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L INTRODUCTION 

The newest division at the Lawrence 8erkeley 
Laboratory (LBL), the Earth Sciences Division, was 
formed in 1977 from the Energy and Environment 
Division's geosciences group. In the five years 
since the I at-rer group was formed, its techn i ca I 
scope has expanded from projects on geothermal 
exploration to those encompassing geothermal 
reservoir engineering and geothermal energy 
conversion, nuclear-waste isolation, enhanced oi I 
recovery, thermal 0nergy storage, uranium resource 
assessment" and the fundamental geosciences. The 
strength of the Division I ies in its abi I ity to 
combine expertise in the geosciences with the 
engineering, technical, chemical-analytical, and 
computational support avai lable in other LBL 
divisions. 

In terms of funding, the geothermal and 
nuclear-waste isolation programs are the largest; 
they are su pported pr i mar i I Y by the U. S. Department 
of Energy's (DOE) Division of Geothermal Energy and 
Office of Waste Isolation. Fundamental geosciences 
encompass projects of a more basic nature, suppor
ted primari Iy by DOE's Division of Basic Energy 
Sciences, and to some extent by development funds 
of the director of LBL. Projects in appl ied 
geoscience are funded by other divisions of DOE or 
by other government agencies, either directly or by 
subcontract. 

International projects of the Division, de
scribed in some detai I in this report, include 
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cooperative projects with government agencies in 
Sweden, Italy, and Mexico. The Swedish project, 
a part of the research program in nuclear-waste 
storage, is a study of therma I and hydro I og lea I 
effects of radioactive waste storage in deep 
crystal I ine rock masses. It is being conducted 
at a granite site, about 200 km north of Stockholm. 
The cooperative project with Mexico's Comision 
Federal de Electricidad investigates the geologic 
setting and reservoir characteristics of the Cerro 
Prieto geothermal field in Baja Cal ifornia. The 
proj ect wi I I mon i tor long-term changes in the fie I d 
as it is produced. The joint U.S.-Ital ian program 
studies the effects on the reservoir of production 
from the Lardere I 10 geotherma I fie I d, the wor I d's 
oldest producer of geothermal electric power. 

The Division effort includes the participation 
of mechanical engineers, electrical engineers, 
reservoir engineers, physicists, geologists, geo
physicists, and geochemists. Close ties are 
maintained with the faculty members and staff of 
the University of California. Several faculty 
members, postdoctoral scientists, and a significant 
number of graduate students have research positions 
in the Division. 

The research projects reported here serve to 
demonstrate the versati I ity of the Division in 
attaining its goal, which is to furnish a high 
level of expertise in addressing a broad range of 
geoscience problems, and to identify and respond 
to future cha I I enges in geosc i ence. 
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H.F. ~10RRI SON, G. OPPL IGER, C. RI VEROS, 
B. JAIN, and N.E. GOLDSTEIN 

Downhole formation fluid sampler. J.A. APPS 

Mt. Hood geothermal resource assessment. 
H.A. WOLLENBERG, H. BO~J~1AN, S. FLEXSER, 
N.E. GOLDSTEIN, H. HORRISON, and E. MOZLEY 

Geochemistry of four northern Nevada hot 
springs areas. H.A. ItJOLLENBERG, H. BOlt/MAN, 
and F. ASARO 

Heat flow. H.A. WOLLENBERG and D. di SOHMA 

Gravity stUdies. N.E. GOLDSTEIN and 
B. PAULSSON 

Exploration strategy analysis. 
N.E. GOLDSTEIN 

UNDERGROUND NUCLEAR WASTE STORAGE - FUND I NG BY OFF I CE OF WASTE I SOLAT I ON (DOE) 

An appraisal of hard rock for potential 
underground repositories of radioactive 
wastes 

Cooperative work program with Swedish 
nuclear fuel supply company on radioactive 
waste storage in mined caverns 

Radioactive waste storage in crystal line 
and argillaceous rocks 

Instrumentation needs to assess, evaluate, 
and monitor radioactive waste storage in 
deep burial sites 

Waste isolation safety assessment 

Model ing of underground heater experiments 
simulating high-level radioactive waste 
repositories in hard rock 

Transient flow in tight fractures 

An appraisal of hard rock for potential 
underground repositories of radioactive 
wastes. N.G.W. COOK 

Cooperative work program with Swedish nuclear 
fuel supply company on radioactive waste 
storage in mined caverns. P.A. WITHERSPOON, 
N.G.W. COOK, J.E. GALE, C.A. BRO~JN, 
P. KURFURST, M. McEVOY, C.H. AMICK, C.F. TSANG, 
M. HOOD, P.H. NELSON, T. DOE, an~ K. MIRK 

Radioactive waste storage in crystal line 
and argi Ilaceous rocks. P.A. WITHERSPOON, 
M. O'BRIEN, A. ~i0NROE, R. STERBENTZ, 1. DOE, 
D. SNO\1, H. Nil CK, and T. CHAN 

Instrumentation needs to assess, evaluate, 
and monitor terminal radioactive waste 
storage in deep burial sites. 1. SIMKI~J 
and H. O'BRIEN 

Waste isolation safety assessment. J.A. APPS 

Hodel ing of underground heater experiments 
simulating high-level radioactive waste 
repositories in hard rock. T.CHAN, 
N.G.W. COOK, and C.F. TSANG 

Transient flow in tight fractures. 
J.S.Y. WANG, T.N. NARASIHHAN, C.F. TSANG, 
and P.A. WITHERSPOON 
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APPLIED GEOSCIENCES - FUNDING BY BENDIX ENGINEERING FIELD CORPORATION 

Uranium Resource Survey Uranium in alkal ine igneous rocks, 
H,A. WOLLENBERG, M, MURPHY, B, STRISOWER, 
H. BOWMAN, S, FLEXSER, and I, CARMICHAEL 

APPLIED GEOSCIENCES - FUNDING BY EG&G 

Interpretation of airborne remote 
sensing data 

Interpretation of airborne remote sensing 
data. H.A, vlOLLENBERG and D. d i SOM~1A 

APPLIED GEOSCIENCES - FUNDING BY DIVISION OF FOSSIL ENERGY (DOE) 

Enhanced 0 i I recovery Enhanced recovery with mob iii ty and 
reactive tension agents. C.J. RADKE and 
W,H, SOMERTON 

APPL I ED GEOSC I ENCE S - FUND I NG BY BUREAU OF RECLAMAT I ON 

Enhanced oil recovery program development, 
A.N. GRAF, J,H. HOWARD, and P.A, WITHERSPOON 



Fundamental Geoscience studies at the Lawrence 
Berkeley Laboratory consist of three major 
programs: geosciences relating to geothermal 
energy, development of techniques for precise 
measurement of physical and chemical properties of 
geological materials in order to understand geolo
gical phenomena, and a developmental program that 
includes new and promising geoscience studies with 
a variety of appl ications in energy resource 
development, 

The geoscience program relating to geothermal 
energy consists of four projects, In the project 
on reservoir dynamics, sophisticated codes have 
been written to simulate the dynamics of heat flow 
in geothermal reservoir systems, These codes have 
also been appl ied to the investigations of natural 
aquifers as a storage system for thermal energy, 
In the second project, core samples are studied to 
determine the high temperature and high pressure 
behavior of aquifers in the presence of saturating 
fluids. The third project covers the systematic 
evaluation of the thermodynamic properties of 
electrolytes in order to interpret the behavior of 
geotherma I flu ids, The fourth proj ect i nvo I ves 
hydrotherma I so I ub iii ty measurements of var i ous 
minerals to elucidate the chemistry and mass 
transfer in geothermal systems, 

GEOSCIENCES 

The second major program includes four pro
jects which involve precise measurements and 
analysis of physical and chemical properties of 
geologic materials, These include measurements 
of the thermodynamic properties (viscosity, density 
and heat capacity) of si I icate materials to help 
understand magma genesis and evolution, high
precision neutron activation analysis of rare and 
trace elements in magmatic materials, and the 
precise measurement of seismic wave velocities near 
geological faults, in order to determine the bui Id
up of stress in the earth's crust. Support is also 
prov i ded for the Nat i ona I Geotherma I I n format i on 
Resource (GR I D) proj ect, in wh i ch the current 
I iterature is searched for experimental data of 
relevance to the geothermal energy industry. 
Reports are pub I i shed per i od i ca I I Y summar i zing an d 
critically reviewing the data, 

Third, the development program in fundamental 
geosciences includes six innovative projects pro
viding techniques appl icable to energy resource 
development. These projects include research in 
the in situ leaching of uranium ore, properties of 
magmas, removal of pyrite from coal, properties of 
so i I s and soft rocks, stress f I ow behav i or of 
fractured rock systems, and high-precision mass 
spectrometry. 

ON SOI'vlE FUNDAMENTAL ASPECTS OF RESERVOIR DYNAMICS 
T. N. Narasimhan, LV!. ]. Lippmann, (lnd P. A. Witherspoon 

This report summarizes the research activities 
of the authors dur i ng f i sca I 1977 on some fundamen
tal aspects of reservoir dynamics. The research 
work touched upon the following: constitutive 
laws; chemical transport; land subsidence; flow in 
fractured media; and numerical model ing of the 
non-I i near d i tfus ion equation. 

CONSTITUTIVE LAWS 

It is now we I I recogn i zed that the re I ease of 
stored fluids from most hydrogeological systems is 
dominated by a reduction in the pore volume of the 
reservo i r. Vlh i Ie flu i d f I 0\'1 is governed by pore
pressure changes, the skeletal deformation is 
caused by the stress changes on the matrix. For 
modeling fluid flow in deforming media, a funda
mental necessity is therefore a constitutive re
lation between pore-pressure change and the ef
fective stress (skeletal stress) change. For 
saturated systems it is customary to use 

(1) 

where (J' is the eHect i ve stress, (J is n,e tota I 
stress, ¢ is the pore-pressure head, P

oo 
is the 

density of water, and g is the gravitational con
stant, 

Although (1) has genera I I Y been sat i sfactory 
for saturated systems, its extens i on to unsatura
ted or two-phase systems has been questionable. 
It is customary in the so i I phys i cs literature to 
neg I eet the poss i b iii ty of mair i x deforrnat ion in 
the unsaturated zone and effectively set a' = (J. 

On the other hand, extensive work in the deforma
tion of unsaturated soi Is has given rise to the 
modified constitutive law 1: 

(2) 

where 0 ~ X ~ and X = X(.) in the unsatura-
ted zone. Or, in a general ized fashion, 

a I j = a i j - X P oog • G i j 

where Gij is the Kronecker delta. 

(3) 

A constitutive law of the form (2) or (3) is 
essential, not only for properly unifying flows in 
the saturated and the unsaturated domains, but al
so for understanding such field phenomena as 
ground f i ssur i ng in heav i I Y dewatered aqu i fers in 
arid zones and the subsidence associated with or-
ganic soi Is. 

The aforesaid concepts were discussed in a 
presentai~ion entitled, "The Significance of the 



Storage Parameter in Saturated-Unsaturated Flow l1

2 presented before the American Geophysical Union. 

CHEM I CAL TRA~I SPORT 

The transport of reactive or non-reactive 
species in flowing groundwater is of fundamental 
interest in many branches of earth sciences (e.g., 
radioactive waste disposal and geothermal rein
jection). iV'athematically the mechanism of chemi
cal transport is customari Iy simulated by the con
vective-diffusion equation of the form 

de 
'V • 0 'VC + v· 'VC = at (4 ) 

where 0 is a diffusion coefficient, v is the pore
velocity of the fluid and C is concentration. 
While the numerical simulation of (4) is generally 
satisfactory when 0 is large (i .e., diffusion 
dominates convection), the solutions are affected 
significantly by numerical dispersion when D is 
relatively small (convection-dominated systems). 
Recent field investigations seem to suggest that 
many field situations may be characterized by low 
diffusion, Therefore, abi I ity to successfully 
handle convective-dominated diffusion problems is 
of considerable practical interest. 

A study of the formulation of the convective 
diffusion equation suggested that reformulating 
the problem directly in an integral form and re
examining the solution procedure wi II greatly help 
minimize the problem of numerical dispersion. 
Accordingly, work was commenced during the summer 
of 1977 to solve the one-dimensional convective 
diffusion equation by integral methods. By the end 
of summer, the prel iminary calculational model was 
developed and favorable comparisons achieved with 
analytical solutions of low diffusion problems. 

LAND SUBS I Dn~CE 

Numerical models for simulating reservoir 
compact i on in i sotherma 13 as we I I as non- i so
thermal 4 systems have already been developed at 
LBL. These models, however, do not include the 
propagation of reservoir deformation to the land 
surface through the overburden, espec i a I I Y when 
the reservo i r is bur i ed at a great depth", I f we 
recogn i ze that reservo i r deformat i on is pr i mar i I Y 
caused by the i nterna I load i nq process of pore
pressure withdrawal and that the overburden de
forms are the boundary displacements imposed at 
the reservoir-overburden boundary, it becomes 
apparent that an efficient and economic way of 
model ing land subsidence ls to employ a dual model 
using the existing models ,4 (which have been 
found so very we I I su i ted for reservo i r deforma
tion) for simulating the reservoir and use the 
more genera I (and expens i vel non-I i near fin i te 
element models for simulatino the overburden 
deformation. Accordingly, w~rk was initiated 
during the second half of the year on a very 
general pseudo-elastic finite element model for 
overburden deformation. By the end of the year, 
this model, developed by W.N. Houston and A,G. 
I<as i m of the Department of C i v i I Eng i neer i ng, 
Un i vers i ty of Ca I i forn i a at Berke I ey, was be i ng 
used for parametric studies on a two-layered sys
tem. The results are slated to be presented in 

8 

the Enqineering Research Conferences of the Ameri
can Society of Civi I Engineers, Pensacola, Florida, 
January, 1978. 

FLOVI I N FRACTURED POROUS MED I A 

It is known from field experience that many 
geothermal wei Is and deep waste disposal wei Is may 
be intersected by natural or artificial fractures. 
fl I though, in genera I, the reservo i r cou I d be 
idea I i zed as a porous med i um, the fractures may 
so dom i nate the f low near the we I I that due con-
s i derat i on \'1 i I I have to be given in mode ling the 
pressure trans i ent behav i or of such we I I s, I n the 
I iterature, analytic techniques (e.g. the Green~s 
functions 5) as \'Iell as semi-analytic techniques 
have been used to study f low to fractured we I Is, 
However, these techn i ques are lim i ted by the con
straints imposed on analytic solutions. In order 
to be able to handle arbitrarily complex problems, 
the numerical model dgveloped earlier by Narasim
han and V! I therspoon 7 , was app I I ed to the study of 
near-we I I f low phenomena in we I lsi ntercepted by 
finite conductibi I ity vertical fractures. The 
val idity of the model was successfully verified by 
comparison with known analytic and semi-analytic 
solutions. The abi I ity of the model to handle 
well-bore storage and deformable fractures was 
also verified, 

NUMERICAL ~ODELING OF THE NON-LINEAR DIFFUSION 
EQUATION 

The mathematical simulation of groundwater 
systems leads to the consideration of a non-I inear, 
parabol ic differential equation of the form 

3eD 
'V • 1« 4» 'Vq, = S( <1» 3t (5) 

where K is permeab iii ty, <I> is potent i a I and Sis 
the storaae coefficient. It is well known that 
equation (5) could be numerically solved using the 
method of finite differences, integrated finite 
differences, or finite elements. It was shown9 

by Narasimhan et ai, that one could maximize the 
advantages of the integrated finite differences 
and the finite elements by combining them into a 
single algorithm in which the conductance matrix 
is formed using the finite element approach, and 
the solution process is carried out using the 
mixed expl icit-impl icit strateqy used in the inte
grated finite difference scheme. During fiscal 
1977, the appl icabi I ity of the new approach to 10 
subsurface hydrology problems was demonstrated. 
In addition work was initiated in the summer to 
prepare a users' guide (with examples) tor the new 
algorithms (called FLUMP); this work was continu
ing at the end at the year, 

PLANNED ACTIVITIES 

During 1978, the users' guide for FLUMP is ex
pected to be completed, Research work on al I the 
other aspects referred to above wi I I be cont i nued. 
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THERMAL ENERGY STORAGE IN AQUIFERS 
C. F. Tsang and lvi. ]. Lippmann 

INTRODUCTION 

The development of practical and low-cost 
methods for storing large amounts of thermal 
energy is of fundamental importance for the 

• :j 

ut iii zat i on of so I ar energy as we I I as the imp I e
mentation of total energy systems. The basic 
function of a storage system is to act as a buffer 
between time-varying energy inputs and thermal 
and/or power demands. The purpose of the present 
project is to study the feas i b iii ty of stor i ng hot 
water in natural aquifers underground. The pur
pose is to understand the hydrodynamic and thermal 
behavior of an aquifer, to estimate the efficiency 
of thermal storage and retrieval, and to suggest 
optimal arrangements for implementation, 

Aquifers are geologic formations that contain 
and conduct water. They are found at depths 
rang i ng from a few meters to severa I k i I ometers. 
Confined aquifers are those bounded above and be
low by impermeable layers and saturated with 
water under pressure, For many years such aqui
fers have been used for liquid waste disposal and 
for storing fresh water, oi I products, and gas. 
However, their use for hot water storage is a re
latiyely new concept suggested by Robbimov et 
ai" Kazmann,L and Meyer and Todd3 in the early 
1970's, 

The physical basis of the concept of storing 
hot or cold water in aquifers I ies in : (1) the 
low thermal conductivities of caprock and bedrock 
materials, (2) the ~a3ge volumes of many aquifers 
(of the order of 10 1m), and (3) the capabi I ity of 
storing water under high pressures. To estimate 
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the feas i b iii ty and ef f i c i ency of such a storage 
system, the behavior during injection and with
drawal cycles must be understood, such as: (1) 
thermal behavior of and heat loss from the system 
during successive cycles of operation; (2) pres
sure distribution in the aquifer during the pro
cess; and (3) rock-water chemical reactions and 
the resu I t i ng change in aqu i fer permeab iii 1-y. 

It is only recently that sophisticated compu
ter models have been developed to study these 
questions using the proper physical conditions and 
parameters, and to make real istic predictions of 
the energy recovery efficiency of aquifer storage 
systems. F~r~hermore, physical models and field 
experiments' have been initiated to test this 
concept. These wi I I not only provide data to 
verify numerical models, but also give an indica
t i on of the feas i b iii ty and poss i b I e prob I ems that 
may be encountered during the implementation of 
the aquifer storage concept. 

THIS YEAR'S ACTIVITIES 

In this project, which was started December 
1976, we made use of a numerical model developed 
at the LBL to invest i gate hot and ch i I I ed water 
storage. The numerical model employed is called 
"CCC" which stangs

7
for "Conduction, Convection, 

a nd Compact ion,'" It is based on ~he so-ca I led 
integrated-finite-difference method. The model 
computes heat and mass flow in three-dimensional 
water-saturated porous systems. Concurrent with 
the mass and energy flow, the vertical deformation 
of the aquifer system is simulated using the ijne
dimensional consolidation theory of Terzaghi. 



Th us the fo I low i ng phys i ca I ef fects can be i n
cluded simultaneously in the same calculations. 

Flow of hot and cold water with large 
viscosity and density differences 

Effects of temperature on rock and fluid 
properties (e.g., heat capacity, viscosity, 
and dens dy) 

Heat convection and conduction in the aqui
fer, caprock and bedrock 

Effects of gravity on fluid flow 

Effects of regional groundwater flow 

Combined effects of many injection and 
withdrawal cycles 

Spatial variations in aquifer properties. 

Possible compaction and the associated land 
subsidence due to pressure changed during 
the injection-withdrawal history 

Five different cases have been studied: 

1. 

2. 

Ho-r vlai-er dai Iy s-rorage: hot water is 
injected for 12 hr during daytime and 
produced for 12 hr during nighttime. 

Hot water seasonal storage, semiannual 
cycle: hot water is stored in spring for 
90 days, pumped to use for air-condi
tioning in summer for 90 days, then hot 
water is again stored in autumn for 90 
days and f ina I I Y pumped out to use for 
heating in winter for 90 days. 

3. Hot water seasonal storage, annual cycle: 
hot water is stored in summer for 90 days 
and used for 90 days in winter for 
heating. There is no injection or pro
duction during spring or fal I. 

4. Ch i I I ed water seasona I storaqe: ch i I led 
wa-rer (at 40 C) is stored in ~inter for 90 
days and produced for 90 days in summer 
to be used for air-conditioning. There 
is no injection or production during 
spring or fall. 

5. A two-well (doublet) system: during 
storage period, water is produced from 
Ive I I, heated and then i nj ected into the 
other one; during the uti I ization period, 
hot water is retrieved from the latter 
and the cooled, used water is injected 
back into the former. 

The rates of inje9tion and production are kept the 
same, equal to 10° kg/day. 

The initial temperature of the aquifer in all 
cases is assumed to be 200 C. For Cases 1 through 
3 we have performed calculations with injection 
temperature T. assumed to be 1200 C, 2200 C, and 

o I 
320 C. It appears that the temperature of the 
produced water for different injection tempera
tures approximately scales according to the factor 
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(T i - T). For Case (4), only one injection tem
peratur~, 40 C, has bee?Oused. Some typical re
sults are shown below. 

For Case 2, seasonal storage, semiannual 
cycle, we have performed calculations not on Iy for 
a well fully penetrating the aquifer (thickness 
100 m) but also for a well parti'ally penetrating 
the aquifer for 50 m. Figure 1 displays the tem
perature con~ours within the aquifer for the par
tial penetration case (1) at the end of the injec
tion period of the first cycle and (2) at the end 
of the production period of the same cycle. The 
therma I front is not sharp due to heat conduct i on 
within the aquifer and within the confining beds. 

Figure 2 represents the production tempera
ture at the we.I I dur i ng the produci- i on per i od for 

Injoction 
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I 

CYCLE I: PARTIAL PENETRATION 

Tmi '220° C 

A R ' 2 m ; H ' 100 m 
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IsnLherms after 90 days 
Injection (t=90) 

Isotherms after 90 days 
Injection (t = 180) 

DIS T ANCE 1m) 
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XBL 777 9715 

Figure 1. Temperature contours in the aquifer af
ter 90 days of injection and after 90 days Df pro
duction in Cycle I, for the case of semiannual 
cycle, seasonal storage, The well penetrates the 
upper 50 m of the aqu i fer. ~~umbers I abe ling the 
contours are in degrees Celsius. 
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Figure 2. Temperature at the well versus produc
tion time for each cycle, The case shown is for 
seasonal storage with semiannual cycle; well fully 
penetrates the aquifer. 
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Table 1, Summary of results: semiarwual cycles wi-rh full penetration. 

2 

Energy injected, joules 5071x10 13 5.71x10 13 

Energy recovered, joules 4 096xl0 13 50092x10 13 

Energy loss from aqu i fer, 5.34x10 11 6 .81xl0 11 
joules 

Energy diffused to heat 7 .10x10 12 5.5xl0 12 

up aquifer, joules 

Percen-rage of energy 86.8 89.2 
recovered 

Production temperature 124 139 
at end of cycle, °c 

Full penetration: 1 Cycle = 180 days, Ti = 2200 C, To 
IIR = 2m, no. of layers 4. 

successive cycles for the case of semiannual cycle 
with ful I penetration, The recovery temperature 
is increased for each successive cycle as the aqui
fer is heated up, making it a more efficient hot 
water storage system. The process \v i I I reach 
quasi-equi I ibrium when later cycles do not change 
the temperature appreciably. 

The results for semiannual cycles with ful I 
penetration are summarized 'In Table 1. It can be 
seen that the energy recovered (which may be cal
culated from the integral of temperature over time 
in Fig. 2) improves with each successive cycle. 
The heat lost is also shown and is two orders of 
magn i tude sma I I er than the energy recovered. The 
difference between energy injected and recovered 
is the energy diffused to heat up the aquifer, 
making it a better storage system for the fol
lowing cycle. The last I ine gives the minimum 
recovery temperature during production. This 
corresponds to the lowest temperature found at 
the end of each production period, as shown in 
Figure 2. 

For Cases 1 through 3 the percentage of 
energy recovered (i.e., recovered energy divided 
by total injected energy) during each cycle is 
plotted against cycle number in Figure 3; the 
values shown in Figure 3 are surprisingly high 
(>80%). 
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XBL 7779717 For Case 4, where ch i I I ed water is stored, 
the temperature of production during the summer is 
shown in Figure 4, and the highest temperature 
during production Cat the end of the production 
period) versus cycle number is shown in Figure 5. 

Figure 3. Percentage of energy recovered over 
energy injected versus cycle number. 



Thus after three cycles, the temperature during 
production is expected to stay below 100 C during 
the whole production period. 

Production Temperature v.s. Time for Cycles I to 5 
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Figure 4. Ch ill ed water storage: temperature at 
the well versus production time for each of the 
Cycles 1 to 5. 
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Figure 5. Chi I led water storage: temperature at 
the end of each production period (maximum produc
tion temperature) versus cycle number. 
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FUTURE ACTIVITIES 

Our i ng the next f i sca I year, the fo I low i ng 
tasks wi I I be addressed. 

1. Further calculations wi II be done for a 
"typical" aquifer system, exploring the 
effects of variations in parameters, such 
as thickness, permeabi I ity, flow rates, 
and boundary conditions. 

2. Further ca I cu I at ions wi I I be made for 
multiple-wei I systems with the goal of 
identifying optimal arrangements for heat 
storage and retrieval. 

3. Collection and evaluation of field data 
co I I ected from therma I storage fie I d ex
periments (e.g., those of Auburn Univer
sity). Suggestions may be made to the 
experimenters tor new or additional 
measurements. We wi I I draw from the LBL 
expertise in geophysical studies and well
test analysis. 

4. Mode ling of these fie I d cases wi I I be 
made using our numerical model. This 
will (1) validate our model, (2) possibly 
suggest new crucial experiments that 
should be done, and (3) possibly indicate 
opt i ma limp I ementat i on procedures for the 
hot water storage concept. 
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PROPERTIES AND BEHAVIOR OF ROCK-FLUID SYSTEMS AT 
HIGH TElv!PERATURES AND PRESSURES 
W, H, Somerton 

INTRODUCTION 

The objectives of this project are to deter
mine the physical properties and behavior of rock
fluid systems under environmental conditions en
countered in geothermal reservoirs or in other 
subsurface thermal operations. Because these pro
perties are difficult to measure and require a 
great deal of time for each measurement, a second 
objective is to develop models and correlations 
which wi II permit estimation of properties and 
behavior from other more easi Iy determined charac
teristics of the system. These relations should 
then be usef u lin mode ling subsur face reservo i r 
behavior. 

This project provides rock properties data for 
other Earth Science Division projects. In parti
cular, thermal data have been provided for several 
geothermal and simi lar projects. Data are also 
avai lable on flow and storage capacity of rocks 
at high temperatures and other properties of rocks 
re I ated to boreho I e stab iii ty, subs i dence pred i c
-I-ion, and interpretation of well-log and geophysi
cal data. 

In earl ier work, a good deal of equipment and 
techniques for measuring rock properties has been 
developed. Several models and correlations of 
rock behavior have been developed; they are being 
improved as new data are obtained. 

THIS YEAR'S ACTIVITIES 

Principal emphasis in this year's work has 
been on the thermal properties and behavior of a 
large range of rock types. These include vol
canics, basalts, I imestones, and a wide range of 
sandstones, si Itstones, and shales. Some work 
has also been done on unconsol idated sands (inclu
ding tar sands) and dri II cuttings. These data 
are being cataloged and tested against previously 
developed models and correlations. Work is con
tinuing on an improved 3D model of heat flow 
through multi-fluid saturated porous media to aid 
in the correlation work. The computer program for 
calculating specific heats from oxide analysis has 
been revised and updated so that thermal diffusi
vity data can be provided for the above rock
fluids systems. 

Work was completed on the study of P and S 
wave velocities at elevated temperatures. 1 The 
apparatus for measuring these properties simul
taneouslyon fluid-saturated rocks was tested and 
found to perform satisfactori Iy. From data gene
rated for several sandstones, it was possible to 
calculate dynamic elastic properties useful in 
borehole stabi I ity and fracturing studies. The 
ratios of S-to-P wave velocities were found to 
correlate well with the degree of I iquid satura
tion, leading to the possibi I ity of detecting 
vapor-I iquid boundaries from borehole velocity 
measurements. Because the ratio of the velocities 
squared is directly proportional to Poisson's 
ratio, this modulus also shows a direct correlation 
with degree of I iquid saturation. 

Measurements of fluid flow capacities of 
rocks at high temperatures are continuing to show 
a I arger than expected ef fect, L i qu i d permeab ili
ties are found to decrease by factors of 4 to 5 
when the temperature is increased to 2000 C. No 
permanent structural damage appears to occur; air 
permeabi I ity tests before and after heating show 
no sign i f i cant change in permeab iii ty. The system 
is be i ng redes i gned so that pressure drops \'I i I I 
be measured directly across the core rather than 
with external measurements which require system 
pressure loss corrections. Further tests wi II be 
made to evaluate the brine sensitivity of cores at 
elevated temperatures. 

A new apparatus was designed and constructed 
for the measurement of both bulk and pore compres
sib iii ties at elevated temperatures. From th i s 
apparatus, the effects of temperature and pore 
pressure on rock storage capacity can be deter
mined. This same apparatus may also be used to 
determine pore and bulk thermal expansions of 
liquid saturated rocks. 

Construction of the new high temperature rock 
properties apparatus was not started because of 
the uncertainties of prfvate sector funding. 
Grant requests were made to three oi I companies 
who had expressed positive interest in supporting 
this work. These requests were made late in the 
year and at this writing, no response has yet been 
received. 



ACTIVITIES PLANNED FOR NEXT YEAR 

All work described above, with the possible 
exception of velocity measurements, wi I I be con
tinued in the coming year, Principal emphasis 
again wi II be on thermal measurements and correla
tions with the goal of preparing and publ ishing a 
manual on thermal properties and behavior of rock
fluid systems, Continued efforts wi II be made to 
improve fluid flow capacity measurements and to 
gain an understanding of the seemingly excessive 
temperature effects on permeab iii ty. The new 
apparatus for study of storage capacities wi I I be 
tested, and by midyear data wi I I be taken and ana
lyzed for the effects of temperature and pore 
pressure on this property, It is to be hoped that 
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funding for the new rock-properties apparatus wi I I 
be complete so that construction may be started 
early in the year, 

PUBL I C,H IONS 

1. Palen, Walter, Effects of Saturation, Tempera
ture and Pressure on Sonic Velocities of Porous 
Sandstones, M,S, thesis, Univ, of Calif., 
Berkeley (1978), 

2. Mathur, Ashwani. The Effects of Temperature 
and Pressure on Fluid Flow and Electrical 
Properties of Porous Rocks. M. of Engineering 
Research Report, Univ, of Cal if" Berkeley 
(September 1977). 

THERVIODYNAMICS OF HIGH TEMPERATURE BRINES 
K. S. Pitzer, L. F. Silvester, P. Z. Rogers, and]. R. Peterson 

INTRODUCTION 

An understanding of brines is essential for 
the techn i ca I ut iii zat i on of many geotherma I re
sources. Consequently, a study of the solution 
thermodynamics of brine systems, both simple and 
complex, weak and strong, covering a wide tempera
ture and pressure range, and combining both 
model ing and experimental work began in 1975. 

The initial work involved analysis of existing 
thermodynamic data on simple electrolyte systems 
using eq~~Sions developed by Pitzer and co
workers. The goal of the model ing was to pro
vide a compact set of equations capable of repro
ducing at various temperatures and pressures the 
existing data within experimental error up to 
pract i ca I concentrat i ons (~6M) in terms of para
meters hav i ng phys i ca lsi gn i f i cance, The mode ling 
equations for NaCI(aq) solutions were integrated 
into GEOTHERM, an LBL co~puter program for model ing 
geotherma I power p I ants, 

The program to measure heat capacities arose 
because of inadequate I iterature data on electro
lyte systems, The experimental program has two 
goals: (1) to supply data on simple and complex 
electrolyte systems previously unreported, plus 
extending existing data to higher temperatures and 
pressures both a long and away from the I i qu i d
vapor saturation curve; and (2) to provide a data 
base for checking and refining various models, 

Although the model ing and experimental work 
relate directly to electrolyte systems common to 
geothermal brines, the results are appl icable to 
such areas as biological fluids, battery electro
lytes in aqueous and nonaqueous solvents, plating 
baths, waste effluents, materials corrosion from 
electrolyte systems, and marine chemistry, 

PROGRAM IN 1977 

During the period of this report the model ing 
calculations emphasized sulfuric acid and the rare 

earth salts which are the subjects of separate sec
tions below. In addition the

6
work on sodium 

chloride, reported last year, was extended to deal 
with the sol ubi I ity of s91 id NaCI and was prepared 
for journa I pub I i cat i on, 

A national chemical engineering conference re
quested K,S. Pitzer to prepare a paper on the 
origin of the acentric factor and its use in 8 
model ing normal fluid properties. This paper was 
presented as the opening lecture at the Conference 
on Estimation and Correlation of Phase Equi I ibria 
and Flu i d Propert i es in the Chem i ca I Industry, 
January 1977, In additio~ to the history and ori
ginal rationale of the acentric factor, a brief 
review was given of recent developments in this 
area. 

The development and testing of a high tempera
ture flow calorimeter continued during this period, 
Various problems in control and measurement were 
overcome but at a rate I imited by the personnel 
time ava i I ab Ie. Further improvements are requ ired 
before satisfactory measurements wi II be possible 
but we bel ieve these are feasible. 

Sulfuric Acid 

In contrast to a strong acid, such as hydro
chloric, only the first dissociation of sulfuric 
acid is complete. For our model ing calculations, 
the equations for the partial dissociation of the 
bisulfate ion HS04- were added to the regular set 
of equations for the ions present, The primary 
data set included results for three electrochemi
cal cel Is over the temperature range 00-600C to
gether with water vapor pressure and heat of di
lution data for 250C, Our analysis covered the 
composition range from 0 to 6 molal. In each of 
the cells, the H+ activity was measured with a 
hydrogen electrode; that of S04= was determined by 
lead, lead sulfate; mercury. mercurous sulfate; or 
lead dioxide, lead sulfate electrodes, respec
tively. 



There is no difficulty in obtaining concor
dant results for the range above 0.1 M but con-
f I i cts between data ar i se for the very d i I ute 
solutions. In this range, results were considered 
a I so for a fourth e I ectromechan i ca I ce I I wh i ch 
measured mixed H2S04-HCI solutions and used the 
si Iver, si Iver chloride eleerrode. Whi Ie the con
f I i cts rema i n and a I ternat i ve parameter s were re
ported, the preponderant evidence favors the para
meter set including a dissociation constant of 
0.0105 for HS04- at 250 C. Either set of parameters 
reproduce satisfactori Iy all data above 0.1 M; 
hence, ther~ is no real uncertainty for many 
practical appl ications. 

The numerous e"quations and parameters are now 
publ ished9 along with the results of several secon
dary calculations made possible with this treat
ment. Rabindra N. Roy, a visiting scientist in 
the summer of 1976, participated in the work on 
sulfuric acid. 

Rare Earth Chlorides, Nitrates, and Perchlorates 

In a very extensive series of papers Spedding 
and associates have presented various thermodyna
mic data for the nitrates, chlorides, and per-
ch lorates of most of the rare earths. \~h i I e ex
cel lent comparative treatments of the results for 
anyone series are given in these papers, it seemed 
to us to be of some interest to fit a general array 
of these data to a single type of equation. We 
have considered the osmotic coefficient, the heat 
of di lution, and the volumetric data for all of 
the chlorides, perchlorates, and nitrates. Thus, 
in effect, we consider the Gibbs energy and its 
temperature and pressure derivatives. The para
meters obtained are useful for various thermody
namic calculations and wi II be especially valuable 
for mixtures where the other components have been 
treated in the same system, 

The equations for activity and osmotic coef
f i c i ents and for entha I pies have been pub I i shed. 7 
For the volumetric properties the derivation is 
s i mil ar to that for entha I py, but the measured 
property is the density rather than the heat of 
di lution, and this yields the absolute rather than 
the relative apparent molal volume. The additional 
term, the partial molal volume of the solute at 
infinite di lution Vo , must be evaluated. One has, 
then, 

where 

q,V = yO + vlzMzXi<AV/3b) x.n(l+bl l12 ) 

-2vMvX RT(mBMX + m2 CMX ) 

BMX ( a B~~) I aP) I ,T + (d S~~) I aP) I ,T 

x (2/(i/l) [1-( l+al l12 ) exp(-al l12 ) 1 

CMX = 1/2 (vMvx)1/2 (aC~X/ap)1 ,T 

(1 ) 

(2) 

(3) 

The density is related to the apparent molal volume 
by the expression 

d 
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where d is the density of the pure solvent and M2 
the mol~cular weight of the solute, The Oebye
HGckel parameter for volume is 

where the last term is the negative of compressi
bility of the solvent. The equations for the 
volume and the dielectric constant for water which 
were adopted earl ier were used I~ calc~j~~e Av' 
The va I ue of A IS 2.626 cc kg 1 mo I e for o v • 
water at 25 C. 

The specific parameters for each rare earth 
salt were evaluated by least squ1res from the 
original data of Speddino et al. 0 together with 
any other publ ished datal1 which was judged to be 
of comparable accuracy. For the chlorides good 
fits were obtained up to the highest concentra
tions, frequently saturation. For the perchlor
ates and espec i a I I Y for the nitrates, it was 
possible to get good fits only up to about 2 M and 
the final calculations were based only on data up 
to this maximum molal ity for these salts. 

The deta i I s of -rh i s eva I uat i on process and 
the resulting tables of parameters are avai lable 
in LBL Report 6399 and wi I I be pub I i shed soon. 

It is interesting to note the magnitude of 
the temperature and pressure derivatives in rela
tion to the paren8,functions. For the important 
parameter 3/2 S ( ,wh i ch is of the order of 
unity, t~y temperature derivative is less than 
0,0004 K • Consequently, a 25 0 chan8$ in tempera
ture causes less than 1% change in s( ) or 2% 
change in y at 1 M. The pressure derivative is 
less than 0.00006 atm- 1; hence a

O
)160 atm change 

causes I ess than 1 % change inS ( • The Debye
H~ckel coefficient is somewhat more sensitive to 
temperature, with 250 causing a 4% change, but is 
even less sensitive to pressure. Thus, the proper
ties of these solutions do not change rapidly with 
temperature or pressure, and the dominant effect 
is the change of Oebye-H~ckel parameter with tem
perature. 

In the full report (LBL-6399l and in our MMRD 
progress report the conclusions of interest to 
chemical theory at the molecular level are dis
cussed. This research was supported, in part, 
a I so by the MrvlRD program at LBL. 

PLANS FOR 1978 

I n the mode ling work for next year our first 
attention wi I I be given to estimates from the 
I imited data now avai lable for the effects on 
brine properties of the secondary constituents in 
typical geothermal brines. We hope also to com
plete work on sodium Chloride at pressures in 
excess of the saturation curve and to develop a 
model for NaCI on a constant volume basis. This 
would be very useful as a basis for extrapolation 
to even higher temperatures and pressures. 

The experimental program wi I I give first 
priority to the development of the flow calori
meter into a success f u I I Y operat i ng un it and to 
the measurement of heat capacities of brine com
ponents and thereafter of typical brines. 



As time al lows we expect to extend our pro
gram into problems in equi I ibria of sol ids with 
aqueous phases. Examp I es of geochem i ca I interest 
wi I I be chosen. 
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SELECTED ALBITES AS CANDIDATES FOR HYDROTHERMAL 
SOLUBILITY MEASUREMENTS 
]. A. Apps and]. M. Neil 

INTRODUCTION 

Ground waters contain many dissolved chemical 
components that result from reactions between 
mineral phases and the aqueous phase. In spite 
of the large effort which has gone into the study 
of these reactions I ittle is yet known of either 
the equi I ibrium thermodynamic relations or the 
reaction kinetics between water and even the most 
common rock-forming minerals, Such information is 
required in order to interpret the physical and 
chemical Changes that can take place in aquifers 
during ground water migration, In particular the 
problems of exploiting geothermal energy from 
I iquid dominated reservoirs, ground water migra
tion in formations adjacent to nuclear waste 
storage repositories, and chemical reactions in
volving the leaching or preCipitation of toxic 
metals from solution all require an understanding 
of the thermodynamics and the kinetics of rock
water interactions, 

The first part of our study wi I I i nvo I ve the 
measurement of the equ iii br i um so I ub iii ty of a 1-
bite, NaAI Si 08 , between 250 C and 4000 C in sodium 
chloride solu1ions of varying ionic strength, Al
bite is a common rock forming mineral that is found 
in a wide range of geological environments, How
ever, albites vary both in composition and in the 
degree of order in their aluminum silicate lat
tices. The compositional and structural variabi-
I ity result in significant changes in the thermo
dynamic properties; so the albite chosen for this 
study should be wei I characterized in terms of 
its chemical composition and structural state, 
Ideally, the sample should be chemically pure and 
we I I ordered. 

