t  the 
Stripa mine i n  Sweden i n  f i s ca l  1980. 
stress measurement program consists of measurements 
i n  boreholes dr i l led  from both the surface and 
underground. 
i n  a new ver t ica l  borehole were conipleted. 
results are complete except for fntegration of 
laboratory material properties in to  the analyses 
and comparative analysis of the resu l t s  of the  dif-  
ferent  techniques used. Final analyses of the data 
wi l l  be included i n  the f ina l  report on surface 
measurements t o  be completed i n  March 1981. 

The Strip 

Curing 1980 t he  stress measurements 
The 

The new ver t ica l  borehole, SBH-4, is located 
approximately 700 m north of the LBL-XBS experiments 
(Fig. 1) .  SBH-4 was d r i l l ed  specifically a s  a 
s t ress  measurement hole during the summer of 1980. 
The hole was drilled with an NX conventional double- 
tube barrel  having a hole diameter of 3 in.  ( 7 6  mm) 
and a core diameter of 2-1/8 in. (62 nun). The hole 
was continuously cored, and the core was logged for  
fractures t o  help i n  selection of t e s t  zones for 
the  hydraulic fracturing. 

During the d r i l l i ng  of the hole t w o  types of 
measurements w e r e  carried out. F i r s t ,  overcoring 
stress measurements were carried out by the  Swedish 
S ta te  Power Board (Statens Vattenfallverk) using 

ment. Second, hydrologic measurements consisting 
of single packer, bottom-hole pressure measurements 
and open hole fa l l ing  head tests were conducted t o  

b e i r  unique deep hole Leeman t r i ax ia l  c e l l  @p 

provide data on the in-situ water pressures and 
grols permeabilities of the rock penetrated by the  
hole. The preliminary resu l t s  of the overcoring 
measurements a re  presented below.  However, analyses 
and resul ts  of the pressure measurements and the 
fracture logging wi l l  not be presented un t i l  the 
f ina l  report. 

Figure 1.  
ground experiment areas a t  Stripa. 
t i c a l  hole located a t  the col lar  of SBH-3. 

Location of surface boreholes and under- 
SBH-4 is a ver- 

[XBL 792-738OAl 
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The d r i l l i ng  of the stress borehole began i n  
l a t e  June 1980. The hole was bottomed a t  a depth 
of 381 m on September 18, 1980. Since the eIeva- 
t ion of the hole is  a t  +29.5 m in  the mine system, 
the bottom of the hole is  a t  409.5 m or  about 6 0  m 
below the level of the heater tests. 
measurements were carried out i n  se t s  of four every 
100 m i n  the hole. 
carried out a t  intervals of about 50 m, with addi- 
t ional  tests below 300 m near the depths of the 
test fac i l i ty .  

Overcoring 

The hydraulic fractures w e r e  

OVERCORING MEASUREMENTS 

The procedures used i n  the overcoring by the 
Swedish State Power Board are  the same a s  those 
described in  Hiltscher e t  a l .  (1979). As with most 
overcoring techniques, a p i lo t  bore a few decimeters 
i n  length i s  dr i l led  a t  the end of the main borehole. 
A s t ra in  c e l l  consisting of three s t ra in  gage ro- 
se t tes  i s  cemented t o  the wall of the p i lo t  hole. 
After a reading of the s t ra in  gage outputs, the 
s t ra in  c e l l  is overcored by a d r i l l  with a l a r g e r  
diameter b i t .  For the Power Board s t ra in  ce l l ,  the 
p i l o t  bore and main borehole diameters a re  36 nun and 
76 mm, respectively. The change in  the s t ra in  cell 
readings a f t e r  the cell is overcored and brought t o  

. t h e  surface a re  then used t o  calculate the in-situ 
stresses using e las t ic  formulae for  borehole defor- 
mation (Leeman, 1971). The overcoring procedures 
a re  shown diagrammatically i n  Figure 2. Figure 3 
shows the s t ra in  cell consisting of the three plas- 
t i c  cantilevers with s t r a in  gage rosettes hidden 
within the glue pot a t  the end. 

1 2 3 4  5 

. .  

6 7 8 

Figure 2. 
ments. (1) Main 76-m borehole. ( 2 )  Drill ing of 
38-m p i lo t  borehole. (3) Appraisal of quali ty of 
p i lo t  hole core. (4) Positioning of stress probe 
before set t ing gauges. ( 5 )  Cementing the gauges, 
recording i n i t i a l  strains.  ( 6 )  Release of s t ra in  
gauge carr ier  and removal of probe. 
(8) Removal of overcored gauges and second s t ra in  
measurement. [XBL-8011-12797] 

Procedures for  overcoring stress measure- 

(7) Overcoring. 

Figure 3. Strain cell  and probe used a t  Stripa. 
[CBB 809-1 1093 ] 

OVERCORING RESULTS 

Seventeen successful measurements were made i n  
SBH-4 using Leeman overcoring techniques. 
measurements were performedin groups of four every 
100 m of the hole. One additional measurement, 
performed a t  329 m depth, is included with the 300-111 
level resul ts ,  where the data a re  grouped. The 
orientation data a re  plotted in  equal area projec- 
t ion by depth i n  Figure 4. Below the f i r s t  200 m, 
the  maximum principal stress is within 25 degrees 
of horizontal with a west t o  west-northwest orien- 
tation. 

Stress 

:A \ 

Figure 4. Equal-area p lo ts  (upper hemisphere) of 
deep principal stress orientations from Stripa, 
SBH-4 overcoring s t r e s s  measurements. Circles in- 
dicate greatest  stress; squares, intermediate stress; 
triangles,  l ea s t  stress. Stress data are  grouped 
by depth range. 

[ l e t t ,  XBL-8010-7383; r ight ,  XBL 8010-73841 

Plots of the ver t ica l  and horizontal stress 
components are shown against depth i n  Figure 5 .  
These data are  average values of the four t o  f ive  ‘u 
measurements a t  the i r  respective depth intervals.  
It is  noteworthy tha t  the ver t ica l  s t resses  measured 
are  i n  excess of the ver t ica l  stress tha t  would be 
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predicted by the weight of the rtsck alone. Using 
the regression l ines  for  the horizontal and vertical-  
stresses, one can interpolate the s t ress  value 

depth of the LBL/KBS heater experiments (348 m 
mine coordinates o r  318 m depth i n  SBH-4). 

values are  a maximum horizontal stress of 3670 psi 
(25.3 MPa), a minimum horizontal s t ress  of 1650 psi 
(11.7 MPa), and a ver t ical  stress of 1740 ps i  (12.0 
ma) .  The average direction of the maximum princi- 
pal stress for  each depth group is t o  the northwest, 
except for  the 1OO-m depth measurements. 

These 

STTRESS 
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Figure 5 .  
s t ress  magnitudes with depth, SBH-4 overcoring tests. 

i n  each depth group. 
horizontal stress given a t  right. 
cate maximum horizontal stress1 circles, minimum 
horizontal stress; squares, ver t ica l  stress. 

Variation i n  horizontal and ver t ical  

points are  average values of a l l  measurements 
Mean orientation of greatest  

Triangles indi- 

[XBL 80 10-7391 1 

HYDRAULIC FRACTURING EQUIPMENT AND PROCEDURES 

The hydraulic fracturing of the borehole was 
performed using a straddle packer assembly consist- 
ing of two 2-5/8 in. (67 mm) diameter Lynes packer 
elements separated by suf f ic ien t  perforated tubing 
t o  give a straddle interval  of 2 f t  (0.6 m). 
Mounted above the packer assembly was a watertight 
housing containing two pressure transducers, one 
t o  monitor the pressure i n  the injection test zone, 
the other t o  monitor the packer pressure. Both 
transducers were s t r a in  gage type with pressure 
rat ing of 0 t 6  5000 p s i  (34 MPa). A nine-conductor 
e lec t r ica l  cable manufactured by Advanced-Cable Co. 
was used t o  transmit the signals from the transdu- 
cers t o  the surface. 

The water for  the fracturing was conducted 
rough Hydril 1-in. (25 mm) tubing which had a u readed joint  c a s b l e  of sealing t o  10,000 ps i  

(69 MPa). 
support for  the packer assembly for  hoisting. 

The Hydril tubing also provided the 
The 

packers were inf la ted through two 3/16 in. (4.8 mm) 
Eastman Hytron hydraulic hoses strapped t o  the 
Hydril tubing along with the e lec t r ica l  cable. Two 
hoses w e r e  used as  a precaution against problems 
with deflating the packers. 
packer inflation, and i n  w e l l s  where the water level 
is depressed--as it is a t  Stripa due t o  the drainage 
effects  of the mine--the packers may not completely 
deflate. The second inf la t ion l i ne  could have been 
used t o  blow the water out of the inf la t ion l i ne  
with compressed a i r  had deflation problems occurred. 

The pump for  the fracturing was a Haskell, 
air-actuated, hydraulic pump capable of developing 
a flow of about 8 liters per minute (2 gpa) at6000 
ps i  (41 MPa). 
t ion of the packers i n  most tests. The pump was 
equipped with an air-charged accumulator t o  dampen 
the pressure surges of the positive-displacement 
Haskell pump. 

Water was used a s  the 

The same pump was used for  the infla- 

In addition t o  the pressure traiisducers down- 
hole, an additional pressure transducer was mounted 
in  the flow manifold on the surface t o  serve as  a 
backup i n  the case of e lec t r ica l  fa i lure  of the 
downhole instruments. A Flow Technologies Quniflow 
turbine flawmeter was also mounted in  the flow man- 
ifold. The flawmeter was rated for  use a t  0.25-5.0 
gpn (1-20 liters/min). 

Data fram the pressure transducers and flow- 
meter w e r e  recorded on two time-based s t r i p  chart  
recorders--one recording packer pressure, test zone 
pressure, and flow ra t e  and the other recording the 
test zone pressure and manifold pressure. The com- 
plete  system for  the fracturing is shown schemati- 
cal ly  i n  Figure 6. 

t o  Haskell Pmp To Chart Recorders 

Figure 6.  Schematic of packer system used i n  
hydraulic fracturing s t ress  measurements. 

[XBL 80 10-73861 
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During the lowering of the packer assembly in- 
to the hole, records were kept of the lengths of 
each pipe placed in the tube string. The lengths 
were recorded to the millimeter to assure location 
of the packers at the desired test zones. 
fracture tests were conducted from the top of the 
hole downward so that the time required to remove 
the packers would be minimal had problems arisen. 
Test zones were selected to be free of pre-existing 
fractures. 

The 

Once the packers had been lowered to the de- 
sired test zone, the packers were inflated to a 
pressure exceeding the expected breakdown pressure. 
For most tests this pressure was about 2500 psi 
(17 M P a ) .  
packers at-a lower pressure and rely on the pressure 
increase in the zone between the packers to act on 
the ends of the packers and increase the pressure 
of the seal. This interaction of the packer pres- 
sure and the injection zone pressure has been 
observed by most workers engaged in hydraulic frac- 
turing work €or stress measurement. We had observed 
this phenomenon in a 3-in. casing while testing our 
original system containing packers manufactured by 
TAM, International. However, after the discovery 
of leaks in the packers forced us to fall back on a 
Lynes system, we found the packer pressure was not 
at all affected by the pressure in the test zone. 
The packer assembly used in the tests is shown in 
Figure 7. 

Originally, we had expected to set the 

Figure 7. 
stress measurements. Foreground: upper and lower 
straddle packers. Background: pressure transducer 
housing. Hytron tubing on reels and ends of Hyrill 

Straddle packer system used in Stripa 

rod can be seen in upper right. [CBB 809-1 10911 

Once the packers were set, the pressure was 
raised in the test zone at a rate of 2000 psi (14 
MFa) per minute until fracturing was indicated by 
an increase in the pumping rate. As soon as fra 
turing was felt to have occurred, the manifold was 
shut in and the pressure was monitored for 2-4 min. 
This procedure was repeated two to four additional 
times to observe secondary breakdown pressures and 
to obtain additional shut-in pressure values. One 
test, which involved slowly pumping up the test 
zone to the pressure at which the fracture would 
just begin to open, was run at each test level to 
further set the value of the shut-in pressure. A 
typical test record is shown in Figure 8. 

4Iid 

11s 

m mic-i?m 

Figure 8. 
time record; pb is breakdown pressure; Psj is shut- 
in pressure. Record is from TEST 17, 304.9 m. 

[XBL 8010-73851 

Typicaz hydraulic fracturing pressure- 

Having completed the fracturing experiment, 
the pressure on the packers was released at the 
surface, and the hole was filled with water to speed 
the packer deflation. Since the packer pressure was 
being monitored downhole, the release of the packers 
could clearly by seen by the equilibration of the 
packer and zone pressure, and damage to the packers 
from premature hoisting after deflation was easily 
avoided. 

IMPRESSION PACKER EQUIPMENT AND PROCEDURES 

Once the fracture experiments were completed, 
impressions of the test zone were made to determine 
the orientation of the fractures. The impression 
packer equipment consisted of a TAM 1-7/8 inch (48 
mm) packer element with a removable sleeve coated 
with a soft rubber capable of extrusion into the 
fracture under pressure. 
below a Sperry Sun 1-3/8 in. (35 nun), single-shot, 
magnetic borehole-survey compass modified to screw 
directly into the packer end cap. 
separated from the packer by 3 ft of nonmagnetic 
tubing to eliminate any effect the packer might have 
on the compass. 
to a wireline and inflated pneumatically through the 
same Hytron tubing used in the fracturing experiment. 
The packer was hoisted by a wireline hoist which 
included a cable counter to assure proper depth of 
emplacement. 

The packer was placed 

The compass was 

This entire assembly was attached 

' Once the packer sleeve was in place, a film 
disk was inserted into the camera on the b o r e h o w  
compass, and the timer for the camera was set to 
record the compass orientation at a time sufficient 
to allow lowering and inflation of the packer. For 
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Figure 9. 
system for fracture orientation. 

Schurtaczc of wirehre impre;sion p;.:.er 
[XBL 8010-73871 

the deepest impressions in the hole, this time to 
expbsure was only 45 min, a setting which allowed 
15 min for the inflation of the packer. The pres- 
sure in the packer was set between the shut-in and 
the secondary breakdown pressure to.assure opening 
of the fracture and extrusion of the packer rubber 
into the crack. The packer was left inflated 
through the exposure of the film disk in the compass 
for a period of about 30 mfn. Retrieving the im- 
pression packer from the deepest tests took about 
25 m i n ,  a considerable saving of time over conven- 
tional emplacement of packers in rigid tubing. 
Once the impression system was out of the hole, the 
film disk was immediately developed and stored. 
Most of the impression sleeves were used two or 
three times. As soon as the packer had been re- 
trieved, the impressions from each test were painted 
on with different colors of paint to avoid confusion 
between impressions of different tests. The-ixnpres- 
sion system is shown schematically in Figure 9. The 
system is shown hanging from the tower of the drill 
rig in Figure 10. 

DATA MIALYSTS--FRACTURING TESTS 

The stress state was interpreted from the frac- 
turing data using the standard elastic solutions of 
Haimson (1979) 

'max *"Wlin b - P  + T + P ,  

u h e r e  hax = maximum horizontal principal stress, 
Smin = minimm horizontal principal stress, . 
Pb = first breakdown pressure, T - hydrofracture 

Figure 10. Wireline impression packer system hang- 
ing from drill tripod. 
about one foot (0.3 m) below point where system i!, 
being held by M. Moebus. 

Impression packer located 

[CBB 809-1 10891 

tensile strength, and P = pore pressure. The mini- 
mum horizontal principal stress is equal to the 
shut-in pressure, which was in turn determined from 
the sharp break in slope observed in semilog plots 
of the post-breakdown pressure versus time. The 
hydrofracture tensile strength was assumed to be 
1500 psi. This figure was based on--but slightly 
lower than--Swan's (1978) Brazilian test data for 
the Stripa Granite; this downward adjustment is 
based on the observation that Brazilian test ten- 
sile strengths tend to be high compared to hydro- 
fracture tensile strengths. 
the test results must be made after hydrofracture 
tensile strength tests are run on the cores from 
the test zones themselves. Regression lines for 
the data are shown on the plot of stress versus 
depth in Figure 11. The vertical stress is calcu- 
lated using a gradient of 3.73 psi (25.7 kPa) per 
meter depth, based on the measured density values 
for Stripa Granite given by Swan (1978). 

Final calculations of 

As shown in the stress-depth plot, the shut-in 
pressures follow a trend with a slope relatively 
close to that of the lithostatic gradient but at a 
somewhat higher stress level. The maximum horizon- 
tal stress data follow a similar trend with depth 

. 



2 26 

a s  the minimum stress data though with somewhat 
greater s ca t t e r .  This v a r i a b i l i t y  may r e f l e c t  var- 
i a t i o n s  i n  the t e n s i l e  s t rength of the rock rjhich 
have not ye t  been taken i n t o  account. 

STRESS 

100 - 

E 
I 
d 200' 

f w 
n 

300. 

400. 
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A 

Figure 1 1 .  Variation i n  stress magnitudes with 
depth as determined by hydraulic fracturing, Stripa, 
SBH-4. Circles indicate  minimum horizontal  stress; 
t r i ang le s ,  maximum horizontal  stress. V e r t i c a l  
stress calculated using l i t h o s t a t i c  gradient of 
3.7 p s i  (26 kPa) per m e t e r .  [XBL 80 10-73891 

RESULTS--IMPRESSION PACKER WORK 

Successful impressions w e r e  obtained f o r  only 
nine of t h e  tests. 
sions as have usually been taken i n  hydrofracture 
experiments, a l a rge r  number of r e s u l t s  would have 
been more satisfying. The tests without impressions 
generally appeared to  be the r e s u l t  of uneven inf la-  
t i o n  of t he  packer with only a f r ac t ion  of t he  pack- 
er i n  contact with the  borehole. This problem did 
not  appear i n  the e q u i p e n t  tests a t  Raymond, Cali- 
fornia ,  and seemed t o  be a greater  problem with 
depth, although successful impressions were obtained 
f o r  the two deepest SBH-4 tests. 

The problem of the  uneven i n f l a t i o n  of t h e  
impression packer might be solved by using elements 
t h a t  are both shorter i n  length and larger  i n  diam- 
eter. Although our or ig ina l  aim i n  designing the  
wireline impression packer system was t o  minimize 
the s i z e  t o  avoid po ten t i a l  problems caused by get- 
t i n g  hung up i n  the  hole, our experience with run- 
ning the wireline system i n  high qua l i t y  rock has 
given us greater  confidence i n  using larger  packers. 

Although t h i s  is a s  many impres- 

Despite the l o s t  impressions, t he  tests with 
successful impressions show a reasonably consis tent  
WNW trend t o  the  f r ac tu re  s t r ikes .  The stereograph- 
ic  projection of t he  f r ac tu re  planes i n  Figure 12 
shows a set  of f ractures  with a mean s t r i k e  of 
N 65 w, with a standard deviation of 28 degrees. 

N6SW 

Figure 12. Lower-hemisphere stereographic projec- 
t i o n  of hydrofracture or ientat ions.  [XBL 8010-73901 

STRESS STATE AT STRIPA 

Based on the  preliminary r e s u l t s  of t he  hydrau- 
l i c  fractur ing,  t h e  i n  s i t u  stresses a t  t h e  l eve l  
of t he  LBL-KRS experiments a r e  as follows: The max- 
imum stress a t  the  345 m l eve l  (314 m of hole depth) 
is about 3230 p s i  (22.3 MPa) i n  a N 65 W direct ion;  
t h e  minimum horizontal  stress i s  1620 p s i  (11.2 M-la); 
and the v e r t i c a l  stress, calculated from the weight 
of t he  overburden, i s  1180 p s i  (8.1 MQa). 
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u MARINE SClENCES 

Environmental a s p e c t s  of using t h e  oceans as an energy source are being coordinated. 
f o r  t h e  Department of Energy by t h e  Marine Sciences Group of  t h e  E a r t h  Sciences Divis ion,  
Lawrence Berkeley Laboratory (LBL).  The technologies  being considered are Ocean Thermal 
Energy Conversion (OTEC), s a l i n i t y  g r a d i e n t s ,  wave power, t i d a l  power, and ocean c u r r e n t s .  
A t  p r e s e n t  (November 1980) on ly  OTEC is being funded t o  a p i l o t - p l a n t  l e v e l ;  t h e  o t h e r  
t echno log ie s  remain a t  t he  f e a s i b i l i t y - s t u d y  l e v e l .  The Marine Sciences Group acts as 
lead l a b o r a t o r y  f o r  environmental  s t u d i e s ,  s p e c i f i c a l l y  f o r  t he  OTEC program. As such, 
LBL is r e s p o n s i b l e  f o r  fundamental research i n  t h e  tropical oceans,  f o r  management of  
other environmental  research groups i n  t h e  p r i v a t e  and p u b l i c  sectors to  provide i n t e g r a -  
t i o n  of t he  environmental  d a t a ,  and f o r  i n su r ing  compliance with environmental  r egu la t ions .  
Research requirements  o f  t h e  OTEC program inc lude  c o l l e c t i o n ,  a n a l y s i s ,  and e v a l u a t i o n  of  
fundamental p h y s i c a l ,  chemical, b i o l o g i c a l ,  and geo log ica l  oceanographic s i t e  and r e g i o n a l  
d a t a  to  characterize n a t u r a l  v a r i a b i l i t y .  Such s t u d i e s  are used t o  estimate t h e  energy 
extractable w i t h  minimal or nondetectable  environmental  change. These s t u d i e s  also pro- 
v i d e  d e s i g n e r s  and eng inee r s  with t h e  s p e c i f i c  environmental  cond i t ions  r equ i r ed  f o r  s a f e  
and e f f i c i e n t  e x t r a c t i o n  of the resource. 

Thus fa r ,  site-specific oceanographic d a t a  has been c o l l e c t e d  i n  t h e  Gulf of  Mexico 
( t w o  s i t es ) ,  Puerto R i c o ,  H a w a i i  (two s i tes ) ,  and a r e g i o n a l  s t u d y  i n  t h e  equatorial 
South A t l a n t i c .  O t h e r  p o t e n t i a l  near-term sites are n e a r  Key West, Guam, and t h e  Vi rg in  
I s l a n d s  (Fig.  1). Formal environmental  assessments and ana lyses  have been i s sued  f o r  
(1) a g e n e r i c  OTEC--1 megawatt p l a n t ,  ( 2 )  programmatic OTEC, and ( 3 )  a g e n e r i c  OTEC-- 
10/40 megawatt p l a n t .  

T h i s  work was supported by t h e  A s s i s t a n t  S e c r e t a r y  f o r  Conservation and Renewable 
Energy, O f f i c e  of  S o l a r  Power App l i ca t ions ,  Ocean Energy Systems Divis ion of the  U. S. 
Department of Energy under Contract  No. W-7405-ENG-48. 

Figure 1. Location of s e l e c t e d  si tes of  interest. 
[XBL 8012-135201 





229 

%OLOGICAL OCEANOGRAPHIC RESEARCH 
E. 0. Hartwig, C. J. W. Carmiggelt, M. L. Commins, A. T. Jones, and C. Ryan 

During the past year the biological oceanog- 
raphy program of the Marine Sciences Group pursued 
three avenues of research. 
below. 

SITE DESCRIFTIONS 

These are presented 

This was a field effort aimed at providing a 

The purpose of these studies is 
biological description of the water masses at poten- 
tial OTEC sites. 
to provide information useful to design engineers, 
environmental engineers, and the scientific oceano- 
graphic community. This work was performed by LBL 
working with local oceanographic institutions such 
as the University of Hawaii, the University of 
South Florida, the Rbsentiel School of Marine and 
Atmospheric Science of the University of Miami, and 
the University of Puerto Rcco. 

Zooplankton distributions in the upper 1000 m 
of tropical oceans at OTEC sites vary greatly 
(Fig. 1 ) .  Generally, there is a decrease in ZOO- 

plankton abundance with depth. In Hawaii, however, 
there is a subsurface zooplankton abundance maximum. 
This subsurface maximum also appears in the biomass 
indicator data (Fig. 2, chlorophyll 5, phaeophytin 
and ATP). 
tions has yet to be proved conclusively. This is 
partially because in the upper water layers, where 
organisms are concentrated, their distribution is 
patchy and their abundance highly variable. These 
problems may be overcome by extensive sampling over 
time. 

The correlation between the two distribu- 

TOTAL ZOOPLANKTON mnn Dmrnmurwm AT FOUR OWC SITES 

i 

T 

Figure 1. Total zooplankton depth distribution at 
four OTEC sites. [XBL 8012-135211 

Statio.: HOTtC45-47. Hawnil. 10'57'W. 166*0a'w 
I OCT 107D. 0686fHeT) 
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Figure 2. Biomass indicator data. (A) HOTEC site 

156.04'W). [A, XBL 8012-13522; B, XBL 8012-135231 
1g057*N, 156O08'W). (B) HOTEC S i t e  (2Oo01*N, 
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Yntrainment and impingement of organisms pre- 
sent a potentially significant impact associated 
with the operation of an QTEC plant. To assess 
their importance, the affected communities must be 
examined. OTEC warm water intakes will entrain 
organisms from the upper 25 m. This water mass 
contains a high biomass which varies temporally and 
spatially. Many zooplankters undergo a diel verti- 
cal migration so that their numbers change greatly 
both with time and with depth. Horizontal varia- 
bility results from the patchy distribution of zoo- 
plankton. These faunal distributions are related 
to inter- ana intraspecific competitive pressures, 
e.g., predation, feeding, and reproduction. Sam- 
pling for zooplankton must, therefore, account for 
this variability. 

OTEC cold water intakes are located at depths 
of 600-1000 m. These waters contain low densities 
of organisms whose distribution have yet to be ade- 
quately defined because of the problems in sampling 
at great depths. Data to date indicate no diurnal 
variability, although we must still address spatial 
and longer-term temporal variability. 

The size of individual zooplankters and the 
taxonomic composition of the zooplankton community 
is being investigated to permit a post-deployment ,- 
assessment of the impact of OTEC on zooplankton. 
Table 1 shows the variability in taxonomic composi 
tion with depth and time of day at the Gulf Coast 
OTEC site off Tampa Bay (TAM) in Florida. 

nekton and ichthyoplankton communities were initi- 
ated this year at the Puerto Rican OTEC site. The 
first vertically stratified samplings to 1000 m have 
been made (November 1980) but are not yet analyzed. 

LJ 
Taxonomic and distributional studies of micro- 

Phytoplankton distributions were examined at 
the potential OTEC sites using chlorophyll = a s  the 
living biomass indicator and phaeopigment as the 
detrital indicator. ATP (adenosine triphosphate) 
distributions of total living biomass were then com- 
pared to phytoplankton distributions. 
the ATP maxima is above the chlorophyll 5 maxima. 
This relationship may be the result of changes in 
the chlorophyll 2/ATP ratio in phytoplankton, the 
presence of a population containing ATP but no 
chlorophyll g, or both. 

In Figure 2 

Table 1. Taxonomic composition of dominant copepod genera at one Gulf Coast 
OTEC site. 

Sample X Dominant genera Percent of total Percent composition Number 
copepods by order of taxa* 

TAM 40t 
(a) 

TAM 41 
(b) 

TAM 42 
(C) 

TAM 43 
(d) 

TAM 45 
(e) 

Oncaea 
Eucalanus 
Pleuromarmaa 
Rhincalanus 
Conaea 

Eucalanus 
Oncaea 
Conaea 
P leuromamma 
Clausocalanus 

Clausocalanus 
Oncaea 
Oithona 
Farranula 
Temora 

Oncaea 
Clausocalanus 
Temora 
Farranula 
Oithona 

Temora 
Farranula 
Clausocalanus 

28.6 

17.3 
6.0 
4.8 

22.6 

22.3 
19.8 
12.6 
7.7 
4.8 

21.9 
21.2 
7.0 
6.2 
5.7 

20.3 
18.7 
14.9 

7.0 
10.4 

26.8 
11.9 
10.7 

Calanoids 61.9 30 

Harpacticoids 0.0 
Cyclopoids 35.7 

Calanoids 60.5 
Cyclopoids 35.7 
Harpacticoids 0.2 

Calanoids 62.3 
Cyclopoids 37.0 
Harpacticoids 0.5 

Calanoids 48.3 
Cyclopoids 43.0 
Harpacticoids 0.5 

Calanoids 75.7 
Cyclopoids 23.6 
Harpacticoids 0.5 

63 

57 

42 

53 

Oncaea 8.9 
Undinula 6.8 

Represents number of species identified plus genera not identified to 

t TAM: Gulf Coast OTEC site of Tampa Bay, Florida. 
species level. 

(a) 1000-800 m day 
(b) 800-200 m day 

(d) 25-0 m day 
(e) 25-0 m night 

(cl 200-0 m day 
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I , ZOOPLANKTON STUDIES 

Ueper Level (25-0 rn) Distribution 

cd The fine-structure distribution of zooplankton 
within the upper 25 m water column (OTEC warm water 
entrainment depths) is not known. We recently com- 
pleted the first vertically-stratified sampling at 
5 m intervals from the surface to 25 m. A prelimi- 
nary look at these samples revealed little differ- 
ence between the various layers except in the 
surface layer (neuston) which appeared to contain 
a higher biomass. Further taxonomic and distribu- 
tional statistical analysis is being completed. 

New Sampling Apparatus 

A simplified cod-end (Fig. 3) for zooplankton 
nets was invented and sufficiently field-tested 
(Duncan, 1981, in press, patent applied for). Its 
simplicity of use and effectiveness reduce the time 
needed to complete a net station. Further simpli- 
fications in use of the invention are being field- 
tested off the southeast coast of Puerto Rico. 

Food Web Interrelationships 

As part of this study, T. Hopkins of the Uni- 
versity of South Florida is examining the gut con- 
tents  of micronekton. This work concentrates on a 

e of well-represented species to use as models 

wsmbled 

Figure 3. 
nets. [XBL 809-117881 

A simplified cod-end for zooplankton 

for other similar organisms. G. Gunter and J. Steen 
of the Gulf Coast Research Laboratory (GCRL), Ocean 
Springs, Mississippi, are concentrating on upper 
water column zooplankton. The investigation uses 
both the literaturehnd state-of-the-art techniques 
in scanning electron microscopy, fluorescence micros- 
copy, and histochemistry to assess the food of zoo- 
plankton. 

Diurnal Variability 

A series of replicate net tows collected 
through a 24-hour period was examined by Gunter and 
Steen of GCRL. Analysis of the number of zooplank- 
ters and the taxonomic composition of the samples 
has been completed. The data are being statisti- 
cally analyzed for diel variability. 

PHYTOPLANKTON STUDIES 

Biomass, Numbers and Taxonomy 

Methods for analyzing phytoplankton biomass 
(Estrella and Hartwig, 1980) plus phytoplankton 
numbers and taxonomy at potential OTEC sites were 
examined. The distribution and composition of taxo- 
nomic groups varied greatly. 
diatoms, dinoflagellates, unidentified nannoplankton 
( <  5 urn), and unidentified others. This unidenti- 
fied portion constituted 10% to 70% of the total 
phytoplankton community. With such a high percen- 
tage of unidentified phytoplankters, it will not be 
possible to assess the effect of OTEC on total 
phytoplankton species distribution. However, OTEc's 
effect on taxonomic groups, e.g., diatoms and dino- 
flagellates, and their size distribution can be 
assessed. 

The major groups were 

As a by-product of the phytoolankton studies, 
the Marine Sciences Group has been investigating 
preservation and counting methods. Glutaraldehyde, 
Lugol's iodine, and chromacetic acid preservatives 
were tested. 
poorest preservative both in the quality of preser- 
vation (flagella removed, cells distorted) and in 
the quantity of cells preserved. 
and Lugol's iodine preserved equally well, but be- 
cause of the toxic nature of gluteraldehyde, Lugol's 
iodine is preferred. 

Chromacetic acid proved to be the 

Gluteraldehyde 

Phytoplankton cells are counted using an in- 
verted light microscope after settling of the cells 
into counting chambers. Random fields of known 
area are counted and the number corrected for the 
total area. However, we have found that there is 
an edge effect in the chamber; reduced numbers are 
present within two fields of view of the edge. 
This effect must be accounted for in the final area 
correction. 

Phytoplankton Size Versus Productivity and Percent 
of Tbtal Phytoplankton Biomass 

Data collected and analyzed by Paul Bienfang 
of the Oceanic Institute, Waiomanalo, Hawaii, 
conclusively showed the importance of nannoplankton 
biomass in the tropical waters off Hawaii. Addi- 
tionally, there was a strong indication that pro- 
duction was nutrient-limited and variations in pro- 
ductivity were not accounted for by variations in 
phytoplankton biomass. Correlations between dead 
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phytoplankton and integrated ammonia concentrations 
and integrated primary production indicated t h a t  
regenerated nutr ients  were primarily responsible 
for  observed temporal v a r i a b i l i t y  i n  photosynthesis 
(Bienfang and Szyper, 1980). 