This report describes our efforts to identify 
a we I I ordered low a I bite wh i ch \'IOU I d be ob
tainable in sufficient quantities for our experi
mental program, 

SAMPLE DESCRIPTION AND CHARACTERIZATION 

Six different albites were purchased from 
three mineral supply houses, and one albite was 
co I I ected from the Franc i scan format i on in nor
thern Cal iforniao The sample descriptions are 
summarized in Table 1, 

Moonstone is defined as a semitransparent, op
al ine lustered, adularia; however, the term is 
a I so used for opa I escent pi ag i oc lase (espec i a I I Y 
albite)o For this reason, sample AB-006 was pur
chased for analysis, 

A potent i a I, I oca I source of high pur i ty ma
terial is the vein albite from the Franciscan ex
posure at Tiburon. However, these veins are not 
widespread or persistent enough to make it feasible 
to co I I ect su f f i c i ent mater i a I for our exper i menta I 
program. Fol lowing a suggestion by R, Coleman, 
USGS, a large sample of albite was collected from 
veins in a monol ith of glaucophane schist located 
near Cazadero, Cal ifornia, 

Clean and mineralogically pure fragments of 
albite from each of these samples were prepared for 
chemical analysis ysing the procedure described by 
Hebert and Street, Special care was taken to 
avoid sodium and potassium loss during the fusion 
stage, The analyses were made with a non-disper
s i ve x-ray fluorescence spectrometer espec i a I I Y 
designed for I ight element measurements. The data 



Sample 
number 

AB-OO 1 

AS-002 

AB-003 

AS-004 

AS-005 

AS-006 

AB-007 
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Table 1, Source and description of possible albite starting material, 

Description 

Albite, variety 
Cleavelandite 

Albite with biotite 

Albite 

Albite 

Albite 

Moonstone 

Albite, veins from 
tectonic blocks in the 

Franciscan Formation 

Sample source and suppl fer 

Bob Ingersoll Mi ne, Keystone, 
South Dakota, Minerals Unlimited 

Dungannon Township, Ontario, Canada, 
Minerals Unl imited 

Custer, South Dakota, David New -
Minerals 

Near Keystone, South Dakota 
Wards Natura I Sc i ence Estab I i shment 

50 mi les SE of Virginia City, 
Madison County, Montana, Minerals 

Un limited 

India, David New - Minerals 

Ca zadero, Ca I i forn i a, co I I ected 
from location 

from 2-minute runs were reduced by a computer code 
which made absorption and background corrections, 
The results are reported in Table 2. The samples 
were compared with a standard made from a mixture 
of the USGS standards, APG, and PCC, and against 
USGS standard G2. Errors are reported as the sim
ple root-mean square deviation, 

Table 3 shows the results I isted in Table 2 
recalculated as the number of atoms in a feldspar 
molecule with 32 oxygen atoms. AI I elements that 
are reported in Table 2 as being below a I imit of 
accurate determination are not used in the calcu
lations, The iron is assumed to be in the +2 
state and to substitute for Ca in the M site, 

MgO 

AI 203 

Si02 

K20 

CaO 

FeO 

Total 

AB-OOl 

Table 2. Provisional chemical analyses for albite 
(reported as weight percent oxide). 

AB-002 AB-003 AS-004 AB-005 AB-006 AS-007 

10,6±0.4 11.4±0.3 11.0±0,2 11.3±0.2 10.3±0.2 3.4±0.2 9,7±0.2 

<0. 1 <0, 1 <0. 1 <0. 1 <0. 1 <0. 1 <0. 1 

19,7±0,2 24,5±0,2 19.6±0.2 19.8±0,2 19.5±0,2 19.1±0.2 18.7±0,2 

66.8±0.4 58.1±0,4 68,1±0.4 67.9±0,4 67,2±0.3 62.6±0,4 62.8±0,4 

0.28±0.02 1.94±0,04 0,05±0.01 0.15±0.04 0.79±0.02 10.8±0,2 <0.03 

0.43±0,02 1.78±0.03 0,29±0,01 0.20±0.03 0.85±0.03 0.38±0.03 1.11±0.03 

<0.02 <0.04 <0.03 <0,02 <0.01 0.74±0,06 <0.02 

<0.02 <0.02 ±0.01 <0.01 <0.01 <0.01 <0.01 

<0,02 <0.02 ±0.02 <0.02 <0,01 <0,02 <0.02 

0.11±0.03 0.07±0,02 0.07±0,01 .02±0.01 0.48±0,02 0.03±0.02 0.03±0,02 

97.92 97,79 99.11 99.37 99.12 97.05 92,34 

a Samples are described in Table 1. 
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Table 3. Number of atoms in a feldspar molecule on the basis of 
32 oxygen atoms [ Na ,K, Ca (Fe) J (A I i <Ti) ) 

Ab-OOI Ab-002 Ab-003 

Na 3.665 4,070 3,428 

Mg 

AI 4,141 5.317 4,085 

Si 11.914 10,701 12.044 

I< 0,062 0.454 0,011 

Ca 0.081 0,351 0.054 

Ti 

Cr 

Mn 

Fe 0,016 0.010 0.010 

X 3.824 4.885 3.503 

Z 16,055 16.018 16.129 

mole % Ab 95.84 83.32 97.86 

Mole % An 2.54 7.39 1.83 

mole % Or 1.62 9.29 0,31 

a Analysis from Deer, Howie and Zussman,4 

whi Ie the titanium is assumed to substitute for 
the si I icon in one of the T sites. One of th~ 
analyses reported by Deer, Howie, and Zussman for 
the Amel ia Court albite is included tor compari
son. According to Deer, Howie, and Zussman, a 
criterion of analytical accuracy is that the sum 
of the atoms in the M site should be 4±0,1, and 
the sum of the atoms in the T site should be 
16±0.1. 

STRUCTURAL STUDIES 

X-ray powder patterns of the albite samples 
were obtained using a 114.6-mm Debye-Scherrer dif
fraction camera with si I icon metal as an internal 
standard, The f i I ms were read on a standard ·1 i ght 
table, and the least-squares refinement code by 
C.W. Burnham was used to refine the data, Table 4 
I ists the refined values of both the direct and 
reciprocal lattice constants as well as the vari
ous structural parameters which can be determined 

Ame I ia 
Ab-004 Ab-005 Ab-006 Ab-007 albitea 

3.851 3,544 1.235 3,555 3,963 

4.100 4.078 4,213 4,164 3.996 

11.935 11.926 11,716 11.872 11.989 

0.032 0,179 2.577 0.096 

0.056 0,162 0,076 0.219 

0,130 

0,002 0,008 0.005 0.005 

3.941 3.893 3.893 3.779 4.06 

16.035 16.004 16.059 16.035 15,99 

97.72 91.04 31.72 94.07 97.6 

0.81 4.37 66.20 5.93 

1.47 4.60 2.08 2.4 

trom cell constants. The cell parameters used by 
Borg and Smith3 to generate a theoretical powder 
pattern are also included for a comparison. 

CONCLUSIONS 

Three of the five albites examined (Ab-001, 
Ab-003 and Ab-004) appear to possess the required 
degree of pur i ty for our hydrotherma I so I ub iii ty 
measurements, Ab-002 and Ab-007 have unacceptably 
high concentrations of calcium and potassium. 
However, the calcium in Ab-007 may be due to 
zoisite contamination. Final choice of a suitable 
sample wi II be made after further optical and 
transmission electron microscope stUdies, An 
x-ray structure determination wi I I be made on the 
selected albite to verify that it is ordered, and 
therefore a low albite. 



Ab-001 Ab-002 Ab-003 Ab-004 

A* (A-1 ) 0.1374 0.1373 0.1377 0.1377 

B* 0.0786 0.0785 0.0784 0.0781 

C* 0.1565 0.1566 0.1567 0.1566 

a* (deg) 86.2986 86.4026 86.4100 86.3047 

S* 63.5604 63.5573 63.4877 63.4501 

y-x 90.6050 90.4403 90.5799 90.3544 

0 

A (A) 8,1371 8.1417 8,1249 8.1268 

B 12.7603 12.7816 12,7929 12.8372 

C 7.1558 7.1493 7.1536 7.1603 

a (deg) 94.4364 94.2380 94.3027 94.3092 

B 116.5444 116.5307 116.6106 116.6357 

y 87.4789 87.7151 87.5567 87.7534 

volume o3 ubic 
ce II (A ) 662.6456 663.7989 662.8836 665.8311 

a Ab-006 indexed on maximum microcl ine. 
b Data from Borg and Smith. 3 
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Ab maximum 
Ab-005 Ab-006a Ab- 007 Standard b m i croc I i neb 

0.1373 0.1301 0.1375 0.1374 0.1299 

0.0783 0.0772 0.0783 0.0784 0.0772 

0.1568 0.1534 0.1566 0.1566 0.1539 

86.3878 90.3926 86.2817 86.3326 90.441 

63.5070 64.1537 63.4641 63.5227 64.170 

90.4162 92.0488 90.4269 90.4646 92.262 

8.1463 8.5494 8,1345 8,138 8.560 

12.8069 12.9700 12.0872 12.789 12.964 

7,1452 7.2205 7,1586 7,156 7.215 

94.2447 90.5564 94.3707 94.33 90.605 

116,5799 115.8491 116.6280 116.570 115.833 

87.7306 87.9136 87.6617 87.65 87.70 

664.8216 720.0475 664.7321 
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THERMODYNAMIC PROPERTIES OF SILICATE MATERIALS 
I. S. E. Carmichael, S. A. Nelson, and L Moret 

INTRODUCTION 

The crust of the eari-h, in part i cu I ar that 
under the oceans, is made up of basaltic lavas, 
wh i ch before crysta I liz i ng or congea ling, were 
si I icate I iquids of rather variable and complex 
compos i t i on. Genera I I Y speak i ng, they are made up 
of eight major oxide components--Si02 , Ti02 , 
A I ,FeO, MgO, CaO, Na20 and K20--so that any 

imental investigation of the properties of 
s iii cate Ii qu ids of re I evance to nature must be 
designed to measure the partial molar quantities. 
Desp i te the very great importance of natura lsi I i
cate I i qui ds to many phenomena in the earth (vo 1-
canoes, geothermal local ities, ore-bodies of cer
tain types), there is surprisingly I iHle experi
mental data avai lable on their properties, pre
sumably because of the high temperatures involved 
(10000 

- 15000 C). Last year an essential start 
was made on measuring the heat capacities (Cp) of 
silicaTe liquids in the temperature range 12000

-

16500 K and their derived partial molar quantities, 
which are independent of temperature within 
experimental error. This study also considered 
the ascent of basaltic magma, for in many cases 
what we observe on the surface has been determined 
as much by the ascent pattern as by the conditions 
of the source region in the earth!s mantle. 

ACTIVITIES IN 1977 

An apparatus, compriSing an electronic balance 
and vertical furnace, has been constructed to mea
sure the density of a variety of si I icate liquids 
using the Archimedes principle. After thorough 
test i ng of therma I stab iii ty, operat i ona I ease, 
and cal ibration, the first measurements are at 
hand on one si I icate I iquid. The apparatus wi II 
be used to determine density, and its temperature 
dependence, of a wide variety of si I icate liquids, 
so that the partial molar volumes and expansivi
ties can be obtained; this wi I I al low the data to 
be extended to natura lsi I icate I i qu i ds of a I I 
types. 

Many si I icate I iquids, when cooled quickly, 
form a glass, metastable with respect to crystals, 
but each with its own reproducible and unique pro
perties. In sol ids, AI undergoes a change in co
ordination with oxygen at high pressure, for in 
NaAISi 30S crystals it is tetrahedrally co-ordina
ted, but in high pressure NaA lSi 20 , it is octa
hedra I I Y co-ord i nated. The same e9 fect shou I d be 
present in liquid NaAISi 308 , and a number of sam
ples were quenched to a glass from 15000 C and in 
the pressure range 1-60 kbars. One way in which 
this co-ordination change could be manifested is 
in the heat capacity at moderate temperatures (to 

avoid anneal ing), for the heat capacity of AI 203 
in sixfold co-ordination is greater than in four
fold co-ordination, Our prel iminary results so 
far show that change in Cp with pressure decreases 
up to 40-50 kbars, but that the 60-kbar sample has 
a larger Cp than the 1-bar sample. 

The common mineral quartz, Si02 , undergoes a 
transformation near 84SoK with an enthalpy change 
of approximately 290 cal/mole. It has been known 
for 20 years that the inversion temperature varies 
wi th the temperatures of growth, but no data were 
avai lable at that time on the latter. We have 
collected quartz crystals from a wide range of 
known temperatures of growth, both natural and 
synthetic, and it appears that the a-S inversion 
temperature is indeed inversely proportional to 
the growth temperature; this is probably due to 
sol id solution of Na, etc, We have found that 
there is a very good correlation between the in
version temperature, the volume of the unit-cel I 
(which decreases sl ightly with increase in foreign 
ions in solution), and the growth temperature. It 
appears that easi Iy measurable properties of 
quartz, particularly that grown above 8480 K, may 
be used as a geothermometer, 

PLANNED ACTIVITIES FOR 1978 

In addition to continuing the density measure
ments, an apparatus has been designed and partial
ly bui It to determine the sound wave velocity in 
si I icate I iquids. The intention is to determine 
the adiabatic compressibi I ity of si I icate liquids, 
and its temperature dependence, on the same compo
sitions as have been used for density measurements. 
Eventua I I Y we hope to obta in part i a I mo I ar com
pressibil ities (isothermal), their temperature de
pendence, which together with the volume data 
should allow a complete description, apart from 
co-ordination change effects, of the volume of all 
varieties of natural si I icate I iqufds in the P-T 
field in which they occur. As a successor to the 
study of heat capacities, we intend to study other 
compositions in order to obtain partial molar heat 
contents in the I iquid state, It is anticipated 
that about 20 compositions wi I I be analyzed by 
neutron activation to determine the major compo
nents in order to check the effect of foreign ions 
on the properties of natural quartz. 
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STUDIES OF MAGMATIC MATERIALS 
F. Asaro and H. V. Michel 

INTRODUCTION 

The purpose of this study is the adaptation 
of high precision techniques of chemical measure
ment to problems in geochemistry, geothermal stu
dies, and problems relevant to storage of nuclear 
wastes. It should permit more accurate determina
tions of the thermodynamic quantities such as dis
tribution coefficients of elements between lava 
melts and crystals and also offer new ways ot 
measuring temperatures of lava chambers. 

The project started on a rather sma I I scale 
in 1973 and has undergone considerable modifica
tion since then. 

I n the pr i or years many I avas and crysta I i n
clusions had been measured by neutron activation 
analysis for about 30 trace, minor, and major ele
ments. Although lava measurements were rei iable, 
crysta I I i zed mater i a I from the I ava and spec if i c 
minerals separated from the lavas or nodules in 
them appeared to contain extraneous inclusions or 
impurities. 

1977 ACTIVITIES 

In this last year, separation techniques in 
use on the U.C. Berkeley campus have resulted in 
purer samples of crystals and mineral separates. 
Measurement techniques ot neutron activation ana
lysis along with better sample preparation tech
niques improved to the extent that differences in 
chemical abundances due to fractionation of 
minerals within a sample bottle are obvious. 

In the neutron activation process material of 
unknown composition is placed in a neutron flux, 
and the neutrons cause stable isotopes of the 
various elements in the unknown to transform to 
excited or radioactive species. Many of these 
species or their radioactive daughter products 
wi II have characteristic radiations, usually 
gamma rays, which can be measured subsequent to 
the irradiation. The amounts of the different 
elements are determined by comparison with amounts 
of characteristic radiations emitted by standards 
of known composition. The precision and accuracy 
of measurement depend on the care with which irra
diation conditions are controlled and cal ibrated. 
They also particularly depend on the care with 
which the gamma ray spectral measurements are 
made. Generally precise determinations neces
sitate: irradiation and measurement of standards 
and unknowns in the same configuration; selection 
of appropriate gamma rays for study and removal 
of spectral interferences with these gamma rays; 
and determination of losses of data in counting 
equipment as a function of counting rate. In 
addition, if a small part of a sample is removed 
for analysis, then the sample must be more homo
geneous in the abundances of the elements of in
terest than their precision of measurement. 
Otherwise the precision is wasted. 
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Table 1 shows the abundances of four of the 
most precisely measured elements in a basalt ana
lyzed by neutron activation methods described 
above. Also shown are measurements by x-ray 
fluorescence and wet chem i ca I methods. I nc I uded 
in the table are the estimated (1 standard devia
tion) errors. The agreement is consistent with 
the errors. Thus the uncertainties in the neutron 
activation measurements are about 1% or less for 
elements shown. In addition, three different 
techniques give the same answer when the work is 
carefully done. This neutron activation analysis 
is part of a measurement system in which about 50 
elements are searched for by INAA, about 40 are 
usually detected in materials with compositions 
simi lar to the earth's crust, and about 30 are 
measured with good precision. 

Table 1- Basalt abundances as measured 
bi different technigues. 

Basalt abundances z 
01 
f1 

Neutron 
activation Wet X-ray 

Element analysis chemistrya fluorescence b 

Na 2.34 ± 0.015 2.35 ± 0.04 

Fe 9.67 ± 0.08 9.69 ± 0.06 9.76 ± 0.12 

AI 7.16 ± 0.08 7.27 ± 0.04 

Ti 1.65 ± 0.02 1,64 ± 0.02 1. 57 ± 0.05 

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

The precIsion of trace element measurement 
can be evaluated by comparison of neutron activa
tion results from different laboratories on nearly 
identical samples. Table 2 shows a comparison of 
the measurements by the Hebrew University of Jeru
salem and the Lawrence Berkeley Laboratory. The 
abundances of three elements - Eu, Sc, and Ta - in 
samples of a tired clay and rhyol ite (a si I iceous 
material erupted in the later stages of volcanism) 
are tested in Table 3. The agreement is excel lent 
from one point of view as the two laboratories 
agree within about 3% on elements with abundances 
of the order of 1 ppm. 

From another point of view the agreement is 
not perfect. The errors due to counting radio
activity (1 standard deviaiton values) are also 
included in Table 2, and the two values for scan
dium differ by nearly 6 standard deviations for 
the rhyol ite. Although this might be due to ac
tual differences in composition between different 



Table 2. Trace element abundances as measured at 
different laboratories by neutron 

Element Fired Clay Rhyol i te Laboratory 

Eu 1.468 ± 0.022 0.045 ± 0.007 H.U,a 
1.498 ± 0.013 0.047 ± 0.005 LBLb 

Sc 20.08 ± 0.04 3.049 ± 0.012 H.U. a 

20.10 ± 0.06 2.954 ± 0.013 LBLD 

Ta 1.336 ± 0.024 2.055 ± 0.033 H.U. a 

1.33 ± 0,01 2.01 ± 0.01 LBLb 

a Hebrew University 
b 

(see Ref. 1 ) 
Lawrence Berkeley Laboratory (see Ref. 1) 

Table 3. Precision of neutron activation analysis 
from six nearl:t identical sam[2les. 

Standard 
deviation Procedural 

of counting uncertainty, 
RMSD z % error! % % 

Sm 0.23 0.14 0.18 
0.27 0.09 0.26 

Sc 0.30 0.20 0.22 
0.26 0.20 0.17 

Mn 0.33 0.29 0.16 

Ce 0.51 0.33 0.39 

Fe 0.58 0.43 0.39 
0.57 0.37 0.43 

Eu 0.49 0.43 0.23 

Ta 0.56 0.49 0.27 

Average 0.41 0,27 

spl its of the rhyol ite, it seems more probable 
that one or both institutions are making a smal I 
error in their scandium measurements. Table 3 
shows a I imit on the precision of measurements 
made at our laboratory. The root-mean-square de
viations for the 10 most precisely measured radia
tions in six samples is 0.41%. If the standard 
deviations due to uncertainties in counting gamma 
rays are removed, the average remaining uncertain
ty is 0.27%. Although this may be due in part to 
actual variations in abundances in the six samples, 
it seems most I ikely to be due to unknown problems 
in the Berkeley measurement system. By cross
checking measurements with other techniques and 
laboratories we hope to approach 0.27% as our 
actual precision for the best measured elements. 
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It is worth noting that unless care is exercised 
in the selection and preparation of samples, one 
portion of a roughly ground rock sample may have a 
much different abundance for some elements than an 
adjacent portion. 

Next, appl ications of neutron activation ana
lysis to problems in geology wi I I be considered. 
In the northwest United States in the region of 
the Columbia River Plateau, basalt flows have been 
ejected periodically over many millions of years. 
They have formed layers that total several thou
sand feet in depth; each layer is somewhat homo
geneous chemically. Such basalts are considered 
as possible repositories for commercial radioac
tive wastes,2 In studies aimed at determining the 
feasibility of each storage, the ability to make a 
positive identification of a sample (of a dri II 
core) with a specific flow is useful, The major 
elements have been used with some success for this 
purpose. Even the inclusion of a few trace ele
ments, however, makes the assignments more defini
tive as wi I I be shown next. 

The Atlantic Richfield Hanford Company 
(ARHCO), which has now become Rockwel I Hanford 
Operations, sampled the Columbia River ~Iateau 
basalts in a number of reference areas. The 
samples were chemically analyzed by atomic 
absorpt i on and usua I I Y by neutron act i vat i on. 
These data were used to form reference groups of 
known flows. Each flow was designated by a mean 
value and a standard deviation for each element 
considered, ARHCO had in addition dri lied several 
boreholes into the Plateau basalts and sampled the 
cores about every 20 or 30 ft. The core samples 
were analyzed in the same way as the reference 
samples but fewer neutron activation analyses were 
made. 

The correlations of about 80 samples from one 
of these boreholes WH-5)3 are shown in Figure 1 
with each of the nine reference flows. The 
abscissa is the depth from which the samples were 
taken and the nine ordinates are t~e c~rrelation 
values. Jhese values equal 1.5 -v'chi /(n-2) 
where chi· has its conventional meaning and is 
summed over n-1 elements. The element whose abun
dance agrees the poorest is rejected. The lowest 
value of the correlation is taken as O. In Figure 
1, data which include neutron activation analysis 
for four trace elements as wei I as atomic absorp
tion measurements on nine major and minor elements 
are represented by dots. Atomic absorption data 
alone are represented by XIS. There are three 
prominent correlations in the top 600 ft but also 
a few ambiguities. Many of the correlations below 
700 ft would probably be reduced with high preci
sion trace element analyses on both reference and 
borehole samples. 

The effect of trace element measurements on a 
much greater proportion of the samples is indica
ted in Figure 2 which shows data from another bore
hole, DDH-3. There were no ambiguities in these 
data for the first 1100 ft. I n fact, a I I of that 
data can be compressed into one graph. As seen in 
Figure 2, there are four distinct flows with no 
overlap. The probabi I ity of an error in assignment 
to one of the tlows IPomona) was calculated to 
be less than 1 in 10 0 with certain restrictive 



assumptions. Lower flows, even with four trace 
elements measured, have many ambiguities as seen 
in Figure 3. It is possible that these data could 
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be correlated much more definitively if a much 
larger number of trace elements were used in the 
analysis. 
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Figure 1. Correlation diagrams for rock samples from upper part of 
borehole DH - 5. Data points indicated by "x" - eight major elements 
and one minor element (Sa) included in the correlation. Data points 
indicated by "@,, - an additional four trace elements (Cr, Eu, Sc, and 
Co) included in the correlation. 
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Figure 2. Correlation diagram for rock samples 
from upper part of borehole DDH - 3. Data points 
indicated by "~" - 13 major, minor, and trace 
elements included in the correlation. Data points 
i nd i cated by "0" - corre I at ions are so sma I I 
samples are not basalts. 
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Figure 1. 



The measurement methods studied here apply to 
foss i I fue I stud i es (raw and spent 0 i I sha I es and 
oi Iy waters), studies of distribution of trace 
elements in aquifer systems, and fingerprinting of 
rhyol ites for stratigraphic dating (in collabora
tion with the U.S.8.S.). 

Next year the effect of sample fractionation 
between sampl ing and measurement wi II be studied. 
High precision measurement techniques wi I I be ap
pi ied to fingerprinting of basalts to determine if 
different flows can be better distinguished by 
these methods. 

IN-SITU STRESS MEASUREMENTS 
T. V. McEvilly and]. Wang 

INTRODUCTION 

In laboratory experiments, changes in the 
state of stress of rocks typical of crustal com
position produce measurable changes in elastic 
properties. It follows that a technique for pre
c i se measurement, ins i tu, of changes in e last i c 
properties of crustal rocks would have potential 
in monitoring subsurface stress changes. Clearly, 
appl ications exist in the areas of geothermal 
reservoir changes, underground waste disposal ef
fects, dam-induced seismicity, earthquake risk at 
critical faci I ity sites, and in other less spec
tacular subsurface processes. By 1974, using 
seismic waves from earthquakes and explosions, 
seismologists had demonstrated a ca~abi I ity to de
tect changes greater than about 10- in average 
velocity along a "path of convenience," that is, a 
source-to-receiver path of undetermined geometry. 
However, the avai lable precision was insufficient 
for detecting changes in average velocity over a 
smal I zone at depth despite attempts to do so by 
changing source and receiver locations. 

It was clear that precision and stability of 
measurement had to be improved by 1 to 2 orders of 
magnitude, and that the best possible system would 
be based on current seismic reflection technology 
developed for petroleum prospecting. With support 
from Continental Oi I Company (Conoco), the U.S. 
Geological Survey, and LBL, a special purpose 
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VIBROSEIS (tradename, Conoco) programmable seismic 
wave source and recording system was fabricated to 
test the feasibi I ity of precise velocity moni
torina usinq travel-time of reflections from deep 
disco~tinuities within the earth's crust. Initial 
tests in 1976 were very encouraging. 

1977 RESULTS 

System stab iii ty better than 10-4 was ver i
fied and indications were obtained that tidal 
stresses «0.1 bar), as we I I as sha I low stress 
changes «1 bar) accompanying creep events on the 
San Andreas fault, produced detectable changes in 
velocities. Considerable time was spent in stu
dies of instability sources and methods to ell~i
nate them, so that a long-term accuracy of 10 
can be maintained. The concept as well as the 
special two-man field system have proved very 
successful. 

PLANS FOR 1978 

Research wi II continue in 1978, but the pro
gram support wi I I come from the U.S. Geological 
Survey, under the Earthquake Prediction Program, 
directly to the Seismographic Station, Department 
of Geology and Geophysics, University of Cal ifor
nia, Berkeley. Routine measurements are being 
planned to measure and study velocity changes in 
regard to earthquake prediction. 
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VISCOSITY OF AQUEOUS SODIUM CHLORIDE SOLUTIONS FROlv! O°C TO 150°C 
fl. O;:,bek and S. L. Phillips 

INTRODUCTION 

The pur pose of the Nat i ona I Geotherma I I n for
mation Resource (GRID) is mainly to compile and 
evaluate basic data on geothermal energy for elec
trical and nonelectrical uses. Whi Ie the larger 
work covers a number of areas, this report is 
I imited to a critical evaluation of data on the 
viscosity of sodium chloride solutions at elevated 
temperatures, pressures, and saturation concentra
tions. The objective is establ ishing a databank 
of pub I i shed data on bas i c energy propert i es of 
aqueous NaCI solutions covering the ranges of geo
therma I interest: temperatures to 3500 C, pres
sures to 50 MPa (500 bars), and concentrations to 
saturation, The present work gives the results of 
a survey and evaluations of a subset of this data
bank: that deal ing with the viscosity of sodium 
chloride solutions. 

The I I terature screened in comp iii ng the vi s
cosity data covers the period from 1929 to 1977; 
data obtained prior to 1929 are contained in the 
International Critical Tables for NaCI solutions 
at atmospheric pressure over the temDerature range 
OOC to 1000 C, and concentrations fro~ 0 molal to 5 
molal. From 1929 to 1977, researchers generated 
viscosity data for temperatures to 1500 C, pres
sures to 30 ~Pa, and concentrations to saturation. 

ACCOMPLISHMENTS IN FISCAL YEAR 1977: EVALUATION 
AND CORRELATION 

A comprehen s i ve search of the pub I I shed 
I iterature for NaCI viscosity data was made, and 
all avai lable copies of the original publ ications 
were assemb I ed us i n9 the fo I low i ng ma i n sources 
for literature references: ( 1) the Department of 
Energy Technical Information Center's RECON System, 
which includes the Energy Data Base and Water Re
sources Abstracts; (2) the International Critical 
Tables; and (3) relevant journals and reports. 

The data selected for correlation are repor
ted experimental values, and~do not include either 
smoothed or ca I cu I a-red data. L A I I data in th is 
t~ble have been converted where necessary to the 
1 C scale of atomic weights, to the g/cm5 basis 
for density, to centipoise for viscosity, from 
molar to molal concentrations, and from relative 
to absolute viscosity values. The needed water 
viscosity data were taken from the results of the 
Eighth International Conference on the Properties 
of Steam. 

The fol lowing statistical equation was deve
loped from the experimental data: 

where 
n 

c4 exp[cx3(0.OlT + m) J + 

cs exp[ cx4(0.0IT - m) J 

viscosity, cp 

(ll 

T temperature, °c 

m = concentration, mo I a Ii ty 

c 1 0.1256735 cx 1 -0.04296718 

c2 1.265347 cx2 0.3710073 

c3 -1.105369 cx3 0.4230889 

c4 0.2044679 cx4 -0.3259828 

c5 1,308779 

Equation (1) i s va lid on I y to pressures of 30 MPa 
and at temperatures to 1500 C. 

Figure 1 shows viscosity versus concentration, 
from Eq. (1), for selected temperatures between 
OoC and 150°C. Figure 2 is a plot, based on 
Eq. (1), of viscosity versus temperature. Data 
may be interpolated with Eq. (1) to a standard de
viation of 1.5% over the entire temperature, pres
sure, and concentration range (see Fig. 3). Table 
1 contains smooth values of viscosity, calculated 
from Equation (1). 
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Figure 1. Viscosity of NaC1 solutions versus con
centration using Eq. (1). 
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Figure 3. Comparison of calculated NaCl viscosity 
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Table 10 Smooth values of the viscosity of NaCI 
solutions calculated from Eq. ( 1) 0 

Viscosity, cp 
m NaCI 005 1.0 2.0 3 00 4 00 5 00 

~ 
0 1.853 10914 2.058 2.234 2.448 20701 

10.0 1.373 1.428 10556 10712 1 .899 2.118 
20.0 1.049 1.098 1.212 1.349 1.512 10699 
30.0 .827 .871 .972 1 .092 1.232 1.391 
40.0 .673 .712 .800 .905 1.024 1.158 
50.0 .564 .598 .675 .765 .866 .978 
60.0 .484 .513 .580 .657 .743 .835 
70.0 .423 .449 .507 .572 .644 .719 
80.0 .377 .399 .449 .504 .564 .626 
90,0 .340 .359 .401 .448 .498 .549 

100.0 .310 .326 .362 .401 .443 .487 
110.0 .285 .299 .329 .363 .399 .439 
120.0 .264 .276 .302 .331 .363 .402 
130,0 .246 .256 .279 .305 .336 .376 
140.0 .231 .240 .261 .285 .316 .361 
150.0 .218 .227 .246 .270 .304 .357 

SUMMARY AND CONCLUSIONS 

The currently avai fable experimental data on 
the viscosity of NaCI solutions is sparse and 
covers mainly pressures from atmospheric to 30 MPa 
(300 bars), concentrations to saturation, and 
peratures to 150oC. A correlation equation was 
developed which reproduces the experimental data 
by 1.5% over the temperature range OOC to 150oC. 
Add i tiona I I aboratory measurements on the vi sco
sity of NaCI solutions to 3500 C and 500 bars are 
needed. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1978 

Thermal conductivity data for aqueous sodium 
chloride solutions wi I I be compi led and dissemina
ted. Enthalpy data on sodium chloride solutions 
are expected to be critically evaluated, a correla
tion expression developed, and the result of this 
work disseminated as an LBL report. Other basic 
properties (e.g., free energy) would be compi led 
in the remainder of fiscal year 1978. 
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IN-SITU LEACHING OF URANIUM ORES 
]. W. Evans 

A major portion of the effort expended on 
this topic was aimed at defining a suitable re
search program, submitting a request to ERDA for 
substantial funding, and completing the design of 
a prototype experimental rig for use in the in
vestigation. 

In situ leaching of uranium ore is now being 
practiced at approximately a dozen sites in south 
Texas, Wyoming, and Colorado, A leaching solution 
(usually ammonium carbonate/bicarbonate solutions 
p I us hydrogen perox i de) is pumped into the under
ground ore body through several injection wells, 
The leaching solution passes through the ore body 
(typically a permeable sandstone deposit) oxidi
zing the uranium to the hexavalent form and there
by enabl ing it to pass into solution, The solu
tion is pumped out of the ore body through re
covery we I I s and treated on the sur face (usua I I Y 
by ion exchange) to recover the uranium values, 

Discussions were held with research and 
operating personnel of four companies (Interconti
nental Energy Company, Anaconda, Mobi I Oi I, and 
Atlantic Richfield) involved in in situ leaching, 
as well as with U.S, Bureau of Mines and ERDA 
personnel most closely involved in this technology, 
A visit was paid to an operating mine (Pawnee Mine, 
ICE) and two conferences on this topic were at
tended (American Nuclear Congress, Golden, Colo., 
April 1977; and American Institute of Mining Metal
lurgical and Petroleum Engineers, Corpus Christi, 
Texas, September 1977), 

A clearly defined problem encountered in the 
leaching operation is changes in permeabi I ity of 

NV 
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the ore body which occur during leaching. Under 
some circumstances loss of permeabi I ity occurs and 
results in reduced productivity and/or higher pum
ping costs. The ore body must be "restored" after 
I each i ng. Th is enta i Is remov i ng res i dua I I each i ng 
reagents remaining in the ore body by flushing 
with water or chemical solutions. Permeabi I ity 
loss prior to or during restOration would make 
th i s env i ronmenta I I Y important step more d i ff i cu It, 

The circumstances under which permeabi I Ity 
loss occurs are poorly understood, as is the rea
son for permeabi I ity loss. Hypotheses that have 
been put forward include bl inding of pores by 
either evolved oxygen bubbles or transported fines, 
swe I ling of clay part i c I es with i n the ores and 
alternative solution, then precipitation, of 
various species, 

The research program that we are developing 
at Berkeley is aimed at determining under what 
conditions such permeabi I ity loss occurs and the 
cause of permeabi I ity loss, Simi lar work is being 
performed by Westinghouse research laboratories 
under contract to the U,S. Bureau of Mines, Our 
proposed exper i menta I approach iss i mil ar except 
that it enta i I s us i ng sma I I er (and therefore more 
versat i I e) equ i pment. The emphas i s wi I I be on the 
fundamental causes of permeabi I ity loss whi Ie the 
Westinghouse contract places no obi igation on their 
investigators to study the causes of the effects 
they observe, 

A sketch of the prototype permeabi I ity rig is 
shown in Figure 1, Ore is to be crushed and 
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Figure 1. Permeability apparatus for in situ leaching investigation. 
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packed into Pyrex co I umns -[-hat are 2 in. in d i ame
ter and 12 ft long. Solutions wi II be driven by 
gas pressure through these columns from one of two 
1-in. diameter pipes. A system of solenoid valves 
(SV) operated by a time switch enables one of the 
l-in. columns to be fi lied by a pump from a reser
voir tank whi Ie the other column is discharging. 
Pressure gauges at both ends and along the length 
of the ore column enable determination of the pres
sure profi Ie along the column; together with mea
surement of the flow rate this enables determina
tion of the permeabi I ity as a function of time. 
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. , 

A battery of tests (particle size determina
tion, scanning microscopy, BET surface area mea
surement, etc.) can be used to examine the ore be
fore and after permeabi I ity loss in an effort to 
determine the cause of the loss, 

It is hoped that funding wi II be provided 
through the Grand Junction Office of the Department 
of Energy sometime in fiscal year 1978, In the 
meantime it is planned to bui Id the prototype 
experimental permeabi I ity rig using Program 
Development Funds, 

METHODS FOR DETERMINING THE EQUILIBRATION TEMPERATURES OF l'vlAGMATIC 
CRYSTALLINE ASSEMBLAGES: TRACE METAL DISTRIBUTIONS 
H. R. Bowman, I. S. E. Carmichael, and S. A. Nelson 

INTRODUCTION 

One of the more difficult tasks in geology is 
to estimate the temperature at which any crystals 
grew in a natural I iquid, as in a rock, particular
ly if the crystal growth occurred in the range 7500 

-13000 C. Unfortunately, magmas show a composi
tiona I range, so that those wh i ch typ i ca I I Y i n
habit the 8000 C range are quite different in compo
sition from those which crystal I ize at higher tem
peratures, Therefore, there are two effects to be 
isolated, one due to the change in composition of 
the sol id-solutions, and the other due to tempera
ture. 

1977 ACTIVITIES 

We decided to make a prel iminary investiga
tion of the distribution of the rare-earth ele
ments, as determined by neutron activation, between 
var i ous crysta lsi n lavas wh i ch crysta I I i zed over 
a wide temperature range. In Figure 1 the concen
tration of the elements in the sol id phase divided 

by that in the I iquid is shown for a number of 
rare-earth elements found in a variety of co
existing sol id-solutions. 

Clearly, the magnitude of the distribution 
coefficient, plotted on a logarithmic scale, in
creases with decreasing temperature, and indeed 
the pattern, or shape, of these curves also 
changes. By formulating these results as exchange 
equi I ibria, taken in conjunction with experimen
tally determined values of the equi I ibrium con
stant, it is possible to decipher the compositional 
dependence of the distribution of elements between 
crystals as the major components in the crystals 
change, This is of great importance in any attempt 
to unravel the equi I ibration temperatures of mi
nerals in mantle fragments brought to the surface 
by volcanoes, On Iy in this way wi II it be pos
sible to map the isotherms at depths up to 150 km, 
the region that has the greatest effect on the 
earth's surface and on those parts of the crust 
wh i ch are of econom i c and soc i a I importance. 
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ELECTROCHEMICAL STUDIES ON THE DISSOLUTION AND 
FLOTATION-BEHAVIOR OF OHE-PYHITE AND COAL-PYRITE 
D. w. FlIerstellClll 

INTRODUCTION 

The necessity for the increased use 
for energy has increased the interest in 
on the desulfurization of coal as well. 
the two most common methods used to deal 

of coal 
research 
Thus far, 
with the 

problem of sulfur in coal are (1) flue gas desul
furization after combustion and (2) physical mi
nerai beneficiation processes for separating mi
nerai matter (ash and pyritic sulfur) from coal 
before combustion. The first method has the dis
advantage that it creates the problem of disposal 
of spent sulfate slurries at the power plant site; 
in addition, there are other operational problems, 
such as corrosion and clogging of scrubbing towers. 
Sulfur removal at the mine site is interesting but 
the process is I imited not only by the degree of 
I iberation that can be obtained between coal and 
mineral phases by comminution, but also because 
the relatively fine particles produced cannot be 
readi Iy handled. However, recent increased in
terest is being directed toward the desulfurization 
of coal by flotation or by leaching methods, and 
some of the new processes have been tried on a 
pi lot plant scale. A study of the minerai/solu
tion interface and the surface-chemical reactions 
taking place at this interface is important to 
further development of both leaching and flotation 
processes. 

First of all, it is known that the mineral 
pyrite (the main inorganic sulfur-bearer in coal) 
is a semiconductor and hence some of the reactions 
occurring at the pyrite/aqueous interface are of 
an e I ectrochemi ca I nature. Therefore, invest i ga
tion of the electrochemical nature of pyrite in 
aqueous systems of interest to the leaching and 
flotation of coal were undertaken. Some studies 
on the flotation of pyrite from coal have sug
gested that coal-pyrite behaves differently from 
ore-pyrite. Hence, in this brief research program, 
the electrochemical technique of linear-sweep vol
tammetry (LSV) was used to attempt to discern any 
difference between coal-pyrite and ore-pyrite. 