Bioassays 

Bioassays w e r e  i n i t i a l e d  i n  Hawaii to  assess 
the impact of mixing deep, nutrient-rich water with 
the  near-surface nutrient-depleted waters. The 
bioassays also looked a t  the impact of an ammonia 
(0°K working f l u i d )  spil l  on surface waters. 
Figure 4 shows F a t  the addition of ammonia to w a t e r  
collected a t  25 m produces an i n i t i a l  increase in 
the rate of Hl4C03- uptake and that the ammonia is 
preferen t ia l ly  taken up u n t i l  t h e  ammonia leve l  is 
reduced below approximately 1.0 ug-atm/liter. When 
ni t ra te-r ich 800-m water is mixed with 25 m and 
100-m water, the  s a m e  basic response is observed 
and n i t r a t e  is u t i l i zed  (Fig. 5) .  

4-8 AUQUST 1880 
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0 

Figure 5. 
of ni t ra te-r ich 800 m water with 25 m and 100 m 

Bioassay showing results of the  mixing 

Figure 4. 
of ammonia to  water collected a t  25 m. 

Bioassay showing impact of the  addition 

[XBL 8012-135241 

water. 

NEKTON STUDIES 

[XBL 801 2-1 35251 

Natural History 

Nekton (act ively swimming organisms such as 

The known natural  
f i sh ,  squid, and marine mammals) a t  t rop ica l  0TEC 
sites are being investigated. 
his tory about the  permanent or seasonal residents 
(Jones, 1980; Ryan and Jones, 1980; Ryan, 1980) is 
being used to predict  po ten t ia l  interact ions with 
an operating OTK plant. 

Fish Landings 

Faunal lists derived from the  marine litera- 
ture and records of commercial fishermen w e r e  used 
t o  describe the  organisms and t h e i r  detai led habitat. 
The long-term records of commercial fishermen, main- 
tained by local government agencies, were investi-  
gated f o r  evidence of temporal f luctuat ions i n  fish- 
ing  stocks. The record of f i s h  landings from H a w a i i  
began i n  19481 t h e  record from Puerto Rico began i n  
1967. The data shown i n  Figures 6 and 7 indicate  
the  highly var iable  nature of commercial f i s h  land- 
ings temporally as w e l l  as s p a t i a l l y  a t  a site. 
This var iab i l i ty  makes assessinq the  impact of an 

ces 



233 

1 1 1 1 1 1 1 1 1 ~  r- 6000 

1 5500 

u) 4000 
TI 
C g 3500 

1500 looo[ 

500 

l l l l l 1 l l l l l l  
1970 1972 1974 1976 1978 

888 1 
600 

& 
400 

0 

1955 1960 1965 1970 1975 1980 

YEARS 

Figure 7. Hawaiian HOTEC-site f ish data, totals  
for a l l  species. [XBL 8010-12208] 
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Figure 6. 
landings. [XBL 8012-135261 

Puerto Rico total  commercial f ish 

4 

Ol'EC plant on nekton difficult. The economic &par- p 
IL 

however, substantial (Fig. 8 )  and must be Considered. 0 
a 
p 

6 
tance t o  the local community of these landings is, 

In  addition to the above fisheries information, 
the Marine Sciences Group has conducted an extensive 
l i terature survey of marine mammals (Payne, 1980). s lo(  

3 
TOXICITY STUDIES 0 

2 
I- Chlorine and Amonia Toxicity 

Ammonia is the working f l u i d  of proposed closed- 
cycle OTEc plants. 
method of controlling biofouling so that the evapo- 
rators and condensers of an OTEC plant w i l l  operate 
efficiently. 

Chlorine has been the proposed 

~ 0 t h  chlorine and ammonia are -rEnown 

FROM HAWAII OTEC SITE n 

966 1970 1976 1980 
YEAR 

- 
be toxic t o  living organisms. A study of the 

U f e c t  of the leakage and cata&?Oph'ic spillage of 
these toxic substances on markne organisms is  being 
conducted a t  the Gulf Coast Research Iaboratory 
under the direction of A. Venkataramiah. landings. [XBL 8012-135271 

Figure 8. Annual dollar value of commercial f i sh  
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Research conducted on chlorine and ammonia 
tox ic i ty  has involved controlled laboratory bio- 
assays on several  organisms from the  t rop ica l  
oceans. These have included mullet (Mugil cephalus), 
Sargassum shrimp (Latreutes fucorum), and f i l e f i s h  
(Monocanthus hispidus). 
species spec i f i c  s i z e  versus t o x i c i t y  relationships,  
as w e l l  a s  behavioral changes a t  sublethal  concen- 
t ra t ions.  
copepod of t he  genus Eucalanus (Venkataramiah e t  
al., 1980). 

The results have shown 

Present bioassays a r e  using an oceanic 
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The chemistry program of the  Marine Sciences 
Group par t ic ipated i n  OTEC si te characterization, 
a nu t r i en t  preservation study, and a study of t he  
mechanisms of chlorine degradation i n  sea water; it 
a l so  i n i t i a t e d  a radioactive t r ace r  development pro- 
gram and a program examining the pa r t i t i on ing  of 
t r ace  metals i n  the water column. The relat ionship 
between the d i s t r ibu t ion  of t r ace  elements i n  the 
water column and other oceanographic parameters was 
examined t o  explore the p o s s i b i l i t y  of using such a 
re la t ionship t o  predict  t r a c e  element concentrations. 

SITE CHARACTERIZATION 

A year-long study i n  conjunction with t h e  Uni-  
ve r s i ty  of Hawaii and Dr. David Ziemann of Aecos, 
Inc. a t  t he  benchmark OTEC site off  t h e  KDna Coast 
of Hawaii has been completed. 
on each of s i x  bimonthly cruises.  Two casts to  
1000 m taken a t  approximately noon and two c a s t s  a t  
midnight showed the d i s t r ibu t ion  of various param- 
eters over the w a t e r  column of i n t e r e s t  to  OTEC. 
Several chemical parameters w e r e  determined, includ- 
ing these nutrients:  react ive phosphate, n i t r a t e ,  
silicate and ammonia, and dissolved oxygen. Pro- 
f i l e s  of phosphate, n i t r a t e ,  s i l i c a t e ,  and dissolved 
oxygen with depth a r e  shown i n  Figure 1. Distribu- 
t i o n s  observed were typical  of t he  t rop ica l  Pac i f i c  
Ocean. 

Hydrocasts were taken 

Two additional hydrocasts t o  300 m provided 
more detai led information on the euphotic zone. In 
addition to t he  chemical parameters measured on t he  

Station: HOTEC+)O-SZ, Haraii,l9'6O'N, 166'06 W 
4 OCT. 1979, 277:lOSBZ bOS8h HST) 
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Figure 1. Prof i l e s  of phosphate, n i t r a t e ,  silicate, 
[XBL 815-95421 and dissolved oxygen with depth. 
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deep hydrocasts, samples w e r e  col lected f o r  chloro- 
phyl l  a, phaeophytin, and adenosine triphosphate, 
as w e l l  as water t o  be used f o r  '% uptake ekperi- 

ents  f o r  primary productivity. Figure 2 of t he  
e r e c e d i n g  a r t i c l e  shows typical d i s t r ibu t ions  of 

t he  biomass indicators  with depth a t  t he  Kona Coast 
(HOTEC) site. Determination of the  biomass indica- 
t o r s  and primary product ivi ty  provides information 
on the standing stock and photosynthetic a c t i v i t y  
of t h e  natural  phytoplankton. Natural phytoplankton 
are considered t o  be extremely sens i t i ve  t o  pertur- 
bation and may show an ea r ly  impact of t he  operation 
of an OTEC plant. 

NUTRIENT PRESERVATION STUDY 

Although the analysis of nu t r i en t s  i s  consid- 
ered routine (Strickland and Parsons, 1972; 
Grasshoff, 19761, samples must be analyzed rapidly 
or they degrade. Because it is frequently impos- 
s i b l e  t o  analyze samples immediately, a number of 
preservation techniques have been devised (Fitz- 
gerald and Faust, 1967; Rigler,  1964; American - 
Public Health Association, 1975; Gilmartin, 1967; 
Jenkins, 1968; Maynard and Hopkins, 1973; Degobbis, 
1973). A study was conducted with Dr. John Morse 
of Rosenstiel School of Marine and Atmospheric 
Science a t  t he  University of Miami (RSMAS) t o  
determine which of t he  more common preservation 
techniques was effect ive.  
surface water were col lected from the  Gulf Stream, 
f i l t e r e d  immediately, and returned t o  the labora- 
t o r y  for processing. One subsample of each type 
of water was analyzed immediately for n i t r i t e ,  
n i t r a t e  plus n i t r i t e ,  ammonium, react ive phosphate, 
t o t a l  dissolved phosphate, and s i l i c a t e .  Other 
subsamples w e r e  preserved f o r  analysis  a f t e r  7, 30, 
and 60  days using various techniques including th ree  
b o t t l e  types: glass,  polyethylene, and Teflon; two 
temperatures: frozen and refr igerated;  and using 
e i t h e r  no preservative,  acid,  or poison: HgCl2 f o r  
a l l  nutr ients  but ammonia, and a lka l ine  phenol for 
ammonia. 

Samples of deep and 

No preservation method was found t o  be effec- 
t i v e  for a l l  nutr ients ;  i n  f ac t ,  none were complete- 
l y  e f f ec t ive  for any of t h e  nutrients.  For n i t r a t e  
plus  n i t r i t e  and react ive phosphate, poisoning with 
HgC12 and freezing i n  g l a s s  b o t t l e s  proved t o  be 
most effect ive;  ior t o t a l  phosphate and s i l i c a t e ,  
f reezing w i t h  HgCl2 i n  polyethylene worked best. 
Samples did not have enough ni t r i te  t o  complete the 
study, and no method worked w e l l  f o r  ammonium. 

RADIOACTIVE TRACER STUDY 

Radioactive tracer methods have been developed 
by G. Brass (RSMAS) and R. Dodge (Nova University, 
Flor ida)  t o  study oceanic mixing r a t e s  a t  po ten t i a l  
OTFC sites. 228Ra was chosen f o r  study because it 
en te r s  t he  ocean water primarily f r o m  sediments; 
its ha l f - l i f e  of 5.7 y r  makes it idea l  f o r  studying 
natural  mixing processes with a t i m e  constant of , 

less than 25 years. 

TRACE METAL PARTITIONING STUDIES 

ds: This j o i n t  program between Lawrence Berkeley 
Laboratory (LBL) and mss Mnding Marine Laboratory 
(MIML) developed and compared methods f o r  sampling 

and analyzing f o r  dissolved and pa r t i cu la t e  t r ace  
metals i n  the oceanic water column. The r e l a t i v e  
d i s t r ibu t ion  of t he  t r ace  metals i n  the dissolved 
and pa r t i cu la t e  phases, a s  w e l l  a s  t h e  p a r t i c l e  
f lux,  a r e  important fo r  characterizing the oceanic 
ecosystem and predict ing of OTEC-related a l t e r a t ions  
of t he  marine environment. 

Trace elements frequently a r e  found i n  the ma- 
r i n e  environment i n  extremely l o w  levels--concentra- 
t i ons  of less than 1 ppb a re  not  unusual. Because 
natural  l eve l s  are so low, sampling must be conduc- 
t ed  using ultra-clean techniques. The past year has 
been spent examining methods of contamination-free 
sampling t h a t  can be used on small c r a f t  i n  areas 
of the  world where clean laboratory conditions are 
generally unavailable. 

An i n i t i a l  study i n  February 1980 w a s  conducted 
a t  a po ten t i a l  OTEC site off St. Croix i n  the  Virgin 
Islands. Sampling methods included a particle 
interceptor  t r a p  developed by A. Knauer of MIML, 
large-volume water samplers, and plankton nets. 

Samples for dissolved and f i l t e r a b l e  p a r t i c l e s  
were col lected i n  30-l i ter  Teflon-lined Go-Flor 
b o t t l e s  which had been acid-cleaned and stored i n  
p l a s t i c  and wood containers u n t i l  f lushing with sea 
water and use. All  m e t a l  f i t t i n g s  w e r e  removed or 
covered with c l ea r  p l a s t i c  resin. During sampling, 
b o t t l e s  were attached t o  dacron-sheathed hydrowire 
wrapped on a winch drum covered with polyethylene, 
and passed through a s t a i n l e s s  steel  m e t e r  wheel. 
The b o t t l e s  entered the  water closed i n  order t o  
avoid surface contamination. After col lect ion,  
samples were processed i n  a clean laboratory con- 
s t ructed out  of polyethylene sheets,  and samples 
w e r e  packaged and returned to shore f o r  analysis. 
Atomic absorption (AAS) analyses were conducted a t  
MLML by Knauer and M. Gordon, neutron act ivat ion 
analyses (NAA) by F. Asaro and H. Michel of LBL, 
x-ray fluorescence (XRF) measurements by R. D. 
Giauque of LBL, and isotopic  d i lu t ion ,  a s s  spectrom- 
e t r y  (IDMS) by A. R. Flegal a t  t he  CalTfornia Ins t i -  3' 
t u t e  of Technology. r: 

Surface water and plankton samples w e r e  collec- 
t e d  from a rubber r a f t  i n  acid-cleaned polyethylene 
b o t t l e s  and plankton ne t s  a t  a su f f i c i en t  distance 
from the sh ip  t o  permit re l a t ive ly  uncontaminated 
samples. 
t o  be largely contamination-free, although a f e w  
samples were contaminated. 

The sampling methods being used were found 

, The four d i f f e ren t  methods of analysis  w e r e  
complementary, providing s u f f i c i e n t  overlap f o r  
qua l i t y  assurance but each expanding the  nmber of 
elements t h a t  could be determined. 

T h i s  study was t h e  f i r s t  of i ts  kind off St.  
Croix. The surface water was found to have sone 
of t he  lowest values f o r  cadmium (less than one 
part per t r i l l i o n )  i n  the worid. The surface lead 
values (less than 8 p a r t s  per b i l l i o n )  are the 
lowest y e t  reported fo r  the Atlantic.  
nese p r o f i l e  was found t o  be consis tent  with those 
reported f o r  other regions. 

The manga- 

A s  t h e  water off St.  Qoix appears r e l a t i v e l y  
clean and the  r ee f s  surrounding the  i s l and  are an 
important natural  resource, it w i l l  be of great  



236 

importance to  characterize this environment and 
protect  it from any potent ia l  impact of an OTEC 
plant. 

TRACE METAL CORREI3LTION STUDY 

In order to predict  the  possible impact of an 
operating OTEC p lan t  on the  local biological and 
chemical species composition, or t o  predict  the 
efficiency of the  OTEC p lan t  i t s e l f ,  it is  important 
t o  have a good understanding of the  ambient water 
column. 

The chemical composition throughout the  water 
colmn m u s t  be known at each potent ia l  OTEC site. 
For some compounds, f o r  example the  nutr ients ,  
procedures f o r  determination have been standardized 
(Strickland and Parsons, 1972; Grasshoff, 1976). 
For others,  for instance t h e  t r a c e  m e t a l s  mentioned 
above, it can be an extremely expensive and d i f f i -  
cult procedure, requiring sophisticated sampling and 
analysis procedures and highly skilled personnel 
(Patterson and Settle, 1976; Bruland'et al., 1979). 

Waditionally,  elements i n  sea water have been 
separated i n t o  two categories, t h e  conservative and 
the  nonconservative. Conservancy implies that the  
ratio of t h e  elemental composition to s a l i n i t y  is 
constant over the  normal oceanographic range 
( B r e w e r ,  1975; CulWn, 19651 Dittmar, 1884). me 
major elements, sodium, potassium, chlorine, bromine, 
etc., are conservative with s a l i n i t y  ( D i t t m a r ,  18848 
Forchhammer, 1865; Cox, 1965; Culkin and Cox, 1966). 
The nonconservative elements are t h e  gases, t h e  
nutrients,  and the  nonnutrient trace elements. The 
prof i les  of the  nutr ients ,  biomass indicators,  and 
dissolved oxygenlare related to t h e i r  biological 
act ivi ty .  The concentrations of the  nonnutrient 
gases are dependent largely upon t h e i r  so lubi l i t i es .  
The d is t r ibu t ion  of a large group of trace elements 
remains unexplained. 