EXPERIMENTAL METHODS AND MATERIALS 

A single crystal of ore-pyriTe and a hand
picked pyrite sample occurring near a coal seam 
were used for the study. The coal-pyrite has coal 
particles well interspersed within it, as observed 
by optical and scanning electron microscopy. The 
crystal structure of both samples was analyzed by 
x-ray diffraction methods and was confirmed to be 
that of pyrite. "Energy dispersion analysis by 
x-ray" (EDAX), and "electron microprobe analysis" 
both showed the chemical composition to be close 
to that of pyrite, at least within experimental 
I imitations of these two analytical techniques. 
The three-electrode system used for LSV studies 
had saturated calomel and platinum electrodes as 
the reference and auxi I iary electrode, respective
ly. The studies included polarization experiments 
in aqueous solutions used in leaching and flota
tion processes. 

RESULTS AND DISCUSSION 

The rest potential (the open-circuit poten
tial) of both types of pyrite electrodes change 
from a high of about +800 mV to a low of about 
+20 mV as the pH is changed from 1 to 13. A 
higher pos it i ve potent i a lind i cates nob I e behav i or 
of the mineral at low (as well as neutral) pH's 
compared to other sulfide minerals, although at 
higher pH's pyrite tends to be more active. The 
voltammograms for both coal-pyrite and ore-pyrite 
in al I of the aqueous inorganic systems studied 
have simi lar characteristics in terms of occurren
ces of current peaks at d i fterent app lied poten
tials. This suggests that probably in aqueous in
organic solutions there is I ittle difference in 
the behavior of ore-pyrite and coal-pyrite, and the 
sma I I differences in our case may have resu I ted 
merely from the pOlycrystal I inity of coal-pyrite 
and/or the presence of the coal phase in it. 

In 0.1 H sulfuric acid solution, a cathodic 
peak at about -0.3 V and an anodic peak at about 
+0.9 V was observed in the voltammogram. An 
anodic attack at a low pH may occur by the fol
lowing reaction: 

and cathodic attack, which leads to the production 
of ferrous ions and hydrogen sulfide gas, by the 
reaction: 

The evolution of hydrogen sulfide was observed in 
our experiments in a qual itative way (identified 
by the smell of the gas). 

Sulfide minerals, including pyrite, 5an be 
leached at low pH's by the addition of Fe + ions, 
which provide a highly oxidizing medium. We car
ried out LSV studies in 0.1 M ferric chloride ad
justed to pH 1.8 by the addifion of hydrochloric 
acid, and the results are simi lar to those in the 
sulfuric acid studies, except that the peak cur
rents are considerably higher. This indicates 
high reaction rates. Also, one cathodic and one 
anodic peak were observed at -0.4 V and +0.4 V, 
respectively -- peaks which were absent in the ex
periments with sulfuric acid. Thes~ peaks are 
probably due to the redox couple FeL+/Fe3+. 

For studies in alkal ine medium, 1 Nand 0.1 N 
sod i um hydroxi de so I ut ions \-Iere used. The resu I ts 
were simi lar for both cases, except that the rest 
potentials of electrodes were higher and currents 
lower for the di lute solutions. The voltammogram 
for 0.1 N sodium hydroxide is shifted to more ano
dic potentials compared to the 1 N solution; that 
is, it required higher anodic over-potential to 
carry out the reactions at lower concentrations of 
NaOH. No distinctive peaks were observed in the 
voltammograms and the potential scan range which 
could be used was very short, mainly because of 



the active nature of pyrite at higher pH values. 
The reaction products of alkal ine dissolution of 
pyrite have been suggested to be sulfate and fer
ric oxide. We were not able to confirm this 
through our experiments. 

Comparison of voltammograms obtained for 
pyrite electrode in the presence and absence of 
potassium ethyl xanthate (a pyrite flotation col
lector) in 0.025 M borate solution indicates that 
dixanthogen is probably formed at the electrode 
surface. 

As mentioned earl ier, we have attempted to 
understand the leaching and flotation behavior of 
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pyrite in various aqueous media from the point of 
view of studying the electrochemical reactions. 
Spec if i ca I I y, we compared the behav i or of ore
pyrite and coal-pyrite under simi lar experimental 
conditions to ascertain whether the two types of 
pyrite involve different electrochemical reactions 
at the mineral-aqueous interface. Our studies 
have indicated that electrochemically speaking 
there is no significant difference in the leaching 
and flotation behavior of ore-pyrite and coal
pyrite. We feel that the difference in the flota
tion behavior observed by some researchers for 
coal-pyrite and ore-pyrite was probably due to the 
presence of some coal particles, attached to the 
coal-pyrite particles, in the sample used for 
their studies. 

DETERMINATION OF THE PROPERTIES OF SOILS AND 
SOFT ROCKS BY IN-SITU IvlEASUREMENTS 
]. K. Mitchell alld W. C. B. Valet 

INTRODUCTION 

Accurate identification and characterization 
of subsurface conditions are essential for the 
economy and success of construction both in and on 
the earth. Rei iable information on subsurface 
conditions in general, and specific geotechnical 
parameters in particular, is needed for the ana
lysis of problems related to the uti I ization of 
underground space, subsidence, energy storage and 
extract i on from the ground, and groundwater po I I u
tion owing to extraction or injection of fluids 
into the ground. 

Trad it i ona I I y, the requ i red data have been 
obtained through sampl ing and testing of so-cal led 
"undisturbed" samples. There exist severe I imita
tions to this approach, however, arising from such 
associated problems as sample disturbance, changes 
in sample properties due to unloading and exposure, 
and the difficulties attached to preventing or 
re-establishing in the laboratory the in situ 
state of stress as wei I as temperature, chemical, 
and biological environments. These I imitations 
have become particularly evident as the volume of 
underground and offshore construction has in
creased. The need for rei iable and improved tech
niques for site characterization and for the in 
situ determination of engineering properties of 
soi I and soft rock has emerged as one of the most 
important geotechnical problems. 

This research project, which was initiated in 
spring 1976, is concerned with the identification, 
development and implementation of new and pro
mising approaches for site characterization and in 
situ measurement of soi I and soft rock properties. 
A closely related objective is the evaluation of 
presently avai lable techniques. 

ACCOMPLISHMENTS IN FISCAL YEAR 1977 

Emphasis in the research project thus far has 
been on the evaluation of existing techniques and 

on the development of a new approach based on the 
acoustic response of the ground during penetration 
at a constant rate. 

Planned activities for 1977 were as follows: 

1. Completion and publ ication of a state-of
the-art report on ins i tu measurement of 
so i I propert i es 

2. Further study and evaluation of the suita
bi I ity and potential of remote and geo
physical measurements to provide data 
from which quantitative measures of the 
mechan i ca I propert i es of so i I and rock 
may be deduced 

3. Further study of acoustical measurements 
during quasi-static cone penetration 
tests as a basis for determining soi I 
type and properties 

Presently used in situ methods for the deter
mination of soi I and soft rock properties include: 

1. Permeabi lity tests by pump-in, pump-out 
and piezometer methods, employing both 
transient and steady state techniques 

2. The Standard Penetration Test 

3. Cone penetration tests of various types, 
including both static and dynamic 
methods 

4. The Vane Shear Test 

5. The Iowa borehole shear test 

6. Pressureme1-er tests 

7. Plate bearing tests 

8. Screw plate tests 



9. Hydraulic fracturing tests 

10. Down hole and cross hole seismic methods 

A report has been completed and is in press. 
It presents a description of the various testing 
techniques, the evaluation theories or correla
tions for obtaining geotechnical parameters, an 
assessment of the su i tab iii ty of each method for 
the determination of specific geotechnical para
meters and their potential for future development. 
Extensive references are I isted, and the report 
should serve as a definitive starting point for 
anyone interested in the subject. 

Severa I less dOj rect techn i ques for the in 
situ determination of site characteristics and 
soi I properties are currently being studied. 
These predominantly involve appl ications of geo
physical methods and include: 

1. Seismic methods, including refraction, 
reflection, cross hole, and down hole 
techniques 

2. Resistivity surveys including focused 
probes 

3. Gravimetric methods 

4. Magnetic methods 

5. Nuclear methods - surface and subsurface 

6. Radar methods 

7. Spontaneous or self potential methods 

8. Electro-magnetic methods 

9. Thermometric methods 

10. Remote sensing techniques such as GEOSAT 

As a result of these studies a report is being 
drafted which wi I I present the theory of each 
technique briefly, describe testing methods and 
eva I uat i on theory, assess the current su i tab iii ty 
of each technique for determining specific geotech
nical parameters, and assess their potential for 
future development. It is intended that this re
port wi I I serve as both a guide to what is current
ly feasible and as a stimulus to future research. 

A penetrometer has been designed which mea
sures the acoustic response of soi Is during quasi
static penetration tests. Permanent records are 
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obtained using a tape recorder. The influence of 
soi I properties and penetration procedure on fre
quency, ampl itude, variabi I ity in both frequency 
and ampl itude, and the distribution of acoustic 
energy over the frequency range of the generated 
signals are being studied. 

Emphasis in the acoustic cone research is on: 

1. Evaluation of the manner in which soi I 
properties and testing procedures in
fluence the acoustic signal generated 
during a quasi-static cone penetration 
test 

2. Development of bases for the recognition 
of soi I type, and the deduction of soi I 
properties, from acoustic response 
spectra 

3. Development of means for locating and 
evaluating very thin seams, which may 
have a large in f I uence on ground stab ili
ty, inc I uded between or with i n th i cker 
zones. 

It is bel ieved that analysis of the sound 
generated during penetration may form the basis of 
an improved method for in situ soi I "recognition," 
prof i Ie def i nit i on, and property character i zat i on. 

Support for a greatly expanded level of 
research on the acoustic response characteristics 
of soi Is during penetration has now been received 
from the National Science Foundation. 

It may therefore be seen that the research 
project progressed very much as planned for 1977. 
The de I ay in pub I i cat i on of the state-of-the-art 
report on in situ measurement of soi I properties 
has resulted from the time needed for extensive 
revision, editing, and typing of the manuscript. 
The report should, however, be avai lable soon. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1978 

It is understood that additional LBL support 
for this research wi I I be I imited and that the 
study wi II be phased out during fiscal year 1978. 
The main objective of the LBL-supported work wi II 
be completion and publ ication of the report on 
geophysical methods for site characterization and 
quantitative evaluation of soi I properties. 



HIGH PRECISION MASS SPECTROMETRY 
M. C. Michel 

INTRODUCTION 

The interest in isotope measurements in geo
logic and cosmologic research has increased re
cently through the discovery of remarkable isoto
pic anomal ies in several elements contained in a 
select group of carbonaceous chondrites, principal
ly the one large meteorite, Allende. No defini
tive interpretation is possible as yet, but the 
nevI data wi II clearly put much-needed experimental 
restraints on theories of the origin of the solar 
system. 

A less startl ing, but perhaps equally signi
ficant discovery has been that the earth's mantle 
shows strong evidence of preserving isotopic inho
mogeneities for long periods of time, a fact that 
opens the poss i bi I i ty of a new techn i que for the 
study of mantle processes, Again, the data are 
difficult to interpret and workers in the field 
disagree on many detai Is, but we are probably at 
the beginning of a new episode of research, 

Each advance in isotope geochronology seems 
to increase the emphasis on achieving higher and 
higher precision in the experimental data, either 
to improve an existing technique (such as the 
Rb-Sr system) or to expedite the use of a new and 
~~lentl~!ly mo~e useful system (such as the 

Sm- Nd pa 1 r) • 

Last year we began a project to adapt our 
5-ft radius isotope separator to high precision 
mass spectrometry through the simultaneous col lec
I' i on of severa I isotopes of the same e I emen t. 
This far from novel method has been standard for 
I ight element isotope ratios and would be even 
more advantageous for the heavier elements, most 
of which are not gaseous and therefore require ion 
sources that are inherently less stable in ion 
output. However, practical considerations have 
made it difficult to use this method on any but 
the largest mass spectrometers. 

Preliminary work in fiscal year 1976 convinced 
us that it would be possible to measure isotopic 
ratios to a precision of one part in 105 using 
essentially commercially avai lable ampl ifiers and 
digitizing equipment with relatively straightfor
ward, custom designed auxil iar'y circuitry. Results 
in fiscal year 1977 have substantially verified 
that conviction although some work remains before 
an operating system can be tested, The remaining 
problems seem to be tractable. 

ACTIVITIES IN FISCAL YEAR 1977 

Since we originally intended to be able to 
apply the results of the mass spectrometric deve
lopment to specific problems, we also included in 
our research plans the abi I ity to do contamination
free chemical separations on geological samples, 
and isotopic di lution chemical analyses of selec
ted elements such as rubidium. 
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The various activities planned and pursued 
dur i ng the year were as fo I lows, 

Ion Source Development 

As explained in an earl ier report, the ion 
source needed for the high precision work places 
rather stringent requirements on materials, design, 
and ease of fabrication (cost). Proceeding 
through about three basic design changes, a cavity
type, direct I y-heated therrna I i on source was deve
loped and tested which seems to meet the require
ments as we I I as they can be def i ned at present, 
These are ease of loading, emission of ions from a 
well defined area, relatively constant ion output 
at constant temperature, high efficiency, and rea
sonable cost. Testing of the source shown in 
Figure 1 was done with strontium, but it should 
be adaptable to many other elements, 

Contamination-Free Chemistry 

In spite of considerably less than ideal la
boratory faci I ities, a simple HCI eluant ion ex
change technique was developed to separate rubi
dium and strontium from geologic samples, in forms 
and amounts suitable for isotopic ratio determina
tions and chemical analysis by isotopic di lution. 
Introduction of extraneous material of the same 
elements is wei I below the levels that would inter
fere with the measurements, For typical samples 
of strontium total ing a !ya micrograms, the stron
tium blanks are below 10 g. 

Isotopic Di lution Analysis 

Us i ng another sma I I er mass spectrometer, a 
method of chemical analysis by isotopic di lution 
was developed and tested; the method al lows ana-
I ys i s to a prec i s i on (but not necessar i I y accuracy) 
of about 0.2%. Testing was done with rubidium; 
other elements may dev i ate s light I yin prec i s i on, 

Ionization cavity 

/ 
Ion exit hole Inside: Rhenium plated 

XBL 783- 416 

Figure 1. Cavity type thermal ion source. 
Mater i a lis tanta I um except as noted, 



Design of Four-Channel Data Readout for Isotope 
Separator 

The greatest effort has gone into the design 
of a four-channel readout system that should have 
the abi I ity to measure simultaneously four isotope 
beams to a precision of one part in 10 5 or better. 
Figure 2 shows a block diagram of th i s bas i ca I I Y 
simple system. It is for the moment assumed that 
the input signals to each Faraday cup are properly 
representative of the relative abundance of each 
Isotope (this may not be true for several experi
menta I reasons wh i ch we wi I I ignore at present). 

Each Faraday cup signal is amplified by a 
separate amp lit i er wh i ch is essent i a I I Y an i m
pedance matching device, producing a low impedance 
voltage output proportional to the input current 
at very high impedance. Each channel could now be 
measured simultaneously by four voltmeters and the 
appropriate ratios calculated. For convenience 
the vo I tmeters are usua I I Y fast read i ng dig i ta I 
vo I tmeters wh i ch are eas i I Y arranged to read 
Simultaneously. 

It is obvious that several critical proper
ties of this system determine the precision with 
which the isotopic ratios can be measured. These 
propert i es are; ( 1) the reproduc i b iii ty, I i near i
ty, and time and temperature dependence of the am
pi itier gains and zero offsets (output with no in
put signal); (2) the linearity and short-term sta
bility of the voltmeters; and (3) our ability to 
make a I I four amp Ii f I ers and vo I tmeters respond 
identically tor reasonable times to arbitrary 
i dent i ca I inputs. 

Faraday 
cups 

2 

3 

4 

Amplifiers Sample 
and hold 

Digital Printer 
voltmeter 

XBL 783-415 

Figure 2. Block diagram of four-channel data 
system. 
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It became apparent that at least two commer
cially avai lable small sol id-state ampl ifiers 
would be suitable for this work. Extensive tests 
of their stabi I ity, time drift, and response to 
overload and noise sources showed that, given pro
per care, they have acceptable properties. They 
must also, as shown in the block diagram, be 
capable of cal ibration to identical gains by 
switching the same constant current source quickly 
among the four ampl ifiers and adjusting the in 
to give identical outputs (note that knowl of 
absolute signal sizes and gains is not necessary). 
This last requirement is clearly possible, and 
once cal ibrated, the stabi I ity is sufficieni- to 
make repeated measurements before recal ibration is 
necessary. However, the best switching procedure 
has not yet been determ i ned, it be I ng very easy to 
generate a few microvolts of e.m.f. by various 
means common to switches and relays. For example, 
surface deformation of most metals can generate 
sma I I signals which decay away slowly enough to 
present a serious problem in calibration of the 
amp I if iers. 

Assum i ng that the amp I I f I ers are capab I e ot 
giving an output accurately reflecting the Faraday 
cup Inputs, we st i I I must now measure each output 
voltage to a high relative precision. Accuracy is 
fortunately not critical, since no existing digi
tal voltmeters can meet our requirements. However, 
a I I such instruments have much better short-term 
stability than accuracy, so if one is willing to 
intercal ibrate them, it would be possible to make 
the desired measurements. To avoid this trOUble 
and reduce the cost of the system, we developed a 
very simple capacitive sample-and-hold circuit 
wh i ch can co I I ect data s i mu I taneous I y from the 
four ampl ifier channels, preserve it and be se
quentially read by a single digital voltmeter; 
th is eli m i nates many prob I ems. Th i sci rcu it, con
trolled by a logic system, allows tour capacitors 
to charge to the output of the four respective 
channel ampl itiers. The level ot voltage at any 
one time wi I I be proportional to the average beam 
intensity input to the Faraday cup for that chan
ne I, and if a I I channe I s are a I so disconnected 
from the i r respect i ve amp lit i ers at the same time, 
the vo I tage on each capac i tor w I I I I i,kew i se be 
proportional to the input beam. If the decay 
time-constant is long enough (several days) there 
wi I I be time to measure al I four capacitors se
quentially with the same voltmeter and record the 
data on the output printer, or send it directly to 
a sma I I computer for data processing. The results 
are a good approximation to a true simultaneous 
measurement ot the four isotope beams. Note that 
the further integration of the beam currents by 
the sample-and-hold circuit in no way affects the 
precision of the isotope ratios; in fact it helps 
to eli m i nate the et fect ot beam t I uctuat ions on 
the data. 

Table 1 shows the noise levels or statistical 
uncertainties associated with the various parts of 
the system, as determined by a variety of test mea
surements on mock-ups of parts of the syste~. As 
is shown, a preciSion of 6 or 7 parts In 10 is 
possible. Because the test systems were less com
pact than the tinal design, and had many other 
disadvantages, we can expect a I ittle improvement 
in the complete system, although there may be a 



Table 1. Summary of noise and/or measurement 
uncertainties in a multiple channel 
readout system, based on individual 
component tests with simulated signals, 
Nominal signal = 1 V, 

Amp I i fer noi se 2,5 

2 Cal ibrate signal noise 2.5 

3 Sum of 1 and 2 3.5 

4 Col lector noise/leakage 2.8 

5 Sum of 3 and 4 4.5 

6 Sample and hold error < 1 

7 Digital voltmeter error < 1 

8 Residual temperature coeff. error < 1 

9 Total 4.8 

10 Error in ratio 6.8 

11 Error after correction for fractionation 7.6 

sma I I abso I ute error that we cannot pred i ct. Since 
recognized isotopic standards are already used 
to el iminate possible absolute biases between 
different laboratories, this wi II be disappointing 
but not a serious problem, even if it develops. 
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As soon as the requirements were firmly recog
nized, several commonly avai lable digital voltme
ters were tested in our laboratory with the same 
test systems used to determine the noise charac
teristics; one was selected for purchase. 

PLANS FOR FY78 

We plan to finish the four-channel system and 
test it extensively with strontium ion beams for 
which much data are avai lable on the composition 
of various isotopic standards. In addition to 
demonstrating the success of our approach we can 
use this system to search for beam optical effects 
on the isotopic ratios to learn how sensitive the 
data are to minor malfunctions of the mass spectro
meter, and therefore how rei lable the entire sys
tem is over long periods of operation. 

We plan to extend the work to the samarium
neodymium system at the first opportunity as wei I 
as to investigate the appl ication of this system 
to lead and other element isotopic measurements. 

Finally we wi II investigate the I imitations 
on precision in the completed system to see what 
approach might be necessary to improve the pre
cis i on to an even higher I eve I • I fare I at i ve I y 
non-fractionating Ion source can be developed, an 
ultra high precision system would be of use in 
determining possible natural isotopic variations 
that are essentially linear with mass (as most 
phys i ca I processes wi I I produce) as opposed to 
variations resulting from nuclear decay. 

RADON IN SUBSURFACE WATERS AS AN EARTHQUAKE 
PREDICTOR, CENTRAL CALIFORNIA STUDIES 
A. R. Smith and H. A. W ollellberg 

We have investigated whether variations in 
the Rn-222 content of subsurface water can be a 
useful earthquake prediction parameter in Cal ifor
nia. Using Nal(TI) crystal y-ray spectrometry, 
high sensitivity high-precision measurement tech
niques and instrumentation have been developed for 
both laboratory analysis of discrete samples and 
continuous monitoring at field installations. 
Precision and reproducibi I ity were regular within 
1-3% in the laboratory; precision of 1% was 
achieved from counting periods as short as 10 
minutes at field stations. 

These techniques were appl ied to determine 
the va lid i ty of the radon method. A discrete sam
pi ing program was conducted in the Orovi I Ie, Cal i
fornia area for 20 months during the aftershock 
sequence that fol lowed the August 1975 earthquake 
of Richter magnitude-6, Through use of a local 
vo I unteer organ i zat i on, we ma i nta i ned a da i I Y sam
pi i ng sched u I e at severa I we I I s throughout the 
study period, and obtained approximately 3000 sam
ples, Since July 1976, a continuous monitoring 

station has been in operatiori at San Juan Bautista 
in Central Cal ifornia along an active segment of 
the San Andreas Fault. 

The program continued in 1977 at a much re
duced level, as dictated by severe funding restric
tions, Thus, sampl ing of wells during the after
shock sequence of the Grovi I Ie earthquake was ter
minated in Apri I 1977. The field program consis
ted of a monitoring station, located on the San 
Andreas Fault near San Juan Bautista, operated 
throuqh assistance from the U,S, Geological Survey 
Natio~al Center for Earthquake Research, The 
Orovi I Ie data show apparent correlation between 
some radon changes and subsequent seismic activity, 
but does not yet represent conclusive evidence for 
va lid i ty of the method. The San Juan Baut i sta 
data suggest there is correlation between some 
periodic radon changes and earth tides, In both 
cases, data interpretation has been compl icated by 
the severe drought conditions. 



The major effort of 1977 was to prepare a 
comprehensjve summary report for the study period 
1975-1977. Computer codes were written to assist 
in analysis of data to search for correlations 
between radon level changes and nearby seismic 
activity, as at Orovi lie. These results were 
reported at the American Geophysical Union 1977 
Fall Meeting at San Francisco, December 1977. 
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STRESS FLOW BEHA VWR OF FHACTURED HOCK SYSTEMS 
R. L. Taylor, P. A. \Vitherspoon, H. ll,,{, Hilber, 
alld ]. van Grellnen 

INTRODUCTION 

The mechanical behavior of fractured rock 
masses is sensitive to the effects of water 
flowing through the discontinuities of the system, 
There is evidence of a connection between seismic 
activity and the increase in pore pressure within 
the earth's crust. Low to medium magnitude earth
quakes have been reported in connection with the 
fi II ing of what are called "seismic dams.,,1-4 The 
possibi I ity that a change in fluid pressure in a 
fractured system might cause the release of tec
tonic stresses has been indicated by events at 
Rocky Mountain Arsenal Wei I near Denver, Colo
rado. 5- 7 More recently, evidence has been gained 
at the Rangely, Colorado oil field that fluid in
jection has triggered sma I I earthquakes along a 
fault. 8- 1 Thus, the concept is now developing 
that if earthquakes can be caused by injecting 
fluids into the subsurface, then perhaps the ap
propriate control of fluid pressures in the frac
ture system of a fa~it can lead to a method of 
earthquake control, 

The feasibility of such a concept must be 
carefu I I Y invest i gated us i ng a comb i nat i on of ana
lytical-numerical and experimental approaches be
fore it can be developed into a practical model. 
As a first step, the concept should be tested by 
numerically and experimentally analyzing the be
havior of simple laboratory models. Hence, nu
merical methods have to be developed such that a 
broad class of laboratory tests and field situa
tions can be simulated. 

Recently several attempts at developing 
appr?~cj9te computational models have been repor
ted. In previous studies a two-dimensional 
finite element formulation has been developed to 
simulate quasi-static pr?cesses in systems of de
formable fractured rock. 3-1~ The dynamic nature 
of slip mechanisms limits the applicability of the 
quasi-static model to study of pre-fai lure condi
tions. Dietrich developed a dynamiC finite ele
ment mode I for a sing I e fau I t that undergoes s lip 
under the influynce of tectonic and predetermined 
fluid stresses. 8 This model was not designed to 
incorporate the interactive processes between the 
fluid pressure, the fracture deformations, and the 
stresses in the rock. 

Since the avai lable computational models 
seemed to be unnecessar i I Y restr i cted, an ef fort 

was made in the present study to develop an im
proved numerical procedure for simulating tran
sient interactive processes in systems of frac
tured rock, 

The goal of the l-year study was to continue 
the development of a finite element method compu
ter program to model the dynamic response of two
dimensional systems of fractured rock subjected to 
injection and/or withdrawal of fluid from the 
fractures. The original program development was 
initiated under NSF contract number GK-42776 by 
the first two authors at the University of Cal i
fornia, Berkeley, and is reported in Ref. 19, A 
second objective was to perform analyses on some 
typical problems to illustrate the kind of results 
which can be obtained using the program. 

ACTIVITIES 

The activities described in this report com
menced on 1 September 1976 and ended on 31 August 
1977. A summary of the activities is given below, 

The equations governing the behavior of frac
tured rock systems subjected to fluid injection 
and/or withdrawal are given by the equations of 
motion for the fractured rock system and the con
tinuity equation for the fluid flow. After dis
cretization using standard finite element methods 
the resulting nonlinear ordinary di<f<f'erential 
equations are 

(1) 

for the equation of motion and 

(2) 

'9 20 for the continuity equation, I, In the above 
equations ~ is the mass matrix; ~S is the rock 
s t i ffness matr i Xi ~J is the i nterna I force vector 
in the joints; u is the nodal displacement vector; 
P is the nodal pressures due to fluid in joints 
(fractures); R is the external nodal forces on the 
rock system; B is the transformation matrix for 
pressures and-velOCities; ~F is the flow matrix; 
Q is the vector of nodal flows added or removed; 
( )T indicates the matrix transpose, and non-
I inearities are indicated by an argument on the 
appropriate term. Finally, the subscripts S,J, 
and F refer to sol id rock, jointed rock, and fluid, 
respect i ve I y, The cou pi i ng between flu i d pressure 



and displacements is clearly seen in the above 
equations. We solve the above non-I inear equa
tions as follows. The time is discretized and 
derivativ~f are replaced by the one-step Newmark 
formulas. The nodal displacement and fluid 
pressure at each discrete time are chosen as the 
primary dependent variables, resulting in a 
coupled set of non-I inear al ic equations to 
be solved at each time step. Due to the strong 
coup ling we so I ve these by first gett i ng the flu i d 
pressures based on the current values of the nodal 
displacements. Using these pressures we then 
solve for new estimates to the nodal displacements. 
The process is then repeated unt i I convergence is 
ach i eved, usua I I yin very few cyc I es through the 
equations. At each step, stick-sl ip conditions 
are checked for each joint; for joints that have 
shear greater than the dynamic frictional resis
tance, sl ip is allowed. The finite element pro
gram developed for this analysis is called FAULT 
and can handle general two-dimensional problems. 

One of the difficulties encountered in sol
ving problems was the situations in which joints 
with extreme I y sma I I apertures ex i sted. In th i s 
case the opening and closing of the joint caused 
very rapid changes in pressure [this is the OT U 
term in (2)J which are unlikely to occur in real 
situations. In this case a surge (or change in 
elevation of the fluid surface) wi II occur with 
rather sma II change in pressures. For th i s case 
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we merely ignore the£lT ~ term in (2). In any 
future work some improvement is necessary, a surge 
term should be considered. The surge term is a 
three-dimensional effect and it may be necessary 
to have a fully three-dimensional model to consi
der th i s case. On the other hand, it may be pos
sible to develop equations tor the joints which 
are analogues to the shallow water equations and 
sti I I retain the two-dimensional model ing for the 
jointed rock system. 

To fac iii tate use of the program, a graph i cs 
package was developed and incorporated into FAULT 
for use on the LBL system. In addition to mesh 
plots the package can produce time plots for 
specified nodal displacements, velocities, 
accelerations and stresses, as wei I as fluid pres
sure and energy quantities. 

In Figure 1 we show the mesh of a typical 
problem considered during the project together 
with the injection/withdrawal pattern along the 
principal joint. In Figure 2, the stick-sl ip 
characteristics are shown for two static/dynamic 
friction ratios Ct. SI ip initiates at the static 
value and continues at the dynamic value unti I 
stick again occurs. Figure 3 shows typical dis
placement velocity and acceleration traces at a 
node. The resemblance to typical earthquake mo
tions is noted in these traces. 

~I 
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Figure 1. Finite element mesh of a tectonically 
stressed straight fault system. 
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Figure 2. Displacement histories and shear stress 
drop at po i nts a long centra I feature. 
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Figure 3, Displacement velocity and acceleration of node 5 in direction paral lei to fault, 



In conclusion, we have developed and demon
strated a numerical analysis tool to simulate the 
dynam i c respon se of two-d i men s i ona I fractured rock 
systems subjected to fluid injection or withdrawal. 
In addition to demonstrating a possible mechanism 
for earthquakes, the program can be used to study 
possible methods for control of earthquakes. Fi
na I I Y the program can be used to generate earth
quake records for use in other analysis methods. 
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3, GEOTHERMAL ENERGY DEVELOPMENT 

The present Earth Sciences Division program 
in geothermal energy development began in 1973 in 
response to the national goal of developing alter
nate energy sources. To stimulate industrial de
velopment of geothermal resources for electric 
power generation, the L8L program initially consis
ted of: an assessment of geothermal sites in nor
thern Nevada; development of a binary-fluid power 
plant for high-temperature, low-salinity brines; 
and various geochemical and geophysical studies re
lated to the thermodynamics and chemistry of 
brines and the properties of reservoir rocks. An 
additional support project, the National Geother
ma I I n format i on Resource (GR I D), commenced with 
the respons i b iii ties for comp iii ng data on geother
mal energy and for operating a computer data base. 

Many of these geothermal programs continue 
and many more have begun, inc Iud i ng those d i s
cussed in Section 2 of this report. In this sec
tion, there are five major project categories: 
geochemical engineering, reservoir engineering, 
subsidence research, uti I ization and conversion 
technology, and exploration technology. 

The geochemical engineering projects are con
cerned primarily wi-rh geothermal fluids, the 
chemistry and thermodynamics of brines, and sca
ling prob I ems. 

Reservoir engineering studies have three com
ponents: the development and testing of new 
method s of numer i ca I mode ling for reservo i r 
evaluation; the evaluation of particular geothermal 
reservoirs; and development and management of the 

Geothermal Reservoir Engineering Management Plan 
(GREIVP) • 

The subsidence research program plan is 
managed by L8L, which is also model ing subsidence 
effects due to fluid withdrawal. 

The uti I i zation and conversion technology 
projects include experimental studies and com
puter simulations of protesses for power conver
sion. LBL has continued to manage field opera
tions for the DOE Geothermal Component Test Faci-
I ity (GCTF) at East Mesa, Imperial Valley, Cal i
fornia. The Laboratory is also formatting and 
analyzing production data for DGE and the San Diego 
Gas and Electric Company from the Geothermal Loop 
Experimental Faci I ity (GLEF) at Ni land in the 
Imperial Valley. It is also assisting DGE in 
coordinating their direct-contact heat-exchanger 
program. 

Exploration technology projects are concerned 
with the development and improvement of geophysical 
and geochemical exploration methods. For several 
years, technique evaluation (principally in nor
thern Nevada) and geophysical data interpretation 
have been major activities at LBL. New projects 
include development of a control led-source electro
magnetic prospecting system and support for a DOE 
resource evaluation at Mt. Hood, Oregon. Explora
tion technology developed in the past by LRL is 
being applied to reservoir evaluation studi,es at 
the Cerro I~rieto Geothermal Field, Baja Cal i
fornia. 

NATIONAL GEOTHERMAL INFORlvlATION RESOURCE 
S, L. Phillips aild S, R. SchVJa/'t~ 

I NTRODUCT I ON 

The National Geothermal Information Resource 
(GRID) is sponsored by the U.S. Department of Ener
gy (DOE) to develop and maintain a central geo
thermal data center, making information accessible 
to scientists and the industrial community. The 
program includes site-dependent and site-indepen
dent data related to geothermal energy explora
tions, electrical and direct uti I ization, environ
mental questions, and aqueous electrolyte proper
ties. The program was initiated in fiscal year 
1974 with funding provided from the U.S. ERDA Di
vision of Physical Research. Currently, the pro
gram is supported by DOE's Division of Basic Energy 
Sciences, the Division of Geothermal Energy and 
the Office of Environmental Information Systems, 
Division of Biomedical and Environmental Research. 

The GRID program uses the Berkeley Data Base 
Management System to create and maintain, and dis
seminate bibl iographic and numerical data. Data 
are read i I Y retr i eved from the GRI D database by 
specifying one parameter, such as the geothermal 
site, or a combination of parameters, such as the 
geothermal site, the date, and the desi 
data measurement. Data output is avai I 
form of bibl iographic compi lations, numerical ta
bles or graphic displays on paper, film, or mag
netic tape. In addition to maintaining a current 
geothermal data base, the program staff are re
sponsible for I iterature reviews and critical 
evaluations of the status of data. 

The project also cooperates in the exchange 
of information and data with other organizations 
on a worldwide basis. There are currently three 
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u.s. data centers working to implement the col lec
tion and exchange of information on geothermal 
energy research and production: the DOE Technical 
Information Center (TIC), Oak Ridge, Tennessee; 
the GEOTHERM projed of the U.S. Geological Survey 
in Menlo Park, Caifornia; and the GRID project. 
The data systems of TIC, GEOTHERM and GPID are co
ordinatedfor data collecrion and dissemination, 
with GRID serving as a clearinghouse, having ac
cess to f i I es from a I I geotherma I databases i n
cluding both numerical and bibl iographic data. 
GRID coopera-r-es with DOE/TIC for bibl iographic in
formation and with the U.S. Geological Survey for 
certain site-dependent numerical data. The GRID 
program also cooperates with relevant data pro
grams, such as the National Standard Reference 
Data Sys-r-em and others, for collection of 
numerical data. 

The GPID program's standards for interchange 
of bibliographic data are patterned after the In-
ternational Atomic Energy Agency's International 
~juclear Information System (INIS). Utilization of 
the INIS format ensun'is that GRID's data wi!1 be 
compatible with other INI led data centers, 
thereby promoting the active interchange of data 
with other groups. 

BIBLIOGRAPHIC FILES 

The GPID I bibl iographic fi Ie is on 
I ine for computer searches and contains the fol
lowing new and updated subsets: 

Geothermal vapor and hot water fluids contain 
a fraction of noncondensible gases composed mainly 
of carbon dioxide with lesser concentrations of 
hydrogen sulfide and other gases such as methane, 
ammonia, nitrogen, hydrogen and ethane. The 
interest in H2S aspects of geothermal energy is 
mainly related to the problem of corrosion of 
materials and environmental effects. Although 
this fi Ie highl ights the geothermal aspects of 
hydrogen sulfide, substantial references from 
other sources of H2S are included, for example: 
petroleum refining, smelting of sulfide ores, the 
manufacture of Kraft pulp, and offal rendering 
plants. Currently, i-he topics referenced in i-he 
hydrogen sulfide fi Ie include the following: 
sources of H25, monitoring methods, emission con
trol, environmental effects, health effects, path
ways in the air and water environments. The 
hydrogen sulfide fi Ie is the resul-r of an initial 
screen i n~J of the wor I dw i de I i teratur-e and new 
ci-r-ations vii II be appended periodically. 

The land subsidence fi Ie is on I ine and is 
avai lable for restricted searches. Topics in the 
fi Ie iclude subsidence resulting from mining opera
tions and petroleum production, and subsidence as
sociated with geothermal fluids withdrawal. 

An updated version of the aqueous electro
lytes file is avai lable for searches and contains 
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references on basic energy data for aqueous elec
trolytes (such as enthalpy, vapor pressure) to 
elevated temperatures and pressures. 

An updated version of the geothermal site 
fi Ie is avai lable for searches and includes 
bibl iographic information on the following topics: 
hydrology, location, dri II ing, geology, land-use 
factors, and geochemical and geophysical measure
ments. 

The brine treatment "fi Ie is avai lable tor com
puter searches on -rhe fo I low i ng area s: geotherrna I 
fluids, piping and wells for scal ing and corrosion, 
and treatment data for contro I ling sea ling. 

NUMEF~ I CAL FILES 

The GRID geothermal numerical data fi les are 
also available for searches and contain the 
following new and updated subsets: 

A numer i ca I f i Ie conta i n i ng data on non con-
densible (such as H2S, CO2 ) at geothermal 
areas is n preparation by the GRID project staff. 
The fi Ie is designed to include descriptive infor
mat i on such as geotherma I we I I I ocat i on, samp ling 
method and samp ling dai-e, and techn i ca lin forma-
t i on such as we I I-head pressure and gas oui-put. A 
sample subset on the Wairakei geothermal field is 
on I ine for searches by interested users. In the 
future the fi Ie wi II include all domestic geother-
mal sites and additional foreign sites, e.g., the 
Larderello field in Italy and the Cerro Prieto 
field in Mexico, 

This numerical file covers the following 
typical site dependent data for geothermal power 
product i on fac iii ties: product i on \Ve I I charac
teristics, injection well characteristics, and 
data on flash drums, scrubbers, stages, heat 
exchangers, and generators. 

The fluids chemistry numel-ical fi Ie developed 
with the LBL Geoscience Engineering program is 
avai lable for sear-ches. The fi Ie contains data 
on the chemical components of geothermal hot 
waters. 

The aqueous NaCI fi Ie is avai lable for 
searches and contains numerical data on density 
and viscosity to elevated temperatures and 
pressures. 

I ~1FOPMAT I ON EXCHANGE WITH OTHER DATi\ CENTERS 

Domestic 

Involvement in information exchange currently 
includes cooperation with TIC and GEOTHERM. 



Future cooperative efforts are expected to include 
those with CODATA, COGEODATA, and the National 
Standards Reference Data System. 

International 

When ERDA was formed in 1975 it inherited 
severa I i nternat i ona I agreements from the AEC. 
Among these were bi lateral and multi lateral agree
ments on the exchange of information and scientists 
in various technical areas such as fossil, fusion, 
solar, and geothermal energy. As a result of The 
NATO Committee on the Challenges of Modern Society 
(CCMS) meeting held in New Zealand in 1974, the 
U. S. and I ta I y agreed on the exchange and co I I ec
tion of information regarding the development and 
exploration of geothermal energy resources. 

Under the agreement, GRID has provided the 
Ital ian contact, Consigl io Nazionale delle Ricerche 
(CNR), with the fo I low i ng mater i a I ; 

1. computer tape conta i n i ng the geotherma I bib I i 0-

graphic fi Ie 1976 (TIO-3354 Rl) from TIC, 
Oak Ri dge; 

2. computer tape and printout containing the data 
f i I e on geotherma I flu i ds from the LBL geo
chemical engineering program; and 

3. computer data containing geothermal data from 
the GRID group. 

The United States, via GRID, received a computer 
tape from Italy containing geothermal references 
from their data center. 

Under the terms of the agreement, DOE is re
sponsible for coordinating the collection of geo
thermal data from Central and South America. GRID 
has been identifying individuals who wi II function 
as permanent contacts for development of informa
tion exchange programs. 

FUTURE WORK 

In February 1978, the thermal conductivity 
data for aqueous sodium chloride solutions wi II be 
compi led and disseminated. Enthalpy data on so
dium chloride solutions is expected to be cri-
t i ca I I Y eva I uated, a corre I at i on express i on deve
loped, and the results of the work disseminated in 

GEOCHEMICAL ENGINEERING 

The purpose of the Geochemical Engineering 
project is to furnish interpretive support for 
investigations into the control of chemical prob
lems in geothermal power conversion. This project 
was designed to meet certain urgent objectives of 
the DOE/DGE program in Geochemical Engineering and 
immediate industrial needs. 