Recently, however, the  concentrations of some 
of these trace elements (e.g., uraniun, vanadim, 
and molybdenum) have been fomd to correlate  with 
chlor ini ty;  i n  other words, they are conservative. 
In addition, a second type of conservancy o r  corre- 
lation--that of trace elements with biologically- 
controlled chemical species--has been identified.  
The correlat ion can be a simple l inear  re la t ionship 
between the  trace element and another parameter, 
such as t h a t  exhibited by cadmim and phosphate 
(Bruland et  al., 1978). But of ten the  relat ionship 
is more complex, the  elemental concentration being 
l inear ly  related t o  a combination of the  concen- 
t r a t i o n s  of two o r  more parameters. Nickel, f o r  
example, correlates  with a combination of silicate 
and phosphate (Bruland, 1980). 

In l i g h t  of these correlations,  it is reason- 
able to  propose t h a t  the  concentration of a specific 
element could be.predicted if its relat ionship t o  
other parameters were known. 
literature reporting elemental dis t r ibut ions i n  sea 
water and ident i f ied  t h e  correlat ions exhibited with 
t h e  idea of using these correlat ions t o  predict  
trace element concentrations a t  OTEC sites. Por 
some elements, although detai led prof i les  have not 
been determined, a correlat ion category could be 
suggested based on the  data available. 
elements, no prediction has been made. These w e r e  

W e  have reviewed t h e  

For other 

largely elements f o r  which l i t t l e  or no data e x i s t s  
and which are found only i n  ul t ra- t race quant i t ies  
with no reported evidence of biological importance 
i n  the  context of OTEC operations. c, 
CHLORINE I N  SEA WATER 

OTEC generating s t a t i o n s  propose to  use chlo- 
r i n e  as a biofouling-control agent. Because of the  
large amounts of chlorine t h a t  would be used, it is 
essent ia l  to  understand the  fate of t h i s  chemical 
i n  t h e  marine environment. One degradation mech- 
anism involves t h e  reaction of chlorine (an oxidiz- 
i n g  agent) with reducing agents, both organic and 
inorganic, involving several  intermediates, includ- 
ing bromide and ammonia. 
ammonia (also an Ul'EC working f lu id)  and organic 
amines i n  seawater to form chloramines (mono-, di-, 
and t r i subs t i tu ted) i  chloramines can then reac t  
with bromide (present i n  seawater i n  s ign i f icant  
quant i t ies)  t o  form bromines, which may be carcino- 
genic. 
reactions. 

Chlorine reac ts  with 

It therefore is i m p r t a n t  t o  examine these 

In a study conducted a t  (concurrently 
ver i f ied  by h o f e ,  Johnson, and mman a t  the  mi- 
vers i ty  of North Carolina),  chloramines have been 
found to react with bromides a t  a rate described by 

r - lC[Br] [R+] [NHsl]. 

Organic amines have been found to reac t  similarly,  
although not consis tent ly  according to t h i s  ex- 
pression. The total oxidant concentration i n  a 
seawater-chlorinated e f f luent  mixture decays a t  an 
instantaneous rate given by 

r = {Kl[Br'l 4 K2}C, 

where K1 - bromide reaction r a t e  constant, 
IC2 - nonbromide reaction constant, and C = total 
oxidant concentration. 
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GEOLOGICAL OCEANOGRAPHIC RESEARCH 
P. Wilde, J. Oldson, and D. Corrigan 

Knowledge of the characteristics of the seabed 
is extremely important to the success of the ocean 
energy program from both an engineering and an envi- 
ronmental perspective. All types of proposed OTEC 
platforms obviously require bottom data for mooring 
and anchoring, cable and pipeway paths, etc. Plant 
ships will operate only in regions deeper than the 
cold water pipe depth, so even these facilities will 
require bathymetric knowledge. 

ARCHIVAL AND PREVIOUS WORK 

To insure that all pertinent data from pre- 
vious investigations are available to engineers, 
designers, and environmental scientists, thorough 
archival studies should be done to avoid both 
costly duplication of effort and mistakes based on 
unfamiliarity with the professional literature. 

For OTEC studies, this review has been ini- 
tiated with a joint program between the Marine 
Sciences Group of Lawrence Berkeley Laboratory (LBL) 
and the Pacific Arctic Branch of Marine Ceology at 
&nlo Park. Ihe archival program is basically the 
production of regional marine geologic and oceano- 
graphic data sheets which serve as a bathymetric 
planning base plus an index to the marine geologic 
and oceanographic data for a particular region of 
OTEC interest. (Table 1 lists the contents of these 
sheets.) The data sheet for the Hawaiian area 
(180-230N; 1540-159OW) has been completed (Wilde et 
al., 1980), and the Puerto Mco-Virgin Islands sheet 
(170-19ON; 64O-68OW) is in final draft form. 

Table 1. Contents of regional data sheets for each 
region. 

Bathymetric base map - 100 m contour interval 
List of applicable navigation charts 
Geographic features map 
~ a p  of geologic samples - repositories indexed 
Map of earthquake epicenters 
~ a p  of gravity anomalies 
~ a p  of magnetic anomalies 
Track lines of seismic reflection/refraction with 

Monthly maps of sea surface temperature and current 

Selected profiles of sub-bottom records 
List of pertinent references classed by published 

List of sources with addresses and contacts. 

cruises, year and data sources indexed 

drift 

papers and books, reports and theses 

Additional material where applicable or available, 
Wave and wind climate (monthly) 
Temperature-salinity-density profiles with 

Map of bottom sediment types and geotechnical 
water masses 

data 

PALEO-OCEANOGRAPHIC MODELS 

In cooperation w i t h  the Paleontology Depart- 
ment at the miversity of California, Berkeley, 
models are being developed to explain the occur- 
rence of organic-rich sediments at various times 
in the geologic record. The basis for the model 
is the progressive ventilation of the ocean by sur- 
face wind mixing and by density-driven deep water 
during glacial episodes (Berry and wilde, 1978). 
The intersection of the residual anoxic layer with 
the ocean floor provides a reducing environment for 
deposition of organic-rich sediments. 
Berry (1980) developed an extension of their 1978 
model to explain the apparent return to anoxic 
conditions at midwater depths in the Cretaceous as 
seen in organic-rich layers in cores from the deep- 
sea drilling project (Schlanger and Jenkyns, 1976; 
Thiede and van Andel, 1977). Ihe model predicts 
that after long nonglacial periods, anoxic condi- 
tions could redevelop at middepths through a change 
in the deep water masses from cold oxygen-rich, 
high-latitude water during glacial times to warmer 
oxygen-poorer, highersalinity water formed at 
middle latitudes. Figure 1 shows the proposed 
oxygen-depleted zones for the nonglacial case. 

Wilde and 

To evaluate the time history of the ventilation 
and calculate the oxygen demand for ventilation, 
Berry and Wilde (1980) are also attempting to model 

WHY PROD LOW PROD W O W  -OD LOW PROD Y H Y  PRO0 
E e P  E ,P E e P  E > P  E < P  - 

0 

1000 OY 

W I- 

I 

I c 

W 0 

a 
2000 W 

3000 E 

n 4000 

5000 

eo00 
800 800 30° 00 30° 800 900 

LATITUDE 

Figure 1. Iongitudinal profile for Case A condi- 
tions with oxygen-depleted zones shaded. Water 
designations as follows: 

EQW = equatorial water 
S5w = shelf sea water 
SrW = subtropical water 
SMW = salinity maximum water 
IWLa = high-latitude water for 

Case A conditions 
HWIb = high-latitude water for 

Case B conditions 
Iw = intermediate water 
SMBW = salinity maximum bottom water 
MW = Mediterranean water [XBL 809-1 19011 
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Figure 2. 

Conditions: 

Interaction between environmental and evolutionary development i n  the ear ly  ocean. 

I. 
temperatures. Atmosphere: high CO2, methane, and ammnia, cloudy and hot near surface. 
Oceans: low pH, high (202, anoxic with dissolved H2S,  NH3, and rich i n  dissolved erosion 
products. 

Outgassing of ear th  has provided an ocean of suff ic ient  depth to permit f lu id  water a t  high 

Chemoautotroph Anoxium evolves a t  outgassing submarine thexmal springs. 

11. n2s. Carbon f ixing by Anoxium begins. Carbon- fixing proceeds--heterotrophes possible; 
however, autotrophes probably more efficient--and carbon begins t o  be stored i n  geologic sinks. 
Amount of s and C02 is diminished i n  Oceans and atmosphere as  S and C go in to  sinks. 
ness and temperature gradually reduced. 
Gradient of 6' from vents puts environmental pressure on Anoxium iso la tes  t o  use another energy 
ource . 
11. As carbon f ixing and storage of C i n  sinks proceeds, quantity of l igh t  reaching ocean sur- 
ace increases. 

Cloudi- 
S203=/S' increases with expansion of autotrophes. 

Anoxium i so la tes  a t  sea surface develop ab i l i t y  t o  use l igh t  t o  augment S=, 
occupying niches similar t o  modern purple bacteria. 

V. Quality of l igh t  improves with reduced CO2 and cloudiness so more low wave-length l igh t  

Continued scarci ty  of S' and improved quantity and quality of l igh t  gives advantage t o  

available. Green bacterial  niche available. 

V. 
near-surface photic organisms. 
bacteria. 

VI. 
Pure photic nonsulfur organisms become primary producers. 
restricted.  

Transition from sulfur t o  photic organisms developed i n  cyano- 
Biogenirfree 02 appears i n  atmosphere. 

Oxidation of sulfur compounds by free 0 2  eliminates anoxic environments near surface. 
Previous anoxic environments become 

Adaptation t o  existence a t  anoxic-aerated boundary developed by thiobaci l l i .  

the  primitive ocean pr ior  to  the evolution 
synthesis. This model suggests t ha t  carbon-fixing 
by sulfur chemosutotrophes l iving i n  the primitive 
anoxic ocean provided the evolutionary stimulus for  
the eventual developnent of photosynthesis a s  the 
principle mechanism of primary production. Figure 2 
shows the proposed sequence of events t ha t  lead t o  
suff ic ient  f ree  oxygen i n  the  atmosphere to i n i t i a t e  
ventilation. 
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PHYSICAL OCEANOGRAPHIC RESEARCH 
C. P. Duncan, V. Harms, G. Schladow, and T. Weil 

Physical oceanographic research performed i n  
the Marine Sciences soup is directed at  solving 
engineering and environmental questions for the 
OTEc resource. 
program are disseminated rapidly t o  the OTEC comu- 
n i t y  and results of wider interest arising out of 
the programmatic work are published i n  the profes- 
sional literature. 

Results directly applicable t o  the 

The primary physical oceanographic data needed 
a t  an OTEC site, once the annual thermal cycle is 
known, is for local and far-field current  data. 
With such data, the stresses upon,an OTEC plant and 
its moorings can be calculated, the flow of warm 
water to the plant can be determined, and input for 
computer models of downstream dispersal of discharge 
can be provided. 

CURRENT I3ETER ARRAYS 

Researchers with the Lawrence Berkeley 
hboratory (LBL) physical oceanography program have 
installed arrays of current meters (see Figure 1 
schematic) a t  three sites: ( 1 )  off the west coast 
of oahu; ( 2 )  off the west coast of the island of 

D 'EBS + 

Figure 1. &boring design for OTEC 1, primary 
current meter mooring. [XBL 80 1 2-1 35 291 

Figure 2. 
site. [XBL 81 3-85431 

Current meter deployments, Mhe Point 

Hawaii ( t h i s  array includes a wave-measuring buoy); 
and (3) off the south coast of Puerto Ftico (Figs. 
2-41. The arrays have been installed i n  conjunction 
with thermal surveys. LBL has begun processing data 
from these arrays, and the most significant results 
from these preliminary data are t h e  high speeds aeen 
a t  the OTEC-1 s i t e  off the west coast of the island 
of Hawaii. Speeds i n  excess'of 100 cm/s, gusting 
t o  150 cm/s ( 3  knots), a t  a depth of 56 m were seen 
for a duration of 10 days within a %-day observa- 
tional period i n  Auguht/September 1980. 
speeds are i n  agreement with the Coast Pilot for 
the region. 

These 

Current reversals and high speeds a t  

Figure 3. Current meter deployments, Ol'EC-1 site. 
[XBL 813-8542] 
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Figure 4. 
site. [XBL 8 13-854 11 

Current meter deployments Puerto Rico 

the  OTEC-1 si te  i n  the upper 150 m were associated 
with large (4.C) temperature changes tha t  could 
a f fec t  CYTEC operations a t  this site. 
temperature changes have not been noted a t  e i ther  
the Punta Tuna or Ihhe Point sites. A t  -he Point 
the maximum current recorded between June 1980 and 
January 1981 was 71.5 m / s  a t  100 m below the sur- 
€ace, directed t o  335., para l le l  to the isobaths. 
By June 1981 a complete year's data w i l l  avail- 
able for  ebch site, and a thorough analysis of the 
data w i l l  commence as the LBL f i e l d  program phases 
out. A t  the  Puerto Rico site the observed speeds 
have been less than 40 cm/s, dominantly i n  a WSW 
direction between September 1979 and February 1980. 
Between June and August 1980. however* the direc- 
t ion  was reversed. 

Similar 

. 
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Fi&e 5. Track chart  with s ta t ion positions, 
cruise of R. V. Researcher, 21 Feb-7 Mar 1980. 

[XBL 806-7096] 

OTHER ReSEARCH BY THE PHYSICAL OCEANOGRAPHY SECTION 

A research cruise t o  the south Atlantic aboard 
the National Oceanic and Atmospheric Administration 
(NOAA) Oceanographic Survey Ship 0.6.6. Researcher 
was made i n  February-Match 1980 (Fiq. 5). Both 
chemical and biological obsemations were made dur- 
ing the cruise. 
Atlantic is intimately related t o  the complex and 
a s  yet  little-understood system of currents and 
counterourrents within 10 degrees of the equator. 
The results of t h i s  cruise show defini te  correla- 
t ions between the distribution of dissolved nutrf- 
cn t  s a l t s  i n  the upper 300 m of the ocean and the 
velocity f ie ld ,  which are used by Wlinar i  et  al. 
(1981) t o  describe the South Equatorial Undercurrent. 

The chemistry of the tropical 





243 

! 

APPENDIXES 

APPENDIX A: PUBLICATIONS 

JOURNAL ARTICLES 

Benson, L. V., 1978. Fluctuati 
pluvial Lake Lahontan during the last 40,000 
years. Quaternary Research, V. 9, p. 300-318. 
(LBL-11185 ) 

Berry, W. B. N., and Wilde, P., 1980. Evohtionary 
and geologic consequences of organic carbon 
fixing in the primitive anoxic ocean. 
(Submitted to Nature.) (LBL-11592 ) 

Bienfang, P. K., and Szyper, J. P., 1980. Phyto- 
plankton dynamics in oceanic waters off 
U-Ahole Point, Hawii. (Submitted to Deep 

, Sea Research.) (LBL-11277) 

Binnall, E. O., 1980. Instrumentation and computer 
based data acquisition for in-situ rock 
property measurements. (Submitted to Trans- 
actions in Nuclear Science.) (LBL-10532) 

Brittain, H. GI, and Perry, D. L., 1980. Lumi- 
nescence spectra of the uranyl ion in tw, 
geometrically similar coordination environments, 
uranyl nitrate hexahydrate and di-U-aquo-bis 
(dioxodinitratouranium(V1) di-imidazole. 
(Suhitted to the Journal of Physical Chem- 
istry.) (LBL-10542) 

I '  

Dorn, G. A*, 1980. Radiation impedance of torsion- 
(Submitted to ally vibrating seismic sources. 

Geophysics.) (LBL-11843) 

Duncan, C. P. and Schladow, 6.  G., 1980. World 
surface currents from ship's drift observations. 
(Submitted to the International Hydrographic 
Review. ) (LBL-11001) 

Foglia, M., Ikamoto, F., Harada, M., Chambre, P- Le, 
and Pigford, T. H., 1979. The 'superposition 
solution of the transport of a radionuclide 
chain through a sorbing medium. 
of the American Nuclear Society, V. 33, 

Transactions 

p. 386-387. (LBL-10346) 

Ghiorso, M. S., and Carmichael, I. S. E., 1980 
regular solution model for met-aluminous 
silicate liquids, applications to geother- 
mometry, immiscibility, and the source regions 
of basic magmas. 
and Petrology, v. 71, p. 323-342. 
(LBL-9755) 

Contributions to Mineralogy 

Goyal, K. P., and Kassoy, D. R., 1979. 
controlled charging of a liquid dominated 
geothermal reservoir. (Submitted to the 
Journal of Geophysical Research.) (LBL-9327) 

, K. P., and Kassoy, D. R., 1980. A plausible 
tw-dimensional vertical model of the East 
Mesa geothermal field, California, U.S.A. 
(Submitted to the Journal of Geophysical 
Research.) (LBL-10617) 

Harada, M., Iwmoto, F., and Pigford, T. H., 1979. 
Effect of source boundary conditions in 
predicting the migration of radionuclides 
through geologic media. Transactions of the 
American Nuclear Society, vo 33, p. 383-384. 
(LBL-10339) 

Higashi, K., Harada, M., Iwmoto, F., and Pigford, 
T. Xi., 1979. Mi ation behavior of the 
234U + 230Th + 2 % a  + decay chain. hans- 
actions of the American Nuclear Society, V. 33, 
p. 386-387. (LBL-10345) 

Hirschfeld, T., and Klainer, S. M., 1980. Short 
range remote NQR measurements. 
Molecular Structure, V. 58, p. 63-77. 
(LBL-10865 ) 

Journal of 

Javandel, I., and Witherspoon, P. A., 1980. A semi- 
analytical solution for partial penetration in 
tvurlayer aquifers. (Submitted to Water 
Resources Research. ) (LBL-10875 1. 