Geothermal fluids contain si I ica, carbonates, 
chlorides, carbon dioxide, hydrogen sulfide, and 
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the first half of 1978. Data on other basic pro
perties (such as electrical conductivity and heat 
capacity) wi II be compi led in the last half of 
1978. 

In 1978 we also expect to add to and edit the 
magma f i I e and seek fund i ng for the dr i I I-ho I e 
survey fi Ie. A major effort wi II be compi ling 
cr it i ca I I Y eva I uated site-dependent data cover i ng 
the information categories I isted above. 

PUBL I CAT IONS 
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other gases and salts. The major problems encoun
tered during the operation of a geothermal power 
plan are si I ica scal ing, carbonate scal ing, air 
pollution and corrosion problems associated with 
hydrogen sulfide (H2S) and its oxidation products, 
and removal and rejection of the noncondensible 
gases, chiefly carbon dioxide (C02 ), 

This project was started in fiscal year 1976. 
During fiscal year 1977 it consisted of three 
tasks: 



1. characterization of the chemical composition 
of geothorma I flu i ds; 

2. management support for the ERDA/DGE program in 
scal ing and corrosion control in geothermal 
systems; and 

3. development of a qual itative model for the 
mechan isms of s iii ca sca ling from geotherma I 
systems. 

Tasks (1) and (2) were completed by the end of 
fiscal year 1977. Task (3) wi II continue to be 
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directed, during fiscal year 1978, toward the de
velopment and demonstration of engineering equa
tions, model ing si I ica scal ing mechan isms in geo
thermal fluids. 

In addition, two new tasks wi II be added: 
(4) analysis of possible chemical problems 
associated with the thermal decomposition of 
binary heat exchange fluids; and (5) technical 
consultation and management support for R. Feber 
in the area of coordinating the ERDA/DGE brine 
chemistry model ing projects among themselves and 
with other ERDA-supported, industrial and inter
national programs. 

A COlvJPlLATION OF DATA ON FLUIDS FROM GEOTHERMAL 
RESOURCES IN THE UNITED STATES" 
S. R. Cosner and J. A. Apps 

BACI<GROUND 

The commercial development of geothermal 
energy for power and heating is receiving serious 
attention in the United States. Many resources 
are being investigated intensively, and the design 
and testing of geothermal systems and components 
is under way, both in government nat i ona I I abora
tories and in the private sector. 

Geothermal energy can be extracted from re
sources containing native steam, hot water, geo
pressured water, hot dry rock, and magma. However, 
the most important resources, in terms of immed i ate 
development potential, are those containing hot 
water. Such resources are genera I I Y known as 
"I iquid dominated" in contrast to "vapor dominated" 
or native steam sources. 

The liquid-dominated resources vary substan
tially in size, temperature, and fluid composition. 
When such resources are exploited, the variation 
in fluid composition leads to many technical prob
lems, including scaling, sludge formation, corro
sion and erosion in surface faci I ities, the dispo
sal of noncondensible gases, the treatment of 
toxic gases, volati les and precipitates, and the 
disposal of spent fluids. Geothermal fluids also 
have thermodynamic and transport properties that 
differ from pure water, which must be taken into 
account during geothermal power plant design. A 
knowledge of geothermal fluid characteristics is 
therefore important in anticipating such problems. 

The purpose of this compi lation is to provide 
information on the chemistry of geothermal fluids 
to scientists and engineers who are responsible for 
the development of geothermal energy from hot water 
resources. The compi lation provides a comprehen
sive tabulation of avai lable data on geothermal 
fluids from the most important geothermal resour
ces in the United States. 

* Extracted from LBL Report No. 5936 

The work was funded by the Division of Geo
thermal Energy of the Department of Energy. 

SCOPE OF THE COMPILATION 

Resources Selected 

The resources selected for the compi lation 
were determined primarily from White and Williams. 1 

Liquid-dominated §esources, with a heat capacity 
exceeding 1 x 10 1 calories and temperatures grea
ter than 90oC, were candidates for inclusion in 
the data comp i I at i on. However, the resource at 
Yellowstone Park was omitted because exploitation 
of the geothermal resources in national parks is 
prohi~ited. (Thirty-tour candidates were identi
fied.) In addition, resources at Cerro Prieto, 
Mex i co, and Puna, Hawa ii, were inc I uded. The for
mer was added because of its relevance to other 
geothermal resources in the Imperial Val ley, Cal i
fornia, and the latter, because of signiticant 
dr i I ling resu I ts obta i ned in 1977. 

The resources chosen were those most likely 
to be exploited for geothermal energy during the 
next 10 years. Particular importance was attached 
to their potential for electric power generation. 

On Iy information on the chemical composition 
of fluids from wells was compi led. Hot-spring 
ana I yses were not co I I ected because such ana lyses 
are not considered to be representative of geother
ma I flu i ds found at depth with ina geotherma I re
servoir. The U.S. Geological Survey is conducting 
a program to c~1 lect data on hot springs in the 
United States. 

Data from 17 resources were obtained by 
search i ng the literature, and by co I I ect i ng data 
from companies working in the geothermal energy 
field. The I iterature search includes references 
dating back to 1929. Much data held by the private 
sector remains confidential because ot the need to 
protect corporate investments in a promising geo
thermal area. For this reason much information 



is lacking from wells dri lied recently, specifi
cally Valles Caldera, New Mexico (Baca location 
No.1, KGRA); Braw I ey I<GRA, I mper i a I County, Ca I i
fornia; and Roosevelt Hot Springs KGRA, Beaver 
County, Utah. 

Information Compi led 

A complete listing of information which could 
be compi led for each sample is shown in Table 1. 
Not a I lin format i on cou I d be found for each ana
lysis. All information is recorded as found in 
the source document. For example, no attempt was 
made to standardize units of measurement for the 
concentrations of components in solution. 

Caution must be exercised in using the data 
in this compi lation. The data come from a large 
variety of sources and are of variable qual ity. 
Users should be cognizant of the type of sample, 
the way in which it was obtained, the completeness 
of the analysis, the analytical methods, and the 
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units of measurement in which the results are re
ported. Some samples may have been analyzed long 
after collection, leading to interim oxidation, 
precipitation, or evaporation of some of the 
constituents. 

It shou I d be recogn i zed that geotherma I f I u
ids are rare I y, if ever, un i form in compos i t i on. 
The analysis given for a particular geothermal 
we I I may not be representat i ve of the resource as 
a whole. It may be I ittle more than a reflection 
of an unspecified mixture of fluids of differing 
compos i t ions from different hor i zons 1'1 i th ina we I I. 
The composition of geothermal fluids can also 
change with time. Compositional fluctuations may 
occur in a flowing well during time periods as 
short as one hour. 

COMPUTER PROCESSING 

Storage of and Access to the Data 

The compi I at i on of geotherma I flu i d data has 
been processed and stored at Lawrence Berkeley 
Laboratory, using the Berkeley Database Management 

Table 1. Data elements of the geothermal fluid data compi lation. 

PRELIMINARY INFORMATION 
Code name (we I I name and a un i que letter 

for each record of data from that we I I) 
We I I Name 
KGRA or geothermal field 
Location (township, range, section, 
quarters or other de I i neat i on) 

County 
State 
Country 
Ide I I owner 
Lessee of we I I 
Dr i I ling company 
Dates dri lied. 

WELL INFORMATION 
We I I depth (i n meters) 
Temperatures (oC) 
Depth or location of temperature 

reading 
Shut-in pressure 
Flow information (flow rates 
and pressures) 

vie I I casing perforation interval 
Lithology of production zone 

SAMPLING INFORMATION 
Type of sample (water, steam conden-
sate, noncondensable gases) 

Date sample taken 
Sample number, analyzing laboratory 
Location sample taken 
Samp ling method 
Condition of sample when taken (tem

perature, pressure, whether fluid 
lost due to steam flashing) 

Cond i t i on of we I I when samp I e taken 
(fIOl" time before sampl ing, flow 

PHYSICAL DATA 
pH, pH range if given, temperature of 
reading 

Eh, temperature of reading 
Specific gravity, temperature of reading 
Viscosity of fluid 
Total dissolved sol ids, whether sum of 
analysis or residue on evaporation 

Tota I a I ka lin Ity 
Other data 

Error 
Units 

DATA 

Constituent name, concentration, comment 
Comment, if needed, on table of analyses 

BIBLIOGRAPHIC DATA 
Sources of data in record (Entry 
corresponds to the principal author's 
last name and year article was 
pub I i shed) 

OTHER I\JOTES 
Other important information 



System (8DIV1S). This system is a generalized infor
mation retrieval system offering a broad range of 
capabi I ities for creating, maintaining, and ac
cessing computer databases. BDMS consists of an 
easy-to-use database definition language, an edi
tor that stores, modifies and retrieves data, and 
a system that searches the database for indices 
specified by the user. 3 

The compi led geothermal fluid data are stored 
in the database as records. Within each record, 
data are stored under data elements. These data 
elements are defined by the database user. Over 
50 elements were defined for use in the geothermal 
fluid data compi lat.ion as shown in Table 1. Few 
records contain al I of the data elements since the 
information compi led was usually incomplete. 

Each record is unique for a specific sample 
analysis from one well (Fig. 1), unless there is 
more than one ana Iys i s for a we I I, in wh i ch case 
there are multiple records. An attempt was made 
to place the most reliable analysis in the first 
record. 

Because the compi lation is stored on the LBL 
computer system, users can gain access to it 
through a computer terminal. With special arrange
ments a user may connect to the LBL computer via a 
telephone I ine and a remote terminal, and inspect 
the data on this terminal. This connection also 
a I lows the user to search se I ect i ve I y for spec if i c 
subjects, and to print just those records of 
interest. 

A more comp I i cated operat i on us i ng comp i I a
tion through computer access involves the manipu
lation of the data in user-written programs. This 
could be done, for example, using the data as in
put for a program model ing thermodynamic equi I i
bria of a geothermal system. Programs could also 
be written to make statistical comparisons of 
var i ous parameters stored in the comp i I at i on. 

Bibl iography 

The bibl iography for the geothermal fluid data 
compi lation shows al I the sources from which data 
were co I I ected. The bib Ii ography, like the data 
compi lation, was input to the BDMS computer to 
fac iii tate ed i t i ng and retr i eva I on spec if i c sub
jects. The format used is the same as that used 
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. i 

the National Geothermal Information Resource 
group (GRID) at LBL. 2 ,4 The descriptors for each 
reference gre key words, taken from a standard 
thesaurus, which describe the subject matter 
discussed in the report of article. These key 
words faci I itate computer searches for specific 
subj ects. 

The name and number in the upper right sec
tion of each bibl iograhic I isting is made up of 
the principal author's last name and the year the 
article was publ ished. This entry corresponds to 
that I isted as the source of data at the end of 
each record in the flu i d data comp i I at i on. 

The bibl iography contains I istings of some 
reports and articles that were not used as sources 
in the compi lation. They were scanned for data, 
however, and are included in the bibl iography 
since they may be useful to investigators. 

REFERENCES 

1. White, D.E. and Wi II iams, D.L. Assessment of 
Geothermal Resources of the United States, 
U.S.G.S. Circular 726 (1975). 

2. Clark, A.L., Calkins, J.A., Tongiorgi, E. and 
Stefane I Ii, E. A Report on the I nternat i ona I 
Geothermal Information Exchange Program, 1974-
1975, in Proceedings--Second United Nations 
Symposium on the Development and Use of Geo
thermal Resources, Lawrence Berkeley Labora
tory, Vol. 1, P. 67-100 (1976). 

3. Richards, D.R. BDMS - Berkeley Database 
Management System User's Manual, Lawrence 
Berkeley Laboratory, Rept. LBL-4683 (Apri I 
1976, revised 1977). 

4. Trippe, T., White, V., Henderson, F. and 
Phi II ips, S. GEODOC - The GRID Document fi Ie, 
Record Structure and Data Element Description, 
Lawrence Berkeley Laboratory, Rept. L8L-4432 
(6 Nov. 1975). 

5. Perra, J,J. and Herr, J.J. Geothermal The
saurus, Lawrence Berkeley Laboratory, Rept, 
LBL-4841, draft (June 1977), 



WELL NOWLIN 1 
HEBER KGRA 
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RECORD 167 
CODE NAME=NOWLIN I 
SAMPLE TYPE=WATER 

LOCATION--T16S, RI4E, SEC. 33, 2873FT S, 3554FT E, FROM NW 
CORNER, IMPERIAL COUNTRY, CA., USA 

WELL INFORMATION 
OWNER--CHEVRON OIL CO. 
DATE ORILLEO--IO MAR 72 - 13 NOV 72 

WELL DATA 
COMMENT--GEOTHERMAL WATERS AT HEBER ARE PRODUCED FROM A 
DEPTH OF 600 TO 1900M. 

PHYSICAL DATA 
PH=7.10 
TOTAL DISSOLVED 50LIDS=14100.00 PPM 

BRINE DATA 
UNlTS--PPM 

5102 
NA 
K 

LI 
CII 

MG 
CL 
F 
S04 
HC03 
C03 
ilL 

B 
CU 
FE 
PB 
ZB 
C02 
H2S 

120 

3600 
360 

6.6 
880 

2.4 
9000 

1.6 
100 

20 
4 

.04 
4. a 

.2 

.9 

.1 

.68 
TRACE 
TRACE 

THERE ARE ONLY TRACES OF C02, H2S AND OTHER NONCONOENSIBLE 
GASES IN THE HEBER GEOTHERMAL FLUIDS. 

BIBLIOGRAPHIC DATA 
SOURCE--

EPRI 76A 
W lTHAM 76 

Figure 1. Sample record from the Berkeley Database Management System. 

DEFINITION OF ENGINEERING DEVELOPMENT AND RESEARCH PROBLEMS 
RELATING TO THE USE OF GEOTHERMAL FLUIDS FOR ELECTRIC POWER 
GENERATION AND NONELECTRIC HEATING 
]. A. Apps 

INTRODUCTION 

The use of geothermal fluids for electric 
power generation and nonelectric purposes causes 
problems not normally encountered when pure water 
is used for s i mil ar purposes. Before geotherma I 
energy can become an important source of electric 
power or thermal energy in the United states. 

* Extracted from LBL Report No. 7025 

these problems must be identified and solved. 

A I ist of research and development projects 
aimed at solving those problems arising from the 
use of geothermal fluids from known sources in the 
United States has been compiled in LBL-7025. 
Problem areas covered are: the impact of chemical, 
thermodynamic. and transport properties of geother
mal fluids on engineering design; scal ing and 
sludge formation; gases, volati Ie brine constitu
ents, and condensate chemistry; and environmental 



considerations. Other areas, such as the corro
sion and erosion of materials and the development 
of new materials for plant and we! I construction, 
are not discussed. 

The research projects identified are general 
in nature and are not site-specific. The develop
ment of geothermal resources in the United States 
is still at a preliminary stage, and available 
information about the resources is insufficient to 
predict site-specific problems with certainty. 

OBJ ECT I YES 

The report forms the basis of a national plan 
to quicken the exploitation of domestic sources of 
geothermal energy. The goals of the program are 
to: define potential problems and reduce risk; 
determine the best design for any given field; 
reduce cap ita I costs for p I ant and anc i I I ary 
equipment and extend plant I ife; improve plant 
rei iabi I ity and reduce routine maintenance; and 
reduce environmental problems. 

Secondary goals are to: use waste heat effec
tively; and to generate revenue from geothermal 
fluid byproducts (such as salt, potash, and non
ferrous metals) and from the production of fresh 
water. 

The report may be used to develop and 
implement a national plan. However, other 
strategies may be adopted, which would lead 
to an equally effective outcome. 

STAGE 1 
CHARACTERIZATION OF GEOTHERMAL flUIOS (SECTION III) 
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Geothermal Systems 
Subsystems and 
Components 

Compilation of 
Geothermal Fluid 
Analyses 
Section III 82 

Variation of 
Concentration of 
Components 
Section In B4 

Classification of 
Geothermal Resources 
by Temperatme and 
Salinity 
Section III B5 

Section IV A1 

ORGANIZATION OF THE REPORT 

The task of identifying research and develop
ment projects pertinent to the problems specified 
in the Introduction requires consideration of many 
factors. (A flow chart is presented in Figure 1 
showing the impact of each factor in a logical 
sequence and the organization of LBL 7025). The 
task is accompl ished in three stages. 

Stage 1: Characterization of Geothermal Fluids 

1 • I dent if i cat i on of geotherma I resource 
types and classification of geothermal 
fluids. 

2. I dent i f kat i on of geotherma I fie I ds 
most I ikely to be exploited in the near 
term, and the characterization of geo
thermal fluids from these fields. 

Stage 2: Program definition 

1. I dent if i cat i on of eng i neer i ng prob I ems 
resulting from the use of geothermal 
fluids in each fluid class. 

2. Categorization of research and develop
ment projects relating to the four prob
lem areas consideri~g the energy conver
sion systems most I ikely to be used for 
each class of geothermal fluid. 

STAGE 2 STAGE 3 
PROGRAM DEFINITION (SECTION IV) PROGRAM IMPLEMENTATION (SECTION V) 

XBL 78349B 

Figure 1. Flow chart showing the organization of LBL Report 7025. 



3: Program Implementation 

1. Development of a program plan. 

2. Implementai~ion of the program. 

The various factors included in each Stage 
are indicated by a series of matrix charts, the 
output of one chart serving partly as the input 
for the next. The first part of 1 i nvo I ves 
the classification of geothermal flu ds on the 
basis of geothermal resource types, sal inity, and 
temperature. In the absence of more definitive 
studies, a professional assessment had to be made 
as to which geothermal resource types would be 
most I ikely to be exploited in the near term 
(-10 years). The next part, the identifica-
tion of geothermal sites, is based primari lyon 
a selecti?n from the I isting given by White and 
Wi II iams. Sites from Tge I isting are restricted 
to a minimum size of 10 calories and a minimum 
temperature of 900 e. Other criteria, limiting 
the cho i ce of sites st i I I further, such as distance 
from population centers, chemistry, and the impact 
of temperature on vie I I costs, are discussed but 
not investigated because of the need for extensive 
study of each site. 

The rema i n i ng parts, i nvo I v i ng the charac
terization and classification of geothermal fluid 
compositions from the sites selected previously, 
are also incomplete. However, prel iminary esti
mates of the distribution of critical components 
have been made. A separate project has been 
comp I eted in wh i ch geotherma I flu i d data from the 
selected sites have been compi led in a computer 
f i I e. A report i ng a I I data comp i led 1'1 I I I 
be released in 1978. Further evaluation of these 
data is continuing, and an LBL report on the 
characterization of geothermal fuids was released 
in 1977. Sites for which geothermal fluid data 
are avai !able are classified according to tempera
ture and salinity. This classification, when 
combined with a knowledge of the fluid composition 
range of that class, serves as input for Stage 2. 

The first part of Stage 2, Program Definition, 
compares the geothermal fluid composition range 
for each class with the geothermal plant system 
components in order to identify specific problems 
which would arise from the use of such geothermal 
f luicls. Analogous problems are collected together 
and used as input for the next part, which involves 
verification of research projects. Here, the 
output from the previous part is compared with 
control methods in a matrix chart in order to 
determ i ne contro I 'reas i b i I lty. The output from. 
this chart forms the basis for defining research 
projects needed to solve problems relating to the 
use of geothermal fluids at selected sites in the 
United States. The proposed research projects are 
tabulated together with fiscal year 1977 projects 
already addressing some of the problems identified. 

Although the work organization results in a 
comprehensive I ist of potential projects, it is 
not 1'1 i thout prob I ems of its own. These are listed 
here so that the reader might appreciate the rea
sons beh i nd the dec i s ions made in comp iii ng the 
report. 
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First, the information on geothermal sites in 
the United States is currentiy insufficient for 
determining either the order in which they wi II be 
exploited or their relative importance to the at-
tainment of significant exploitation of I 
energy. However, a recent study by Reitzel 
been made of the economics of exploiting for 
power generation those geothermal resources listed 
by l'ihite and l'lilliams. 1 Reitzelis study does ai
low some i nte I I i gen1~ guesses to be made as to 
which resources show most promise at this time. 

The implementation of projects proposed may 
result in significant technical advances which may 
a I ter the order in wh i ch the resources 1'1 i I I be de
veloped. In order to provide the best estimate of 
the relative importance of geothermal sites, a 
research effort is required that is beyond the 
scope of the report and inconsistent with the time 
restrictions imposed for its completion. 

Secon d, i n format i on on the compos i t ion 0 f 
geothermal fluids at sites in the United States is 
difficult to obtain and of variable quality, As 
indicated above, a separate project has been com
pleted in which currently avai lable information 
has been compi led. Much of the data from geother
rna lsi tes that have been dr iii ed are pl-opr i eta ry 
and usually confidential. Without sLich informa
tion, it is difficult to implement research pro
jects that address site-specific problems. Hence 
the reason for a general approach. 

Third, it is questionable whether the chemi
cal analysis of a geothermal fluid is sufficient 
to identify the problems resulting from the use of 
that fluid. Persuasive arguments might be advanced 
in support of direct implementation of tests in 
the field to identify problems associated with a 
part i cu I ar geotherma I flu i d, rather than ati-empt i ng 
to predict problems on the basis of brine composi
tion ranges in any particular class. 

Fourth, the matrixing process used in this 
study is difficult to implement because of the 
numerous options that result. Many decisions must 
be made which are necessari Iy based on insuffi
cient background information. Therefore, the 
bases for the decisions are professional assess
ments rather than in-depth evaluations. 

Fifth, the method used does not permit easy 
incorporation of problems intrinsic to the use of 
geotherma I flu ids in geotherma I p I ants (that is, 
problems relating to the need to design ter the 
use of a fluid which differs from pure water in 
Its physical, thermodynamic, and transport pro
perties.) 

In spite of these difficulties, research and 
development projects tabulated in the report 
should serve as a useful basis for the formulation 
of research plans to solve problems relating to 
the use of geothermal fluids in geothermal plants. 
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KINETICS OF SILICA PHECIPITATION FHOi\J GEOTllEHMAL BHINES 
O. We res, A. Yee, and L TS(lO 

INTRODUCTION 

Experience has shown that certain of the 
minor chemical components of geothermal fluids 
present the greatest obstacles to making this re
source en v i ronmenta I I Y acceptab I e and econom i ca I I Y 
viable. 

!n the past, the most immediate concern has 
been the release of highly toxic and malodorous 
hydrogen sulfide to the atmosphere. However, sub
stantial progress toward resolving this problem 
has been made by the Pacific Gas and Electric Com
pany and ot7ers operating at The Geysers field in 
Cal ifornia. It appears that hydrogen sulfide 
emission wi II no longer be the I imiting factor for 
the next generation of geothermal power plants, 

The Geysers field produces dry steam. The 
technical difficulties encountered there have to 
do mostly with the control of trace gas emissions. 
The ut iii zat i on of the hot water resource, wh i ch 
is more abundant, brings with it the problem of 
precipitation and deposition of various sol ids and 
colloidal materials from the brine. 

Deposition within the production wei I bores 
and surface equipment causes scal ing problems. 
Wei Ibore scal ing at the Cerro Prieto geothermal 
field (Baja Cal ifornia Superior) is severe enough 
to necess i tate an annua I rework i ng of each we I I, 
Scale deposition on the heat-exchange surfaces of 
proposed binary-cycle plants may force heat
exchanger overdesign and frequent outages for 
routine cleaning. The scale-forming materials of 
greatest concern are amorphous silica and sili
cates and carbonates. Deposition of sulfates and 
sulfides may also be important in some cases. The 
silica and sulfate scales are the most difficult 
to remove, 

Large amounts of amorphous si I ica gel are 
deposited in the spent brine disposal conduits and 
ponds at Cerro Prieto and Wairakei (North Island 
of New Zea I and) • It is dea I t 1'1 i th by per i od i ca I I Y 
dredging the brine canals and, at Cerro Prieto, by 
periodically replacing the spent brine pipes. 

Reinjection is not practiced in either of 
these areas, and there is good reason to be I ieve 
that the colloidal and dissolved si I ica in the 
brine would cause severe plugging of reinjection 

wells. Indeed, brine injection experiments at 
Niland (Imperial County, California) have conclu
ded that brine injection destroy~ the primary per-
meabi I ity of a well within days, Sustained in-
jection seems possible only when the well in ques
tion has large fracture perrneabi I ity, This is 
mi Idly encouraging, but can hardly be rei ied on in 
general. 

The chemica! behavior of the scale forming 
carbonates, sulfates and sulfides is reasonably 
we I I understood. Carbonates and su If i des may be 
easi Iy removed, and a variety of commercially 
available scale inhibitors are known to be 
effective against carbonate and sulfate 
deposition, 

I n contrast to th is, very I itt lei s under
stood about the chemical behavior of si I ica in 
geothermal brines, The only methods ava! lable to 
remove si I ica scales are washing with caustics or 
acid fluorides and physical removal, The only 
means of si I ica scale inhibition that has been 
success$ully demonstrated to date is brine acidu
lation, which causes the si I ica to remain in the 
brine in the form of a colloidal suspension, Un
fortunately, this relatively stable colloid is 
also ~uite capable of causing reinjection prob-
lems. Also, the acidulation of the brine may 
cause severe corrosion proble~s in many circum
stances, There is excellent reason to bel ieve 
that ord i nary sca lei nh i b i tors \'1 i I I prove i netfec
tive against si lica because of its amorphous and 
covalently bonded nature, 

I n genera I, amorphous s iii ca and s iii cates 
present the greatest cha I I enges of i nterpretat i on, 
prediction, and control in the field of industrial 
geothermal chemistry. 

PROJECT GOALS 

The major goal of this project is to develop 
a capabi I ity to quantitatively interpret and pre
dict the behavior of si I ica in geothermal brines. 
We are using the full capabi I ities of both experi
mental and theoretical chemistry in this effort. 
The results we have obtained are of high scienti
fic qual ity. Ultimately, we expect to reduce our 
conclusions to practical computer codes which wi I I 
be employed to model si I ica chemistry within geo
thermal brine systems, Aside f~om the immediate 



uti I ity of our work in geothermal resource uti I i
zation, we expect that it wi I I also make a major 
contribution to geochemistry. 

PROJECT TASKS 

Review of the Literature of Si I ica Chemistry 

Th i s task was substant i a I I Y comp I eted dur i ng 
FY 1977. The information gathered in the course 
of this review and its first-order interpretation 
are presently being written up. At the time of 
writing (January 1978) most of this review existed 
in rough draft form. The German and Russian lan
guage literatures have been covered as we I I. A 
number of important sources in these languages 
have been found and appropriately summarized. 

During FY 1978 our original results and con
clusions wi II be integrated into this manuscript 
and the resu I t i ng work wi I I serve as our f i na I re
port and as a monograph on s iii ca chem i stry. 

Development of Mechanistic Models of Si I ica 
Polymerization 

In the course of our interpretation of the 
I iterature data we have constructed mechanistic 
models of the condensation reactions, which in
volve catalysis by hydronium, hydroxide, and 
chloride ions and hydrogen fluoride. These postu
lated mechanisms have helped define our experimen
tal program. These models wi I I be refined by com
parison with our experimental results. 

Theoretical Model of the Homogeneous Nucleation of 
Amorphous Si I ica Particles 

A sophisticated statistical mechanical theory 
of the homogeneous nucleation of amorphous si I ica 
has been developed. It is based upon the Lothe
Pound theory of nucleation4 and upon the "struc
tural ist" variant of water theory.5 (1, portion of 
it comprises a theory of the structure and thermo
dynamics of the amorphous si I ica surface. This 
portion ot the theory has proved sufficiently 
general and powerful to enable us to reconci Ie a 
number of apparently unrelated experimental 
results. vie will soon attain the ability to es
timate the free energy of any molecular species or 
part i c I e composed of s iii con d i ox i de and water. 

Our theory of nucleation now awaits final 
verification and reconci I iation with the results 
of experiments now in progress. 

Determination of Nucleation Thresholds 

The homogeneous nucleation of a new phase 
genera I I Y occurs on I y at some va I ue of the satura
tion ratio wei I above unity. In the case of amor
phous silica nucleation, this value appears to be 
about two. We are presently determining the exact 
value over a range of temperatures. This informa
tion is absolutely essential, because the critical 
saturation ratio is a practical I imit beyond which 
massive and completely unstoppable precipitation 
ensues. The values obtained wi I I be employed to 
final ize the nucleation model described above. 
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Kinetics of Si I ica Deposition on an Amorphous 
Silica Surface 

We wi I I determine the rate of monomer deposi
tion on colloidal particles of known surface area 
as a function of temperature, monomer concentra
tion, pH, and concentration of various catalytic 
ions. This is the single most important part of 
our experimental program because it will lead us 
to the capab iii ty of pred i ct i ng the rate of depo
sition of si I ica on most or all surfaces. 

Theory of Ion Exchange on the S iii ca Sur face 
and the Coagulation ot Colloidal Si I ica 

Prel iminary theoretical models of these pro
cesses have been deve loped and wi I I be improved 
further in the near future. If time permits, we 
wi I I also carry out such experiments as may be in
dicated in this area. 

Analysis of Practical Experience and Field Data 

In parallel with our fundamental investiga-
t ions of s iii ca chem i stry, we are interpret i ng the 
avai lable data relating to the phenomenology of 
si I ica precipitation from geothermal brines. So 
far we have found evidence for the "critical super
saturation threshold" in the behavior of brines at 
Wairakei (New Zealand) and Heber (Imperial County), 
and have explained the chemical basis of the pre
vention of deposition of si I ica from acidulated 
Ni land brine. {The drop in pH el iminates the sur
face ion exchange necessary for rapid coagulation. 

Development of Practical Means of Deal ing with 
Si I ica and Other Geothermal DepOSits 

Basic research oriented toward practical 
needs inevitably leads to new and unexpected prac
t i ca I ins i ghts. We have a I ready proposed and 
laboratory tested the use of the unique thermo
mechanical properties ot the "shape memory alloys" 
tor scale control. 6 Other unpubl ished concepts 
are also being evaluated. 

Another task ot this project is to monitor 
possible secondary fluid decomposition during the 
heat-exchanger experiments to be conducted at 
Heber during July and August of 1978, This wi II 
be done by means of gas chromatographic and mass 
spectographic analysis ot time series of secondary 
flu i d samp I es taken from the fac iii ty. 
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RESERVOIR ENGINEERING 

The activities of the geothermal reservoir 
engineering group during fiscal year 1977 included: 
1) working on the development of new techniques for 
analysis of mass and energy transport in geothermal 
reservoirs; 2) making contributions to DOE and the 
geothermal community toward understanding specific 
geothermal reservoirs, such as East Mesa, Cal ifor
nia; and 3) assisting DOE to formulate and imple
ment a comprehensive plan for support of research 
in geothermal reservoir engineering in a broad 
sense. Detai Is of these activities are presented 
in succeeding sections of this report; however, 
highl ights and short synopses of these activities 
are given below. 

An especially significant contribution during 
this past year was the development of a multiple
well, variable-flow well-test analysis capabi I ity, 
This capabi I ity permits analysis of data, taken 
under operating conditions, on pressure, flow 
rate, and time at wells penetrating a reservoir, 
("Operating" conditions prevai I when a system of 
wells is feeding an operating power plant,) This 
ana I yt i ca I capab iii ty obv i ates the need to shut 
down the p I ant or the we I lsi n order to acqu i re 
data with which to evaluate both the transmissi
vity and storativity of a reservoir and the condi
tion of particular wells. In other words, this 
capabi I ity greatly extends the scope of data with 
wh i ch to understand a reservo i r and the we I I s that 
produce from and reinject into it. 

A study of the consequences of different pro
grams of injection of cool fluid into a geothermal 
we I I, fo I lowed by product i on of that we I I, was car
ried out. The analysis provides insight into the 
consequences that various schemes of injection and 
subsequent production have on temperatures within 
a reservoir and on the temperatures of fluids pro
duced after a period of injection. Different ar
rangements of injection intervals and production 
intervals in the same well were studied, as were 
situations in which the reservoir was charac-
ter i zed by different d i str i but ions of permeab iii ty. 

Studies of specific geothermal reservoirs 
(see Figure 1) included work not only at East Mesa, 
Cal ifornia, but also at Raft River, Idaho, Cerro 
Prieto, Mexico, and Serrazzano and Castelnuovo, 
Italy. Lesser efforts were carried out at Heber 
and Coso Hot Springs, Cal i fornia. Well testing to 
determine reservoir parameters was the principal 
activity at East Mesa. However, work there also 
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led to the development and evaluation of 
mal wei I testing apparatus and test techn ques 
(for instance, the James technique). \lie I I testing 
to determine reservoir parameters was conducted 
at Raft River. 

An international agreement for cooperative 
study of the Cerro Prieto field was signed in Sep
tember 1977. Such an agreement permits the United 
States to participate in a comprehensive study of 
a reservoir of first-order importance for develop
ment of hydrothermal geothermal resources in the 
Salton Trough of the United States and for which 
an exceptionally good data base exists. Cerro 
Pr i eto, when fu I I Y documented, shou I d serve as the 
prototype example of a hydrothermal geothermal re
source. As such, it should be a principal guide to 
the exploitation of hydrothermal reservoirs in the 
United States, 

Work in Italy was devoted to conceptual ize 
geologic models and their approximation for use in 
computer codes for the Serrazano and Castelnuovo 
Zones of the Lardere I 10 reg i on, The former is 
being examined to permit matching of approximately 
40 years of production; the latter is being exa
mined in order to model the response of a steam 
reservo i r to i nj ect i on. I n both cases the ut iii ty 
of LBL-developed computer codes for reservoir 
simulation are being evaluated. 

The reservoir engineering group also managed 
the ERDA aeothermal reservoir engineering projects 
started u~der the NSF-RANN program and helped es
tabl ish a comprehensive plan for support of al I 
research in geothermal reservoir engineering. AI I 
NSF-RANN projects inherited by ERDA/DGE were con
tinued and monitored by LBL. A comprehensive plan 
for research known as GREMP was generated and 
evaluated, and implementation was started. The two 
activities were united under the master plan and 
readied for continued implementation in fiscal 
year 1978. 

A highly successful and wei I attended sympo
s i um on we I I test i ng I'las he I din October 1977. 
This meeting brought together for the first time 
experts in hydrologic well testing, hydrocarbon 
reservo i r test i ng, and geotherma I we I I test i ng. 
The opportunity for these special ists to "compare 
notes" was an outstanding feature of the meeting 
and led to its extraordinary success. 



Technique Development 

VAHIABLE-HATE MULTIPLE-WELL TEST ANALYSIS 
D. C. ,\1cEdu.;urds a/ld C. F. Tsang 

INTRODUCTION 

~BL has developed a computer-assisted tech-
n i que for ana I yz i ng we I I test data that are not 
amenable to analysis by conventional graphical 
methods. The need for such a technique became ap
parent about two years ago when LBL was given wei I 
test data that reflected the effects of a strongly 
variable production rate. Subsequently, a compu
ter-assisted least-squares matching technique was 
developed that could account for variable flow 
rate from one production well and could analyze ob
served pressure data for three reservoir para
meters: kh (transmissivity), ¢ch (storativity), 
and r i (image we II distance in the presence of a 
I i near boundary). Dur i ng 1977 i'he techn i que was 
extended to include the effects of wei Ibore sto
rage and sk i n at the product i on we I I and the ef
fects of two or more produci ng well s on the data 
collected in an observation wei I. Examples of 
these extensions developed in 1977 are given below 
and are intended to serve as a supplement to the 
examples given in last year's report. 2 

ACCOWL I SHMENTS, 1977 

We I I bore Storage and Sk i n Effect 

The wei I bore storage parameter C, a known 
quantity, is used to calculate the rate of fluid 
f low from the reservo i r to the we I I (the sandface 
rate). If the sandface rate is known, the skin 
factor (a measure of formation damage caused by 
dri II ing operations) may be estimated. The skin 
effect may be thought of as an increased resis
tance to fluid flow that causes a pressure drop 
between the reservo i r and the we I I that is propor
tional to the sandface rate. Examples involving 
we I I bore storage and sk i n are shown in the fo 1-
lowing sections. The wei Ibore storage example in
volves matching a known analytical solution, Ivhile 
the skin effect example involves analyzing produc
tion data taken in the Raft River Geothermal Field 
in Idaho. 2 

Constant Flow with Wei Ibore Storage 

This verification problem relates to a wei I 
1'1 i th s i qn i f icant we I I bore storaqe but no sk i n 
(s=O). ~The change in the downh~le pressure with 
time for such a s3stem has been provided by Watten-
barger and Ramey. In the hypothetical reservoir 
considered, kh = 484,300 md-ft and ¢ch = 2.128 ft/ 
ps i and is pierced by a we I I with a we I I bore capa
city (C) of 1000 gal/psi. The well produces at a 
constant surface rate of 100 gpm. The drawdown 
history of the a foresa i d we I I was com~uted us i ng 
Wattenbarger and Ramey PO(tO) values. 

The time-dependent variation of the sandface 
flow rate is presented in Figure 1. The analyses 
performed (Fig. 2) yielded kh = 485,000 md-ft and 
¢ch = 2.299 ft/psi. 
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Product i on Test on vie I I RRGE 3, Ra ft River 
Valley, Idaho 

Our i ng th i s test the we I I was f lowed for 
193.5 hours. Our to practical difficulties the 
flow rate could not be regulated properly during 
the first 20 hours of the test. The observed 
variable flow rate history is presented in 
Figure 3. 
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time. 
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Figure 3, Production test on \'Iell RRGE 3, Raft 
River Valley, Idaho; flow rate as a function of 
time, 

In addition to the variable flow rate, the 
interpretation of the drawdown data collected 
dur i ng the test is comp Ii cated by the fact that 
We I I RRGE 3 is a wh i pstock we I I, with three d i f
ferent I y inc I i ned legs, hav i ng bottoms end i ng at 
different elevations over a radius of roughly 400 
ft. Furthermore, dri II ing operations indicated 
that each leg produced different quantities of 
water, suggesting that the formations pierced by 
each leg had different local permeabi I ity charac
teristics. The data interpretation which follows 
is therefore only tentative as far as the actual 
reservoir characterization is concerned. 

Using the computer program, the data are ana
lyzed with wei I bore storage, C = 10 gal/psi, and 
skin effect, s. The full range of data of 0 to 
328 hours is analyzed. Figure 4 presents results 
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typical of several analyses done. The reasonable
ness of the returned reservoir parameters for this 
analysis is good considering the unique nature of 
the we I I. 

Many Producinq Wells 

Often observation data are influenced by more 
than one produc i ng we I I. Th i sis usua I I Y the case 
when an interference test ,is conducted in a reser
voir in which other wells cannot be shut in because 
of economic or other considerations. The verifica
tion example given below demonstrates the tech-
n ique's abi I ity to successfully analyze such data. 

Three Staggered Production Well s of Di fferent 
Rates and Distances 

The assumed reservoir properti 
kh = 30,000 md-ft and .ch = 1.0 x 1 A 
plot of the observation-wei I pressure change and 
the distances and rates of each production well 
are shown in Figure 5. Using perturbed values 
(±5%) of the drawdown values an analysis was run, 
the results of which are shown in Figure 6. 
Agreement is quite good as seen by the returned 
values of kh = 30,000 md-ft and .ch = 0,987 x 
10-3 ft/psi. 

FUTURE WORK 

We are currently extending this method of ana
I ys is to hand Ie var i ab I e f I ow from a vert i ca I frac
ture intersect i ng the we I I bore. The ana I ys i s of 
many production wells in "rhe presence of a linear 
boundary has not been implemented yet, but this 
presents no difficulty, since it merely requires 
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sl ight modification of the existing program struc
ture. Vie a I so hope to extend the method to s imu 1-
taneously analyze data from two or more observa
tion wells in the presence of two or more produc
t i on we I Is. 
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ANALYSIS OF THE RESPONSE OF GEOTHERMAL RESERVOIRS UNDER 
INJECTION AND PRODUCTION PROCEDURES 
LVI, ]. Lippmanl1, C, F. Tsang, and p, A. Witherspoon 

INTRODUCTION 

A major problem faCing geothermal energy 
development is the disposal of large quantities of 
relatively cool geothermal waste waters. Operators 
are reluctant to reinject these fluids because they 
could irreversibly cool the reservoir around the 
injection wel'ls and affect nearby producing wells. 

The project being reported here started in 
1975. Its main objective is to establ ish ways to 
minimize the possible cool ing and ground deforma
tion effects resulting from reinjection of geother
mal brines into I iquid-dominated geothermal fields. 
Simpl ified models have been previously used to in
vestigate the thermal effects ?f reinjection wei Is 
on neighboring producing wells and the r~e of 
screening wells in multiple-well systems. How-
ever, no studies have been made using more sophis
ticated numerical models to analyze the response 
of geothermal systems under different injection
production schemes. 

ACCOMPLISHMENTS FOR 1977 

The numerical code CCC (for Conduction-Convec
tion and Compaction), developed at LBL, was appl ied 
to examine the response of a radially symmetric 
water-dominated geothermal system to injection and 
production from a single well. 3 Emphasis was 
placed on three problems: 

1. Temperature recovery of a producing wei I 
after reinjection of cool fluid, The well was 

assumed to be used for injection for one year, af
ter which it became a production well with 'or with
out a shut-in period in between. The effect of 
using a fully or partially penetrating well was 
also analyzed. 

2, Consol idation of the reservoir, caprock, 
and bedrock during pumping, The effect of assuming 
different previous stress histories (that is, pre
consol idation values) on the deformation of the 
system was studied. 

3. Viscosity effects on transient reservoir 
pressure response. An analysis was made of the 
pressure changes resulting from a production-in
jection-production operation. 

STUDY OF TEMPERATURE RECOVERY AFTER AN INJECTION 
PERIOD 

A number of examples were analyzed to deter
mine the effects of different injection and produc
tion schemes on the reservoir temperature distribu
tion when one well is used first as an injector and 
later as a producer. 

Examp I e 1: Fu I I Y Penetrat i n9 We I I 

In lhis example, the well is injecting 
2.5 x 10 kg/day of 1000 C water uniformly into 
a 100-meter-thick reservoir, The temperature 
distribution within the aquifer after 360 days of 
injection (total time, t = 360 d) is shown in 
Figure lA. 
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Figure 1, Example 1, temperature distribution in 
the reservoir: (A) after 360 days of injection; 
(8) after 360 days of shut in (t = 720 dl; and (C) 
after 360 days of pumping (t = 1080 d), Hatched 
areas indicate production/injection intervals, 

I f before pump i ng the we I lis shut in for a 
period of 360 days there is time for the high
pressure zone around the we I I to d i ss i pate, The 
temperature after the shut-in period (t = 720 d) 
is given in Figure lB, During the shut-in period 
the reservoir has gained some heat from the cap
rock and bedrock as water forced into them during 
the injection period flows back into the reservoir, 
After the shut in, production starts at the same 
constant rate (2.5 x 106 kg/day). The tempera
ture distribution after 360 days of production 
(t = 1080 d) is shown in Figure lC, Some of the 
co I d water st i I I rema i ns in the reservo i r, The 
temperature of the produced water is slowly in
creasing as a function of the production time, ap
proaching assymptotical Iy the original average re
servoir temperature of 2500 C (Fig, 2, curve a), 
If instead of shuH i ng in the we I I pump i ng is 
started immediately after the injection period 
(t = 360 d), the temperature distribution after 
360 days of production (t = 720 d) is not signi
ficantly different from that given in Figure lC. 
This is also indicated by the temperature of the 
produced waters (Fig. 2', curve c). 

Example 2: Partially Penetrating Wei I 

Injection and Production from the Upper Part 
of the Reservoir 
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Figure 2, Temperature of produced water: (a) 
Example 1, full penetration with shut-in period; 
(b) Example 2, injection and production at the 
top zone with shut-in period in between; (c) 
Example 1, ful I penetration without shut-in period; 
(d) Example 3, injection at bottom zone and 
production at top zone without shut-in period; (e) 
Example 4, injection below low-permeabi I ity lens 
and production from above it without shut-in 
period, 

In this case, the well injects into and pro
duces from the upper 40 m of the reservoir, at the 
same rate as in the previous example. The tempera
ture profi Ie after 360 days of injection is given 
on Figure 3A. It shows that the cold water has 
travel led more into the upper part of the aquifer 
and less into the lower part than in the fu I 1-
penetration case. 

After 360 days of shut in (t = 720 d) the 
temperature distribution (Figure 38) reflects the 
effect of the colder (and heavier) water sinking 
and mixing with the hotter water below, Figure 3C 
shows the temperature after 360 days of production 
from the top 40 m of the reservoir (t 1080 d), 
The temperature of the produced water is given in 
Figure 2, curve b, Clearly in this case the tem
perature recovery iss im i I ar to that of the fu I I Y 
penetrat i ng we I I (Ex. 1). 

Example 3: Partially Penetrating Well 

Injection in the Lower Part, Production from 
the Upper Part of the Reservoir 

This example differs from the previous one in 
that the injection is made into the lower 40 m of 
the reservoir instead of its upper part, In this 
way the cold water is pushed along the bottom of 
the reservoir and its higher density and viscosity 
slows down its migration towards the upper regions 
of the system. 

Figure 4A shows the temperature distribution 
in the reservoir after 360 days of injection. As 
expected, most of the cold water stays at the bot
tom of the reservo i r. I f a Her i nj ect i on the we I I 
is shut in for 360 days, on I y sma II temperature 
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Figure 3. Example 2, temperature distribution in 
the reservoir: (A) after 360 days of injection 
into the upper part of the reservoir; (B) after 
360 days of shut in (t = 720 d); and (C) after 360 
days of pumping from the upper part (t = 1080 d). 
Hatched areas indicate production/injection inter
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f
I 
'2 
w 
I 

RADIAL DISTANCE (m) 
100 

g ~ 

R I f-
:c 
(!) 

W -~~O5° 245' I 200' 

0 
0 100 

RADIAL DISTANCE (m) 

XBL 773- 5220 

Figure 4. Example 3, temperature distribution in 
the reservo i r: (A) after 360 days of i nj ect i on 
into the lower part of the reservoir; and (B) af
ter 360_days of production from the upper part 
(t = 720 d). Hatched areas indicate production/ 
injection intervals. 
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changes are observed. The cold water is relatively 
immobile. Because there appears to be no advantage 
in shutt i ng in the we I I, the case of immed i ate 
production after injection is anal In this 
example, the pumping is done from upper 40 m of 
the reservoir to minimize the extraction of cold 
water from the bottom. The temperature distribution 
after 360 days of pumping (1- = 720 d) is given in 
Figure 4B. It indicates that the cold water is 
only slowly migrating toward the producing inter
val because of its high density and viscosity. 

This scheme of injection and production at 
different levels results in pumped water tempera
ture that is always higher than the injected water 
temperature (Figure 2, curve d). Because the cold 
water is slowly pumped out of the reservoir, the 
temperature of production, even though it is higher 
at the beginning, does not approach the initial 
average reservoir temperature as fast as in the two 
previous cases. 

Example 4: Partially Penetrating Wei I 

Injection into the Reservoir Below a Low 
Permeabi I ity Lens, Production From Above 
the Lens. 

Th i s case is intended to i I I ustrate the drama
tic effect of even a small lens ot low permeability 
material on the temperature of the produced waters, 
when injection into reservoir is done below the 
lens and production is from above it. The only 
difference between this case and Example 3 is that 
a 20-m-thick, 25-m-radius lens of the same material 
as the caprock is present at the center of the sys
tem (F i g. 5). 

g 
f
I 
<.:) 

W 
I 

S-
f-
I 
Cl 

W 
I 

RADIAL DISTANCE (m) 

100 
RADIAL DISTANCE (m) 

XBL 773-5221 

Figure 5. Example 4, temperature distribution in 
the reservoir: (A) after 360 days of injection 
into the lower part of the reservoir; and (8) after 
360 days of production from the upper part 
(t = 720 d). Hatched areas indicate production/in
jection intervals; cross hatched areas represent a 
lens ot low-permeabi I ity material. 



After 360 days of injection below the lens the 
temperature in the reservoir is shown in Figure 5A. 
The lens has greatly restrained the flow of cold 
water towards the upper part of the system. The 
injected water has moved along the bottom of the 
reservo i r farther away trom the we I I than in any 
of the cases considered before. 

As in the previous example no advantage is 
expected from shutting in the system after injec
tion. Therefore, production from above the lens 
is started immediately after the injection period. 
The temperature in the reservoir after 360 days of 
pumping (t ~ 720 d) is shown on Figure 5B. The 
temperature in the upper part of the system is 
higher than in Example 3 and the upward movement 
of the colder water is slowed down not only by its 
high density and viscosity but also by the presence 
of the 10\'1 permeabi I iiy lens. This is reflected by 
the temperature of the produced water (Fig. 2, 
curve e). The temperature drops s light I Y at the 
beginning, then stabi I izes, and finally slowly 
rises after three months of production. It never 
drops below 2100 C. 

These examples illustrate the importance of 
planning an injection operation d the wells are 
intended to be used later for production. The 
colder waste waters should be injected into the 
lower part of the geothermal reservoir and produc
tion should be made from the upper part. This 
wi I I take advantage of the water dens i ty and vi s
cosity variations with temperature. Most of the 
cold water, which is denser and more viscous than 
the warmer geothermal water, wi I I tend to remain 
at the bottom of the reservoir. When production 
starts from the top, the warmer water wi I I tend to 
move radially towards the well without large-scale 
mixing with the cold water from below. Example 4 
i I I ustrates the i mpor-rant ef fect of heterogene i ty 
in the reservoir. Even a small lens of 25-m-radius 
greatly affects the temperature of the produced 
water, if injection is done below ii- and pumping 
from above it. The ultimate case would be a con
-linuous layer of low permeabi I dy (aquital-d) divi'~ 

ding the reservoir into two parts. In this case, 
the temperature of the upper part would not be af
fected appreciably if cold water is injected into 
the lower part. But no major recharge of the up
per system would occur, resulting in larger pres
sure drops. From Figure 2 we can conclude that a 
we I I that has been used for re i nj ect i on wi I I even·
tua I I Y rega i n i -I-s in i i- i a I temperature. I-I-s rate 
of recovery wi I I depend on how the re i nj ect i on of 
cold water is made. If some initial drop of tem
perature does not affect its intended use, the 
produced water may be used immediately, assuming 
that the injection is made into the bottom fol lowed 
by production from the top of the reservoir 
(Fig. 2, curves d and e). If an appreciable 
temperature change cannot be tolerated, some of the 
pumped water wi I I no-r be adeq uate at the beg i nn i ng, 
but after a period of time the temperature wi I I 
approach its initial value, In this case a fully 
penetrai- i ng Vie I I wi! I resu I tin a faster recovery 
(Fig. 2, curve c). it has been shown that shutting 
in the vie I I between inject i on and producr i on 
per i ods wi I I not great I y affect the temperature of 
the produced water, 
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STUDY OF CONSOLIDATION DURING FLUID PI~ODUCTION 

Several cases were studied to obtain some in
sight on how to minimize compaction resulting from 
successive injection and production operations. 
It was found that the deformation of the system 
depended heav i I Y on the propert i es ass i gned to the 
different materials. It the same properties were 
used, s i mil ar resu I ts were obta i ned when tota I I Y 
or partially pene-rrating wells were modeled, Re
bound accompanied injection, but a final net com
paction resulted from pumping because of the par
tial nonelastic response of the materials to chan
ges in effective stress (that is, total stress 
minus pore pressure), 

Further resuits4 are presented in another 
part of th i s annua I report, "Mode ling Subs i dence 
due to Geothermal Fluid Production." 

STUDY OF EFFECT OF TEMPERATURE-DFPENDENT VISCOSITY 
ON TRANSIENT PRESSURE RESPONSE 

The effect of temperature-dependent fluid vis
cosity on transient well--rest analysis Ivas inves-
tigated. A well is first pumped for five days 
(total time, t ~ 0·-5 days); -rhis is follmled by 
five days of injection of 1000 C water- (t ~ 5--10 d); 
and f i na I iy the we II is pumped for another 15 days 
(t ~ 10-25 d), The pressure changes obtained at 
the center of the reservoir, 1,5 m from the axis 
of the system, is shown on Figure 68. The pressure 
decreases normally during the first pumping period 
(t ~ 0-5 d) and no temperature changes are ob
served. During injection the pressure increases 
as expected (t = 5-10 dl and the temperature drops 
almost immediately as the cold water is injected. 

During the final period of production (Fig. 
68; t = 10-25 d ) the pressure begins fa! ling much 
taster than during the first period of pumping. 
The pressure stab iii zes to an a I mos'l- constant 
pressure value before continuing to decrease. The 
last part of the curve appears to be a continuation 
of the curve corresponding to the first pumping 
period. This response can be explained by studying 
the temperature and viscosity variation observed 
during this period (Figure 6Al. During the first 
two days of the second pumping period the tempera
ture remains low, then it slowly increases as the 
hotter water replaces the cold water being pro-
d uced a-t the we I I. On the other hand, the vi s
cosity of the fluid is high at the beginning and 
then rapidly decreases as the temperature rises, 

For the same flow rate, the higher initial 
values of viscosity result in larger pressure de
creases. As the temperature increases and the 
vi scos i ty decr'eases, the pressur e stab iii zes and 
f i na I I Y beg i ns to drop as a near I y constant 
temperature is attained, Atter about eight days 
the temperature in the r-eservo i r iss i mil ar to 
that prevai I ing during ihe initial pumping period 
(t = 0-5 dl, This explains why. for later times, 
the pressure curve for the second production period 
is almost a continuation of the dashed curve 
corresponding to the initial period of production 
(Figure 68), 
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Figure 6. Effect of viscosity variation on pres
sure response. Plot of: (A) temperature and vis
cosity versus time (period of 10-25 days); and 
(B) pressure versus time tor a point at the center 
of the reservoir, 1.5 m from the axis of the sys
tem. 

If we assume that the pressure during the 
initial pumping period (t = 0-5 d) to be observed 
pressures dur i ng a norma I we I I test, we can per
form a typical constant-temperature Theis well
test analysis. We find that we reproduce the re
servoir parameters correctly so long as we can use 
the density and viscosity constant corresponding 
to the average reservoir temperature. This justi
f i es to a certa i n extent the app I i cat i on of usua I 
pump i ng \ve I I-test methods to geotherma I systems. 

Field Studies 
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On the other hand, as discussed above, a very 
interesting pressure response curve is found when 
the well is pumped after a period of injection of 
colder water. This opens the possibi I ity of using 
injection-production wei I tests to establ ish some 
of the thermal properties of the reservoir. 

PLANNED ACTIVITIES IN 1978 

1. The effects of regional water movement, 
chemical precipitation and anisotropy on the be
havior of the production-injection wei Is wi I I be 
examined, 

2. Further studies of the type of pressure 
response resulting from temperature-dependent 
fluid properties, especially viscosity, wi II be 
made. Hopefully these studies will lead to the 
deve I opment of new we I I-test methods to estab I ish 
the therma I as we I I as hydra u I i c parameters of a 
geothermal system. 
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I NTRODUCT I ON 

Since early 1976, LBL has been involved in 
carrying out wei I tests on the the geothermal re- 1 
servoir at East Mesa, Imperial Valley, Cal ifornia. 

Between August and October 1977 further wei I tests 
were conducted in the geothermal wei Is located in 
the northern part of the field owned by Republ ic 
Geotherma I Inc. The act i v i ties inc I uded produc
tion-well and interference tests and provided in
formation on the reservoir parameters and reservoir 



geometry. The tests were conducted in cooperation 
with Republ ic Geothermal Inc. 

DESCRIPTION OF THE TESTS 

I n a I I, seven we I I s were i nvo I ved in the we I I 
tests; six of these belong to Republ ic and one to 
the U.S. Bureau of Reclamation. The locations of 
the wells are given in Figure 1. Two of these, 
\'Iell 38-20 and well 16-29, were alternately used 
as production wells and well 18-28 was used for 
disposal of the produced waters by reinjection. 
The rest of the we I I s were used as non prod uc i ng 
observation wells. A brief description of the 
we I lsi s given in Tab I e 1. 

II!/ Production Well 
4f Injection Well 

24 19 20 

!--One Mile-

25 30 29 

~6-30 1I!/56 -30 16-29 
~ 

i\!Il 78~30 /8-2 l<ir--

38-30 

Figure 1. Location map of Republic geothermal well 
tes ts. 
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Tests 1 and 2 were short-duration production
interference tests which lasted a few days, and 
test 3 was a long-duration interference test which 
I asted severa I weeks. The deta i I s of the tests 
are summarized in Table 2. AI I the tests involved 
varying flow rates. The flow rates were measured 
by separating steam and water and then passing each 
through separate orifice meters. Pressure dif
erentials in the observation wells (all of which 
are artesian) were measured with the help of sen
sitive quartz crystal pressure transducers. The 
flow data and pressure data were automatically re
corded as printouts or strip charts. 

RESULTS AND INTERPRETATION 

AI I the tests conducted were characterized by 
var i ab led i scharges. At the outset, therefore, it 
became impossible to use the conventional type
curve matching procedures of analysis, which are 
genera I I Y based on fixed f low rates. Instead, a 
computer assiste~ curve-matching procedure recently 
developed at LBL formed the backbone of al I the 
interpretation. 

The interference data collected during test 1 
from well 56-30 (kh = 26,300 md-tt; $ch = 
4.5 x 10-4 tt/psi) indicated the possible presence 
of a barrier boundary. The boundary could be re
presented by an equivalent image of wei I 38-30 lo
cated 4,600 feet from well 56-30 and 2,700 feet 
from well 31-1. In addition, both test 2 and test 
3 brought to I ight the fact that wei I 16-30 did 
not show any pressure response to production from 
either wei I 16-29 or wei I 38-30, This is remar-

4 kable because well 56-30 (which is as far from 
well 38-30 as well 38-30 is from well 16-30) ex
perienced a drawdown of as much as 21 psi during 
test i and 45 psi during test 3, The three pieces 
of data, name I y the i mage we I I distances from 56-30 
and 31-1 and the non-response of 16-30, strongly 
suggest the presence of a prominent, NNE-trending 
barrier boundary as shown in Figure 2. This boun
dary apparently does not conform to any of the 
geologically mapped faults, although its trend 
parallels those of inferred growth faults. 

Table 1. Description of Repub I ic Geothermal we II s, East Mesa, Cal ifornia 
Net sand 

(in those 
Total intervals open 
depth Slotted interval dur i ng rest) Date 

Well (ft) ( ft) (tt) comp I eted Remarks 
16-30 8,000 1,600 between 1,116 July 1977 

6,400 and 8,000 ft 
56-30 7,520 2,225 between 1,841 June 1977 

5,300 and 7,550 ft 
16-29 7,998 1,335 between 827 Dec. 1975 

6,400 and 7,998 ft 
18-28 8,001 1,840 between 231 Jan. 1976 No water entry 

5,110 and 8,000 ft between 6,400 
and 8,000 ft 

78-30 7,442 1,520 between 1,257 Aug. 1977 
5,900 and 7,450 ft 

38-30 9,090 2,265 between 499 Oct, 1975 Fi lied to 7,022 ft 
6,300 and 8,900 ft 

31-1 6,175 760 between Not Avai lable June 1974 Owned by U.S. Bureau 
5 z400 and 6 z200 ft of Reclamation 



62 

Tab I e 2. Deta i I s of Repub I i c geotherma I we I I tests 
PRODUCTION WELL 

Method Observation wells and instruments 
Test of F I ow rate Pressure 
~N~o~' __ ~~~ ____ LP~r~o~d~u~c~t~io~n ____ --~(g~p~m~). _______ ~m~e~a~s~u~'r~e~m~e~n~t--~~~D~a~t~e~------~~1~--~~2~~~~3~------4~ __ --

1 38-30 Valve* Step-wise Sperry Sun July 14 to 56-30 16-29 31-1 

2 

3 

control variable down-hole July 18, 1977 

16-29 

38-30 

Valve* 
control 

Downhole 
pump 

500, 750 pressure 
900, 500, monitor 
225 
Variable 
200 to 700 

Variable 
200 to 
1 ,000 

ow 

Denver 
Research 
Institute 

and 
Sperry Sun 
down-hole 
pressure 
monitor 
None 

The production well data collected during 

July 26 to 
J u I Y 30, 1977 

August 22 to 
Oct. 5, 1977 

~- Paro Scientific 
well-head transducer 

16-30 56-30 31-1 

> 

~-Paro Scientific----» 
well-head transducer 

16-30 56-30 78-30 31-1 

) 

test 1 suggested a kh of approximately 25,000 md-ft 
for the reservoir in the vicinity of wei I 38-30. 

However, data from well 56-30 indicated some
what lower kh and lower i mage we I I distance (see 
Table 3) than the first test. It may be noted 
here that at the start of test 3, the reservoir 
was st i I I recover i ng from the ef fects of we I Is 
38-30 and 16-29. The discrepancies mentioned may 
be attributable to the bui Idup effects of 16-29, 
which were ignored during the interpretation. 

In addition, the data also indicated a negative 
sk i n for we I I 38-30. 

Interference data collected during test 3 
from well 31-1 yielded kh, ¢ch, and image well dis
tances comparable with those obtained during test 1. 

XBL 7711-10475 

Figure 2. Inferred presence of hydrological barrier 
boundary for Republic geothermal well tests. 

Interference data collected from well 78-30 
during test 3 indicated anomalously low kh values 
of 10,400 md- ft for the reservo i r between we I Is 
38-30 and 78-30. The maximum pressure drop ob
served in we I I 78-30 dur i ng the test was about 
3 psi, although computations showed that one would 
have normally expected drawdowns of the order of 
12 to 15 psi. The reasons for this are being stu
died. From borehole logs and cores it appears 
that we I I 78-30 has sands of qua I i ty and th i ckness 
comparable with those in well 38-30. It is there
fore of particular interest to adequately explain 
the low va I ue of kh inferred between we I Is 38-30 
and 78-30. 

The estimates for the reservoir parameters ob
tained from the three tests are summarized in Table 
3. This table also contains estimates of kh values 
obtained from borehole logs. As can be seen, a 
reasonable agreement exists between the current and 
previous estimates. In general, the reservoir be
low the Repub I i c Geotherma I I ease has a kh of ap
proximately 30,000 md-ft. 

PLANNED ACTIVITIES FOR 1978 

In response to a request from the U.S. Bureau 
of Reclamation, LBL will continue well testing at 
East Mesa to better understand the geothermal re
servoir. 



Table 3. 

Well 
38-30 

56-30 

31-1 

16-29 

78-30 
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Summary of test resu I ts from Repub I i c geotherma I we I Is 
Test 1 Test 2 Test 3 

(38-30 producing) (16-29 producing) (38-30 producing) 
kh 24,800 md-ft 

¢chr~ = 1.36 ft3 Ips i 

kh 26,300_~d-ft 
¢ch 4.5x10 ft/ps i 

r i 4,600 ft 
kh 35,400 mg-tt 

¢ch 2.07x10- H/psi 

~~ 
2,660 H 
21,800 md-ft 

<j>ch 2.36 x 10-3 Hips i 

To be analyzed 

To be analyzed 

kh 
<j>ch 
r 

23,600 ~S-ft 
7.89xl0 ft/ps i 
3,500 ft 
31, 700 ~d-ft 
2.4x10- Hips i 
2,450 H 

10,400 mg-ft 
6.68x10- Hips i 
3,300 it 
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Previous estimates 
Borehole logs (Intercomp): 
Okh = 44,000 md-tt 
Bu i I d-up test (I ntercomp) : 
Okh = 41,700 md-ft 

Interference test (LBL): 
Okh = 29,500 md-ft 

Borehole logs (Intercomp): 
Okh = 30,000 md-ft 
Bui Id-up test (Intercomp): 
Okh = 34,700 md-ft 
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COOPERATIVE INVESTIGATIONS AT THE CERRO PRIETO 
GEOTHERMAL FIELD, BAJA CALIFORNIA, MEXICO 
Ivl. J. Lippman1l, A. ManDl! M., ]. E. Noble, II. A. vFollelliJerg, 
N. E. Goldsteill, A. Ma::.or, M. vFilt, and P. A. Witherspoon 

I NTRODUCT I O~I 

On J u I Y 21, 1977, the Com is i 6'n Federa I de 
Electridad (CFE) of Mexico and the U.S. Department 
of Energy signed an agreement to conduct a 
cooperative study of the Cerro Prieto Geothermal 
Field, located approximately 20 mi les south of 
Mexical i, Baja Cal ifornia, Mexico (Fig. 1), U.S, 
participation under this agreement is being 
coordinated by the Lawrence Berkeley Laboratory 
(LBl) , 

To 

Son 

Diego 

The cooperative project incorporates studies 
of the geologic, hydrogeologic, geochemical, and 
geophysical setting of the geothermal field, as 
we I I as its reservo i r eng i neer i ng and subs i dence 
characteristics. 

Operating since 1973, Cerro Prieto is the only 
water-dominated geothermal field generating elec
tric power in North America. CFE, which manages 

Figure 1. Location of the Cerro Prieto geothermal 
fie I d. 
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the field, plans to expand the power output from 
the current 75 MW to 150 MW in mid-1979. In 1982 
a 30-MW low-pressure turbine wi II be installed. It 
is estimated that by 1984 the total generating ca
pacity of the field wi II reach 290 MW. An inten-
s i ve dr i I ling program of new product i on and step
out wei Is began in December 1976 to provide steam 
to the planned power plants. By the fa II of 1977, 
40 deep we I I s had been dr i I led in the area 
(Fig. 2). Some 16 of these wei Is were supplying 
a total of about 750 tons of steam per hour to 
the power plant to generate the present 75 MW. 

The objective of the Cerro Prieto project is 
to develop a thorough understanding of the nature 
and magnitude of the energy source and to deter
mine the subsurface impact of the exploitation of 
this geothermal system. An understanding of the 
behav i or of the Cerro Pr i eto fie I d can be app lied 
directly to the several geothermal areas already 
identified in the neighboring Imperial Valley, in 
southern Ca I i forn i a. 

@eERRO PRIETO 
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ACTIVITIES IN 1977 

Geologic, Hydrogeologic, and Geochemical Studies 

The collection of avai lable data on the Cerro 
Prieto, originally initiated in 1975, continued in 
1977. The information was placed in an open-fi Ie 
data bank and became avai lable to the geothermal 
community for independent study. A report 1 was 
issued documenting the holdings of the data bank 
as of Apr i I 1977. 

Geophysical well logs, temperature logs, and 
production and geochemical data were analyzed to 
develop a prel iminary ~ode! of the structure of 
the geothermal system.- Figure 3 shows the major 
I i tho I og i c un its that have been de I i neated by 
manual wei 1-100 correlation and an auto-correla
tion computer program. The figure shows on Iy the 
per i phera I we I I s of the produc i ng fie I d and out-
I y i ng exp I orat i on we I Is. As a resu I t of th i s 
correlation it was postulated that the field was 

OPRIAN 
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Figure 2. Location of wei Is at the Cerro Prieto geothermal field (as of October 1977). 
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Figure 3. Major I ithologic units del ineated by wei I-log correlations. 

bounded by two northwest-trending normal faults, 
down-thrown t~ the east, A review of fluid geo
chemical data defined trends that were in general 
agreement with the structural division of the 
field into three distinct blocks (Fig. 4). 

At a technical workshop held in September at 
LBL, all groups participating in this international 
project presented the results of their work and de
scribed their plans for the immediate future. Af
ter the two-day meeting, schedules and activities 
for the fol lowing months were agreed upon among the 
workshop participants. 

Geophysical Studies: Self Potential 

An orientation self-potential survey was con
ducted in December 1977 by R.F. Corwin assisted by 
two CFE geophysicists. 4 Two nearly orthogonal 
I ines, each about 11 km in length, were run across 
the field. Line A-A', oriented northwesterly, 
paral leis the trace of the Cerro Prieto fault. 
Line B-B' runs in an irregular northeasterly di
rection and passes over the producing part of the 
field a short distance north of the plant. 

The survey was run us i ng a "I eapfrog" tech
nique, in which a fixed length of wire (100 m on 
B-B' and 150 m on A-A') was dragged along the sur
vey I ine. Electrodes at either end were alternated 
with each new reading to minimize the effects from 
accumulated errors due to electrode instabi I ity. 
A stationary electrode array and strip-chart recor
der monitored the voltage variations from telluric 
currents and man-made transients. Because of the 
high conductivity neither effect was large enough 
to degrade the self-potential measurements. 

On both lines a I arge-amp I i tude, long-wave
length anomaly was detected. Because the data may 
be subject to severe cumulative error and must be 
checked by means of additional field work, it is 
difficult to draw firm conclusions. However, on 
both I ines the segment of steep negative gradients 
is closely associated with the producing field. 

Geophysical Studies: Resistivity 

Results from 30 Schlumberger array expanders 
obtained by a CFE geophysical crew glong Line A 
(Linea Solfatara), were interpreted by means of a 
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Figure 4. Division of the field into three distinct areas based on geochemical data: 
B, Na/K ratio distribution; b, Si02 concentration distribution; c, CI concentration 
distribution; and d, index map of wells analyzed. 

two-dimensional model ing gr9gram developed at the 
University of Cal ifornia.' current electrodes 
were expanded to maximum separations of 10 km and 
the arrays were centered over a I i near distance of 
approximately 20 km. The survey I ine begins near 
the Sierra Cucapa, on the southwest, and extends 
northeastward across the Mex i ca I i Va I ley, pass i ng 
by the south edge of the Cerro Prieto volcano and 
cross i ng the northern end of the estab I i shed geo
therma I fie I d. The line extends we I lout into the 
Va I ley, end i ng 15 km from the hace of the Cerro 
Prieto fault. 

Existing gravity data for part of the Mexical i 
Va I ley, inc I ud i ng the CeiTo Pr i eto geotherma I 
field, were interpreted by means of a three-dimen
sional, two-layer inversion program. Using the 
gridded Bouguer data (Fig. 5), the computer program 
est i mates the depth to basement or, usua I I y, .to 
some other density-contrast interface. In the 
computer code, the basement is approximated by many 
rectangular prisms, each one centered beneath a 
grid point. Depth to each prism is the variable 
sought for a specified overburden-basement density 
contrast. The best estimate of density contrast, 
hence of first layer th i cknesses, is the va I ue that 
satisfies all or most of the following: agreement 
between the zero first-layer thickness and exposed 
basement, agreement between calculated basement 
depth and a dri II-hole inter'cept, and agreement 

between basement depths and the results of other 
geophysical surveys. 

For a I i~i ted range of density contrasts tes
ted, 0.2 g/cm~ gave reasonably close results, al
though this value may be too large. Nevertheless, 
the analysis gives a picture of the major struc
tural features in the area (Fig. 6): 

1. The north-northwesterly trending Cerro 
Prieto fault is clearly indicated. 

2. There is evidence for several northwest
trending faults, one of which (the sO"called 
Delta fault) crosses the south end of the 
geothermal field and may be a structural 
boundary of the field. 

3. The presently producing part of the field 
is located on a basement high which may be 
either a horst of basement rock or a sha I low 
zone of densified sediments. Information 
from core samples and the resistivity inter
pretation suggest that the latter may be 
the correct cause. 

4. The basement high northwest of the field 
correlates closely with an aeromagnetic 
a noma I y. (" common source--an i n'trus i ve 
igneous plug--is suggested on the basis 
anomaly correlation and simi lar source 
depths. 
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Figure 5. Bouguer gravity map of part of the Mexical i Valley around Cerro Prieto. 

LBL performed no new gravity field work in 
1977, but CFE i nsta I I ed a network of 40 permanent 
gravity monuments over and around the field that 
were tied into CFE's second-order-Ievel network. 
Additional leveling and precision gravity measure
ments are planned to furnish baseline information 
needed to monitor subsidence and subsurface changes 
in mass due to the imbalance from production and 
recharge into the geothermal field. 

PLANNED ACTIVITIES FOR 1978 

Geology, Hydrology, Reservoir Engineering 

In addition to coordinating the United States 
participation under the Cerro Prieto agreement, LBL 
wi II perform the following tasks: 

1. Data wi II be collected, analyzed, and 
evaluated, to prepare updated geologic and 
hydrogeologic models of the geothermal 
system. 

2. We I I-tests and genera I reservo i r i-
neering studies wi I I .be mad~ to ne the 
geometry. physical characteristics, fluid 
capac i ty, recharge capab iii ty, product i on 
ab iii ty and energy I ongev i ty of the 
reservoir. 

3. Computer simulation studies wi II be made 
to study the behavior of the system under 
different exploration plans, to predict 
the magnitude of subsidence effects, and 
to evaluate the effects of reinjection of 
geothermal brines on the overal I behavior 
of the reservoir. 

4. Thermal properties and flow and storage 
capac i ties of reservo i r rocks w I I I be 
determined at reservoir temperatures and 
pressures in tests on representative core 
samples at the University of Cal ifornia's 
Berkeley campus. The mineralogy of the 
same cores wi I I be determined at the Uni
versity's Riverside campus. 
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Figure 6. Depth-to-the-basement calculated from the Bouguer gravity data. 

Geophysical Studies: Self Potential 

Additional sel f-potential surveys wi II be con
ducted to defihe the anomaly found over the field 
and to determine if cumulative errors are present 
in data a I ready co I I ected. Th is work wi I I i nvo I ve 
LBL, but eventua I I Y the se If-potent i a I work wi I I 
become solely a CFE effort with LBL in an advisory 
position. 

Geophysical Studies: Gravity 

Precise gravity measurements, corrected for 
tidal variations and local sea-loading effects, 
will be made at about 40 monuments installed 
over and around the fie I d. The measurements wi I I 
be tied to an establ ished gravity base station in 
Mexical i and wi I I be repeated at six-month 
intervals. For each set of gravity measurements, 
CFE wi I I perform a second-order survey. Changes in 
gravitational attraction and land elevation wi I I 
be analyzed to identify any net mass changes within 
the reservoir during the production I ife of the 
field. Because of the long term of these 

measurements, responsibi I ities for data acquisition 
and interpretation wi II be transferred to CFE. 

Geophysical Studies: Resistivity Surveys 

LBL and CFE wi I I i nsta II a permanent set of 
current electrodes in a long I ine over the field 
and perform a careful dipole-dipole survey. Simi lar 
surveys wi I I be repeated therea fter at i nterva I s 
to determine if changes in formation resistivities 
occur and if they are related to changes in 
temperature, chemistry, or flow rate of the fluids 
being produced. 

Geophysical Studies: Magnetotelluric Surveys 

A number of magnetotelluric (MTl stations will 
be occupied along a I ine normal to geologic strike 
and passing over the field. The purpose of the 
work wi I I be: to determine the usefulness of MT 
for del ineating major basement and crustal struc
ture, to relate the findings to the geothermal 
regime, and to compare the results to those of 
other geophysical surveys. 



Geophysical Studies: Seismic Investigations 

The LBL 12-channel, FM-telemetered, portable 
seismic netvlOrk wi II be set up near the field in 
various arrays. Microearthquake activity in the 
area of the Cerro Prieto fault wi I I be measured 
and related to active faulting and regional stres
ses. P- and S-wave velocity and attenuation varia
tions in the area over the field wi II be measured 
and, if pass i b Ie, re I ated to the fie I d boundar i es 
and geology. 

Conference 

A technical progress meeting of those working 
on the Cerro Prieto project wi I I be held in 
Mexical i in the spring of 1978. A general sympo
sium on results of Cerro Prieto activities wi I I be 
conducted in Baja Cal ifornia in the autumn. 
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EVALUATION OF GEOTHERMAL WELL TESTING EQUIPMENT 
R. C. Schroeder, T. N. Narasimhan, and C. G. Gommon 

INTRODUCTION 

The equipment necessary for successful geo
thermal wei I measurements includes devices used at 
the we I I head, down ho I e equ i pment, and record i ng de
vices. Wellhead equipment includes devices to con
tain the hot fluids and measuring devices. The 
downhole equipment is used to provide measurements 
ins i de the geotherma I we I I bore to its ent i re depth. 
The recording equipment includes signal transmit
ters, detector-tranducers, chart-recorders and 
printers. 

TRANSIENT PRESSURE MEASUREMENTS 

When a geothermal wei I is flowed, the bottom
hole pressure decl ines from its static value. When 
the flowing well is shut in, the bottom-hole pres
sure bui Ids up to an equi I ibrium value. These 
transient bottom-hole pressures can be analyzed 
(using reservoir models) to give approximate values 
of both the nearby reservoir properties (such as 
permeabi I ity. porosity, geometry, and fracture 
size), and the well characteriTtics (such as skin 
and wellbore storage effects). The equipment 
needed for measuring bottom-hole pressures in hot 
(150-3500 C) geothermal wells with' precision and 
speed is not avai lable from the related oi I and 

gas industries. Currently, equipment capable of 
responding quickly cannot survive the high tempera
tures in the we I I, and equ i pment capab I e of func
tioning at high temperatures does not have suffi
cient speed and accuracy. In addition to making 
measurements in flowing wells, it is "also desir
able to measure transient pressure behavior at 
shutin wells during a time when nearby wells are 
flowing. In this case measuring the bottom-hole 
pressure is not absolutely necessary, since only 
pressure differentials are needed in the analysiS 
for the average reservoir parameters. This type 
of measurement can thus be made either at the we I 1-
head (if the wei I is artesian), or downhole, below 
the water I eve I. Often, the I atter cases a I low the 
use of equipment that is highly accurate but can
not survive the extreme environment at the bottom 
of the wei I bore. 

During fiscal years 1976 and 1977, the LBL 
reservoir engineering group evaluated avai lable 
equipment and either modified or bui It prototypes 
for wei I measurements. These activities have been 
carried out in cooperation with several government 
agencies and private companies which were involved 
in the geotherma I we I I test i ng. A few of the de
vices used for pressure transient measurements are 
reviewed below. 



MEASUREMENT EQUIPMENT 

The most sensitive downhole pressure-sensing 
device is the Hewlett-Packard quartz transducer.* 
This device uses two separate quartz Is--
one resonating in a reference medium, 
a buffered measurement mode. This device can pro
vide a sensitivity of about 0.002 psi, which is 
I ess than the random no i se I eve lin most geotherma I 
wells. The sensitivity is well within the earth 
tide levels of about 0.1 psi. The usual tempera
ture I imit of this downhole probe is about 1500 C, 
although the device has functioned for short times 
at 170 C. The major problem with the equipment has 
been intermittent and unusual noise, which com
pletely obscures the smaller signals. An effort 
was made to determine the origin of the noise and 
in the process, cable, electronic, telluric, and 
manmade electrical noises were al I el iminated as 
the source of the prob I em. I twas f ina I I Y observed 
that the tool was extremely sensitive to tempera
ture differences between the sensing crystal and 
the reference crystal. 

Although these two crystals are only separated 
by about 10-15 cm (inside the stainless steel 
body), a touch of a finger (at room temperature) on 
the tool housing near the reference crystal causes 
enough of a thermal difference between the crystals 
to produce unacceptable noise levels. When the 
tool body is sheathed in a copper tube, which is 
clamped snugly to the stainless steel outer shel i, 
a I I no i se comp I ete I y disappears and the too I meets 
the design sensitivi of 0.001 to 0.002 psi. 
Clearly, such a solon is unacceptable in geo
therma I we I I s due to 'the high I Y corros i ve nature 
of the brine. It is possible that a more fundamen
tal solution to the problem may be found, but we 
have not yet exp lored any further poss i b iii ties. 
Th is too I has been used success f u I I yin measure

mad~ at relatively low temperatures 
), and the only interpretation is that 

there were no thermal gradients between the crys
tals. In general, this cannot be assumed. 

A less sensitive method of measuring downhole 
pressure transients is the Sun system. This 
approach uses a cap i I I ary tube made of sta i n less 
steel to communicate with the bottom-hole condi
tions. The tube is pressurized wi-rh gas (usually 
N2 ) to the downhole value minus the smal I gas head. 
There is a chamber at the downhole end of the wei I 
with an inner diameter that is large compared with 
the tubing. This reduces the movement of the gas
water interface, when the interface is in the cham
ber. At the surface, the pressure is monitored 
with a Bourdon-type mechanism, which has a sensi
tivity of about 0.2 psi. Because all recording 
equipment is at the surface (at ambient tempera
ture), this approach can be used at any downhole 
temperature. 

a company or product name does not 
imply approval or recommendation of the product by 
the University of Cal ifornia or the Department of 
of Energy to the exclusion of others that may be 
suitable. 