Lee, K. H., and Morrison, H. F., 1980. A solution 
for %-mode plane wwes incident on a tm- 
dimensional inhomogeneity. (Submitted to 
Geophysics. ) (LBL-10649 ) 

Lee, K. H., Pridmore, D. F., and Morrison, A. F., 
1980. A hybrid three-dimensional electro- 
magnetic modeling scheme. (Submitted to 
Geophysics.) (LBL-10378) 

Lfppnann, M. J., and Tsang, C. F., 1980. Ground 
water use for cooling: Associated aquifer 
temperature changes. (Submitted to Ground 
Water. ) (LBL-10406 ) 

Luhr, J .  F., and Carmichael, I. 8. E., 1980. The 
Colima Volcanic Complex, Mexico, post-caldera 
andesites from volcano Colima. Contributions 
to Mineralogy and Petrology, V. 71, p. 343-372. 
(LBL-10932 1 

Marino, R. A., Wenk, H. R., and Apps, J. A*, 1980. 
Proposed applications of NQR techniques to 
the geosciences. Journal of Molecular 
Structure, V. 58, p. 445-457. (LBL-10866) 

Narasimhan, T. N., 1979. On general conservation 
equations for multiphase systems: I. Aver- 
aging procedure. 
submitted to Advances in Water Resources.) 
(LBL-10302) 

(Letter to the Editor 

Narasimhan, T. N., Houston, W. N., and Nur, A. M., 
1980. 
tion in geologic processes. 

The role of pore pressure in deforma- 
(Submitted to 

Geology.) (LBL-10637) 

Nelson, S. A., and Ca&chael, I. S. E., 1979. 
Partial molar volumes of oxide components in 
silicate liquids. (Submitted to Contributions 
to Mineralogy and Petrology.) (LBL-9210) 



244 

Neretnieks, I., 1979. Age dat ing of groundwater 
i n  f issured rock: The influence of water 
volume i n  micropores. 
(LBL-9473) 

(Submitted to  sdience.) 

Noorishad, J., Mehran, M., and Narasimhan, T. N., 
1980. A note on the  formulation of saturated- 
unsaturated f l u i d  flow through deformable 
porous media. 
Water Resgurces.) (LBL-11550) 

(submitted t o  Advances i n  

O'Sullivan, M., 1980. A s imi l a r i t y  method f o r  
geothermal w e l l  test analysis.  
Water Resources Research. (LBL-10968) 

Submitted t o  

Paulsson, B. N. P., and King, M. *S., 1980. 
Between-hole acoustic surveying and monitor- 
i n g  of a g ran i t i c  rock mass. (Submitted t o  
the International Journal of Rock Mechanics 
and Mining Science.) (LBL-10483) 

Ph i l l i p s ,  S. L., Mathur, A. K., and Garrison, W., 
1981. Treatment methods for geothermal 
brines. ASTM Special Technical Publication 
717. (LBL-9100) 

Pi tzer ,  K. S., and Feiper, J. C., 1979. The activ- 
i t y  coeff ic ient  of aqueous NaHcO3. 
mitted t o  the Journal of Wysical  Chemistry.) 
(LBL-10 298 1. 

(Sub- 

Taf t ,  J. L., Taylor, W. R., Hartwig, E. O., and 
froftus, R., 1980. Seasonal oxygen depletion 
i n  Chesapeake Bay. Estuaries,  V. 3, no. 4, 
p. 242-247. (LBL-1 210 1 ) 

wilde, P., and Berry, W. B. N., 1980. Progressive 
vent i la t ion of t he  oceans--Fotential for return 
to anoxic conditions i n  the  post-paleozoic. 
(Submitted t o  Cretaceous Research.) 
(LBL-11544) 

Witherspoon, P. A., Amick, C. H., Gale, J. E., and 
I w a i ,  K., 1979. Observations of a potent ia l  
size-effect  i n  experimental determination of 
the hydraulic properties of fractures.  
Resources Research, V. 15, no. 5, p. 1142-1146. 
(LBL-8571; SAC-17) 

Water 

Witherspoon, P. A., Cook, N. G. W., and Gale, J. E., 
1981. 
Results of f i e l d  invest igat ions a t  Str ipa,  
Sweden. Science, v. 211, p. 894-900. 
(LBL-11585) 

Geologic storage of radioactive waste: 

LBL REPORTS 

Alonzo, H. E., Dominguez, B. A., Lippmann, M. J., 
Wl ina r ,  R. O., Schroeder, R. C., and 
Witherspoon, P. A., 1979. Update of reservoir  
engineering a c t i v i t i e s  a t  Cerro Prieto.  
(LBL-10 209; CP-04 ) 

Apps, J. A., Doe, T., Doty, B., Doty, S., Galbraith, 
R., Kearns, A., Rhort, B., Long, J. C. S., 
Monroe, A. O. ,  Narasimhan, T. N., Nelson, P. 
H., Wilson, C. R., and Witherspoon, P. A., 
1979. Geohydrological s tudies  f o r  nuclear 
waste i so l a t ion  a t  t h e  Hanford Reservation. 
V. I-Executive summary; V. 11--Final report. 
(LBL-8764 ) 

Aquifer lhermal Ehergy Storage (ATES) N e w s l e t t e r ,  
1979. V. I, no. 4. (PUB-294) 

L4 - , 1980. V. 11, no. 1-3. (PUB-341) 

Aydelotte, R. R., 1980. Transient w e l l  t e s t i n g  i n  
two-phase qeothermal reservoirs  (Intercomp). 
(LBL- 1056 2; GREMP-08 ) 

Barber-Nichols Engineering Co., 1979. Direct con- 
tact  heat  exchanger 10 kW power loop. Sec. 1-- 
Executive sranmaryr Sec. ?-*est series no. 1.r 
Sec. 3-4'est series no. 2. (LBL-7036) 

Benson, L. V., 1980. Paleoclimatic Significance of 
lake l eve l  f luctuat ions i n  the  Lahontan Basin. 
(LBL-11265) 

, 1980. A tabulat ion and evaluation of ion 
exchange data  on smectites, ce r t a in  zeol i tes ,  
and basalt. Tbpical Report No. 2, FY 1980 
f o r  R~ckwell Hanford Operations of Rbckwell 
International.  (LBL-9677, Par t  I) 

- 

Benson, L. V., Carnahan, C. L., and Che, M., 1980. 
A study of rock-water-nuclear w a s t e  interac- 
t i o n s  i n  the  Pasco Basin, Washington. 
Preliminary equilibrium-step simulations of 
basa l t  diagenesis. (LBL-9677, Pa r t  11) 

Part II- 

Benson, L. V., and Teague, L. S., 1980. A study of 
rock-water-nuclear waste interact ions i n  t h e  
Pasco Basin, Washington. Part I. (LBL-9677, 
Par t  I) 

, 1980. A tabulat ion of thermodynamic data  f o r  - 
chemical react ions involving 58 elements 
cornon t o  radioactive waste package systems. 
(LBL-11448) 

Benson, L. V., Teague, L. S., Molton, C. A., m i sch ,  
C. J., Stolman, R. A*, and Corrigan, 0. J., 
1979. Distribution and composition of secon- 
dary and primary mineral phases i n  b a s a l t s  of 
t he  Pasco Basin, Washington. 
report  FY 1979 f o r  Rockwell Hanford Operations 
of Rockwell International.  (LBID-068) 

July interim 

Benson, S., Goranson, C., Noble, J., Schroeder, R., 
Corrigan, D., and Wollenberg, H., 1980. 
Evaluation of t he  Susanville, California 
geothermal resource. (LBL-11187) 

Blair ,  C. K., Harrison, R. F., 1980. Developent 
of an instrument t o  measure the  concentration 
of noncondensable gases i n  geothermal dis- 
charges. Final -port (Terra Tek, Inc.). 
(LBL-11499) 

Bodvarsson, G. S., O'sullivan, M. J., and Tsang, 
C. F., 1980. The s e n s i t i v i t y  of geothermal 
reservoir behavior t o  r e l a t i v e  permeability 
parameters. (Presented a t  the Sixth Workshop 
on Geothermal Reservoir Engineering, Stanford 
Geothermal Program, Stanford, California, 
December 16-18, 1980.) (LBL-12040) 

LJ Burleigh, R. He, BinMll ,  E. O., DUBOiS, A. Om, 
Norgren, D. U., and Ortiz, A. R., 1979. 
Electrical heaters  f o r  thermo-mechanical 
tests a t  t h e  Stripa mine. (LBL-70631 SAC-13) 



245 

Buscheck, T. E., 1980. Probabilist ic simulation of 
subsurface f lu id  flow, a study using a 
numerical scheme ( M . S .  thesis) .  (LBL-10711) 

Chan, T., and Cook, N. G. w., 1979. Calculated 
thermally induced displacements and stresses 
for  heater experiments a t  Stripa,  Sweden. 
Linear t h e m e l a s t i c  models using constant 
material properties. (LBL-7061; SAC-22) 

Chan, T., B i n n a l l ,  E., Nelson, P., Stolman, R., 
Wan, O.,  Weaver, C., Ang, K., Braley, J., and 
McEvoy, M., 1980. Thermal and themmech- 
anical data from i n  s i t u  heater experiments a t  
Stripa, Sweden. (LBL-11477) 

Chan, T., Lit t lestone, N., and Wan, 0.. 1979. 
Thermomechanical modeling and data analysis 
for  heating experiments a t  Stripa, Sweden. 

. 

(LBL-10 193 ) 

Doe, T. W., and Kdnehiro, B. Y., 1980. Radio- 
logical, hydrogeological, geochemical, and 
geophysical assessment of the weldon Spring 
Quarry, Missouri, disposal site. (LBID-152) 

Doughty, C., McEdwards, D. G., and Tsang, C. F., 
1979. Multiple w e l l  variable r a t e  w e l l  test 
analysis of data from the Auburn University 
Thermal Energy Storage Program. (LBL-10194) 

Duncan, C. P., 1980. A simplified zooplankton-net 
cod-end. (LBL-11594) 

Earth Sciences Division, 1978. Earth Sciences 
Division Annual Report 1978. (LBL-8648) 

1979. Earth Sciences Division Annual Report -* 
1979. (LBL-10686) 

-* 1979. Earth Sciences Division Newsletter. 
V. 2, no. 1; V. 2, no. 1-2. (PUB-283) 

-* 1980. Earth Sciences Division Newsletter. 
v. 3, no. 1 8  v. 3, noI 1-2. (PUB-343) 

Earth Sciences Division, Marine Seiences Group, 
1978. 
04, 05, 06 and 07 cruises t o  the Gulf of 
Mexico, Mobile and Tampa sites, +June 1978 
through December 1978. (LBL-9439-9442; 
GOTEC 04-07) 

Preliminary data reports for  the GOTEC 

Estrel la ,  D., and Hartwig, E. O., 1980. A selected 
bibliography of chlorophyll 5 determination 
i~thod01Og~m (LBID-266) ' 

Fryer D., Davison, A., and Leavitt, IC., 1981. 
'Physical oceanographic data from the OPEC 
mnta Tuna, h e r t o  Rico site, September 1979- 
June 1980 (EGfiG Environmental Consultants). 

osciences Annual Report 1978. (Excerpt from the 
Earth Sciences Division Annual &port 1978, 
LBL-8648.) (LBL-10349) 

b, 
Geothermal Enerw Develoment Annual Report 1979. -- 

(Excerpt from the Earth Sciences Mvision, 
Annual Report 1979, LBL-10686.) (LBL-?1236) 

Ghaffari, A., 1980. A model for predicting thermal 
conductivity of rock-fluid systems (Ph.D. 
thesis) .  (LBL-11384) 

Harada, N., Chambre, P. L., Foglia, M., Higashi, K., 
Iwamoto, F., Leung, D., Pigford, T. H., and 
Ting, D., 1980. Migration of radionuclides 
through sorbing media, analytical  solution. 
(LBL-10500) 

Harms, V. W., and Westernik, J. J., 1980. Wave 
transmission and mooring force character is t ics  
of pipe-tire floating breakwaters. (LBL-11778) 

Hlinak, A., Iabach, J., Nichols, K., Olander, R., 
and Werner, D., 1980. Final design, instal la-  
t ion  and baseline tes t ing  of 500 kW direct-  
contact p i lo t  plant a t  East Mesa. (LBL-11153) 

Hood, M., Carlsson, H . ,  and Nelson, P. H., 1979. 
&me results from a f i e ld  investigation of 
therm-mechanical loading of a rock mass when 
heaters a re  emplaced i n  the rock and the 
application of f i e l d  data from heater experi- 
ments conducted a t  Str ipat  Sweden, t o  parame- 
ters for  repository design. (LBL-9392; SAC-26) 

Howard, J. H., Goldstein, N. E., and Graf, A. N., 
198 
re1 geothermal reservoir engineering. 
(LBL-10807) 

updated plan for  support of research 

Howard, J. H . ,  1980. Discussion of a procedure for  
geothermal property appraisal. (LBID-326) 

Hsu, I. C. W., 1979. Heat t ransfer  t o  isobutane 
flowing inside a horizontal tube a t  supercri- 
t i c a l  pressure (Ph.D. thesis) .  (LBL-10442) 

Iglesias,  E. R., 1980. mugh estimates of f l u i d -  
pressures for  the design of the LBL downhole 
geopressured sampler. ILBID-258) 

Jones, A. T., 1980. A selected bibliography of 
tuna (Scombridae) from the Hawaiian Islands, 
a potential  ocean thermal energy conversion 
area. (LBID-286 ) 

Karamarakar, M., and Cheng, P., 1980. A theoretical  
assessment of James' method for  the detennina- 
t ion of geothermal wellbore discharge charac- 
teristics. (LBL-11498) 

Lamb, D. W., 1980. Cost and schedule for  d r i l l i ng  
and mining underground test fac i l i t i es .  