70 

One of the problems with this system is the 
acute sensitivity of the gas-fi I led tube to tem
perature changes. Often at geothermal sites, the 
diurnal temperature variations at the recorder are 
10-150 C. These variations cause pressure changes 
in the cap i I I ary tub i ng between the we I I and the 
recorder of up to 20 psi. Even when the tubing 
a nd the recorder are heav i I yin su I ated, the tub i ng 
sti II has large temperature-induced diurnal noise. 
One possible solution is to put the equipment in a 
cooled compartment. However, the tubing, winch and 
reel, and recorder are too large to make this prac
tical. And heating the equipment to maintain a 
constant temperature is also impractical. 

A second problem in flowing wells is that the 
temperature of the flu i d at the we I I head changes 
with different flow rates. Because change of rate 
is an i mpor-rant pari' of most we I I tests, these 
tests often show temperature changes. Such changes 
are primari Iy due to heat lost to the upper 
(cooler) formation whi Ie the well is flowing at 
different rates and flash points. Temperature 
transients occur in the downhole tubing following 
rate changes. These transients can amount to 
severa I ps i. Because the Sperry Sun is read i I Y 
avai lable and has unl imited temperature appl ica-
b iii ty, methods of detect i ng the true signa I from 
the measured value in the presence of thermal 
transients are currently being studied. 

A th i rd prob I em assoc i ated with the gas-f i I led 
cap i I I ary is the s I ow response of the tube to a 
step function input. This is due to the large vis
cous effect in cap i I I ary tubes hav i ng sma I I d i ame
ters. This problem has been partially solved by 
us i ng 0.054- in. i nner-d i ameter tub i ng instead of 
the th i cker-wa I led 0.024- in. tub i ng. Both of 
these tubes have the same outer diameter as the 
standard wireline, 0.125-in. Additional studies 
are underway to improve the transient response of 
these long tubes (4,000 to 8,000 ft). A minor 
prob I em, a Ithugh severe in con seq uences, is the 
fai lure of the tubing due to hydrogen embrittlement 
or work hardening. The latter occurs when the 
tub i ng is used in we I Is f I oVi i ng at a high rate. 
This problem can be reduced appreciably by using 
heavy we i ghts to stab iii ze tl')e chamber and tub i ng 
in the highly turbulent well flow.' This solution 
requ i res i-he use of very ta I I we I I head I ubr i cators 
and powerful winches, but has been completely suc
cessful at rates above 600,000 Ibs/hr. 

One final pressure transducer of interest is 
made by the Paroscientific Corporation. This is a 
quartz crystal device, which can be used at tem
peratures up to about 1800 C. Because the device 
is electronic, its response is excellent but it 
is limited by the temperature tolerance, and in 
addition, it is accurate only to a fixed fraction 
of the full-scale appl icabi I ity. Thus large 
pressure ranges (>1000 psi) cause transducer 
sensitivities >0.1 psi, and this does not allow 
detection of earth tides. When this device is 
used either in the underwater configuration or 
with short lengths of capi Ilary tubing, it can 
provide interference data that are extremely 
stable and sensitive to all transient signals. 



In addition to the equipment described above, 
the reservoir engineering group has used and modi
fied equipment and techniques for al I phases of 
measurements in geotherma I we I Is, inc I ud i ng down
ho I e samp ling, f low rate measurements, temperature 
measurements, and automat i c record i ng and co I I ec
tion of data. Because the measurements have been 
carried out in cooperation with the geothermal 
leaseholders, government agencies, and private com
panies, our equipment and technique development 
have been rapidly transferred to the geothermal 
industry. 

A MODEL OF THE SEHHAZZANO ZONE" 
O. 'Veres 

LITHOLOGY 

For hydrogeological purposes, the rocks of the 
Lardere I 10 Bas i n may be d i v i ded into three ma i n 
complexes. 1 

The first is a weakly metamorphic basement 
complex of quartzites, phyll ites, and schists. 
Although deep exploratory dri II ing has found occa
s i ona I fractures and i so I ated pockets of permeab I e 
rock, it is be I i eved i'hat the basement comp I ex is 
largely impermeable and contributes little to 
steam production. 

The second is a so-cal led "evaporite" complex 
of anhydrite, limestones, dolostones, and radio
larites. These rocks are absent in some areas and 
up to a ki lometer thick in others. The limestones 
and dolostones are known to be highly porous and 
permeab I e. The I ower- I y i ng anhydr i te is be I i eved 
to be highly porous and permeable where it has been 
tecton i ca I I Y sheared and brecc i ated. Because a 
major regional thrust fault passes through this 
comp I ex, the tecton i ca I I Y sheared and brecc i ated 
zones are bel ieved to be extensive. Overall, this 
complex is believed to be the main reservoir of 
liquid water and source of steam in the geothermal 
system. 

The last complex is a largely sedimentary 
caprock sequence consisting of unmetamorphosed and 
weakly metamorphosed shales, marls, feldspathic 
sandstones, and ophiol itic rocks. Although there 
are significant volumes of permeable and porous 
I imestones and sandstones in this complex, the 
preponderance of argi I laceous rock types make it 
effectively impermeable as a whole. It serves as 
a caprock for the geothermal system. 

STRUCTURE 

Most we I lsi n the Lardere I 10 Bas i n produce 
from an interval at or near the bottom margin of 
the caprock. Where the evaporites are absent, the 
produc i ng i nterva lis the thrust fau I t zone at the 

the Third Geothermal Reservoir Work
shop at Stanford University, December 14-16, 1977. 
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contact ot basement and caprock. This fault zone 
is not the ultimate source of steam, but only a 
conduit, which conducts the stearn from permeable 
comp I ex rocks to the we I I bores. 

The elevation of first commercial stearn 
throughout the Basin is shown in Figure 1. It is 
apparent that the Castelnuovo-Larderel 10, Serrazza
no, Lago, and Lagoni Rossi productive areas are 2 
centered near distinct highs in the reservoir top. 
(These areas account for 9/10 of the Basin's steam 
produci'ion.) At Casi'elnuovo-Larderello and Serraz
zano the permeable comlex rocks are thin or absent 
and the highs are simply highs in the basement. 

RESERVOIR STATICS AND DYNAMICS 

There is a clear analogy to the wei I-known 
structural trap reservoirs of petroleum geology. 

Steam can be trapped under an ant i c I ina I caprock 
as petroleum can. 

There appears to be reasonably continuous per
meab i i '~y and f I ow at the reservo i r top Jhroughout 
the Basin. Isotopically demonstrated flow of wai-er 
from surrounding aquifers into the reservoir3 in
dicates hydraul ic continuity with them as well. 
This suggests that prior to exploitation there must 
have been hydrostai'i c equ i ! i br i urn between reservo i r 
and aquifers. The (simplified) condition for such 
equi I ibrium is that 

haq - hres = 10 = 10 x [Psat(Tres) - 1 J 

where h is the isopiestic level of the surroun-
din 0 a q ~ ~ fer s (i n me t e r s), his the e I e vat ion 0 f 

J res 
the stearn-water interface under the trap, and 

( ) is the stearn sa-rurat i on pressure at 
temperature. Analysis of water level and 

temperature survey (lata from the few "wet" we II sin 
the Serrazzano zone should provide a good test for 
this equation. 

A deta i I eel ana I ys i s of var i ous pub I i shed data 
has led to an estimate of 27SoC for the initial 
reservoir temperature. Because ha averages about 
100 m around the periphery of the qBasin, an 
initial of about -500 m is indicaied. 4 This 
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Figure 1. Elevation of reservoir top throughout Larderello Basin 
in meter s, Shaded areas I nd i cate "evapor i te" outcrops, (From 
Reference 2,) 

is deep enough to a I low for fa i r-s i zed in it i a I 
steam zones in the major areas, 

Ear I Y we I I s never reached 500 m subsea and 
never encountered water, The fact that most modern 
deep we I I s have a I so not encountered water is pro
bably due to a lowering of the water table by steam 
production. 

Hydrogen and oxygen isotope studles3 show 
clear evidence of massive incursions of recently 
meteoric groundwaters from the southeast of Castel
nuovo and Sasso, Smaller incursions are suggested 
from the southwest between Lagoni Rossi and Lago, 
and from the west at Serrazzano, 

It is I ikely that the incursion of surrounding 
cooler ground waters is due to the lowering of re
servoir pressure caused by steam production, A 
hydrological balance calculated for the entire 
basin suggests that the rate of recharge is about 
one-third that of steam production,5 

TOw'ARD A NUMER I CAL MODEL OF THE SERRAZZANO ZON E 

LBL's part in the DOE/ENEL cooperative program 
is to numer i ca I I Y mode I the reservo I r dynam i cs of 
the Serrazzano and Castelnuovo zones. The author 
is presently engaged in developing a geologically 
accurate computer-generated mesh for use in 
mode ling Serrazzano. 

Figure 2 shows a recent version of this mesh. 
The input data for the mesh generator are essen
tially a set of digitized geological cross
sections. The two cross-sectionsd labeled in 
Figure 2 are plotted in Figure 3, The three 
lithological layers distinguished in the cross
sections are the three complexes defined and 
discussed above, Where there is a significant 
thickness of lithe evaporites," the mesh elements 
all I ie completely within this complex. vfhere the 
basement and caprock are in direct contact, the 
mesh elements are taken to I ie along the contact 
surface and to be about 120 m thick. This thick
ness was chosen because it is about twice the root 
mean square distance for heat diffusion through 
rock over 25 years. (This roughly corresponds to 
the history of full-scale steam production at 
Serrazzano.) The under I y i ng phys I ca I mode I I s that 
of steam flowing through a thin fault zone and 
extracting heat from the surrounding impermeable 
rock by conduction. 

The points plotted within the evaporite stra
tum and at the caprock-basement contact correspond 
to the Individual elements of the mesh. The 
points within the basement or caprock and not on 
the contact do not correspond to mesh elements. 
Their function Is to define the bounding planes of 
the adj acent mesh elements. I n a I I cases, the 
bounding and interface planes are the plane 
bisectors of the I ine segments between the 
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Figure 2. A computer-generated mesh for model ing 
the Serrazzano zone reservoir. 
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Figure 3. Typical geological cross-sections of 
Serrazzano zone. The points are input for the 
mesh generator code. 

+ 

+ 



corresponding pairs of points. This prescription 
for choosing Interface planes Is believed to be 
opt I ma I for our pur poses. The on I yin put data 
required are the coordinates of the various points. 
The mesh shown has 227 e I emen-rs and 448 bound i ng 
points. The calculation found 2404 boundary and 
interface planes between them. 

WATER RESERVES AND BOUNDAI~Y COND I T IONS 

The mesh in Figure 2 is geologically accurate 
In its depiction of the reservoir, and the volume 
and elevation of each element is known. This al
lows us to estimate initial heat and water reserves 
within the region modeled. 

Figure 4 shows only those elements containing 
about one-half or more "evaporitic" rock. The 
total volume of lements is about 4.2 km3 • 
Of this, about 3.1 are below about 450 to 500 m 
and were probab I yin I t I a I I Y water saturated. How 
much water this represents depends on the average 
porosity, which is unknown. If we make a moderate
ly optimistic estimate of 10% porosity, this Is 

0.31 km3 • Assuming an initial water temperature 
of 27SoC the estimated Initial mass would be about 
2.3 x 108 metric tons. This amount of steam would 
suffice to run the 32-MW Serrazzano power plant 
for about 100 years. The magnitude is completely 
consistent with cumulative steam production of 
about 0.9 x 108 metric tons to date. 

Clearly, the extent of mass flow In and out 
of the region studied I'll II also affect the val idity 
of such estimates. In this regard, it appears that 
the Serrazzano zone is the most isoiated subarea 
within the Larderello Basin. (This is one reason 
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Figure 4. Computer-generated mesh for mode ling 
the Serrazzano zone reservoir showing "evaporite" 
mesh elements only. 
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why Serrazzano was chosen for study. The other is 
that relatively complete historical production data 
are avai lable.) However, as is evident from the 
concentration of the "evaporites" at the very edges 
of the mesh, Serrazzano cannot be perfectly isola
ted. The very thick evaporite stratum in the 
southeast corner of the mesh (also see Section C) 
is continuous with the diapiric evaporite outcrop 
between Monterotondo and §asso. This is known to 
be a major recharge area. Although the recharge 
water does not appear to have reached the Serraz
zano zone yet, it is poss i b I e that it has a I ready 
displaced significant volumes of "old" water toward 

. Serrazzano. There may also be some influx of water 
and steam from west-southwest where the mesh is 
truncated due to lack of stratigraphic data. The 
large volume of evaporites in the south-southwest 
octant is about midway between Serrazzano on one 
side and Lagoni Rossi and Lago on the other. It 
is very I ikely that some of the steam generated 
here flows south toward the latter two zones. 

HEAT RESERVES 

vie Vii II assume a volumetric heat capacity of 
2,460 kJ/~3.oC for the reservoir rock and an 
initial temperature of 27SoC. A reasonable 
estimate for ultimate abandonment pressure is 
8 bar, and this corresponds to an abandonment 
temperature of 1700 C. We again take ~ = 0.1 for 
the flevapor i tes" and <p ~O for the other rock types. 

This leads us to estimate the total quantity 
of useful heat within just the "yliaporite" elements 
of the mesh to be about 9.8 x 10 kJ. Th~s quan
tity of heat Is enough to convert 3.6 x 10 metric 
tons of water in i t i a I I Y at 250 C to steam of 
2,800 kJ/kg entha I py. Water in i ta I I Y at 27.5°C 
would require less heat. If we assu~e an initial 
"preheated" Vla-rer supply of 2.3 x 10 metric tons, 
we find that an equal volume of cold recharge Vlater 
is needed to cool the evaDorites dOVin to 1700 C. 
Another 2.0 x 108 metric ~ons Vlould be required 
to cool the nonevaporite portions of the mesh down 
to 1700 C, for a grand total steam production 
of 6.6 x 108 -rons, This is enough for 
9,400 MW-years of electrical generation. 

I t seems c I ear that Vlater reserves 1'1 i I I prove 
to be the I imiting factor at Serrazzano. A long
term program of water injection appears to be 
ca I I ed for if anyth i ng like the above figure is to 
be reached. 
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HESEHVOlH SDIULATION OF TlIE SEHHAZZANO AND CASTELNUOVO 
ZONES AT LAIUJEHELLO, ITALY * 
H. C. Schroeder, O. Weres, and P. A Witherspoon 

THE SERRAZZANO GEOTHERMAL FIELD 

The geology of Serrazzano field is charac
terized by an anticl ina I-type structure made up of 
Triassic-Paleozoic formations; the upper part of 
these formations is represented by quartzites and 
quartzose conglomerates and the lower part by phyl
lites. 

These formations are overlain, on the margins 
of the structure, by a thin layer of Triassic dolo
mites and anhydrites; above the previous formations 
there is a complex of flysch facies and marly clay 
terrains that form an impermeable cover. The Tri
assic-Paleozoic terrains form the potential reser
voir. 

Fracturation has developed mainly in the upper 
part of the structure, as a consequence of the tec
tonic movements accompanying the emplacement of the 
flysch and the folding phenomena. The northern 
margin of the Serrazzano field is made up of low
temperature formations that also form the bounda
ries of the explored area. The other margins of 
the field are characterized by very low permeabi-
I ity compared with that in the productive area. 

One problem in model ing is to clefine the ini-, 
tial state of a given system. In the case of 
Serrazzano, there is no direct solution to this 
problem because very few measurements have been 
made and dr i I ling has not fo I 100ved any set patj-ern. 
There were originally some natural manifestations 
in the uppermost part of the structure and for many 
years the search for steam was concentrated exclu
sively in these zones. I<nowledge of the entire 
field was therefore acquired gradually over a ra
ther long period, which is not a unique situation 

s s a condensation of two papers presented 
in collaboration with the following Ital ian co
authors: R. Celati, R. Marconcini, G. Neri, and 
C. I~uff i II i at the Larderello Geothermal Workshop, 
September 1977. 

in reservoir development. During the nineteenth 
century there vias a smal I producj'ion from a fe"1 
shallO\'/ wells. In 1905 i-here were 52 boreholes 
producing fluids, sometimes surerheated 
a pressure sl igh-I-Iy above atmospheric, 
rate at that time is unknown, but we do 
in 1922 flow rate was about 40 tons/hr. 

stearn, at 
Tota I f I ow 
know that 

These boreho I es were so sha I 10\'1 that they pro
bably managed to produce steam without modifying 
the thermodynamic conditions of the reservoir. The 
reservoir was then probably in a sta·tionary state, 
so that the total steam flow rate from these bore
holes gives us a rough estimate of the quantity of 
steam produced in the reservoir per unit of time. 

The first deep wells were dri lied betl'ieen 1930 
and 1940 in the exploitation area. At their maxi 
mum depj-h of 200 m, these "wi Is began producl-ion a't 
the contact between the impermeable complex ter
rains and those of the underlying formations. We 
have no data for defining the shut-in pressure of 
these wells; al-thou~Jh some production tests were 
carried ou'l- crt val-ying pressures in some wells, 
they do not seem sufficiently stable for an even
tual evaluation of shu-I--in pr·essure. vie I Is were 
first shut in between 1954 and 1955; these were 
the Canteo and the Cioccaia wells, located very 
near the production area

2 
The pressure in these 

wei Is was about 12 kg/cm- During this same 
period, dri II ing began again aHer an interval 
caused by the outbreak of \'lor I d Viar I I, 

At present the field produces about 
300 tons/hr of fluid, comprising 96.5% superheated 
steam and 3.5% different ~ases. Average production 
pressure is about 5 kg/cm abs. Flow rate in the 
more productive wells has clecreased very rapidly; 
in 'I-he less productive wells flow rate has cle
creased more slowly. Measurements taken in 1941 
show that we I Is tha-I- are novi produc i ng 60 tons/hr 
were then producing 220 tons/hr of steam. 

The area of the field that was the first to 
be exploited now produces 16% of the field's total 
production. The fluid from this area is 96.57; 



steam in average conditions of 1900 C temperature 
and 5 kg/cm2 abs. pressure. The other producti ve 
wei Is produce steam at higher average temperatures. 
One character i st i c common to the produc i ng we I Is 
is that the steam enters through fractures, usua II y 
those near the contact between the cover terrains 
and the potential reservoir. 

In view of the objectives of our project, we 
calculated all the floly rate, pressure, and tem
perature measurements of the productive and shut-in 
I\'ells at well bottom. These calculations took into 
account the pressure and temperature loss due to 
production of steam from the boreholes. The method 

we used was originally proposed by Bozza 1 and later 
extended by Rum i •2 Ive I I bore heat cond uct i on was 
calculated using Ramey 1 s equations. 3 Generally, 
there is very I ittle difference between pressure 
and temperature va I ues measured at we I I head and 
those calculated at \'lei I boHom. This is explained 
by the large diameter s of the pipe lines used in the 
wells, and by the relatively low flow rates, so 
that the velocity of the steam flow is at least one 
order of magnitude lower ~han the fluid sonic velo
city. 

XBL 7711-10486 

Figure 1. Areal view of the Serrazzano zone with 
sol id ! ines labeled A to S, indicating the cross 
sections. 
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The water table hypothesized by many resear
chers has never been located. Recently, whi Ie 
dri II ing well Sperimentale 1 in the middle of the 
main productive area, a fracture was encountered at 
a depth of 1,930 m. This fracture may be in com
munication with an aquifer at tempera~ures ot 280-
2900 C, and pressure of about 75 kg/cm abs. The 
water recharge areas have not yet been adequately 
defined tor the Serrazzano field, although one such 
area may exist on the northwest side where there 
is a hydraulic gradient towards the field. 

Two simulation grids were constructed to ap
prox i mate the geo logy o·r Serra zzano. Both are 
three-dimensional, and both have large numbers of 
elements. The first grid, as shown by the cross
sectional representations in Figures 1 and 2, in
cludes only the rock mass along which the fracture 
system is be I i eved to ex i st4 and the porous anhy
drite-dolomite formation between the caprock and 
the basement complex. A second grid as shown in 
Figures 3 to 9 was constructed in a more crude 
manner 1'0 attempt to study the hypothes is of water 
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Figure 2. Cross sections A and B from Figure 1, 
showing the simulation element locations (+), and 
the upper and lower boundaries of the reservoir 
(fracture where on I y one line is shown). 
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Figure 4. Norma I i zed pressure decay at a we I I bore 
intersected by a 10-vm fracture with finite volume 
VF/V = 1 Ca) in series, or Cb) in parallel, with 
an a~erture 2b fracture with infinite volume. 

in the required time due to finite fracture boun
daries are also shown. The set of curves for the 
infinite fracture can be fitted to straight lines 
which can be used for a quick estimation of the 
aperture in the field. Over a short time period, 
a general complex fracture system intersecting a 
wellbore wi II behave I ike a single infinite frac
ture. Figure 3 or the straight I ine formula can 
be used as the starting point for analyzing the 
pu I se packer test. The exp I i cit formu I a of the 
straight lines, the scaling to different wei I bore 
dimensions and fluid properties, the possible 
errors in this simple analysis, together with the 
use of type curve fitting for deducing the fracture 
properties are discussed in Reference 1. 
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Over short times the pressure decay is mainly 
determined by the near-wellbore flow and is insen
sitive to the fracture properties away from the 
wei Ibore. Over long times the fracture geometry 
may profoundly affect the pressure changes. This 
is obvious for the single closed finite fracture 
shown in Figure 2Ca) with nonzero asymptotic values 
due to finite volume effect. To demonstrate the 
effect of connectivity of multi fractures on 
trans i ent f low, the pressure dec lines due to 10- vm 
finite fractures with VF/V w = 1 in series or 
parallel to an infinite fracture CVF/V w = 00) are 
plotted in Figure 4 [see the sketches in Figure 
4Ca) and 4Cb) for the geometrical arrangements]. 
The in-series fractures interact directly whi Ie 
the in-para I I e I fractures commun i cate through the 
we I I bore on I y. From the compar i sons in Figure 4, 
it is clear that the interaction between th~ two 
fractures is significant over longer time periods, 
These results demonstrate the potential usage of 
the long-time data to deduce the fracture network 
properties, In Reference 1, the use of inter
ference tests for studying the fracture properties 
between two we I I bores are a I so discussed, 

PLANNED ACTIVITIES FOR 1978 

1. Study the effect of transient flow in inter
secting fracture planes. Superposition of 
simple solutions or numerical model ing wi II be 
used in -rhe calculations. 

2. Develop further the analysis of interference 
tests, Simultaneous pulsing from different 
wellbores, or periodic pulsing, are interesting 
general izations, 

3, Study the effect of pressure-induced deforma
tion of the fractures, This nonl inear effect 
is important if the pressure pulse is large 
enough to affect substan1'ially the existing 
streSS state of the fracture. 

4, Ass i st the deve lopment of the we I I tes1' i ng 
programs in the field and in the laboratory, 
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5. APPLIED GEOSCIENCES 

The appl ied geosciences program includes 
projects in uranium resource assessment, enhanced 
oil recovery, and i nterpretat i on of data obta i ned 
with airborne remote-sensing devices, The uranium 
project invest i gates the resource potent i a lin 
alkal ine, peralkal ine, and carbonatitic rocks. 
These rock types, whose resource potential has been 
recognized in other countries, are present in the 
United States and may contain substantial recovera
ble quantities of uranium. An active project 
invest i ga-res the enhanced recovery of 0 i I from 
reservoirs by use of flooding with alkal ine fluids. 

URANIUM IN ALKALINE IGNEOUS ROCKS 

Concurrently, projects are being developed to 
invest i gate other aspects of en hanced 0 i I recovery. 
Interpretation of airborne radiometric and multi
spectral data from fl ights over reactor sites and 
other energy-related projects is the subject of an 
on-going program, By encompassing projects not 
directly associated with fundamental geOSCiences, 
geothermal energy, or nuclear waste storage, the 
Division endeavors to broaden its scope of 
interest. In 1978 the Division wi II continue to 
explore new avenues in appl ied geosciences. 

If. A. Wollenberg, M. Murphy, B. Strisower, II. Bowman, S. Flexser, and I. Carmichael 

In conjunction with the Bendix Field 
Engineering Corporation and the Grand Junction 
Office of DOE, LBL is conducting a project to 
identify the uranium resource potential of alkal ine 
and peralkal ine plutons, and carbonatitic rocks of 
the United States. In this project, based mainly 
on a I iterature search, known uraniferous alkal ine 
rock areas outside the United States are charac
terized and compared with alkal ine rock areas in 
the Un i ted States, lead i ng to a cho i ce of cand i date 
sites for further examination. Criteria considered 
in the character i zat i on inc I ude I i tho logy of the 
alkal ine occurrences and surrounding country rock, 
and their tectonic setting and geochemistry, with 
emphasis on radioelements (U and Th) and companion 
trace elements (Zr, Nb, Be, F and rare earths). 

The pr i nc i pa I fore i gn a I ka line uran i um occur
rences, Po,;os de Caldas, Brazi I (with reserves of 
10,000-15,000 tons of uranium oxide), and 
II imaussaq, Green I and (where reserves in excess of 
20,000 tons have been identified), were visited in 
1977 and their attributes compared with those of 
U.S. occurrences of similar lithology and tectonic 
setting. Field visits, combined with the I itera
ture search, have identified type-occurrences in 
alkal ine rocks against which U.S. occurrences are 
be i ng compared. Samp I es of a I ka line rocks in the 
University of California collection and specimens 
of mineral ized rock from Po~os de Caldas are being 
analyzed for their major and trace-element 
contents. 

Four type-occurrences are summarized in Tables 
1-4: the aforementioned Greenland and Brazi I ian 
occurrences, and those at Bokan Mountain, Alaska 
and the Ottawa Graben region of Canada, 

An additional type-occurrence is the 
conj unct i on of hydrotherma I m i nera I i zat i on with 
alkaline rocks, exemplified by sites in the Front 
Range of Colorado. 

In early 1978 a number of occurrences in the 
U.S. having sufficient attributes to warrant field 
examination wi II be identified through the I itera
ture search. It has been proposed, then, that the 
second phase of the proj ect wi I I emphas i ze an 
examination of the sites, encompassing field 
radiometric surveys, sampl ing, and subsequent 
laboratory analyses. Results wi II disclose the 
val idity of the choice of the sites and wi II 
provide information on which a more widespread 
assessment of the uranium resource potential of 
these rock types can be based. 

Tab I e 1. I I (maussaq type-occurrence 
.Strongly peralkaline layered intrusion 
·Associated with layered ultrabasic rocks 
• Intrudes Precambrian shield area 
·Combination vein and disseminated mineralization 
• Located in Precambr ian rift zone. 
·High REE, Th, Nb, Zr, and Be affinity 
.Uranium minerals - steenstrupine, thorite, 

pigmentary material 
·Ore rocks - lujavrite, analcime/albite veins 

Table 2. Posos de Caldas type-occurrence 

.Moderately to strongly peralkal ine shallow 
intrusion and breccia pipes 

"Associated with a belt of peralkal ine and 
carbonatite intrusions 

·Intrudes Precambrian shield 
-Vein type mineral ization, hydrothermal 

alteration, and lateritic weatherlng 
·Located at regional fault intersection 
"High Zr, Mo, Th, and F affinity 
·Uranium minerals - coffinite, uranothorite, 

flourine, and molybdenum minerals, secondary 
pitchblende 

.Ore rocks - hydrothermally altered tinguaite 



Table 3. Bokan Mountain type-occurrence 
-Peralkal ine aegirine/riebeckite granite 
-Associated with less alkal ine granites, fayl ite 

granites 
olntrudes Precambrian to Paleozoic terrain 
.Deuteric alteration, pegmatitic and disseminated 

mineral ization 
·Post orogenic emplacement 
"High Th, Fe2+, Mg, Pb affinity 
"Uranium mineral - zircon, coffinite, 

uranothorite, and pigmentary material 
oOre rocks - adularia/albite zones, alkal ine 
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Table 4. Ottawa Graben type-occurrence 
GAlkal ine carbonatite ring dykes and plugs 
"Associated with nephel ine pyroxenite, nephel ine 

syenite, and fenite 
"Intrudes Precambrian shield 
"Metasomatic mineral ization, disseminated and/or 

segregated 
"Active rift zones in some cases 
"High Nb, Ree, Th, Fe2+ affinity 
·Uranium minerals - betafite, uranian pyrochlore, 

pigmentary material 
·Ore rocks - biotite carbonatite, apatite rock, 

INTERPRETATION OF AIRBORNE REiVlOTE-SENSING DATA 
ll. A. Wollenberg and D. di Somma 

Geologic guidance was furnished by LBL for 
DOE-sponsored fl ights by E.G.&G. Inc., Las Vegas 
Operations, over underground combustion experiments 
at Hanna, Wyoming (coal gasification), Rock 
Springs, Wyoming (oil shale), and Vernal, Utah 
(tar sands), The imagery analyzed consisted of 
high resolution aerial photography and thermal
infrared scans of the sites. The missions were 
conducted to aid DOE's Laramie Research Center in 
assess i ng the env i ronmenta I base line status of the 
sites prior to development of these resources by 
ins i tu method s, F lights were made over areas ot 
known surface subsidence from underground mining 
and over locations of mine fires, to see if 
surficial effects could be detected by aerial 
multi-spectral reconnaissance. Data tapes from 
recent fl ights of a new multi-spectral scanner are 
presently being analyzed by computer at E.G.&G. 
Resulting imagery wi I I be interpreted to discern 
geologic, hydrologic, and vegetation patterns. 

Results of airborne radiometric surveys by 
E.G.&G. over regions surrounding two reactor sites 

in Florida were analyzed, and their geologic 
settings compared with the observed gamma-ray 
field. Near the site in western Florida, sharp 
positive gamma anomal ies coincided, as expected, 
with open-pit mines of phosphate rock in the 
A I achua Format i on. The phosphate is natura I I Y 
enriched in uranium and its daughter elements. In 
the site region in eastern Florida, moderately high 
radioactivity is associated with an area of 
orchards, i nd i cat i ng the use of phosphate and/or 
potash ferti I izers, 

To aid in geologic evaluation of aero
radiometric data, the Geodose Project, a 
I iterature-based characterization of rock types by 
their radioelement (U, Th, and K) contents, 
radiogenic heat production, and gamma-ray exposure 
rates, has been conducted. The computer program, 
DOSECAL, has been used to calculate heat production 
and exposure rates trom radioelement data, to plot 
histograms, and express their statistical signifi
cance. To date, nearly 2400 entries have been 
processed, permitting characterization of 16 rock 
types. 

ENHANCED RECOVERY WITH IVlOBILITY AND REACTIVE TENSION AGENTS 
C. f. Radke and W. H. Somerton 

INTf<ODUCTION 

Ca I i torn i a crude 0 i Is, among others, conta i n 
significant amounts of natural acids which upon 
neutralization with bases can produce in situ 
surfactant salts. Thus the injection of alkal ille 
water has long been thought attractive as a means 
for enhanc i ng the genera I I y poor 0 i I recovery from 
Cal ifornia reservoirs. Alkal ine water-flooding has 
a decided economic advantage over flooding with 
commercial surfactants and/or polymers and hence 

further field testing has been recently initiated 
under Department of Energy auspices (i .e., at oi I 
fields being produced by THUMS, Long Beach Cal if.; 
and Am i no ii, Hunt i ngton Beach, Ca I if.), Un fortu
nately, publ ished studies do not give a clear 
picture as to hoVi to des i gn an a I ka line flood tor 
effective oi I recovery. 

The objectives of the present study are 
(1) to establ ish the conditions requisite for 
tertiary-mode displacement of acidic oi Is with high 



pH agents, and (2) to elucidate the dominant 
recovery mechanisms and hence permit development 
of an improved a I ka line flood i ng package. The 
overall project maintains close I iaison with the 
current field work and includes studies of dis
placement of fluids from core samples from oi I 
fields and synthetic systems, interfacial tensions, 
emulsion flow in porous media and, as of this fall, 
adsorption loss of alkal ine agents. Each of these 
subprograms is summar i zed be I ow; more deta i led 
exposition of the work completed up to August 1 
is ava i I ab lei n Ref. 1. 

CORE DISPLACEMENTS WITH OIL FIELD SYSTEMS 

An apparatus for conducting displacement tests 
on actual oi I field cores under anticipated field 
operating conditions was constructed and tested 
with typical cores and test fluids. A series of 
tests was then run on cores from the Ranger zone 
of the Wi Imington oi I field using Ranger zone crude 
oi I, simulated formation brine, and alkal ine 
flooding fluids of concentrations to be used by 
THUMS in planned field tests. No oi I was recovered 
from the rubber sleeve core samples during either 
water flooding or chemical flooding of the cores. 
An excessive loss of chemicals by adsorption on 
mineral grain surfaces was noted. After completion 
of tests on the native cores, they were extracted 
in situ and resaturated with formation brine and 
crude oi I. The cores were water-flooded to reach 
a water-oil ratio of 5:1 and then flooded with 
caustic CO. 1 weight %) to residual oi I saturation. 
There were three significant findings from these 
I atter tests: ( 1) chem I ca I t I ood i ng was shown to 
recover about 35% of the oi I remaining after water
flooding; (2) oi I recovery was extremely sensitive 
to flood i ng rates, lower recovery be i ng obta i ned at 
the low flooding rates typical of field operations; 
and (3) loss of caustic to the core was high and 
perhaps excessive for successful caustic flooding 
of these high clay content reservoir sands. The 
firs"1- finding is especially significant because no 
attempt was made to optimize the chemistry of the 
flooding solution. Finding (3) was unexpected and 
has evoked a study on caustic loss in the reservoir 
sand. 

During the coming year, oi I field core 
flooding tests wi I I be continued to confirm the 
above noted behavior on a wider variety of cores 
from the Ranger zone. Rate sensitivity tests wi II 
be made in an effort to properly account for this 
variable on recovery results. Efforts wi II be made 
to optimize the concentrations of chemicals and the 
appl ication techniques to achieve the greatest 
recovery of residual oi I. 

SYNTHETIC SYSTEMS 

To enumerate recovery mechanisms, displacement 
studies are conducted on oleic-acid-doped mineral 
oi Is in quartz sand-packs with various alkal ine 
agents and faits. The apparatus has been described 
previously. Standard tertiary floods are per-
formed whi Ie pH and pressure drop are continuously 
monitored. Also, the fluids are tested for spon
taneous emulsification, shear emulsion, emulsion 
type, and emulsion stabi I ity. Results of the 11 
consistent floods performed to date indicate that: 
(1) stable, high-tension oi I-in-water emulsions 
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cause plugging through droplet entrapment in pore 
constrictions; (2) in five floods tertiary recovery 
efficiencies of 50% were attained. In those floods 
that do recovery tertiary oi I, the common features 
are oi I production in a narrow bank with concomi
tant large increases in water permea b iii i"y, the 
formation external to the flood of stable water
in-oi I emulsions, and high dynamic interfacial 
tensions. 

Stud i es, inc I ud i ng m i cromode i observat ions, 
are continuing to ascertain the recovery mecha-
n isms. Changes in wettab iii ty wi I I be estab I i shed 
through contact angle measurements. In addition, 
the effects of acid chemical nature, oi I viscosity, 
absolute permeabi I ity, and flooding rate wi II be 
investigated. 

INTERFACIAL TENSIONS 

Because of the possible occurrence of the 
cap i I I ary d i sp I acement mechan ism, the cond it ions 
under which saponified acids cause ultra low 
tensions are pursued. In the in situ production of 
surfactants during alkal ine flooding, a range of 
concentrations is possible; hence, there is a 
question as to which concentration or tension 
actua I I Y character i zes the d i sp I acement proces s. 
To gain insight into the possible concentration 
profi les, an ideal equi I ibrium chromatographic 
model has been developed. The neutral ization 
equi i ibria are represented by: 

KD 
HAoi I 

-+ 
HAwater +-

HAwater +-
H+ + A-

KW 
H+ + H2O -+ OH +-

where A- denotes the saponified surfactant species 
(e.g., oleate ion). If the oi I phase is stationa
ry, the equ iii br i a are instantaneous and there is 
negl igible adsorption or dispersion; unsteady 
species continuity balances on the alkal ine agent 
cat i on and on the surfactant ion (i n a II forms) 
completely determine al I species concentration 
profi les. The solution demands two shock fronts. 
I n the first front, a I I injected and produced 
chemicals establ ish equi I ibrium with the original 
acid oi I phase, In the second front, all the acid 
has been extracted from the 0 i I phase and on I y the 
i nj ected a I ka line agent moves, Thus the two 
bounding tensions, which appear to characterize the 
flooding process, are the dynamic tension when the 
base first contacts an oi I globule and the tension 
when the base has estabished equi I ibrium with an 
infinite amount of the original acid oi I. The 
present chromatographic treatMent also provides a 
starting point for a more general analysis of 
a I ka line flood i ng by re I ax i ng some or a I I of the 
underlying assumptions. 

Dynamic oi i-water interfacial tensions for 
aqueous bases contacting acid oi Is i9 a spinning 
drop apparatus have dramatic minima. These 
evolution minima appear only when mass transfer 
occurs from the oi I to the water phase. Thus a 
five-step sequence was previously enunciated: 

GPO 794-856/2.75 



transport of the acid to the oi I-water interface, 
adsorption of the acid, reaction of the acid to 
produce the surfactant, desorption of the surfac
tant, and transport into the bulk aqueous phase. 1 

A quantitative model reflecting this sequence has 
now been formulated to portray the dynamic tensions 
in the spinning drop instrument. The model assumes 
well-mixed finite phases, a fast neutral ization 
reaction, sorption barriers characterized by 
first-order chemical reactions, and quasi-static 
equi I ibrium for the drop shape and tension
adsorption relationship. Material balances on the 
surfactant spec i es in the 0 i I phase, in the water 
phase, and at the oi I-water interface then predict 
the dynamic tension. Because the droplet area and 
surfactant adsorption are coupled, solution of the 
material-balance ordinary differential equations 
is difficult. However, even with the zeroth 
approximation of a constant interfacial area, a 
tension minimum is obtained. 

EMULS I ON FLOIII 

Because of the possibi I ity of mobil ity control 
with in situ formed emulsions, flow behavior is 
studied for stable oi I-in-water emulsions of drop 
sizes greater than pore-entry diameters through 
consol idated and unconsol idated porous media. 
Experiments performed previously indicate large 
f low-rate-dependent permeab iii ty reduct ions even for 
di lute low-viscofity emulsified oi Is in high per
meabi I ity media. A quantitative flow model to 
predict these effects was also described previ-
ous I y. 1 The mode lis based on f i I trat i on theory 
but because droplets may "squeeze" through some 
larger pores a re-entrainment rate, which depends 
on local pressure drop, must be included in the 
theory. Thus pressure prof i I es and drop retent ion 
profi les are coupled, and solution of a highly non
linear partial integrodifferential equation is 
required, 
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Progress since August inc I udes the fo I low i ng. 
First, incorporation of a periodic constricted tube 
porous-medium model to quantify the fi Iter coef
ficient, the fraction of drops diverted, and the 
local permeabi I ity. Thus, once the pore size 
distribution, initial permeabi I ity and porosity, 
and drop size and interfacial tension are measured, 
a I I parameters are spec i f i ed a pr i or i. Second, a 
numerical procedure has been designed that reduces 
so I ut i on of the part i a.1 i ntegrod i f ferent i a I 
equation to simple numerical integrations. 

ADSORPTION LOSS 

Because alkal ine-agent consumption by 
Ca I i forn i a reservo i r rock was found to be 
unexpectedly large, a study on adsorption loss was 
recently started. Two precision, constant-rate 
pumps furnish solutions, differing in pH, through 
a selector valve to a thermostated adsorption 
column. Detection of outlet hydroxyl concentration 
is by continuous index of refraction and by 
collected solution pH. Adsorption isotherms are 
then constructed by rigorous frontal-analysis 
chromatography. Prel iminary results reveal that 
isotherms that are convex for the outlet adsorption 
concentration fronts are much sharper than the 
outlet desorption concentration fronts. 
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ENHANCED OIL RECOVERY PROGRAM DEVELOPivlENT 
A. N. Graf, ]. H. Howard, and P. A. vVitherspool1 

During the last quarter of fiscal year 1977 
the potential for developing further research 
opportun i ties at LBL in en hanced 0 i I recovery (EOR) 
was examined, 

Major questions recognized during the course 
of this investigation are: What approach and level 
of activity should LBL undertake? and Which EOR 
method or methods should LBL concentrate on? Three 
non-exclusive approaches have been identified: 
1. Comprehensive - Creation and coordination of a 
consort i um wh i ch inc I udes government, industry, 
national laboratories, and individuals conducting 
research and auxi I iary functions at various levels 
for the purpose of supporting large-scale field 
tests of a particular EOR method, 2, Programmatic -
Continuation of the current approach, which con-
s i sts of sma I I programs dea ling with spec if i c 
problems of various EOR methods, for example, USE 

of surfactants in EOR. 3, Management - Manage 
pass-through government contract funding with 

discretionary funding for LBL programs. In the 
evaluations of EOR method or methods which deserve 
LBL's attention, two primary factors were consi
dered: expected rate of growth of government 
funding, and competition. Based on these factors, 
the fo I low i ng pr i or it i es were estab I i shed for EOR 
methods: first priority - steam drive and CO2 
miscible; second priority - micel lar/polymer
improved water flooding and special targets; third 
priority - in situ combustion. 