LELmers, M. D., 1979. Measurement requirements and 
methods for  geothermal reservoir system 
parameters, an appraisal (Measurement Analysis 
Corporation). (LBL-9090r GREMP-06) 

(LBL-11490 1 

Langmuir, D., and Kelerman, J. S., 1980. The mobil- 
i t y  of thorium i n  natural waters a t  low 

' temperatures. Geochimica e t  Oosmochimica 
Acta, V. 44, no. 11, p. 1753-1766. 
(LBL-12528) 

Maafine Sciences c;roup, 1980. Ocean lhermal Energy 
Conversion Preliminary Data Report for  the  
November 1977 GOTEC 02 cruise t o  the fAlf of 
Mexico Mobile Site. (LBL-9437) 



2 4 6  

Marine Sciences Group, 1980. Ocean Thermal Energy 
Conversion Preliminary Data Report f o r  t h e  
February 1978 GOTEC 03 cruise t o  t h e  Gulf of 
Mexico Mobile Site. (LBL-9438) 

Marine Sciences Group, 1980. Preliminary data 
reports  for the  GOTEC 04, 05, 0 6  and 0 7  
cruises to  the  Gulf of Mexico, Mobile and 
Tampa Si tes ,  June 1978 through December 1978. 
(LBL-9439-9442; GOTEC 04-07)  

McEvoy, M. B., 1979. Data acquis i t ion,  handling 
and display f o r  t h e  heater experiments a t  
Stripa.  (LBL-7062; SAC-14) 

Michels, D. E., 1980. Deposition of calcium carbo- 
nate i n  porous materials by f lashing geothermal 
f l u i d  (Republic Geothermal Inc.). (LBL-10673; 
GREMP-09) 

Miller, C. W., 1980. Eliminating t h e  wellbore 
response i n  t r ans i en t  w e l l  test analysis.  
(Presented a t  the  Sixth Workshop on Geothermal 
Reservoir mgineerinq, Stanford Geothermal 
Program, Stanford University, Stanford, C a l i -  
fornia ,  December 16-18, 1980.)  (LBL-12037) 

Miller, I., Dershowitz, W., Jones, K., Myer, L.,  
Roman, K., and Schauer, M., 1980. Simulation 
of geothermal subsidence (Golder Associates). 
(LBL-10794 ( 1 0 5 7 1 ) ;  GSRMP-06) 

, 1980. Physical propert ies  of compaction. 
Companion report  t o  simulation of geothermal 
subsidence (LBL-10571) (Golder Associates). 
(LBL-10838; GSRMP-07) 

-8 1980. Detailed report  on t e s t e d  models. 
Companion report  to simulation of geothermal 
subsidence (LBL-10571) (Golder Associates). 
(LBL-10837; GSRMP-08) 

-' 1980. Case study data base. Companion 
report  3 t o  simulation of geothermal subsidence 
(LBL-10571) (Golder Associates). (LBL-10839; 
GSRMP-09) 

Morse, J. W., and Zullig,  J. J., 1980. OTEC, Gulf 
of Mexico oxygen and nu t r i en t  measurements. 
(LBID-294) 

Narasimhan, T. N., 1980. Multidimensional numerical 
simulation of f lu id  flow i n  fractured porous 
media. (Submitted t o  Water Resources Research.) 
(LBL-12087) 

N e w s  of Geothermal Energy Conversion lkchnology 
(GECT) N e w s l e t t e r ,  V. 11, no. 2, October 1980. 
(PUB-354) 

OTEC, 1979. Ocean thermal energy conversion eco- 
log ica l  data report  from O.S.S. Researcher i n  
G u l f  of Mexico (from data col lected Ju ly  12-23, 
1977) .  (LBL-8945; GOTEC-01) 

Payne, S. F., 1980. The marine mammals of the Gulf 
of Mexico. A bibliography. (LBID-265) 

Pelka, W., 1980. 'Ituo w e l l  s torage systems f o r  
combined heating and air-conditioning by 
groundwater heatpumps i n  shallow aquifers. 
(LBL-11302) 

Pope, W. L.,  and Doyle, P. A.,  1980. The transposed 
c r i t i c a l  temperature Rankine thermodynamic 
cycle. (LBL-10312) 

Pope, W. L., Doyle, P. A., Pines, H. S., Fulton, 
R. L., Si lves t e r ,  L. F.* and Angevine, J. M., 
1980. 
c i t y  from geothermal energy, conceptual design 
optimization. (Section 8.2, & Sourcebook on 
the  production of e l e c t r i c i t y  from geothermal 
energy, Joseph Kestin (ea.), Brown University 
Press.) (LBL-8685) 

Sourcebook on the  production of electri- 

P r i t che t t ,  J. W., Rice, L. F., and Garg, S. IC., 
1980. Reservoir simulation s tud ie s -4a i r ake i  
geothermal f i e l d ,  New Zealand. Final report  
(Systems, Science and Software). (LBL-11497; 
GREMP-11) 

Pruess, K., and Schroeder, R. C., 1980. SHAFT79 
U s e r ' s  Manual. (LBL-10861) 

Pruess, K., Schroeder, R. C.,  Witherspoon, P. A., 
and Zerzan, J. M., 1979. SHAFT78, A two-phase 
multidimensional computer program f o r  geother- 
mal  reservoir  simulation. (LBL-8264) 

Pruess, IC., Weres, O., Schroeder, R. C., Marconcini, 
R., and Neri, G . ,  1980. History match s i m u l a -  
t i o n  of Serrazzano geothermal reservoir. 

Rogers, P. S. 2.. 1981. Thermodynamics of geother- 

(LBL-11235) 

m a l  f l u i d s  (Ph.D. t h e s i s ) .  (LBL-12356) 

Fbgers, P. S. Z., Bradley, D. J., and Pi tzer ,  IC. S., 
1981. Densities of aqueous sodium chloride 
solut ions from 75OC t o  200OC a t  20 Bar. 
(Submitted t o  the Journal of Chemical and 
Engineering Data.) (LBL-12047) 

Ryan, C. J., 1980. A selected bibliography of 
f i shes  and f i s h e r i e s  a t  a potent ia l  ocean 
thermal energy conversion site i n  Puerto 
Rice. (LBID-252) 

. 

Ryan, C. J., and Jones, A. T. ,  1980. Commerical 
f ishery data from a proposed Ocean Thermal 
Energy Conversion (OTEC) site i n  Puerto Rico. 
(LBL-11926) 

Sands, D.,  1980. OTEC d r a f t  programmatic environ- 
mental assessment (EA). (LBL-10511; 2 volumes, 
i n  preparation) 

Schrauf, T., Pratt, H . ,  Simonson, E., nustrul id ,  W., 
Nelson, P. H. ,  DuBois, A., Binnall, E. P . ,  
and Haught, R.,  1979. Instrument evaluation, 
ca l ib ra t ion  and i n s t a l l a t i o n  f o r  t he  heater  
experiments a t  Stripa.  (LBL-8313; SAC-25) 

Seasonal Thermal Energy Storage (STES) N e w s l e t t e r ,  
1980. V. 11, no. 4. (See Aquifer Thermal 
Energy Storage Newsletter.) (PUB-341) 

, 1980. V. 111, no. 1. (PUB-393) - 
Silva,  R. J., Benson, L. V., Y e e ,  A..W., and Parks, - G. A.,  1978. Waste i so l a t ion  sa fe ty  assessment 

program. Task 4--collection and generation - 

of t ransport  data theo re t i ca l  and experiment& 
evaluation and w a s t e  t ransport  i n  selected 
rocks. Annual Progress Report, October 1 ,  
1978-September 3 0 ,  1979. (LBL-9945) 

- 



247 

i 

Snow, D. T., 1979. Packer in jec t ion  test data from 
sites on fractured rock. (LBL-10080) 

, M., Goldstein, N. E., and Wollenberg, H. A., 
1980. Geothermal exploration assessment and 
interpretat ion,  upper Klamath Lake area,  
Klamath Basin, Oregon. (LBL-10140) 

Stark, M., W i l t ,  M., Haught, J. R., and Goldstein, 
N. E., 1980. Controlled-source electromagnetic 
survey a t  Soda Lakes geothermal area,  Nevada. 
(LBL-11221) 

steen, J. P., Jr., and Gunter, G., 1980. 
Zooplankton study a t  t h e  mobile OTEC si te i n  
the  northern Gulf of Mexico. (LBID-299) 

Sudol, G. A., Harrison, R. F., and Ramey, H. J. 
1979. Annotated research bibliography f o r  
geothermal reservoir engineering (Terra Tek, 
Inc.) . (LBL-8664; GREMP-0 

Sullivan, S. M., Sands, M. D., t, J- R. , Jepsen, 
P., Smookler, M., and V i l l a ,  J. F., 1981. 
Environmental assessment Ocean Thermal Energy 
Conversion (OTEC) p i l o t  plants. (LBL-12328) - 

, L. S., 1980. Secondary mineral 
res DCZ A1 and DC2 taken from t h e  Grande 
nde Basalt Formation, Pasco Basin, Washington. 

(LBL-10387) 

Thorpe, R. IC., 1979. Characterization of discon- 
t i n u i t i e s  i n  the  strip grani te  time-scale 
heater experiment. (LBL-70831 SAC-20) 

, C. F., 1979. Seasonal temperature energy 
storage i n  aquifers. Mathematical modeling 
s tudies  i n  1979. (LBL-10208) 

Tsang, C. F., 1980. Theoretical s tudies  i n  long- 
term thermal energy storage i n  aquifers. 
(Presented a t  t h e  International TNO-Symposium, 
"Thermal Storage of Solar Energy", Amsterdam, 
The Netherlands, November 
(LBL-11593) 

Tsang, C. F., Busch T., and Doughty, C., 1980. 

mulation of Auburn University f i e l d  experi- 
Aquifer thermal energy storage--A nmer ica l  

Aquifer thermal energy storage--A survey. 
(LBL-10441) 

Venkataramiah, A., Lakshmi, G. J., Home, A. J., 
Wilde, P., and Gunter, G., 1980. s tudies  on 
tox ic i ty  of Ul'EC p lan t  components on marine 
anim e Gulf of Mexico. (LB 

J. S. Y., Tsang, C. F., 
Witherspoon, P. A * ,  1979. 
regional temperature and 
e f f e c t s  of an inaerground repository f o r  

wastes i n  hard rock. (LBL 
_- 

Weres, O., Yee, A., and Tsao, L., 1980. Kinetics 
of s i l i c a  polymerization. (LBL-7033) 

White, A. F., Baldridge, W. S., Gerlach, T. M., 
and mauss,  IC., 1980. Comparative assessment 
of f i v e  potent ia l  sites f o r  hydrothermal 
magma systems: Geochemistry. (LBL-11410) 

Wilde, P., 1980. Environmental assessment and 
monitoring program Ocean Thermal Energy 
Conversion ( O m ] .  (LBID-254) 

W i l t ,  M., Goldstein, N. E., Stark, M., and IIaught, 
R., 1980. An electromagnetic (EM-60) survey 
i n  t h e  Panther Canyon area, Grass Valley, 
Nevada. (LBL-10993) 

W i l t ,  M., Hau and Goldstein, N. E., 1980. 
An electromagnetic (EM-60) survey of t h e  

(LBL- 120 1 2) 
prospect, Nevada. 

Witherspoon, P. A., Cook, N. G. W., and Gale, JO E., 
1980. 
Stripa.  (LBL-10559; SAC-27) 

Progress with f i e l d  investigations a t  

Witherspoan, P. A., Wang, a. S. Y., Iwai, IC., and 
Gale, 3. E., 1980. Validity of cubic l a w  
f o r  f l u i d  flow i n  a deformable rock fracture. 
ILBL-9557t SAC-23) 

Wollenberg, 8. A., Strisower, B., Corrigan, D. J., 
Graf, A. N., O'Brien, M. T., Pratt, R. F., 
Board, M., and Hustrulid, W., 1979. Search 
for underground openings for in-s i tu  test 
f a c i l i t i e s  i n  c rys ta l l ine  rock. (rev. Jan. 
1980). (LBID-077) 

Z a i s @  E, J., and Bodvarsson, G., 1980. Analysis 
of production decline i n  geothermal reser- 
voirs. (LBL-112151 GREMP-10) 

CONFERENCES AND PROCEEDINGS 

Abou-Sa , J. Fer 1979. Physical 
and mechanical properties o f , c o r e  from t h e  
Cerro Prieto geothermal f ie ld .  (Presented 
at t h e  Second Symposium on the  Cerro Prieto 
Geothermal Field, Mexicali, Mexico, October 
17-19, 1979.3 (LBL-9564, abstract)  

M., Goranson, C. Bo,  
Schroeder, R. C., 1979. The s t a t u s  of t h e  
resource evaluation at  Susanville, California. 
(Presented a t  the 1979 Annual Meeting, 
Geothermal Resources Council, Reno, Nevada, 

I24-27, 1979.) (LBL-9469) 

C. B., and Schroeder, R. C., 
1980. Evaluation of c i t y  w e l l  1, Klamath 
Fal ls ,  Oregon. (Presented a t , t h e  Symposium 
on Commercial U s e s  of Geothermal Energy, 
Geothermal Resources Council, Boise, Idaho, 
June 16-18, 1980.) (LBL-1084 

O., and Lingle, R., 1979. 
Rock instrumentation problems experienced 
during in-situ heater tests. 
t h e  International Symposium on the  Sc ien t i f ic  
Basis for Nuclear Waste Management, Materials 
Research Society, Boston, Massachrisetts, 
November 27-30, 1979. ) (LBL-9952) 

(Presented a t  



248 

Bodvarsson, 0. S., aad Tsang, C. F., 1980. Injec- 
tion into a fractured geothermal reservoir. 
(Presented a t  the 1980 Annual Meeting, Geo- 
thermal Resources Council, Salt Lake City, 
Utah, September 9-1 1, 1980. ) (LBL-10983) 

dvarsson, G. s., vonder mar, s., w i l t ,  M., and 
Tsang, C. F., 1980. Preliminary estimation 
of the resemoir capacity and the longevity 
of the Baca geothermal field, New Mexico. 
(Presented a t  the 55th Annual Technical Con- 
ference and Exhibition, Society of Petroleum 
Engineers of the American Institute of Mining, 
Metallurgical and Petroleum Engineers, Inca, 
Dallas, Texas, September 21-24, 1980.) 
(LBL-10656) 

Bunge, A. L., Klein, G., and Radke, C. J., 1980. 
Divalent ion exchange with alkali. 
a t  the Fifth Society of Petroleum Engineers. 
International Symposium on oilfield and Geo- 
thermal Chemistry, Stanford, California, 

(Presented 

Why 28-30, 1980.) (LBL-10884) 

Chan, T., and Javandel, I., 1980. Keat transfer 
in underground heating experiments i n  granite, 
Stripa, Sweden. (Presented a t  the Technical 
Session on Heat Transfer i n  Nuclear Waste 
Disposal, ASME Winter Annual Meeting, Chicago, 
Illinois, November 16-21, 1980. ) (LBL-10876). 

Chan, T., Hood, M., and Board, M., 1980. Rock prop- 
er t ies  and their  effect on thermally induced 
displacements and stresses. 
American Society of Mechanical Engineers 1980 
Energy Technology Conference and EKhibition, 
New Orleans, Louisiana, February 3-7, 1980.) 
(LBL-10517) 

(Presented a t  the 

Chan, T., Hood, M., and Witherspoon, P. A., 1980. 
Predicted and measured temperatures, displace- 
ments and stresses fran the Stripa Heater 
experiments. (Presented a t  Rockstore 1980, 
Special Session on Nuclear Waste Disposal, 
Stockholm, Sweden, June 23-29, 1980.) 
(LBL-10358) 

Corwin, R. F., and Fitterman, 0. V., 1980. G e e  
logical interpretation of self-potential data 
from the Cerro Prieto geothermal field. 
(Presented at  the second Symposium on the 
Cerro Prieto Geothermal Field, Mexicali, Baja 
California, Mexico, October 17-19, 1979.) 
(LBL-9544; CP-17) 

Cotton, M. L., and Vonder Bar ,  S., 1980. Micro- 
fossils from Cerro Prieto geothermal wells, 
Baja California, Mexico. (Presented a t  the 
Second Symposium on the Cerro Prieto Geother- 
mal Field, blexicali, Baja California, Mexico, 
October 17-19, 1979.) (LBL-10303; CP-05) 

Boer, J., 1980. Paleomagnetism of the Quater- 
nary Cerro Prieto, Crater Elegante, and Salton 
Buttes volcanic domes in the northern part of 
the Gulf of California rhomochasm. (Presented 
a t  the Second Symposium on the Cerro Prieto 
Geothermal Field, Mexicali, Baja California, 
Mexico, October 17-19, 1979.) (LBL-95478 
CP-06 ) 

Earth Sciences Division, 1980. Second DOE-ENEL 
Workshop for Cooperative Research i n  Geother- 
ma l  Energy, October 20-22, 1980, Berkeley, , 

California. (Presented a t  the Second DOE-E , 
Workshop for Cooperative Research i n  Geother- 
mal Energy, Berkeley, California, October 20- 
22, 1980.) (LBL-11555, Program and Abstracts 
only; proceedings i n  press) 

Iy 

-@ 1981. Abstracts (resumenes) of the Third 
Symposium on the Cerro Prieto Geothermal Field, 
Baja California, Mexico, March 24-26, 1981, 
San Francisco, California. 

Energy, ana Comisiijn Federal de Electri- 
cidad.) (LBL-11967) 

(Sponsored by U.S. 
.Department of Energy, Division of Geothermal 

Earth Sciences Division, Marine Sciences Group, 
1979. Appropriate zooplankton sampling metho- 
dology for <JpEc sites.  (Presented a t  the Con- 
ference of the Marine Sciences Group, Earth 
Sciences Division on Appropriate Zooplankton 
Sainpling Methodology for =C Sites, Lawrence 
Berkeley Laboratory, Berkeley, California, 
a l y  9-10? 1979.) (LBL-11979) 

Goldstein, N. E., W i l t ,  M. J., Stark, M., Mozley, E., 
and Morrison, ?I. F o r  1979. Magnetotelluric 
and controlled-source electromagnetic studies 
a t  Mt. Hood, Oregon. (Presented a t  the Fall 
Meeting of the American Geophysical Union, San 
Francisco, California, December 3-7, 1979.) 
(LBL-9776, abstract) 

Goranson, C. B., and Schroeder, R. C., 1979. Site 
specific geothermal reservoir engineering 
activit ies a t  Lawrence Berkeley Laboratory. 
(Presented a t  the 1979 Annual Meeting, Geother- 
mal Resources Council, Reno, Nevada, September 
24-27, 1979. ) ILBL-9463 

Goubau, W. M., Stark, M., ~ambel, T. D., Goldstein, 
N. E., and Miracky, R. F., 1979. Magneto- 
te l lur ic  studies a t  Cerro Prieto. (Presented 
a t  the Second Symposium on the Cerro Prieto 
Geothermal Field, Mexicali, Baja California, 
Mexico, October 17-19, 1979.) (LBL-9545; 
CP-09) 

Goyal, K. P., and Kassoy, D. R., 1979. Fault zone 
controlled charging of an aquifer. (Presented 
a t  the 18th ASME-AIChE National Heat Transfer 
Conference, San Mego, California, A u g u s t  5-8, 
1979. ) (LBL-9329, abstract) 

Goyal, K. P., and Narasimhan, T. N., 1980. Heat 
and mass transfer i n  a fault-controlled geo- 
thermal reservoir charged a t  constant pressure. 
lb be presented a t  the 20th ASME/AIChE Heat 
Transfer Conference, Milwaukee, Wisconsin, 
August 2-5, 1981.) (LBL-11802, abstract) 

Goyal, K. P., Miller, C. W., and Lippmann, M. J., 
1980. Effect of measured wellhead parameters 
and w e l l  scaling on the computed downhole 
conditions i n  Cerro Prieto wells. Presented. 
a t  the Sixth Annual Workshop on Geothermal 
Reservoir Engineering, Stanford Geothermal 
Program, Stanford University, Stanford, 
California, December 16-18, 1980 (LBL-11835) 

- 



2 49 

Grannell, R. B., Tarman, D. W., Iltonstam, Po,  
Clover, R. C., feggewie, R. U., Eppink, J., 
and Kroll, R., 1979. Precision gravity 
measurements i n  the Cerro Prieto geothermal 
area. (Presented a t  the Second Syraposim on 
the Cerro Prieto Geothermal Field, Mexicali, 
Baja California, Mexico, October 17-19, 1979.) 
(LBL-9551; CP-16) 

ki 

Guvanasen, V., and Chan, T., 1980. Finite-element 
solution of coupled heat and fluid flow, solute 
transport, and thermomechanical deformation i n  
fractured porous media. 
1980 American Geophysical Union, Fall Meeting, 
San Francisco, California, December 8-12, 1980.) 

(Presented a t  the 

. (LBL-11528, abstract) 

Baney, J. P., Qranson; C. Bo, Solb 
Schroeder, R. C., 1979. (Presented a t  the 
1979 Annual Meeting, Geothermal Reseurces 
Council, Reno, Nevada, September 24-27, 1979.) 
(LBL-946 2) 

Lyons, D. J., -and Van de Mmp, P. C., 1980. Sub- 
surface geological and geophysical study of 
the Cerro Prieto geothermal field. 
at  the Second sympbsium on the Cerro Prieto 
Geothermal Field, Mexicali, Baja California, 
Mexico, Oatober 17-19, 1979.) (LBL-10540; 
CP-11) 

(Presented 

M a j t r ,  E. L., and mEvilly, T. V., 1980. Earthquake 
monitoring a t  the Cerro Prieto geothermal field. 
(Presented a t  the Second symposium on the Cerro 
Prieto geothermal field, Mexicali, Baja Cali- 
fornia, Mexico, Odtober 17-19, 1979.) 
(LBL-9550; CP-08) 

Mangold, D. C., Tsang, C. F., Lipprnann, 1. J., and 
Witherspoon, P. A., 1979. A study of thermal 
effects i n  well-test analysis. (Presented a t  
the 54th Annual Fall Technical Conference and 
Exhibition of the Society of Petroleum Ihgi- 
neers of AIM& Lds Vegas, Nevada, September 
23-26, 1979; ) (LBL-9769) 

Harms, V. W., 1979. Floating breakwater perfor- McEdwatds, D. G., 1979. Multiwell variable rate 
mance comparison. (Presented a t  the 17th well t e s t  analysis. (Presented a t  the 54th 
International Conference on Coastal Engineer- 
ing, Sydney, Australia, March 23-29, 19806) 

Annual Fall Technical Conference and Exhibi- 
tion of the Society of Petroleum Engineers of 
AIME, Las Vegas, Nevada, September 23-26, . (LBL-9707) 
1979.) (LBL-94601 SPE-8392) 

Howard, 5. H. ,  1980. High temperature geothermal 

Miller, C. W., H79. A numerical model of transient reservoir engineering. (Presented a t  the 
National Conference on Renewable Energy, 
tionolulu, mwaii, December 1980. ) (LBL-11347) tw-phase flow i n  a geothermal well. 

ted a t  the Geothermal Resources Council, 1979 
(Prcsen- 

Annual Meeting, Reno, Nevada, September 24-27, 
Howard, J. €I., and Schware, W. J., 1979. Status 1979. ) (LBL-9056) 

of geothermal reservoir engineering management 
program (GREMP)--December, 1979. [Presented 
a t  the 1979 Annual Meeting, Geothermal Re- 
sources Council, Reno, Nevada, September 24-27, 

1979. Wellbore storage effects i n  geothermal -' 
wells. (Presented a t  the 54th Annual Fall 
Technical Conference and Exhibition of the 
Society of Petroleum Wgineers of AIME, Las 
Vegas, Nevada, September 23-26, 1979.) 

1979.) (LBL-9326) 

Iglesias, E. R., and Weres, O., 1980. Theoretical (LBL-8844) 
studies of Cerro Prieto brines chemical equi- 
libria. (Presented at the Second On Miller, C. W., and Zerzan, J. M., 1979. Downhole 
the Cerro Frieto Geothermal Field, MexiCali, 
Baja California, Mexico, October 17-19, 1979.) 
(LBL-9563; CP-07) 

pressure changes measured w i t h  a f lu id  f i l l e d  
capillary tube. 
ing of the Society of Petroleum Engineers, Las 

(Presented a t  the Annual Meet- 

Vegas, Nevada, September 23-27, 1979.) 
Javandel, I., and Chan, T., 1979. Detailed analy- (LBL-9303) 

sis of temperatures from underground heating 
experiments i n  granite. 
meeting of the American Geophysical fblion, San 
Francisco, California, Dec 

(*resented a t  the f a l l  
=*, o'sullivan* Mo J . r  and 

Pruesa, IC., 1981. Wellbore effects on the 
analysis of two-phase geothermal well tests. 
Presented a t  the Society of Petroleum Engineers 
California Regional Meeting, Bakersfield, Cali- 

L-9767, abstract) 

Idppnann, M. J., and Goyal, K. fornia, Watch 25-27, 1981. (LBL-12220) 
modeling studies of the Cerro Prieto reservoir, 
a progress report. 
Symposium on the err0 Pritto Geothermal Field, 
Mexicali, Baja California, Mexico, October 17- (Presented a t  the Fall 
19, 1979.) (LBL-95908 Meeting of the American Geophysical Union, San 

(Presented a t  the Second 
T- 8 . 8  1979. The physical basis of 

groundwater hydrology. 

Francisco, California, December 3-7, 1979. ) 
(LBL-9770, abstract) Lippann, M. J., and Witherspoon, P. A,, 1980. 

Gummary of recent progress i n  understanding 
the Cerro Prieto geothermal field, Baja C a l i -  - , 1980. Subsidence due to geothermal fluid 
fornia, Mexico. (Presented at  the Geothermal production. (Presented a t  the J. F. Poland 
Conference of the Committee on Challenges of 
Modern Society, Paris, France, July 15, 1980.) 
(LBL-11100) 1980.) (LBL-10967, abstract) 

Land Subsidence Symposium, Oeological Society 
of America, Atlanta, Georgia, November 17-20, 



250 

-* 1980. Physical aspects of the interface be- 
tween the saturated and the unsaturated regimes. 
(Presented a t  the American Geophysical Union 
Chapnan Conference on Sbsurface Contributions 
to Stream Flow, University of New Hampshire, 
Durham, New Eampshire, October 5-9, 1980.) 
(LBL-11178) 

Narasimhan, T. N., and Goyal, K. P., 1979. A pre- 
liminary simulation of land subsidence a t  the 
Wairakei geothermal f i e l d  i n  New Zealand. 
(Presented a t  the Fif th  Workshop, Geothermal 
Reservoir Engineering, Stanford University, 
December 12-14, 1979.) (LBL-10299) 

Narasimhan, T. N., and Kanehiro, B. Y., 1980. 
Effect of earth t ides  on confined aquifers. 
(Submitted to the 1980 Annual Meeting of the 
Geological Society of America, Atlanta, Georgia, 
November 17-20, 1980.) (LBL-11060, abstract) .  

Nelson, P. H., and Rachiele, R., 1980. Radon as  an 
indicator of wellbore in f i l t r a t ion  ra tes  i n  
uraniferous igneous rock. Presented a t  the 
1980 Fall  Meeting of the American Geophysical 
Union, San Francisco, California, December 8- 
12, 1980 (LBL-11575, abstract)  

Nichols, K. E., 1979. A 500-kW direct  contact p i lo t  
plant for  East Mesa (Barber-Nichols Engineer- 
ing -.). (Presented a t  the 1979 Annual Meet- 
ing, Sa l t  Lake City, Utah, September 9-11, 
1980.) (LBL-11107) 

Noble, J. E., 1979. Stratigraphic and sedimento- 
logical analysis of the Cerro Prieto geothermal 
f ie ld ,  Baja California, Mexico. (Presented a t  
the Second Symposium on the Cerro Prieto Geo- 
thermal Field, Mexicali, Baja California, 
Mexico, October 17-19, 1979. ) (LBL-9592, 
abstract)  

O'Sullivan, M. J., 1980. The M)E code comparison 
study: Summary of results for  problem 4-- 
Expanding two-phase system with drainage. 
(Presented a t  the Sixth Annual Workshop on 
Geothermal Feservoir Engineering, Stanford 
Geothermal Program, Stanford University, 
Stanford, California, December 16-18, 1980.) 
(LBL-12033) 

O'sullivan, M., and Pruess, K., 1980. Analysis of 
injection tes t ing of geothermal reservoirs. 
(Presented a t  the Geothermal Resources Council 
1980 Annual Meeting, Sal t  Lake City, Utah, 
September 9-11, 1980.) (LBL-10985) 

O'Sullivan, W. J., and Pruess, K., 1980. Numerical 
studies of the energy sweep i n  five-spot 
geothermal production/injection systems. 
(Presented a t  the Sixth Annual Workshop on 
Geothermal Reservoir Engineering, Stanford 
Geothermal Program, Stanford University, 
Stanford, California, December 16-18, 1980.) 
(LBL-12166) 

Palen, W. A., and Narasimhan, T. N., 1980. Inter- 
pretation of a hydraulic-fracture experiment, 
Monticello, South Carolina. (Presented a t  the 
American Geophysical Union Fal l  Meeting on 
Earthquake Prediction, Hydrological and geo- 
chemical Studies, San Francisco, California, 
December 8-12, 1980.) (LBL-10849) 

Paulsson, B. N. P., and King, M. S., 1980. A cross- 
hole investigation of  a rock mass subjected to 
heating. (Presented a t  Rockstore 1980, Special 
Session on Nuclear Waste Disposal, Stockholm, 
Sweden, June 23-27, 1980.) (LBL-10849). 

Pitzer,  K. S., 1979. Characteristics of very con- 
centrated aqueous solutions. (Presented t o  
the Nobel Symposim on Chemistry and Geochem- 
i s t r y  of Solutions a t  High Temperature and 
Pressure, Bofors, Karlskoga, Sweden, September 
16-21, 1979 and published by the Royal Swedish 
Academy of Sciences.) (LBL-9660) 

Cf 

Pope, W. L., Doyle, P. A,, Fulton, R. L., and 
Silvester,  L. F., 1980. The importance of the  
specific heat anomaly i n  the design of binary 
Rankine power plants. (Presented a t  the Geo- 
thermal Resources Council Annual Meeting, Salt 
Lake City, Utah, September 9-11, 1980.) 
(LBL-10974) 

Pruess, K., 1980. DOE-project on geothermal reser- 
voir engineering computer code comparison and 
validation--Evaluation of resu l t s  for  problem 6. 
(Presented a t  the Sixth Annual Workshop on Geo- 
thermal a s e r v o i r  Engineering, Stanford Geother- 
mal Program, Stanford University, Stanford, 
California, December 16-18, 1980.) (LBL-12038) 

theory and equations used i n  the two-phase 
multidimensional geothermal reservoir simula- 
to r ,  SHAFT79. (Presented a t  the 1979 Annual 
Meeting, Geothermal Resources Council, Reno, 
Nevada, September 24-27, 1979. ) (LBL-9464) 

Pruess, K., and Schroeder, R. C . ,  1979. Basic 

Pruess, IC., and Schroeder, R. C., 1979. Geothermal 
reservoir simulations with SHAFT79. (Presen- 
ted a t  the Fif th  Geothermal Reservoir Engineer- 
ing Workshop, Stanford University, Stanford, 
California, December 12-14, 1979.) (LBL-10066). 

Pruess, K., and Truesdell, A. H., 1980. A numerical 
simulation of the natural evaluation of vapor- 
dominated hydrothermal systems. Presented a t  
the Sixth Annual Workshop on Geothermal Reser- 
voir Engineering, Stanford Geothermal Program, 
Stanford University, Stanford, California, 
December 16-18, 1980.) (LBL-12039) 

Pruess, K., Bodvarsson, G., Schroeder, R. C., 
Witherspoon, P. A., Marconcini, R., Neri, G., 
and Ruff i l l i ,  C., 1979. Simulation of deple- 
t ion of two-phase geothermal reservoirs. 
(Presented a t  the Society o€ Petrolem 
Engineers 54th-Annual Technical Conference, 
U s  Wgas, Nevada, September 23-26, 1979.) 
(LBL-9606) 

Riveros, C. A., and Goldstein, N. E., 1979. Design 
and application of a megamment electromagnetic 
ai-pole source. (Presented a t  the 49th Annual 
Meeting and Exposition, Society of Exploration 
Geophysics, New Orleans, Louisiana, November 4- 
8, 1979. ) (LBL-9920) 

Schroeder, R. C., Benson, S., and GOranson, C. B., 

(Presented a t  the Second Sympo- 
1980: High temperature geothermal reservoir 
engineering. 
sium on the Cerro Prieto Geothermal Field, 
Mexicali, Baja California, Mexico, October 17- 
19, 1979.) (LBL-9591) 

,Ll 



251 

Schware, W. J. (ea.), 1980. Proceedings, Workshop 
on Thennauechanical-Hydrochemical modeling for  
a Hardrock Waste Repository, July 29-31, 1980, 
Berkeley, California. (Organized by Earth 
Sciences Mvison, Lawrence Berkeley Laboratory. b 
(LBL-11204; DNWf-164) 

Silva, Re J., White, A. F., and Yee, A. W., 1980. 
Computer modeling of actinide sorption on geo- 
logic materials. (Submitted €or presentation 
a t  the Symposium on Actinides i n  the Geosphere, 
Southwest-Southeast Regional American Chemical 
Society Meeting, New Orleans, Louisiana, Decem- 
ber 10-13, 1980. ) (LBL-11083, abstract)  

Silva, R. J., white, A. F., and Yee, A. W a r  1980. 
Computer modeling of nuclide adsorption on 
geologic materials. 
Nuclear Society 1980 International Conference, 
Washington, D. C., November 17-21, 1980.) 
(LBL-11899) 

(Presented a t  the American 

Thorpe, R. K., 1979. Characterization of discon- 
(Presented t inu i t ies  i n  the s t r ipa  granite. 

a t  the International Symposium on the Scienti- 
f ic Basis for  Nuclear Waste Management, Boston, 
Massachusetts, November 27-30? 1979.) 
(LBL-9884). 