Investigations in several areas during fiscal 
year 1978 are anticipated in order to: assess 
LBL! s resources; deve I op potent i a I i ndustr i a 1/ 
government/institutional all iances; conduct 
pre lim i nary ana I ys i s ot i nact i ve Ca I i forn i a 0 i I 
fields to determine appl icable methods; consider 
EOR method(s) which might receive LBL's primary 
attention; and develop a plan for future EOR 
programs at LBL. 
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Figure 3. The shaded forms are the approximate kh 
distribui-ions. The geometric outlines indicate 
the shapes of layers A, 8, C, D and E, which were 
used in the SHAFT simulai-ion. 

dispersed -rhroughout the reg iOIl between the Arg i I Ie 
Scagl iose and the deep basement complex. This grid 
may also be important in studies of initial rock 
mass temperatures. However, the more accurate 
geological representation in the first grid 
(Figs. 1 and 2) wi II probably give the best results 
for fluid recharge studies. 

The comp I ete set of dOlvn ho I e product i on data 
including flow rate, pressure, and temperature va
I ues from 1930 to 1976 has been dig i -1- i zed and pre-
pared for processing during the simulation. The 
SHAFT program will use the material parameters, 
initial condition, boundary conditions, and the 
transient record of flow rates and temperatures at 
the production wells as inpu-r- da~ra and wi II calcu
late the pressure, temperature, density and satura
tion at all spatial elements. Referring back to 
Figures 1 and 3, we see that the simulation is 
mode! i ng a reservo i r wh i ch is more than 5 km long 
and 1 km deep. To study the effect of water re
charge from the surrounding areas, these large di
mensions are necessary since i-he existing hydrolo-
gicai mode! has the recharge appearing at the peri
phery of the main production region. 5 ,6 The grid 

eBB 770-11265 

Figure 4. Left: Layer D, the second layer in the 
SHAFT simulation. Top elevation is -100m; the 
thickness of the layer is 200m. Right: Layer E, 
the first (top) layer in the SHAFT simulation. The 
solid lines denote parallelepideds; the dotted lines 
denote triangular-shaped elements. 
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Figure 5. Left: Layer 8, the fourth layer in the SHAFT simulation. The top elevation is -650 m; the layer 
is 350 m thick. Right: Layer C, the third layer in the SHAFT simulation. The top elevation is -300 m; the 
layer is 350 m thick. 

shown in Figure 3 covers a smaller area, but in
cludes the interior volume. As a result ot the 
need to include the "entire" reservoir In these 
two different representations, we were forced to 
use large numbers of elements. The number of 
elements In each grid exceeds 500. Although this 
does not cause any fundamental problems in our cal
culations, we are I imited by the memory capacity of 
our computer. The codes have been modi fed to use 
the en tire sma I 1- an d I arge-core memory of the 
COC-7600 computer. This modification is currently 
be I ng comp I eted, and 1'1 I I I enab I e us to use a large 
number of elements since the large-core memory of 
the COC-7600 has a capacity greater than our future 
needs. 

A report is currently being prepared which 
wi II describe a series of test calculations that 
have been carried out using the SHAFT program. 
These test problems were designed to verify the 
SHAFT program and to anticipate any problems that 
might arise during the full reservoir simulation. 

Future vlork 

We 1'1 I I I beg i n the Serrazzano ca I cu I at ions as 
soon as the program expansion into large-core 
memory Is comp I ete and the program has been tes1~ed 

with one or more of the test problems. The initial 
history match calculations wi II include the deter
mination of the "best" parameters and boundary 
conditions. Following this initial phase of 
calculations, the future Serrazzano depletion wi II 
be calculated. The final calculations wi II include 
the effects of reinjection. 

INJECTION EXPERIENCE IN ITALY 

vlater has been inj Into several wells in 
Ital ian geothermal fields. One example of long-
term injection is the well Monterotondo 20 in the 
~J10nterotondo region of Larderello, where injection 
begain in June 1974 and continues today at the 
approximate rate of 40 m3/hr. Another example is 
the well Carbol i 0 in the I~ago region of 
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Figure 6. Layer A, the lower layer of the 
"reservoir." The top of the layer is at -1000 m; 
the layer is 350 m thick. 

l_arderello. 7 Injection began in this well in 
October 1974 and also continues today. However, 
these two wells are outside the main production 
regions in the respective fields, and the effects 
of the long-term injection in these two wei Is have 
not been observed in any steam-production well s. 

CASTELNUOVO AND SPERIMENTALE 2 

During the dri II ing of wells in vapor-domina
ted reservoirs in Italy, water has been used when a 
loss of circulation prevents the continued use of 
dr i I ling mud. I n severa I cases water has been 
i nj ected into fracture zones dur i ng we I I dr i I ling. 
Usually this injection occurs for a short period of 
time, but in the case of the experimental well, 
Sperimentale 2 (Sp2) in the Castelnuovo field, the 
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Figure 7. Layer Z, the deep formation below (?) 
the reservoir. The top elevation is -1350 m, and 
layer Z is 1000 m thick. 

injection continued for three months. The 
Castelnuovo field was exploited over a period of 
35 years. The production wells range in depth from 
about 300 to 500 m. As a consequence of the 
production, the formation pressure in the upper 
part of the reservoir decreased below 4 ata. A 
few deeper we I Is (::::0800 m) have shown shut- i n 
pressure of between 6 and 10 ata in the last few 
years. Figure 10 shows the location of well Sp2. 
During the dri II ing (and injection of water) of 
Sp2, five surrounding steam producing wells were 
significantly perturbed. The injection measure
ments at Sp2 and the measured changes in the 
surround i ng we I Is pro v i de the best data for 
numerical simulation. The "reservoir" consists of 
two adjacent layers. The upper layer is a dense 
sandstone (Macigno) and the lower layer is made up 
of evaporitic anhydrites and magnesian limestone. 
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Fi re 8. Simulation layers shown to represent 
reservoir in the SHAFT simulation. The heavy 

black curves are the approximate basement contours, 
and the geometric shaded areas are the discrete 
approximation. 

~, 
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Figure 9. Simulation layer3 chosen to represent 
the reservoir in the SHAFT simulation. 
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The latter overlays the impermeable metamorphic 
basement of phyll ites and quartzites. A system of 
fractures is associated with the reservoir rock, 
but does not appear to be related to a particular 
I or interface between layers. In Figure 11 

I i tho log i ca I prof i I es of Sp2 and severa I near by 
we I I s are presented. 

Dur i ng the dr iii ng of Sp2 a c i rcu I at i on loss 
occurred at 219.5 m and again at about 235.5 m, 
where a fracture zone was encountered. Dr i I ling 
continued with fresh water injection to a depth of 
861.5 m where another fracture zone was encoun
tered. At th i s po i nt the we I I was cased to a depth 
just above the deep fractures (830 m). Dr i I ! i n9 
then continued and water was injected into the deep 
fractures (830 m) unti I the final depth of 1,266 m 
was reached. At that point the injection and 
dri II ing stopped, In Figure 12 the flow rates are 
shown for Sp2, Bertole 2 and N16. The data cover 
the period from January 1974 to December 1975. 
During the injection in the shal low fracture zone 
in Sp2, the production pressure in Bertole and N16 
fo I low the i nj ect ion increases and decreases c lose
Iy. After Sp2 was cased, whi Ie injection took 
place in the deep fracture system, no increase in 
procuct i on was a pparent at the produc i ng we I Is. 
This impl ies that there is I ittle or no communica
tion between the shal low fracture zone and the deep 
one during this time period. In Figure 13 the 
downhole pressure calculated from the wei Ihead 
values is shown for the period of injection in the 
shallow fracture zone. This pressure wi II consti
tute the test criteria for the computer simulation 
as described below. 

COMPUTER SIMULATION OF INJECTION PHENOMENA 

Two discrete representations of the Castel
nuovo reservoir wi II be used. The first grid has 
been generated and approximates the Castelnuovo 
I ithology as a single porous layer. The number of 
elements in this grid is 170 and the number of 
connections is about 370. (The number of elements 
in the gr i din 157, but there are 13 more "source" 
elements which are not shown.) This problem is 
sma II enough to be run us i ng the sma I I-core memory 
version of SHAFT, and therefore could be used for 

Iculational studies before the large-core version 
of SHAFT was oper~iio~al. These initial calcula
tions have now bS8n mede, but the results have not 
y(~t been analy?ccj This simple model for Castel
nuovo is expected to provide initial insight into 
tho phenomena that OCC'T d ur i ng the i nj ect i on of 
cold wat~r (-250 C) into ~ vapor dominated system. 

A second grid, which is now being constructed, 
I~oprcseni-s "he detailed geology of Castelnuovo, 
a I tholt~actures \'Ii I I be represented by 

i veil II121ier i ,J I par-ameters c:veraged over the 
elemen! in which the fnlCines are found. The 
initial configuration for the three-dimensional 
grid is shown in Figure 14. This more accurate 
grid represeni-ation requires more than 200 
elements, and 1'1 i I I necess i tate the use of the 
large-core version of SHAFT, which is currently 
being tested. 

The computer simulai-Ion at Castelnuovo 
encompasses a much smaller total volume than the 
Serrazzano calculations. However, in the injection 
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calculations the individual well behavior is being 
studied, To model the detai led production history 
with a time-scale In terms ot days, rather than in 
months as tor the Serrazzano simulation, requires 
finer coverage of the spatial geological system to 
provide an accurate history match with sufficient 
deta ii, As a resu I t ot -rhe need tor finer 
coverage, the number of elements in the Injection 
simulation is almost as great as the number ot 
elements for the entire reservoir simulation at 
Serrazzano, The choice of a grid representation 
with I numbers of elements is not a I imitation 
unique the SHAFT program or to the IFD method, 
Large grid elements would not be advisable in the 
injection problem when the purpose of the simula
tion is i-he detai led history match and subsequent 
examination of the physical processes which occur 
near the I iquid-vapor interface during injection. 

FUTURE WOI=<K 

The calculations using the two-dimensional 
grid wi I I be completed and studied for any indica
tions of model or computer program problems. The 
"bes-I-" choices for reservoir parameters and tor the 
initial and boundary conditions wi II be estimated 
from the two-dimensional studies. This is an 
important consideration since the material para
meters are not known at Castelngovo, and the kh 
values estimated for Serrazzano probably do not 
apply. The reason that they do not apply is that 
the Maclgno formation is important at Castelnuovo 
but is not present at Serrazzano. The parameter 
estimates and initial and boundary conditions wi I I 
be used for the final detai led calculations. 

The simulation procedure for a history match 
of the injection/production data follows the same 
approach described in the section on Serrazzano. 
The f I ow rates and temperatures w I I I be used as 
input to all the wells in the simulation. The 
computer program wi II calculate the corresponding 
pressure, density, and steam saturation at every 
discrete grid point. The calculated pressures at 
the well locations in the grid will then be 
compared with the measured pressure data. 

These injection calculations ha~e a dual 
purpose. First, to val idate the physical rnodel and 
cornputer program be i ng app I I ed to these two-phase 
problerns; and second, to provide insight into the 
subsequent Injection studies to be carried out 
during the Serrazzano reservoir slrnulatlon. 

REFERENCES 

1- Bozza, G. Alcune Relazionl per I I Calculo 
de I Ie Condotte dl Gas e Vapor I • l_a 
Termotechnica, v. 21, p. 199 (1967) • 

2. Rurn I, N. Determ I nat i on of the Thermodynarnlc 
State of Water Vapor In Steady Adiabatic Flow 
Along a Vert I ca I Pipe. Ole I Is) La Termo 
tecnica, v. 9, po 407 (1967) • 

3. Rarney, H.J., Jr, l'iellbore Heat Transmission, 
Journal Pet, Tech. v, 225, p, 427 (1962). 



4. Cataldi, R., Stetani, G., and Tongiorgi, M. 
Geology of Larderello Region (Tuscany): Contri
bution to the Study of the Geothermal Basins, 
in Nuclear Geology on Geothermal Areas, Spoleto 
(Sept. 1963). 

5. Celati, R., Noto, P., Panicili, C., Squarci, P., 
and Tatfi, L. Interactions Between the Steam 
Reservoir and Surrounding Aquifers in the 
Lardere! 10 Geothermal Field. Geothermlcs. 
v. 2, nos. 3-4 (1973). 

6. Celati, P., Squarci, P., Stefani, G.Go, and 
Taffl, L. Study of It/ater Levels in Larderello 

NSF/RANN LEGACIES 
W. J. Scllu;ul';:. alld ]. II. 1I0tC(fl'd 

INTRODUCTION 

The support of geothermal reservoir-englneer-
i ng-re I ated work, started under the NSF/RA~JN 
program and transferred to ERDA at the time ERDA 
was establ ished, was In turn assigned to LBL in FY 
1977. A J I contractors are conduct i ng research 
related to Improving exploitation of geothermal 
resources. These projects support DOE/DGE goals, 
par-r I cu I ar I y those of the Resource and Techno I ogy/ 
Resource Exploitation and Assessment Branch. The 
goals of this branch are to determine the magnitude 
and distribution of geothermal resources and to 
reduce the risk of their exploitation by charac
terizing the generically different kinds of 
reservoirs. This wi II be accomplished by: 
gathering and interpreting data, geophysical 
model ing of reservoirs, and mathematical model ing 
of reservoirs, uti I ization options, and demographic 
and economic factors. 

1977 ACT I V I TIES 

Contracts negotiated and programs Initiated 
during 1977 are shown in Table 1. Follol'ling Is 
a summary of the tasks. 

comp 
Analysis From Ital ian 
Geothermal Fields 

Model ing, Tracer, and 
Analytical Studies of 
Geothermal Resources 

Wairakai Geothermal 
Reservoir Model 

Mass and Heat Transpor-r -
Fractured Systems in 
Geothermal Reservoirs 

Model ing of East Mesa 
Geothermal Field 

Cerro Prieto Geothermal 

Stan ford-II I ta I i an II 

Stan ford "Ramey-I<ruger" 

Systems Sci 
Software 

Pr i nceton 

University of Colorado 

UC/Riverside 
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Region Geothermal Wells for Reconstruction of 
Reservoir Pressure Trend. Geothermics, v. 2, 
nos. 3-4 (1973). 

7. Neri, G., Private commmunication (1977). 

8. Celati, P., ~Jeri, G., Perusini, P., and 
Squarci, P. An Attempt to Correlate kh 
Distribution with Geological Structure of 
Lardere I 10 Geotherma I Fie I d. Stan ford 
Geotherma I Itiorkshop Report, SGP-TR-12 
(December 1975). 

9. Somerton, 'II. r~rivate communication. 

stanford UniverSity "Italian" Projects 

The Stanford University "Ital ian" program 
which supports research for projects 3/3, 3/4, and 
3/5 of the ERDA/ENEL agreement addresses the 
following tasks: 

1. Carry out studies of reservoir pressure 
dec line-curve ana I ys i s tor the Serrazzano 
zone of the Lardere I 10 fie I d (Proj ect 
3/3) • 

2. Conduct we I I-test I ng ana I yses of the 
Travale-Radicondoll field using new mathe
matical analytical procedures (Project 
3/4) • 

3. Carry out a thermodynamic study of the 
Bagnore field at Mount Amiata, emphasizing 
anoma lous we I I and reservo I r pressures, 
high carbon dioxide content of wells, and 
cons i der the poss i b iii ty of water en
croachment (Project 3/5) •. 

Quarter I Y reports for the fo I low I ng per i od shave 
been received from the program contractors: July 
1 to October 1, 1976; October 1 1'0 December 31; 
1976; January 1 to March 31,1977; April 1 to June 
30, 1977, and July 1 to September 1, 1977. 

A summary of the progress made In each of the 
three proj ects to I lows. 

Project 3/3 

Reservoir geology and pressure and production 
data for the period 1950 to 1977 have been studied. 
Methods for est I mat i ng reserves from dec I i ne
curves, wh i ch have been usef u I I n forecast i ng 0 i I 
productions from natural resources, were 
considered. Gottom-hole pressures and temperatures 
in productive wells have been calculated from well
head measurements. Shut- i n we II head pressures have 
been plotted vs time. Using these results, area 
distributions of pressures have been mapped at 



seven times over the last 15 years. The field 
average was determined at these seven times and 
plotted against cumulative production from the 
field. 

The results of these calculations are being 
appl ied to estimate the distribution of fluid 
pressures in the reservoir and to estimate the 
average reservoir pressure as a function of time. 

Decline-curve analysis of individual wells was 
performed using a method developed by Fethowich. 
A straigh-l--Iine relationship between p/Z (p = 
pressure, Z = gas compress i b iii ty factor and cumu
lai-ive steam production) was established. Studies 
were made to interpret this relationship in terms 
of reserves. Pressure p in p/Z is the average of 
the we I I head pressures of shut- i n we I Is wh i I e stearn 
is be i ng produced f rom other we I lsi n the reser-
voir. Thus p could be taken as an average 
reservoir pressure. However, the extent of 
recharge was not known. 

Enough work on the analyses of bottom-hole 
pressures and we I I head data was comp I eted to perm it 
the preparation of papers for presentation at the 
Lardere I I 0 ~Iorkshop on Geotherrna I Resource Assess
ment and Reservoir Engineering, September 12-16, 
1977 • 

Project 3/4 

Pressure and production histories, pressure 
bu i I dup data, and other we I I test data co I I ected 
in th i s fie I d were stud i ed to des i gn a we I I test i ng 
program. Pressure and production histories, 
pressure bu i I dup data, and other we II test data 
were studied to develop the best possible concep
tual picture of the reservoir based on data now 
at hand. 

A we I I test i ng program was des i gned and work 
was started in the development of a simple analy
tical model of the reservoir to be used as an aid 
in the estimation of reservoir size and configura
tion. 

Measurements of shut- i n pressures at we I Is 
across the field have been made twice a month since 
January 1977. A short interference test among +~e 

R8, T22, and T23D wells was run. The analysis of 
bu i I dup and interference tests was carr i ed out on 
recently dri lied \'Iells by the appl ication of 
standard techniques to the data. The Horner 
bui Idup behavior of various new mathematical models 
has been evaluated in order to match the pressure 
bu i I dup response of the T22 we I I, Other- rnathenC';
tical mOc1els i<wo/vine] i" discontirl'_lity in 
diffusivity were investisated. 

Computer programs for the a~,,1 lcation of two 
numerical techniques to this problem have been 
developed. The first program was a compact, rapid 
ard accurate a Igor i thr" for- the numer i ca I i nvers ion 
of Laplace transforms. The second program was an 
efficient algorithm for solving the discretized 
form of the v2 p operator over a particular bounded 
Cartesian region with a linear discontinuity in 
diffusivity. On April 26,1977, the total produc
tion rate of the Travale reservoir was increased 
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from about 170 tons/hr to about 220 tons/hr. This 
increase was needed in connection with new well
interference tests involving virtually all wells 
in the reservoir. 

Two mathematical models of importance have 
been developed to account for the pressure bui Idup 
behav i or of Trava I e we I I 22. I n one of these 
models the reservoir was considered to be a compo
site system of uniform thickness. The central 
portion was assumed to have the shape of a vertical 
cy I i nder of fixed rad i us with a fu I I Y penetra-r- i rlg 
well coinciding with the axis of the cyl inder. The 
remainder of the reservoir has the shape of a 
cyl indrical annulus, its inner radius bein~J the 
same as that of the central portion and its outer 
radius being large enough to account for the esti
mated size of the actual reservoir. Because the 
outer radius is open to question, it can be exten
ded and can even approach infinity. The diffusivi
ties were uniform in each portion of the reservoir 
but differed from one portion to the other. 

in the second model, the reservoir was repre
sented by a parallel-piped with one centrally 
located, fully penetrating vertical well. This 
\'lei I was in the center of a fully peneOrrating 
vertical fracture paral lei to two sides of the 
parallelepiped. 

A special report covering the Pisa Conference 
of September 1977 is now in preparation. 

Project- 3/5 

The review of geology and of avai lable 
pressure and flow data, begun during the summer 
quarter, was continued. Chemical and physical data 
as well as drilling records for the years 1959-1961 
have been reviewed with the intention of defining 
the initial state of the reservoir. Cumulative 
production before installation of the power plant 
was estimated. A tentative plot of CO2 partial 
pressure vs cumulative gas production for the years 
1959-1961 showed a I inear trend. 

Material balance curves, for which the produc
tion of steam and carbon dioxide was ~onsidered 
independently, were graphed. these graphs sho\'l p/Z 
as a function of cumulative prG~uctlon. A 
s-rr-aigilt-line rclationsl-ip \'Ius obtained on 'he 
corbon dioxide graph., For the s!-cam j p/Z 
cut~u!ative steam prodllctlon was gentle ccnceve 
upward cu~vc slopirg downward tc 1-he r1ghtG 

/\ ! un;ped paramei"2r- mO(~8 i 0 r- the res(:;!~VO i ,-- \'/05 

upec;; Iving chcf:l :cal and thonr odyr:arnlc 
u i : 1 br i a 1'"SS8r-vo i i- on 1 u: u 

cs~~osod of water ard , carbon dioxid0, and 
ca!ciu~ carbonate. 

Stanford University Ramey-Kruger Project 

The Stanford Universi-ry Rarneyc-i<ruger- Project 
has addressed the following tasks: 

1. Studies of phenomena of heat extraction 
including heat flux from fractured rocks 
and ana I yt i ca I mode ling of therma I stress 
cracking. 



2. Analysis of properties of the flow of 
geother"ma I flu i ds in porous med i a inc I ud i ng 
capacitance probe studies, the effect of 
salinity on transition "ro different flow 
regimes, and relative permeabi I ity studies, 

3, Studies of pressure transients. 

4. Studies of radon as a natural tracer of 
fluid movement in geothermal reservoirs, 

5, Formulation of improved mathematical models 
of geothermal reservoir behavior, 

6, Organization of the Third Annual Stanford 
Geothermal Workshop held on December 14-16, 
1977 , 

Inter i m reports were rec i eved on the fo I low i ng 
subjects in the Ramey-I<ruger project, 

Task 1. a, Heat f lux from fractured r"ock, 
The appl ication of the shaped rocks to the heat 
transfer model developed by Hunsbedt (1976) was 
stud ied. Th i s wi II deve lop an ana Iyti ca I mode I 
to evaluate the energy extracted fraction from a 
geothermal reservoir of a given rock size distri
bution and under variable fluid cool ing rates, 
b. ~~odel ing of thermal stress cracking, 
Experimental demonstration of heat transfer 
enhancement from geothermal rocks under thermal 
stress conditions were studied. This project wi I I 
fo I low the proposed exper i ment to eva I uate the heat 
transfer properties in i-he reservoir chimney model 
using the present granite loading with decreased 
poros i -ry and permeab iii ty. 

Task 2. a. Capacitance probe, This program 
obtains fundamental experimental data on steady and 
unsteady single and two-phase flow in porous media. 
This permits proper statement of pertinent physics 
of geothermal systems in I Ie reservoir 
s i mu I ators and ca I i brat i on computer s i mu I ator 
programs. Current work is aimed at studying the 
dielectric constant I iquid ~ontent detector 
described by Dr, H.I<, Chen.' 
b. Vapor pressure lower i ng by cap i I I ar i ty. The 
existence of vapor pressure lowering in boi I ing of 
I iquids in porous media has been explored, Both 
adsorption-desorption and capi Ilarity effects are 
under study. This project is largely experimental 
in nature, 
e, Temperature effect on permeab iii ty. The effect 
of temperature level on relative permeabi I ities to 
hot water and stearn in geothermal systems is being 
explored, A major effect of temperature on 
absolute permeabi I ity to water was discovered; a 
decl ine of 50% in absolute permeabi I ity to 
single-phase flow of water was observed with a 
temperature increase from 700 F to 3000 F. It appears 
a water-quartz reaction was involved. 

Task 3, Pressure transients studies done under 
ProL H. Ramey by looking at James techn ique. 
This task prepares methods for analysis of pressure 
trans i ent data obta i ned in geotherma I we I Is, Work 
on evaluation of Laplace transforms of solutions 
and the R. James "I i p pressure" method of f low 
metering of geothermal steam were conducted during 
the last two quartel-s. Evaluation of the real gas 
potential for steam is under way, 
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Task 4, Radon, Radon has been developed as an 
internal tracer in vapor-dominated and I iquid
dominated geothermal reservoirs to relate the 
emission rate of radon in the geofluid to the flow 
rate conditions in the reservoir. 

Task 5, F\adon emanation from geotherma I reser
voirs. The task covers the engineering and 
environmental significance of radon release by 
geothermal fluid. Emanation characteristics ot 
radon from rocks under thermodynamic conditions in 
closed systems and the rubble chimney model have 
been explored. 

A further progress report cov1ring the last 
part of FY 1977 is in preparation. 

(S3) 

The S3 projects are concerned with the 
following activities and tasks: 

1. Collect pertinent data for Wairakei Field, 
and eva I uate its accuracy and re I i ab iii ty. 

2, Comp i I e co I I ected data into user or i ented 
format. 

3. Make recommendations tor strengthening 
the data base. 

4. Disseminate the compi led data bank. 

FY 1977 progress on the S3 projects includes 
the following: 

1. Data on the heat discharge per wei I were 
assembled for the startup period (January 
1953 to December 1974). Temperature loss 
data were compi led and the USGS data base 
(emphasizing pump test information) was 
reviewed. 

2, At Wairakei, well location and 
data, miscellaneous production data, surface 
heat flow and temperature survey charts, 
well logs, pressure data, ground motion 
surveys, and various other miscellaneous 
information were acquired. 

3. Information is being compi led to include a 
geologic profile of each wefl, its location 
and the intervals open to production, The 
mass and enthalpy production data have been 
prepared in both tabular and computer-tape 
format. The avai lable pressure and tempera
ture histories have been prepared to be 
included in the final report of this 
contract, There is also some fragmentary 
surface heat flow data which have been 
examined; they too wi II be included. Sub
sidence data have been collected and wi I I be 
presented in a sequence of maps and tables. 

4. Col in Maiden, Chairman of ,he New Zealand 
Energy Research and Development Committee, 
visited S3 on 8 September 1977 to inquire 
about the project. 

Princeton University 

The Princeton University program comprises the 
following tasks: 



1. Fractured Reservoir simulation: 
Complete the formulation of fractured 
reservoir flow, develop computer code for 
such formation; 
DemonsiTate appl ica-rion of the model to 
an Icelandic field situation; 
Extend fractured reservoir model to 
multiphase flow. 

2. Conduct subsidence simulation: 
Develop an isothermal multiphase 
simulator for subsidence; 
Extend to non-isothermal case; 
Apply, if possible, simulator to a sub
siding geothermal field. 

3. Improvement in simulation techniques such 
as assymetric weighting schemes subroutine 
for two-phase transport. 

Project progress in FY 1977 included the 
completion of the theoretical formulation of the 
fractured reservoir model. The associated computer 
program, designed to solve the fractured reservoir 
equations, is operational and has been tested for 
a series of simple problems. The multiphase 
subsidence simulation is operational and selected 
sample problems have been examined. The accuracy 
of the computer code, ii-s appl ication, and its 
I imitations have been establ ished. 

Asymmetrical weighting functions have been 
introduced into the finite element model. The 
documented computer code for the iterative finite 
element method was completed. 

In addition a publ ication, based on the con
tract, entitled "Calculation of the Fiovi of Liquid 
and Heat in Fractured Por03s Media" No. 77-W-18 was 
received in November 1977. 

The University of Colorado program concen
trates on the following tasks: 

1. Refine the conceptual physical model of the 
East Mesa field. 

2. Continue analyses of heat and mass transfer 
in fault zones including changing of 
aquifers fed from the fault zone and heat 
transfer through caprock. 

3. Apply numerical model ing programs to study 
of the East Mesa anomaly in an effort to 
define the geothermal reservoir system 
parameters and to evaluate optimum energy 
extraction schemes. 

A progress report of fiscal year 1977 
activities is in preparation. 

The University of California at Riverside 

The program at the Un i vers i ty of Ca Ii forn i a 
at Rivers i de encompasses the fo I lovi i ng tasks: 

1. I nveni-ory a I I cores and cutt i ngs from Cerro 
Prieto field; select certain cores and 
cuttings for study 
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2. Prepare detai led petrological logs of wells; 
compare same with electric logs being done 
at LBL 

3. Perform stable isotope analyses of fluid 
samples from the field in coordination with 
USGS and relai-e to lithologic studies 

4. Select "best" well for detai led study 
leading to understanding of geothermal 
aquifers in Cerro Prieto 

5. Develop preliminarY,model of subsurface 
geology of field 

6. Develop prel iminary statement of nai-ure and 
extent of hydrothermal reaction in subsur
face, noting in particular loss of porosity 

A progress report for the period through 5 
October 1977 was received on 12 October 1977. 
Several visits to Cerro Prieto for exchange of 
informa1'ion and collecrion of samples have been 
made. 

Cuttings and core samples were obtained from 
six new l'Iells dri lied in 1977. Initial lithologic 
descriptions of all these wells, using the bino
cular microscope and thin sections, are either 
comp I ete or near I y so. Deta i led petrograph i c work 
was done on some of the wells. The \'Iork, varying 
in extent, revealed the presence of three major 
hydrothermal mineral assemblages: 

1. A poi-ass i um-s iii ca assemb I age, character i zed 
by hydrothermal quartz, K-feldspar, K-mica, 
chlorite, and pyrite 

2. A calcium-aluminum si I icate assemblage 
character i zed by ep i dote/ c I i nozo i site 
prehnite, tremol ite/actinol ite, and 
bi ot ite (?) 

3. A carbonate assemblage consisting predomi
nantly of calcite but sometimes including 
anhydrite, pyrrhotite, and/or purite. 

These assemb I ages are re I ai-ed both spat i a I I Y 
and temporally and should prove to be mappable 
through the field. Additional \'Iork in progress 
includes systematic x-ray diffraction analyses of 
a number of wells at intervals of about 25 m. 
These studies have shown that the nature of water/ 
rock reaction in the PRIAN No.1 and M92 \'/ells 
i nd i cates that these we I I s are co I d and of low 
permeab iii ty; we I Is M90 and M91 sho\'/ much beHer 
permeabil ity and should have moderate to high 
temperatures. However, \'/e I Is M48 and M84 sho\'l a 
high degree of alteration and should exhibit high 
temperatures and steam productivity. These 
rind i ngs imp lied that the preclom i nant I y steam fie I d 
does not extend as far east as PRIAN No.1 or as 
far south as the M92 \'/e I I. 

PLANS FOR FISCAL YEAR 1978 

As a result of the fiscal year 1977 activi
ties, all but one of the NSF/RA~JN legacy contracts 
have been or wi I I be extended into f i sca I year 19780 
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GEOTIIERMAL RESERVOIR ENGINEERING MANAGE,\1ENT PROGRAiH PLAN 
W. ]. Sclltcarz and]. il. ilou;ul'd 

The Geotherma i Reservo i r Eng i neer i ng Manage
ment Program (GREMP) Plan touches on almost al I 
technical areas involved in the exploitation of 
geothermal resources. It funds subcontractors to 
conduct research investigations and monitors these 
projects wh i I e they are in progress. 

GREMP was conceived in direct support of the 
DOE/DGE miss ion, wh i ch is to deve I op more on-I i ne 
power sources. In particular, it supports the 
goals of the Resource and Technology/Resource 
Exploitation and Assessment Branch, which are to 
determine the magnitude and distribution of 
geothermal resources and reduce risk in their 
exploitation through an improved understanding of 
gener i ca I I Y different reservo i r types. These goa I s 
are to be accomp I i shed by the creat i on of a large 
and accessible data base on geothermal reservoirs, 
improved tools and methods for gathering data on 
geothermal reservoirs, and model ing of reservoirs 
and uti I i zation options. 

Planning for GREMP w9s initiated in October 
1976. The GREMP document was completed and 
published at the end of FY 1977. The development 
of the plan included the fol lowing research tasks: 
1) the assessment of the present status of 
geothermal exploitation engineering (with special 
attention to the needs of the practitioner); 
2) the identification of needs to improve this 
status; and 3) the formulation of a plan of action 
to achieve such improvement, including identifica
tion of appropriate research projects with their 
schedules and mi lestones, priorities based on the 
need for results, and as complete and specific 
an explanation of proposed research projects as 
possible. 

The planning process for GREMP involved 
organizing a Program Planning Team and a Review 
Task Force, conduct i ng a literature survey, eva I u
ating the state of the art, identi fying research 
needs, defining research projects, acquiring 
recommendations from the Review Task Force to 
incorporate I nto the over a I I p I an, and pub I ish i ng 
the GREMP planning document. 

The Program Planning Team referred to above 
consisted of members with broad experience in the 
field so that they could identity the desirable 
elements of geothermal reservoir research and 
develop a program plan. 

The Review Task Force was separately formed 
to review and make recommendations for improvements 
in the program plan. This group met to review the 
draft GREMP document during fiscal year 1977 with 
regard to its completeness and its ordering ot 

research priorities. As expected with a group 
corn i ng from diverse backgrounds and hav i ng 
different interests, a unanimous opinion on 
priorities was not reached. Nevertheless, the 
group did reach a general consensus about the 
assignment of priorities. 

The elements that make up the GREMP plan and 
the priorities recommended by the Task Force are 
(in descending order of importance): 

1. Vie I I test i ng 
2. Interpretive borehole geophysics 
3. Geochemical techniques and problems 
4. Properties of materials 
5. Numerical model ing 
6. Site specific studies 
7. Fundamental studies 
8. Analytical model ing 
9. Surface geophysics 

10. Physical model ing 
11. Economics 
12. Exploitation strategy 

The GREMP document was used as an internal 
planning tool in FY 1977 and wi II be so used again 
in FY 1978 and FY 1979. It is also a guide for 
potential contractors who may bid on various GREMP 
elements during FY 1978 and FY 1979, because it 
contains detai led technical descriptions of each 
element, a table of possible projects and tasks, 
FY 1978 and FY 1979 schedules, information on the 
procurement cycle, and contract negotiations. 

GREMP elements are put up for bid in the 
order recommended by the Task Force. (It should 
be noted that responsibi I ity for Interpretive 
Borehole Geophysics, which is the second priority 
element, has been transferred to LASL.) Open 
bidding announcements for the areas of Well
Testing, Geochemistry, and Properties of Materials 
were placed In the Commerce Business Dai lyon 
October 21, 1977. Req uests for proposa I for 
Wei I-Testing were mal led to over 80 potential 
contractors on December 21, 1978. Requests for 
proposals for Geochemical Techniques and Problems, 
and Properties of Materials were mai led to over 80 
potential contractors between the beginning of 
January and ending of February, Depending on 
funding, plans should call for selecting contrac
tors and initiating programs later in fiscal year 
1978 for ~Iumerical Modeling, Site Specific Studies, 
and Fundamental Studies. 

A GREMP support program titled "Systems 
Engineering and Technical Analysis - the Area of 
Measurement Methods of Geothermal Reservoir 
Parameters" has been initiated with the Measurement 



Analysis Corporation and is scheduled for comple
tion by September 1978. Reques-I-s for proposals 
for an Annotated Research Bibliography for Geother
rna I Reservo i r Eng i neer i ng were rna i I ed to numerous 
potential bidders in November 1977. Proposals 
have been received, evaluated, and negotiations 
initiated. The program is expected to be initiated 
and completed during fiscal year 1978. Discussions 
for a program entitled "Evaluations of Computer 
Costs tor Geotherma I Reservo i r Mode ling" with the 
Jet Propulsion Laboratory (JPL), contractor of 
NASA, have been started. 
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Dur i ng f i sca I year 1979 a I I -rhe GREMP e I emen ts 
conceived in the plan should be funded and existing 
fiscal year 1978 contracts extended. A number of 
sma I! add i tiona I GREMP sate I lite pr.ograms are 
planned for f i sca I year 1979. 
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FIRST ANNUAL WELL TESTING SYMPOSIUM, OCTOBER 1.977 
T. N. Narasimhan, H. C. Schroeder, and W. ]. Schv.Jar.z 

During October 19 through 21, 1977, the First 
Annual Well Testing Symposium was held at the 
Clarement Hotel in Berkeley. It was sponsored by 
the U.S. Department of Energy, Division of Geother
mal Energy, through the Earth Sciences Division of 
Lawrence Berkeley Laboratory. 

This symposium recognized the importance of 
geothermal reservoir assessment and the leading 
ro I e there i n of we I I test i ng. Dur i ng the I ast ten 
years, the techniques and equipment for well
testing have undergone a phenomenal development. 
The symposium was held to evaluate the state-of
the-art of \1e I I-test i ng in genera I and its 
appl ication to geothermal systems in particular. 

Over 150 invited persons participated in the 
symposium which brough together wei I-testing 
expel~ts from the fie I ds of geotherma I energy, the 
oi I and industries, and ground water hydrology. 
The invi participants from these three 
discipl ines were chosen to provide coverage of 
instrumentai-ion, technique development, and well
test analyses. In addition to identifying problem 
areas where additional research and development 

, the symposium's aim was to uni 
me-rhods, where possible, in the three 

disc i pi i nes_. 

lawrence Berkeley Laboratory has been actively 
engaged in test i ng geotherma I we I I s for about three 
years and has recently embarked on testing hard 
rocks of extremely low permeabi I ity for locating 
possible sites for storing high level nuclear 
wastes. In the spring of 1977 it was felt by the 
Reservoir Engineering Group at the lawrence 
Berkeley Laboratory that currently there exists 
many cha I I eng i ng prob I ems for wh i ch we I I-test i ng is 
potent i a I I Y a too I of utmost importance and that 
there exists an urgent need to assess our current 
state~-of-the-art in well-testing, primarily with 
a view to advancing the science to meet the newly 
posed challenges, It was immediately recognized 
that for such an assessment to be meaningful, there 
must be a cross ferti I ization of ideas between 
hydrogeology, petroleum engineering and geothermal 
eng i neer i ng in regard to the theory of we I I tests. 
Moreover, a great deal of input is also imperative 
from other investigators such as those who design 

instruments, geophysicists who carry out borehole 
logs of many different kinds, dri Ilers, packer 
experts and others. In this symposium an attempt 
was made to assemble a group of active workers 
involved with various phases of well-testing and 
drawn from various disciplines to provide a forum 
of discussion for the important problems related 
to vlell--resting. 

The presentations made during the symposium 
can be broadly classified into five categories: 
Reviews, Instrumentation, Field Applications, 
Theory and Techniques, Drilling and Related Acti
vities. 

In his keynote address, Paul Witherspoon 
(LBll briefly traced the history of well-testing 
by chrono I og i ca I I Y reca I ling the sign i f icant 
contributions from the hydrogeology and petroleum 
I iteratures. This presentation was embell ished by 
many I ively comments by Henry Ramey of Stanford 
University and this set the pace for the entire 
con ference that fo I lowed. I n a I I, -rhree rev i ew 
papers were presented. Henry Ramey surveyed the 
status of transient well-testing in petl-oleum 
engineering with special emphasis on the producing 
wei I. E.P. Weeks of the U.S. Geological Survey 
made a comprehensive and up-to-date review of the 
I i tera-rure on the state-of--the~-art of \ve I I-test i ng 
in hydrogeology. A detai led study of the various 
theories available for studying near-wei I fractures 
was presented by R. Raghaven of the University of 
Tulsa. Over twenty technical presentations were 
made, followed by a brief panel discussion. 

The panel discussion took place at the end of 
the con ference. The pane I inc I uded Wi I I i am 
Brigham, Myron Dorfman, George fvli Iler, Ron 
Schroeder (LBLl, William Walton and Edward Weeks, 
and was moderated by Jack Howard (LBL), The points 
that were made during this discussion included: 
the poss i b iii ty that geothel~ma I systems may be 
"leaky"; the importance of vertical permeabi I ity 
in geothermal systems; the need for the use of 
tracers in well tests; the uti I ity of computer
aided appl ications; the importance of blending 
geology and geophysics with hydraul ics; and the 
prob I em of water chern i stry re I ated to \1e I I-test i ng. 