‘Pleimat, B. w., Rie, A., Laird, A. D. IC., and Zhao, 
S., 1980. Condensation fi lm coefficients for  
mixtures of isobutane and isopentane. 
ted a t  the 15th Intersociety Energy Conversion 
Engineering Conference, Seatt le,  Washington, 

(Presen- 

August 18-22, 1980.) (LBL-110-25) 

Tsang, C. F*, and Claeson, J., 1980. Wergy storage 
in aquifers--A survey of recent theoretical  

I studies. (Presented a t  the Rockstore 80, 
Stockholm, Sweden, June 23-29, 1980.) 
(LBL-11059) 

Tsang, C. F., Uangvld, D. C., and Lippmann, M. J., 
1979. 
Prieto using an idealized two-layer geologic 
model. (Presented a t  the Second Symposium on 
the Cerro Prieto Geothermal Field, Mexicali, 
Mexico, October 17-19, 1979.) (LBL-95891 

Simulation of reinjection at  Cerro 

CP-13) 

Tsang, C. F e ,  Molz, F. J., and Parr, A. D., 1980. 
Experimental and theoret ical  studies of thermal 
energy storage i n  aquifers. 
15th Intersociety Energy Conversion Engineer- 
ing Conference, Seatt le,  Washington, August 17- 

(Presented at  the 

22, 1980.) (LBL-10889) 

Vonder mar ,  S., and Puente Cruz, I., 1979. Fault 
intersections and hybrid transform fau l t s  i n  
the southern Salton Trough geothermal area, 
Baja California, Mexico. (Presented a t  the 
1979 Annual Meeting, Geothermal Resources 
Council, Reno, Nevada, September 24-27, 1979.) 
(LBL-9458 ) 

Vonder Haar, s., wolgemuth, K., and Schatz, J., 
1980. 
i n  geothermal reservoirs. (Presented a t  the 
Clay Minerals Conference, Waco, Texas, Octo- 
ber 5-9, 1980.) (LBL-11296, abstract)  

The role  of newly formed clay minerals u‘ 

Wang, J. 6. Y., and Tsang, C. F., 1979. Regional 
thermohydrological effects  of an underground 
repository for  nuclear wastes i n  hard rock. 
PresenteQ a t  the Second International Sympo- 
sium on the Scient i f ic  Basis for  Nuclear Waste 
Managemefit, Material Research Society, Boston, 
Massachusetts, November 26-30, 1979.) 
(LBL-11927) 

1980. Buoyancy flow i n  fractures intersecting 
a nuclear waste repository. 
technical session on Heat Transfer t o  Kuclear 
Waste Msposal, ASUE Winter Annual Meeting, 
Chicago, I l l ino is ,  November 16-21, 1980. ) 
(LBL-11112) 

(Presented a t  the  

Weres, O., and Tsao, L., 1979. The chemistry of 
s i l i c a  i n  Cerro Prieto brines. 
a t  the Second Symposium on the Cerro Prieto 
geothermal f ie ld ,  Mexicali, Baja California, 
Mexico, October 17-19, 1979.) (LBL-9548, 
abstract)  

(Presented 

Weres, O., Tsao, L., and Iglesias,  E. R., 1980. 
Chemistry of s i l i c a  i n  Cerro Prieto brines. 
(Presented at  the Second Symposium on the  
Cerro Prieto Geothermal Field, Mexicali, Baja 
California, Mexico, October 17-19, 1979.) 
(LBL-10166; CP-12) 

Wilder P., 1979. 1979 status  of the OTEC environ- 
mental program. 
Technology Society Conference, New Orleans, 
Louisiana, October 10-12, 1979,) (LBL-9495) 

(Presented a t  the Marine 

-, 1980. Status of OTEC environmental monitor- 
ing program. 
Energy Conference, Washington, D. C., June %5, 

(Presented a t  the 7th Ocean 

1980.) (LBL-10887) 

w i l t ,  M. J., and Goldstein, N. E., 1979. Resis- 
t i v i t y  monitoring a t  Cerro Rie to .  
at  the Second Symposium on the Cerro Prieto 
Geothermal Field, Mexicali, Baja California, 
Mexico, October 17-19, 1979.) (LBL-9399) 

(Presented 

W i l t ,  W. J . ,  Beyer, J. n., and Golastein, N. E., 
. 1980. A comparison of dipole-dipole res is t iv-  

i t y  and electromagnetic induction sounding Over 
the Panther Canyon thermal anomaly, Grass 
Valley, Nevada. (Presented a t  the 1980 Annual 
Meeting, Geothermal Resources Council, Sa l t  
Lake City, Utah, September 9-11, 1980.) 

’ (LBL-10987) 

W i l t ,  M. J., Goldstein, N. E., Hoversten, M., and 
Uorrison, H. F., 1979. Controlled-source EM 
experiment  a t  Mt. Hood, Oregon. (Presented a t  
the 1979 Annual Meeting, Geothermal Resources 
Council, Reno, Nevada, September 24-27, 1979.) 
(LBL-9399 ) 

Witherspon, P. A., 1980. Radioactive waste 
storage i n  mined caverns i n  crystal l ine rock- 
Results of f i e l d  investigations a t  Stripa, 
Sweden. (Presented a t  the 75th Anniversary 
of the I l l i no i s  State Geological Survey Sym- 
posium on Ferspectives i n  Geology, Urbana, 
I l l ino is ,  October 9-10? 1980.) (LBL-11651) 



252 

Witherspoon, P. A,, and Qok, N. G. W., 1979. 
Themamechanical experiments i n  granite a t  
Stripa, Sweden. (Presented a t  the F i r s t  Annual 
Office of Nuclear Waste Isolat ibn Information 
Meeting, Columbus, Ohio, October 30-November 1, 
1979.) (LBL-968 1 ) 

Witherspoon, P. A*,  Watkins, D. J., Cook, N. G. W., 
Hood, M., and Gale, J. E., 1979. Laboratory 
investigations on the  hydraulic and thermo- 
mechanical properties of fractured crystal-  
l i n e  rocks, (Presented a t  the  F i r s t  Annual 

Information Meeting of the  Office of Nuclear 
Waste Isolation, Columbus, Ohio, October 30- 
hlovembet 1, 1979.) (LBL-9582) 

Witherspoon, P. A*, Wilson, C. R., mng, J. C. s., i j  
Eu!3obs, A- O., Gale, J. E., and McPherson, M., 
1979. 
measurements i n  fractured rock and t h e i r  appli- 
cat ion at  strip. (Presented a t  the  Interna- 
t i o n a l  Isymposium on the  Sc ien t i f ic  Basis f o r  
Nuclear Waste Management, Boston, Massachu- 
setts, November 27-30, 1979. ) (LBL-9903) 

The role of large scale permeability 



253 

i 

Iv APPENDIX B: EARTH SCIENCES DIVISION STAFF 

PAUL A. WITHERSPOON* 

Associate Director, La 
Division Head, Earth Sciences Division 

DIVISION ADMINISTRATION 

ce Berkeley tabor 

Karl Olson, Deputy Mvision Head 
Wlford N. Bookman, Division Administration 
mnique Adam, Division Mf ice  m i n i s t r a t i o n  

Lennart Andersson 
John Apps Allan Dubin 
Michele Arcidiacono Andrew DuBois 
Lois Armetta ,Peter Quncan 

Eoushana EbrahM 
Robert Bellman Laurel Egenberger 
Larry Benson 'Paul E l i a s  
Eugene ainnal l  Janice El l io t  
Gudmundur Bodvarsson Eugene En0 
Mary Bodvarsson Geraldine Erickson 
Harry Bowman Daniel Estrella 
Daniel Bradley James mass 
Jeffrey Brown 
Annette Bunge James Ferguson 
Thomas Buscheck Steve Flexser 
Timothy Buscheck George Flowers 
Patr ic ia  Butler Mauro Foglia 

Conny misch  
Hans Carlsson Jonathan Frisch 
Ian  Cardchael* Phi l ip  Fong 
Coen Carmiggelt Ted mjita 
Chalon Carnahan Robert Fulton 
Paul ChambrL* 
Joseph Chan Elten Gailing 
Tin Chan Robert Galbraith 
Mitchell Che Thomas Gamble 
Sheng-Po Chen Wowhiravan Ghaffari 
Cynthia Childs Susan Gillett 
Clement Chou Beverly Gimeno 
John Clarke* *ah Goldman 
L e w i s  &hen Norman Goldstein 
Marcie Commins Colin Goranson 
Mary Connell Wolfgang Goubau 
Neville Cook* lceshav Goyal 
Donald Corrigan Alexander Waf 
Alain Curneir Roy Greenwald 

James Davey 
Robert Davis Susan Halfman 
Edward De Zabala Joseph Ilaney 
Ellen Diamond Leff Ransen . 
Thomas Doe J e r i  Hara Gie D i  Fraia Uakoto Harada 

r i s t i ne  Doughty Rosemary H a r t  

Varuttama Guvanascn 

sthy Donnelly Volker Hams 

"Faculty member, University of California 

E r i c  Hartwig 
Niamh Harty 
Ramsey Haught 
Kunio Higashi 
Deborah Aopkins 
Alex IIorne* 
John Howard 
Michael Hood* 
Richard HSU 

Eduarao IglCsias 
Jeffrey Irvine 
Frank Jahnke 
Dennis Jamison 
Alan Jassby 
Abdul Rahim Jaouni 
Ju l i e  Jeffrey 
Peter Johnson 
Anthony Jones 
Barbara Jones 
Keith Jones 
Randall Jones 

Brian Mnehiro 
Allen llearns 
Jacqueline Kent 
W i l l i a m  k y e s  
Tjicp Xho 
Stanley n a i n e r  
Steven llramer 
Brent Mhr t  
Pave1 Kurfurst 

Cheng-Hsien Lai 
1ci. Ila Lee 
Raymond Lee 
Wayne Lee 
Davis mung 
Peter Lichtner 
Donald Lippert 
Marcel0 Lippmann 
Nicholas Litt lestone 
Jane Long 
Steve Lunagren 

Peggy MacLean 
Ernest Uajer 



254 

Donald Mangold 
Donald McCarthy 
Susan McCoraick 
Thomas McEvilly* 
Maurice McEvoy 
Ellen McKeon 
Maynard Michel 
Constance Miller 
Coral Miller 
Susan Miller 
James Mitchell 
Milton Moebus 
David Moncada 
Alison Monroe 
Leuren Moret 
€I. Frank Morrison* 
Susmu Muraoka 
Larry Myer 

T. N. Narashhan 
John N e i l  
Ph i l ip  Nelson 
Helen Nicholas 
John Noble 
Duane Norgren 
Yvonne Norpchen 

Maura O'Brien 
~ o h n  oldson 
Michael O'Sullivan 
Irmgard Orzech 

Walter Palen 
George Parks 
Bj orn Paulsson 
Susan Payne 
Christopher Peiper 
Dale Perry 
Scot t  Peterson 
Ronald Phi l ips  
Thomas Pigford. 

*Faculty m e m b e r ,  University of California 

Kenneth Pitzer* 
Cheri Plumlee 
W i l l i a m  Pope 
e r s t e n  Pruess 

Richara 'Rachiele 
C18ytOn make* 
W i l l i a m  Ralph 
Pascal Rapier 
Joe Ratigan 
mthie Redic 
Janet  Remer 
Richard Remillard 
Carlos Riveros 
Marc Rivers 
mrris Roach 
Gene Rochlin 
Pamela Rogers 
Donald Rondeau 
Eliezer Rubin 

Marie Schauer 
Peter Schein 
Ellory Schempp 
David Schmidt 
Deanna Schmidt 
Ronald Schroeder 
Werner Schvarz 
Michael Shea 
Robert Si lva 
Lenard Si lvester  
Terrance Simkin 
Ray Solbau 
W i l b u r  Smerton* 
R I l a i l i  so0 
Robin Spencer 
Jonathan Stebbins 
Mitchell Stark 
Robert Sterrett 
Andrew Stromdahl 
Rebecca Sterbentz 

Robert Stolman 
Beverly S t r i s o e r  
D i m i t r i  Sverjensky 
Ho-Jeen Su 
P. Sundaram 

Lisa Teague 
Jerome Thomas 
N e i l  Thomsen 
Richard Thorpe 
Daniel Ting 
Chin Fu Tsang 
Yvonne Tsang 
Leon Tsao 
W i l l i a m  Thur 
Badad Tleimat 
Richard Valentine 
Ashok Verma 
Aylette Villemain 
William V i l l e t  
J e r i  Edgar-Vogt 
Stephen Vonder Haar 

David Watkins 
Oliver Wan 
Joseph Wang 
Christopher Weaver 
Virginia Weaver 
Hans We&* 
Oleh Weres 
Jerry West 
Arthur White 
Richard whiteman 
Pat wilae 
Charles Wilson 
Michael W i l t  
Harold Wollenberg, Jr. 
Le stet Wong 
W i l l i a m  Wong 

Andrew Y e e  



255 

APPENDIX C: PRINCIPAL MEETINGS OF 1980 

During f i sca l  1980 the Earth Sciences Division 
of Lawrence Berkeley (LBL) organized four major meet- 
ings and cosponsored one international symposium. 

The Second Sympo sium on the Cerro Prieto 
Geothermal Field, Baja California, Mexico, was held 
in  Mexicali, Baja California, Mexicco, October 17-19, 
1979. 
Electricidad de Mexico (CFE),  t h i s  meeting was a 
continuation of the F i r s t  Symposium on the Cerro 
Prieto Geothermal Field, which was held i n  San Diego, 
California, i n  September 1978. Over 150 sc ien t i s t s ,  
engineers, and gwernment o f f i c i a l s  from Mexico, 
U.S.A., and f ive other countries attended the sym- 
posium. Subjects covered were geology, hydrology, 
geochemistry, subsidence, geuphysics, w e l l  dr i l l ing,  
reservoir engineering, and reinjection. The pro- 
ceedings of the symposium w i l l  be published by CFE. 

Cosponsored with the Comision Federal de 

A Workshop on Numerical Modeling of Thermohy- 
drological Flow i n  Fractured 17ock Masses was held 
i n  gerkeley, California, February 19-20, 1980. This 
workshop was the result of the at tent ion currently 
being given t o  the isolat ion of nuclear wastes i n  
geological formations. 
forum for  the 60 participants from the f ie lds  of 
waste isolation, groundwater hydrology, geothermal 
energy, and petroleum engineering t o  discuss the 
discrete and continuum approaches, the generic re- 
pository studies, and the experience i n  modeling 
thermohydrologic flows i n  different  f ields.  The 
proceedings of t h i s  workshop w i l l  be published in  
1981, a s  LBL-11566. 

The workshop provided a 

The Third Invitational Well Testing Symposium 
was held in  Berkeley, California, March 26-28, 1980. 
The goal of the LBL invi ta t ional  w e l l  t es t ing  sym- 
posia is t o  encourage the interchange of ideas and 
technology between the f i e lds  of reservoir engineer- 
ing, hydrogeology, c i v i l  engineering, and energy- 
related earth sciences. The i n i t i a l  Symposium 
(October 1977) included papers on a wide variety 
of subjects relevant t o  geothermal w e l l  testing. 
For the second symposium (October 1978) the subject 
of injection of geothermal reservoirs was selected 
t o  l i m i t  the scope of the proceedings. The th i rd  

symposium concentrated on the tes t ing of low- 
permeability rocks--a problem common t o  waste dis- 
posal, fo s s i l  energy resource developnent, and 
underground excavation for  c i v i l  o r  mining purposes. 
The symposium provided a forum for  over 130 par t i -  
cipants i n  which t o  exchange ideas and present new/ 
information on low-permeability rocks. The emphasis 
was on reviewing existing capabili t ies,  identifying 
current l imitations,  and generating new ideas fo r  
research and development. The proceedings of the 
Third Invitational Well Testing Symposium are cur- 
rently being published as  LBL-10276. 

A Geothermal Computer Code Workshop was held 
in  Berkeley, California, June 17-19, 1980, i n  re- 
sponse t o  numerous requests from the Department of 
Energy, other national laboratories, and current 
and future users of reservoir engineering geothermal 
codes developed a t  LBL. The purpose of the work- 
shop was t o  disseminate information about these 
codes and t o  describe the i r  various applications. 
The workshop began with a one-day session on the 
basic theory of the following LBL codes: 
SWT79, ANALYZE, TRUST, and WE-. The second day 
was devoted t o  the discussion of simple problems 
prepared by LBL. 
those problems using the LBL codes. 
key computer code people participated in t h i s  work- 

CCC, 

The th i rd  day was used t o  solve 
More than 60 

shop * 

The Second Workshop on Themnomechanical-Hydro- 
logical Modeling for  a Hard Rock Waste Repository 
was held i n  Berkeley, California, July 29-31, 1980. 
This workshop was the second i n  a series of  DOE- 
sponsored rock mechanics workshops, the general 
objective of which is t o  provide a proper forum for  
the timely exchange of technical information v i t a l  
t o  the National Waste Terminal Storage Program. 
The primary objective of t h i s  workshop was t o  dis- 
cuss the  s t a t e  of the a r t  of the codes fo r  thermo- 
mechanical and hydrochemical modeling of repository 
response and t o  identify research and developnent 
ac t iv i t i e s  needed for coupling the thermomechanical 
and hydrochemical models using the information de- 
veloped in  the previous workshop. The proceedings 
of t h i s  workshop were published as  LBL-11204. 
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