During a banquet held at the symposium, Arthur 
C. Wi I bur, Director of the Geotherma i Energy 
Department in DOE's San Francisco Operations 
Office, discussed the federal government's role in 
furthering the development of geothermal energy. 

SUBSIDENCE 

DEVELOP,\1ENT AND PHOCHA.\l ,I1ANACKHENT 
1'. L. Simkin 

INmODUCTION 

Th is program 1~akes a major research issue, 
potential subsidence from geothermal energy pro
duction, and develops a comprehensive research 
program to investigate it. The program consists 
of research projects which have been prepared so 
that they may be subcontracted to selected capable 
organizations. Two separate publ ic announcements 
have been made requesting organizations to submit 
"Qualification Statements" to LBL for considera
tion. 

Two teams of professionals were used in 1975 
and early 1976 to develop the program plan. One 
team prepared the plan; the other reviewed the plan 
and recommended changes. The program planning team 
consisted of Lawrence Berkeley Laboratory personnel 
with technical support from key non-laboratory in
dividuals. The review team was composed of indivi
duals from industry, academic, and government or
ganizations. 

The results of the research program plan 
development has produced a Lawrence Berkeley 
Laboratory document (LBL-5983) entitled "Geothermal 
Subs i gence Research Program P I an," pub I i shed in 
1976. The research plan defines activities tor 
a four-year schedule. Thus, at this writing 
several research programs have been undertaken. 

A vlorkshop is planned for the fall of 1978 
to review the "mid-point" results and to better 
define activities planned for 1979 and 1980. 

Rationale 

New energy sources must be developed. Under 
the direction of the Department of Energy (DOE), 
the development of energy sources is moving ahead 
in a number of fields, such as solar, geothermal, 
coal, and nuclear energy. Many opportunities are 
ava i I ab I e for deve lopmen-r of the resources; how
ever, there are problems. One such problem is land 
deformation that may accompany removal or injection 
of fluids from or into geothermal reservoirs. The 
issue of land deformation, commonly referred to as 
subsidence, is the focus of this research program 
plan. 

Un expected and uncontro I I ed subs i dence may 
have social, environmental, and economic consequen
ces. However, subsidence occurring under con
trolled conditions may be acceptable. In addition, 
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It was the opinion of the majority of 
attendees that a simi lar symposium should be held 
at about the same time next year. The organizing 
committee is currently considering a Second Invi
tational Wei I-Testing Symposium for the fal I of 
1978. 

potent i a I geotherma I resource areas may be found in 
many different geological and land-use settings. 
Thus, subsidence mayor may not be an issue of ma
jor concern. The degree of concern attached to 
subs i dence wi I I depend on an assessment of subs i
dence potential at each geothermal site. 

The objective of geothermal subsidence re
search is to control or mitigate potential sub-
sidence associated with I development 
within predictable I imi In this way, geother-~ 

mal programs may proceed without delay and siting 
flexibi I ity may be increased. 

Successful subsidence reasearch wi II provide 
the means for developers to bui Id and operate geo
thermal faci I ities within prescribed I imits of po
tential subsidence, and the basis for pol icy makers 
to regu I ate geotherma I fac i I it i es with respect to 
potential subsidence. 

Research Program Structure 

The ultimate goals of the subsidence research 
program are to understand and control subsidence 
associated with geothermal energy development. 
Stated more precisely, these goals are to distin-
g u ish natural I y occurr i ng subs i dence from that pos
sibly caused by geothermal operations, and to ope
rate a geotherma I we I I l' i e I din a rnanner that wi I I 
prevent or minimize adverse effects due to subsi
dence. Both goals are assessed to be achievable 
within the structure of the research prograrn crea
ted by this plan. 

The Subsidence Research Program is an inte
grated structure consisting of five major elements: 

Characterization of Subsidence 
Physical Theory of Subsidence 
Properties of Materials 
Simulation of Subsidence 
Subsidence Control 

These elements contain research categories, which 
define the thrust and direction of the research 
program. Research categor i es in turn are composed 
of individual research projects. The three levels 
of the program are i I I ustrated in Figure 1. The 
number of components in each level varies with the 
research subject matter. For subsidence there are 
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Figure 1. General research program structure. 

five program elements, nine categories, and six
teen projects. The elements and their research 
categories are described below. 

CHARACTERIZATION OF SUBSIDENCE 

This structural element is concerned with the 
measurement of subsidence and subsidence effects. 
The intent of its research categories is to charac
terize the subsidence phenomenon or provide the 
means to attain that characterization. The ele
ment consists of four research categories: 

As the name imp lies, the category i nvo I ves re
search to document cases of known subsidence and 
mapping areas of geothermal subsidence potential. 
The research wi II provide knowledge of subsidence 
potential in different geological environments. 

F 

Subs i dence base line mon i tor i ng surveys (e. g. , 
horizoni-al triangulation, vertical level ing) are 
needed to measure the of subsidence due to 
geothermal activities as opposed to other man
induced or natural subsidence, and to esi-abl ish 
the background rate of land deformation. This 
category is concerned with providing basel ine moni
toring information in known and prospective geo
thermal areas. Much of the work associated with 
basel ine monitoring is the responsibi I ity of 
federal agencies, such as the National Geodetic 
Survey and the U,S, Geological Survey. These 
agencies are engaged in monitoring surveys at or 
near geotherma I areas, Th i s research category wi II 

assure that the surveys provide comprehensive and 
timely monitoring information. 

Direct observations at depth are necessary to 
relate subsurface compaction to surface subsidence, 
Such observations require instrumentation to ac
curately measure vertical distances between points 
in wells and dri II holes, The development of such 
instrumentation is the subject of this research 
category, 

Subsidence is a problem in geothermal develop
ment only to the extent that it produces undesirable 
environmental and economic consequences. Hence an 
understanding of possible effects from subsidence 
in different settings is essential, This research 
category is concerned with collecting economic data 
and investigating the effects of potential geother
mal-related subsidence. 

PHYSICAL THEORY OF SUBSIDENCE 

Sound physical theory is a vital element of 
any technical research effort. Research to under
stand the physical processes that cause subsidence 
bel8ngs in this research element. 

This category involves assessing current 
theory about the physical processes of subsidence 
and to correct deficiencies in~hat theory. The 
theoretical studies wi I I include both the response 



of geologic materials to stress fields and the na
ture of induced movements along fracture systems. 

PROPERTIES OF MATERIALS 

Subsidence is a response of geologic materials 
to some external perturbation such as the removal 
of geothermal fluids. The element "Physical Theory 
of Subs i dence" dea I t 1'1 i th responses by perturbed 
materials. This element deals with the material 
properties that affect those responses. This ele
ment contains two research categories: 

Indirect Measurements 

Certain physical properties of geothermal re
servoirs, such as porosity, flow rate, and pres
sure, may provide indirect evidence of compaction. 
If these properties are monitored over time, they 
could be used as subsidence indicators within the 
reservo i r. However, inmost cases the in str uments 
or techniques needed to monitor reservoir proper
ties are inadequate or nonexistent. This research 
category involves develop~ng and testing instrumen
tat i on that 1'1 i I I accurate I y measure certa i n reser
voir properties. The identity and monitoring spe
c i f i cat ions of these propert i es 1'1 i I I depend on a 
subsidence model. This model will use physical 
theory that relates the properties to reservoir 
deformation. 
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Laboratory Testing 

At present some properties of geothermal re
servoirs are not directly measureable in the field. 
These properties include characteristics of the 
rock materials such as compressibi I ity, permeabi I i
ty, and chemical reactivity. In order to measure 
such characteristics, a laboratory testing program 
using actual samples of materials is required. 
Thus the purpose of this research category is to 
prod uce a test i ng program that 1'1 i I I give rea list ic 
measurements of material properties under simulated 
reservoir conditions. The measurements wi II pro
vide valuable input to rock mechanics subsidence 
models. 

SIMULATION OF SUBSIDENCE 

Simulation includes the mathematical model ing 
of subsidence and related phenomena. It is simply 
the useful appl ication of physical theory. One or 
more rei iable subsidence models comprise an essen
tial element of the overall research program. 

Subsidence Models 

A number of subsidence models for geothermal 
reservoirs exist, but the applicability of these 
models remains in doubt. This research category 

Table 1. The three levels of the subsidence research program. 

Elements Research Category Projects 
A. Characterization 

of Subs i dence 

B. Physical Theory 
of Subsidence 

C. Properties of 
Materials 

D. Simulation of 
Subsidence 

E. Subsidence Control 

1. Case Histories of 
Subsiding Areas and 
Geothermal Subsidence 
Potential Maps 

2. Field Measurement 
Programs 

3. Director ~onitoring 
In strumentat ion 

4. Environmental and 
Econom i c Ef fects 

5. Physical Processes of 
Subs i dence 

6. Indirect Techniques to 
Estimate Subsidence at 
Depth 

7. Laboratory Testing 
8. Subsidence Models 

9. Reservoir Operational 
Contro I Po I icy 

1. Land Deformation 
Case Histories 

2. Geothermal Subsi
dence Potential Maps 

1. Criteria to Distinguish 
Between Potential Sub
sidence Caused by a Geo
thermal Project and Sub
sidence Due to Other Causes 

2. Monitor Horizontal 
and Vertical Displacement 

1. Assess the State of the Art 
2. Develop Prototypes and 

Conduct Field Tests 

1. Data Collection 
2, Investigate Effects 
Same as Research Category 

1. Assess Indirect Techniques 
2. Develop Prototypes 

Same as Research Category 
Same as Research Category 

1. Industry Evaluation 
2. Gu i de lines and Proced ures 



supports studies to critically evaluate subsidence 
models and test them against hypothetical and ac
tua I fie I d cases, I f necessary, improvements to 
existing models or new model development may be 
included, pending the results of model evaluation, 

SUBSIDENCE CONTROL 

The last element is the target element of the 
research program, Within this element the program 
goals are attained, The other elements simply 
provide the supporting information needed to make 
those goals attainable, 

Reservoir Operational Control Pol icy 

This category includes background studies of 
reservoir management practices leading to the de
velopment of operation pol icies that minimize the 
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effects of subsidence, Such pol icies are formula
ted with knowledge gained from the total research 
effort (e,g., models, basel ine measurements, labo
ratory tests) and represent the cUlmination of 
that effort, Inherent in these po I i c i es are the 
ab iii l' i es to separate natura I from man- induced sub
sidence and then mitigate the man-induced portion. 

The subsidence research program structure, 
including individual research projects, is illus
trated in Table 1. Detai led specifications for the 
categories and projects are given in Appendix B 9f 
the Geothermal Subsidence Research Program Plan, 
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i'vl0DEUNC SUBSIDENCE DUE TO CEOTHERAIAL FLUID PRODUCTION 
iVI, j. Lippmann, T, N, Narasimhan, and p, A, Witherspoon 

INTRODUCTION 

Of the different types of geothermal systems 
in existence, only hydrothermal convection systems 
are currently being tapped for energy. These 
systems occur where circulating water and/or steam 
transfer heat from depth to the near-surface. A 
few of them may be vapor-dominated and produce sa
turated, or even supersaturated steam (for example, 
The Geysers, Cal ifornia). But most hydrothermal 
systems del iver a mixture of hot water and steam 
at the surface, These are the so-ca I I ed Ii qu i d
dominated systems (for example, East Mesa, Cali
fornia and Raft River, Idaho) which are charac
terized at depth by the occurrence of saturated, 
porous or fractured rocks containing hot water 
which controls subsurface fluid pressures and 
stress changes, The results of resource assess
ment studies indicate that hot-water systems hold 
the maximum promise for developing geothermal 
energy in the United States, 

A characteristic of these hot water systems 
is that they may experience significant reductions 
in pore fluid pressures as a consequence of large
scale production of geothermal fluids. Pressure 
decrease in the reservoir and surrounding water
saturated formations may cause appreciable rock de
formations leading to surface displacements. For 
example, significant surface deformations have al
ready been observed over the Wairakei ~ng Broad
lands geothermal fields of New Zealand' and are 
suspected to occur in Cerro Prieto, Mexico. 

Because ground displacements may affect engi
neering structures related or unrelated to the 
opera-rion of the geothermal field, it is important 
to be able to foretel I the pattern and magnitude 
of the deformations that may result from fluid 
production, to introduce preventive or remedial 
actions. The objectives of the project reported 
here, which began in September 1975, are to develop 

numerical models to compute ground displacements 
caused by pore pressure reduction in geothermal 
reservoirs and to examine the significance of 
different parameters affecting geothermal system 
deformation. 

ACCOMPLISHMENTS FOR 1977 

New features were added -ro the LBL "Cond uc
tion, C~n5ection and Compac-rion" (CCC) computer 
program' which simulates the transport of heat 
and water through porous med i a, inc Iud i ng the ver
tical displacements resulting from pore pressure 
changes, First, a more general equation of state 
for -rhe fluid was incorporated treating the water 
density as a quadratic function of temperature and 
pressure. Second, the code was modified to include 
thermal and hydraul ic anisotropy, when the princi
pa I axes of an i stropy are para II e I to the coord i
nate axes. Finally, new input-output capabi I ities 
were added to the program, 

During this year, a number of hypothetical 
cases were analyzed to study the effects on 
reservoir compaction of several of the parameters 
used in the energy and mass transfer equations, 

An axisymmetric three-layer system (Figure 1), 
with a producing well at the axis of the reservoir, 
was chosen to i I I ustrate the ro I e of non-I i near, 
non-elastic deformation parameters on reservoir 
compaction (Figure 2) and the relation between sub
sidence history and reservoir pressure,6 The re
sponse of the sy~tem to 20 days of pumping at a 
rate of 2.5 x 10 kg/day is shown on Figures 3 and 
4. Curves a and b cor res pond to overcon so I i dated 
materials with two different magnitudes of overcon
sol idation, Initially, at each point in the system 
the effective s-rress is smaller than the preconso-
I idation stress. Curve c describes the behavior 
of a normally consol idated system in which, at -rime 
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Figure 1. Three-layer system: geometry and 
initial conditions. 
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Figure 2. Plot of void ratio (e) versus effective 
stress (log a') for a hypothetical material. 

zero, effective stress is equal to the preconsol i
dation stress at each point in the system. 

For curve a, the over con so I i dat i on is equa I 
to 7 x 105 Pa. Because of this high value the de
formation of the system is relatively smal I (Figure 
3), with the stress-strain behavior of the mate-
r i a Is fo I low i ng the recompress i on curves (F i gure 
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Figure 3. Three layer system: plot ot vertical 
compaction versus time under different initial 
overconsol idation conditions. 

2). Very I ittle water is obtained from the com
pression of the rock skeleton. The compaction of 
the reservoir is significant at the beginning of 
the pumping period, but later, compaction of the

4 caprock and bedrock becomes much more important. 
As can be seen in Figures 3, 4, and 5 the system 
continues to consol idate even after the pressure 
has stabi I ized in the reservoir, because we are 
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Figure 4. Three-layer system: plot of reservoir 
press ure versus con so I i dat i on under d i Herent 
initial overconsolidation conditions. 
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Figure 5. Three-layer system: pressure change 
versus time in reservoir and cagrock

2
for the case 

with overconsol idation = 7 x 10 N/m. 

essentially concerned with a leaky aquifer system 
in which the more permeable material goes to a 
steady-state whi Ie in the less permeable caprock 
the pressure transients move very slowly in the 
vertical direction. outward from the aquifer. 

Curve c in Figures 3 and 4 relates to a sys
tem under normal consol idation, which deforms ac
cording to the much steeper virgin curves {see 
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Figure 2), leading to relatively larger magnitudes 
of consol idation. Curve b corresponds to an inter
mediaie case, with a lesser overconsol idation of 
on I y 2 x 105 Pa. In th i s case, the mater i a I s de
form ai-early times in accordance with the recom
pression curves. But, once effective stress ex
ceeds the preconsol idation stress. the reduction 
in void ratio follows the virgin curves. This ex
plains the intermediate behavior shown in Figures 
3 and 4; curve b lies between curves a and c. Not 
only is the computed compaction different in each 
case, but also the of the reservoir pres-
sure is quite distinct. This is emphasized when 
the pressure is plotted against the amount of con
sol idation (Figure 4). This graph clearly re
flects the eHects of differences in overconsol i
dation values and in the slopes of the virgin and 
recompression curves (Figure 2). The flattening 
out of the curves at the top is related to the 
constant pressure assumed at the radial boundary. 
The behavior of the 5ystem with an overconsol ida
tion equal to 2 x 10 is quite interesting (see 
Figure 4, curve b). At the beginning it is iden
tical to that of the system with a higher over
consol idation (curve a). When effective stress 
exceeds the precon so I i dat i on va I ue, the system 
deforms in a manner simi lar to that of the normally 
consol idated system (curve c). At this stage, 
curves band c are essentially parallel. It is 
interesting to note that the response given by 
curve b (Figure 4) is simi lar to that observed in 
the Wa i rake i geotherma I fie I d of r~ew Zea I and, 9s 
shown in Figure 6, taken from Pritchett et al. 

The examples given above indicate that defor
mation parameters of the various materials present 
in the field should be establ ished before one ven
tures to model subsidence in a given geothermal 
system. Laboratory techn i ques are ava i I abl e to 
measure the deformation properties of the rocks 
and the i r degree of overcon so I i dat ion. Fie I d 
tests may estab I ish the tota I stress and flu i d 
pressures at different depths, as \vell as the pre
vailing boundary conditions. For a realistic field 
simulation, the aforesaid properties are of funda
menta I importance. 

A two-layer system (Figure 7) was selected to 
ill ustrate the importance of ana Iyzing compaction 
of geothermal systems using nonisothermal models 
and to study the effects of temperature-dependent 
flu i d proP6rt i es, an isotropy and mater i a I hetero-
geneities. For this purpose a system with a 
caprock of variable thickness is considered. 

The consol idation of the system after 2,400 
days of pumping 2,8 x 106 kg/day under different 
conditions is shown on Figure 8. In the case of 
isotropic materials, the isothermal model has 
y i e I ded higher con so I i dat i on than the non- i sother
malone. This difference in behavior is essen
tially due to the constant average properties as
signed to the i sotherma I system, wh i I e the non
isothermal one has temperature-dependent fluid 
properties. The variabi I ity of viscosity with 
temperature appears to have a considerable role in 
governing the consol idation of the non-isothermal 
system. 5 Figure 8 also shows two examples with 
anisotropiC materials. In these, the radial in
trinsic permeabi I ity (k) and thermal conductivity 
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Figure 7. Two-layer system: geometry, initial and boundary conditions. 

(K) are the same as in the isotropic case, but the 
vertical properties are reduced by a half. 

From an analysis of the four curves shown on 
Figure 8 it can be concluded that: 

(a) the use of isothermal models to simulate 
geothermal systems may result in predicting 

somewhat larger and more conservative con
so I i dat i on va I ues than in the non- i sother
ma I case; 

(b) higher temperatures (and lower fluid visco
sit i es) in the system may red uce the magn i
tude of conso I i dat i on near the pumped we I I; 
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(cl the presence of anistropic materials tend 
to reduce the consol idation near the well, 
whi Ie sl ightly increasing consol idation 
away from it (the curves on Figure 8 cross 
each other at a large radial distance from 
the we I I l. 

The effect of geological heterogeneities is 
explored by introducing a lens of caprock material 
within the reservoir (Figure 9), Other conditions 
remain the same as in Figure 7. As can be seen 
from Figure 9, the presence of a compressible lens 
within the reservoir affects the tortuosity of flow 
path and the pressure d i str i but i on near the we I I , 
leading to a dramatic change in the proti Ie of the 
subsidence bowl, Note that the maximum subsidence 
of about 38 cm occurs approximately 0.4 km away 
from the producing well. This simpl istic model 
may perhaps provide a clue to understanding the 
interesting subsidence pattern at Wairakei (Figure 
10), where the subs i dence bow lis observed to be 
offset approximately 1.5 km east-northeast ot the 
main producing area. In the I ight of the results 
presented in Figure 10 one may conjecture that the 
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disposition of the subsidence bowl at Wairakei is 
related to the presence of a relatively large 
thickness of highly compressible materials below 
the region of the subsidence bowl. 

The cases studied indicate that in order to 
real istically simulate the compaction of geothermal 
systems it is important to consider the temperature 
(and/or pressure) dependence of rock and fluid pro
perties, especially viscosity. Also, the signifi
cant effects of the materials' previous stress 
history, and of heterogeneities on the deformation 
behav i or of these systems, ha s been i I I ustrated. 

PLANNED ACTIVITIES FOR 1978 

L Program CCC wil! be applied to simulate 
the behavior of actual geothermal systems if ade
quate information becomes avai lable. 

2. A dual reservoir-overburden model wi II be 
developed to study the propagation of deformations 
!hrough the ,overburden , in response t~ displace~ents 
Induced at The reservoir-overburden Interface. 
This will permit the computation of horizontal as 
well as vertical ground deformations resulting 
from reservoir pressure changes. 
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The development of geothermal energy requires 
accurate economic and technological assessments of 
developmental projects. Yet the Information re
quired to make these assessments is not always 
avai !able. The LBL program of uti I izatlon and 
conversion technology attempts to provide this in
formation; it is an extension of present techno
logies into areas that were not of interest pre
viously. 

The program Is d i v i ded into two parts: tech
nology development and uti I ization projects. In 
technology development, we are providing analytical 
tools and data required to fully understand the 
processes by which geothermal energy can be econo
mically uti I ized. These tools and data, plus 
other laboratory resources, are then appl ied to a 
number of DOE-sponsored projects that serve as 
paths to the geotherma I industry, 

Because the binary-cycle process is expected 
to be the method chosen to exploit most moderate
temperature hydrothermal resources for electrical 
energy, most of our technology development projects 
are focused on this binary process. The Binary 
Fluid Experiment is providing laboratory-quality 
data on heat transfer f i 1m coeH I c i ents of the 
various candidate hydrocarbon working fluids. 
Computer code GEOTHM is being developed as a 
flexible and cost-effective design and analysis 
tool. The direct-contact heat exchange project is 
exploring a technique expected to improve the eco
nomics of second generation geothermal power 
plants. The direct-contact/turbine loop tests re
ported here were actua I I Y the fir st time e I ectr i
city had been generated in the United States from 
geothermal energy with the binary-cycle process. 

ut iii zat i on projects dur i ng 1977 inc! uded 
work at DOE's Ni land Geothermal Loop Experiment 
Faci I ity (GLEF) and East Mesa Geothermal Component 
Test Faci I Ity (GCTF). LBL also provided technical 
review and evaluation assistance to DOE's San 
Francisco operations office for their direct-use 
activities. 
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LBL's activities at the GLEF included data 
management and reduction and a feasi bi I ity study 
of install ing a hydrocarbon turbine at i~his site. 
DOE wan1~ed to investigate the desirabi I ity of 
conducting hydrocarbon turbine tests at the GLEF. 
Therefore, LBL conducted an intensive survey of 
turbine manufacturers and users, prepared turbine 
and layout options, and draHed a prel iminary test 
plan. The end recommendation, after consideration 
of the size of turbine possible at the GLEF, the 
modifications to the GLEF required, and the 
responses of turbine manufacturers, was to not 
perform these turbine tests at the GLEF. This 
recommendation was presented to DOE in September. 

As reported last year, LBL had been assigned 
res pons i b iii ty for in i t i a I management of the GCTF 0 

During the first nine months of 1977, LBL main
tained a resident supervisor at the GCTF to be 
responsible for the service provided each experi
men -rer • 

In Apri I 1977, full scale operations became 
possible on three shifts seven days a week when 
ERDA supp lied an operat i ng contractor. By tha'r 
time one test had been completed and two others 
were we i I under way. Our i ng th I s per i od LBL per
sonnel traveled extensively to the GCTF to support 
test i ng and make the fac iii ty ready to operate at 
f u I I ca pac i ty • 

From Apr i I through September, serv i ce was pro
vided for five additional experiments. All inves
tigators requesting test time had been accommodated 
and had met their test objectives by the end of 
September. At the end of September GCTF was rou
tinely operational and LBL's task was complete. 
Management responsibi I Ity was returned to ERDA to 
be contracted out to industry. 

The remainder of the year was devoted to as
suring a smooth transition to the contractor. 

Six of the eight experimenters for whom sup
port services were provided during the year were 



from private industry. One of these was privately 
funded, the other five were funded by ERDA. One 
university and one national laboratory, both with 
ERDA funding, operated the remaining two experi
ments a 

1978 wi I I see the work on GEOTHM and the Bi
nary Fluid Experiment continued, along with the 

Technology Development 
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GLEF data reduction. Direct-contact heat exchange 
activities wi II increase with the construction and 
initial testing of a 500 kW pi lot plant and concep
tual studies of commercial-size direct-contact 
power plants. PI very large uti I ization project, 
the DOE Geothermal Demonstration Plant, wi I I begin 
in 1978. 

ENEHGY CYCLE SYNTllESIS AND CONCEPTUAL DESIGN OPTJ,\lIZATION AT LEI, 
W. L Pope, II. S. Pilles, L V Siicester, ;\!. A, Green, alld P. A. Doyle 

INTRODUCTION 

LBL is developing a general thermodynamic pro
cess computer code, GEOTHM. 1- 3 Since 1974, this 
code has been under development through funding 
from the U.S. Department of Energy, Division of 
Geothermal Energy (DOE/DGE). Its principal use is 
for the conceptual design and optimization of geo
thermal power plants. However, because of its 
versati I ity, GEOTHM can be used to design and 
optimize fossil fuel plants,4 nuclear and solar 
plants, ocean thermal gradient plants,5 and hybrid 
combinations4 of the above, Using sophisticated 
optimization algorithms, GEOTHM is capable of 
designing and optimizing complete cycles or 
individual subsystems efficiently for user
specified criteria with up to 55 independent design 
parameters, 

The development of the GEOTHM code is the 
responsibi I ity of the Cycle Studies Group of the 
LBL Mechanical Engineering Department. This group 
is part of a larger engineering team assigned to 
the LBL Earth Sciences Divison. 

A previous annual report5 discussed the GEOTHM 
code structure, its special features, and computa
tional algorithms. In this report we discuss ra
tionale for continued code development, recent code 
improvements,appl ications, and how this LBL effort 
complements the overal I objectives of DOE/DGE. 

GEOTHM code development has been motivated by 
the following rationale. The technical or economic 
feasibi I ity of energy conversion systems or the re
lative ranking of competing plant design alterna
tives is determined (or biased) by input choices of 
cycle configurations, thermodynamic states, working 
fluid selections, site-specific conditions, and 
economic assumptions. 7 No significant experience 
base (conventional design practices) is avai lable 
to draw upon for the selection of economically op
timum thermodynamic state conditions in hydrother
mal geothermal power cycles. The conventional 
practices bui It up as part of the power industry 
do not apply to the design of Rankine-cycle pro
cesses for moderate-temperature geothermal heat 
sources and new working fluids. 

GEOTHM's modular structure, extensive fluid 
properties repertoire, flexible economic coding, 
and unique, single-step multiparameter optimization 
capabi I ity, is an ideal tool to establ ish new de
slgn practices for these systems by introducing a 
minimum of the designer!s subjective biases. 

For these new complex systems, GEOTHM is the 
most cost-effective means to reconci Ie the many, 
often intuitively confl icting, thermodynamic and 
cost considerations required to generate optimum 
total-system deSigns. Other existing computer 
codes do not have th i s overa I I capab iii ty and do 
not meet the needs of the geotherma I industry be
cause they are either proprietary, I imited in 
scope and flexibi I ity, or inefficient. 

OBJECTIVES 

The primary objective of the Cycle Studies 
Group is to develop, document, and make avai lable 
to the geotherma I industry a genera I, cost-effec
tive, thermodynamic cycle simulator for analysis 
of energy conversion processes and power plant de
signs. 

A secondary objective is to use GEOTHM in
house for genera I geotherma I ,p I ant and sUb-system 
design studies. . 

PLANNED ACTIVITIES FOR 1977 

The primary group objective establ ished for 
1977 was to document the GEOTHM code with a User!s 
Manual for Passive Mode Design. In addition, a 
secondary objective planned was to make several 
code improvements in the areas of expanded fluid 
properties routines and new process models. 

Afler a brief study for our program manager 
at DOE, we were asked to submit a proposal to 
the Centers for the Analysis of Thermal Mechanical 
Conversion (CATMEC) to do general economic studies 
on state-of-the-art geothermal energy conversion 
cycles. (CATMEC is a committee of representatives 
from universities and national laboratories, headed 
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by Prof. J. Kestin of Brown University. that advi
ses DOE/DGE on establ ishing new areas of enginee
ring research related to DGE goals.) We soon 
found that to achieve our primary objective and 
make a timely contribution with the general stu
dies, the secondary objective, GEOTHM improvements, 
had to be revised. The originally planned GEOTHtvl 
improvements had been to incorporate a new two
phase flow well model process routine, include bi
nary fluid mixture properties including nonconden
sable gases with appropriately expanded process 
mode I s, inc I ude more deta i I ed des i gn process mode Is 
(i .e., heat exchangers, condensers, expanders, 
etc.), and document the optimizer routines. 

The revised secondary objectives establ ished 
for 1977 were to perform General Economic Studies 
on conventional, state-of-the-art, hydrothermal 
geothermal energy conversion cycles for resource 
cond i t ions of near-term exp 10 i tab iii ty, and code 
improvements required to complete those studies. 
Documentation of the optimizer has been deferred 
to fiscal year 1978. 

After the proposed general economic studies 
had been reviewed by the CATMEC committee, the 
study scope was I imited to the conceptual design 
of the fo I low i ng convent i ona I, 50 MWe (net) geo
thermal power cycles: 

1. simple binary cycles with single component 
secondary working fluids and conventional 
surface heat exchangers and condensers; 

2. simple two-stage flashed steam cycles. 

The objective establ ished for the general economic 
stud i es was to determ i ne the mutua I interact i on of 
the energy cost and resources uti I ization efficien
cy for conceptual design geothermal power plants, 
on moderate-temperature resources of near term ex
ploitabi I ity, as inf luenced by the following inde
pendent variables: resource temperature (1000 C 
< RT < 3000 C), maximum flow rate per wei I 
(200 Klb/hr < WF < 800 Klb/hr), selection of iso
butane, i sopentane, or propane as secondary work i ng 
fluid (binary cycle), noncondensable gas content 
for flashed steam cycle (0.0 < %NCG < 3.0), and 
wet bu I b temperature (500 F .::. TVJB .::. 800 F) • 

ACCOMPLISHMENTS FOR FISCAL YEAR 1977 

Primary Objective 

Our primary objective - to document the 
GEOTHM code with a User's M§nual for Passive Mode 
Design - has been achieved. In addition, LBL 
sponsored a three-day GEOTHM workshop in July 1977 
attended by 25 individuals representing 17 organi
zations from industry, government, and other na
tional laboratories that are engaged in geothermal 
research and development. 

After a day and a half of introductory lec
tures by LBL staff in the use of the recently de
veloped interactive version of the GEOTHM code, 
attendees spent a day and a half solving problems 
on complete binary and flashed-steam cycles, and 
heat exchangers using GEOTHM on the LBL 6600/7600 
computer via six remote terminals set up in the 
conference center for the workshop. 
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The LBL-sponsored workshop was found to be 
an excellent vehicle for transfer of technology 
to industry. By January 1978, one third of those 
organizations that attended the workshop were 
using the GEOTHM code in their work. (GEOTHM may 
be accessed via interactive mode by any user from 
a remote data terminal to the LBL 6600/7600 com
puter.) In addition, from responses to a detai led 
questionnaire distributed after the workshop, we 
obtained a better understanding of the geothermal 
cornrnuni-ry's software needs which wi I i enable us to 
establ ish future project objectives and priorities. 

There was general agreement among workshop 
attendees that LBL should concentrate on three 
general areas of code improvement. They are docu
mentation of the GEOTHM optimization routines, 
expansion of the fluid thermodynamic and transport 
properties repertoire, and inclusion of more de
ta i I ed process mode Is, espec i a I I Y d i rect-contacr 
heat exchangers and condensers. 

Secondary Objectives: General Economic Studies 

Computations have been completed on the first 
phase (binary cycles - isobutanel of the Multipara
meter 096imization Studies of Geothermal Energy 
Cycles. Figures 1, 2, and 3 are examples of 
computer-generated plots of energy cost-resource 
ut iii zat i on ef f i i ency versus resource temperature; 
well tlml rate; and wet bulb temperature, respec
tively, for 50 MWe simple binary cycle power 
plants. The following conditions have been assumed 
for a II three figures: 

a. low sal indy "brine" simulated as pure H20; 
b. working fluid simulated as pure isobutane; 
c. turbine efficiency, 85%; generator, 98%; 

all motors, 95%; 
d. all pump efficiencies = 80% except downhole 

production vie I I pumps, where efficiency = 

50%; 
plant capacity factor, 85%; 

f. all direct and indirect plant and field 
costs norma I i zed to base line binary cyc I e 
at Heber from Reference 11 us i ng the fac
tored estimate method described in 
Reference 7. 

Also, the cycles assume conventional shell
and-tube exchangers and condensers and heat rejec
tion via conventional forced draft wet cool ing 
towers. The production wells are modeled here 
simply as single-phase, frictionless, adiabatic, 
vertical pipes with downhole, high speed, multi
stage centrifugal pumps, shaft driven from the 
surface. The subsystem capital costs, and the 
plant and field direct and indirect costs were

11 normal ized to architect/engineer (A/E) values. 
These binary cycle computations, with isobutane as 
the working fluid, were completed after verifying 
with the LBL-~2veloped zoned heat exchanger rou
tine, SIZEHX, that the overall heat transfer 
coefficients assumed by the A/E firm for conven
tiona I she I I and tube exchangers with the fou ling 
factor model from Reference 13 tests were 
reasonable. 

It can be noted from Figures 1 and 2 that for 
the binary cycle the energy cost is a strong func
tion of both the resource temperature and the maxi-
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Figure 1. Energy cost--resource ut iii zat i on eff i c i ency - resource tem
perature design surface for 50. MWe (net) binary cycle power plants on 
moderate temperature, low sa lin i ty, hydrotherma I resources. 
fv!aximum flow rate pe:~ production well = 650. 1<lb/hr; 
wet bulb temperature = 26.7 0 C. 

mum flow rate per well. Similar behavior is, of 
course, expected for the flashed steam cycles. 
Resource uti I ization efficiencies at the minimum 
energy cost are in the neighborhood of 30.-45 per
cent, which is significantly lower than previous 
economic analyses7 have suggested. 

The wet bulb temperature, see Figure 3, also 
influences the energy cost, but to a lesser degree 
than either the wei I flow rate or the resource 
temperature for the moderate range of wet bulb 
temperatures considered. However, the seasonal 
wet bulb temperature swing can be a decidinG fac
tor (if it is large enough) in eithel- site ~elec
tion or process selection (say binary vs flashed 
steam) for geothermal power plants on moderate tem
perature, low sa lin i ty resources when a I I other 
site-specific conditions are considered equal. The 
lower the resource temperature, the greater the 
significance of the design wet bulb temperature. 

After a binary cycle pOl'ler plant is bui It, 
for example, it is quite possible to generate sig
nificantly more net power than its design rating 
by ui-i I izing what are called "floating cool ing" 
techniques, that is, by continuously adjusting 
the condensing temperature to track seasonal wet 
bulb temperature variations. Conversely, for 
flashed s-ream cycles, density I imitations at the 
expander exhaust prevent significant condensing 
pressure changes, thus restricting the net power 
output -ro design values. This "floating cool ing" 
concept has been studied extensively for binary 
cycles by our colleaguey4 at the Idaho National 
Engineering Laboratory. 

After a temporary suspension of code "improve
ments" in ear I y 1977 to mod i fy GEOTHM for i nter
active use and complete the documentation required 
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Figure 2, Energy cost-resource uti I ization efficiency _. (production) 
wei I flow rate design surface for 50 MWe (net) binary cycle power plants 
on a 2000 C low sal inity hydrothermal resource with a wet bulb temperature 
of 26,7 0 C, 

for the \tiorkshop, code development con-rinued in the 
previously-mentioned areas, 

Optimization 

The existing optimizer routines, based on the 
comp utat i ona I a Igor i thms die I sew here , 6 have 
been tested extensively on binary cycles in the 
general economic studies previously mentioned and 
with SIZEHX for cost optimizations of heat ex

subsystems, 

In addition, the optimizer has been tested 
on other cycle subsystems (for example, hydrocar
bon expanders) in the design mode, Experience 
with the complex GEOTHM optimization routines has 
progressed to the point where we now feel we can 
confidently schedule a Geothermal Cycle Design 
Optimization Workshop for late fall, 

Fluid Properties Improvements 

The following fluid property capabi I ities were 
recently added to the in-house version of the 
GEOHIM code clnd will later be incorpora"red in -rhe 
user version, 

Thermodynamic properties: 

a) i sopentan e 
b) propane 
c) N-·pentane from Reference 15 
d) ~i-butane 

e) supercritical steam, from Reference 16 

Transport properties: 

a) 
b) 
c) 

from Reference 17 
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Figure 3. Energy cost-resource utilization efficiency - wet bulb temperature design surface for 50 MWe 
(net) binary cycle pOvier plants on a 200°C 10vl salinity hydrothermal resource with maximum production well 
flOl'i rate of 650 Klb/hr and atmospheric relative humidity'" 20%. 

Figures 4 and 5 depict the transport properties 
(thermal conductivity and viscosity, respectively), 
of isobutane as used in GEOTHM. The sharply rising 
cl iff marks the vapor-I iquid saturation curve where 
the transport properties change abruptly upon 
changing phases. At temperatures and pressures 
approaching the critical values, property dif
ferences between phases disappear. Consequently 
the cl iff blends smoothly with the concave surface 
marking the supercritical region. The smal I bumps 
atop the cl iff and along its foot are artifacts 
of generating the surface from a discrete set of 
data points. 

In addition to expanding the fluid properties 
capabi I ities ot GEOTHM, separate programs that com
pute the thermodynamic and transport properties of 
binary mixtures of I ight hydrocarbons were deve
loped, plus a graphics package that al lows the re
sults of a GEOTHM computation to be conveniently 
displayed. 

Process Mode I Improvements 

The fo I low I ng process mode I I mprovements have 
been made to the GEOTHM code since the workshop: 
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Figure 4. Thermal conductivity (mi II i-vl)/(m-oK) of isobutane as a func
tion of temperature (oC), and pressure (bars). 

The GEOTHM single phase \vell model is a slm
pi ified version (v/herein pipe fricHon is ignored) 
of a rout i ne deve loped by E I I i ott. 

The pipe model has added a routine for turbu
lent flow pressure drop. If one puts in the de-
s i red drop a long the pipe (th ismay, in some 
cycles, be an optimizable parameter), the diameter 
of the pipe and the heat loss from the pipe are 
calculated. 

A burner routine has been added to GEOTHM. 
This routine models the combustion of hydrocarbon 
fuel in air. The burner requires that the air 
inlet temperature, the exit combustion gas tempera
ture, and fuel characteristics be given. The re
quired fuel characteristics include: the heating 

value, the hyd ratio, and weight 
percen of inert substances. The burner cal-
culates reactive mass flows of the fuel, air, 
and combustion gas streams. The burner routine 
required a new subroutine to calculate the proper
ties of hot air and combustion gases. These pro
perties can be calculated with reasonable accuracy 
for a ranqe of temperatures from OOC to about 
2200 0 C. ~ 

The axial flow expender model. The Barber
Nichols (organic f~uid) turbine performance and 
cost correlations have been incorporated into 
a new conceptual-level turbine design routine. 
Overall turbine efficiency may be computed as 
a function of the specific speed, N , and specific 
diameter, ,defined as: s 
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Figure 5. Viscosity (micro-g)/(m-sec) of isobutane as a function of 
temperature (oC), and pressure (bars). 
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03 = rotor flow rate (tt3/sec) 

Had ~ adiabatic head (ft) 

D diameter (ft) 

For a fixed load (mass tlow and adiabatic head) im
posed upon the machine by the power plant, these 
relationships enable the user to select the turbine 
size (diameter of the exhaust end) and rotational 
speed (RP~:) as independent design parameters. 

These new design relationships can be used in 
GEOTHM in the to I 101'1 i ng \'lays: for the Pass i ve De
sign Mode, GEOTHIvI cornpu-res turb i ne eff i c i ency and 

cost as a function of user-dictated turbine size 
and RPM parameters; and GEOTHM computes turbine 
size and cost as a function of user-dictated ef
ficiency and RPM parameters. For the Dynamic (Op
timi zation) Design Mode, GEOTHM wi II design the 
turbine l'iith size and RPM as optimizable parameters 
to achieve some optimum user-specified thermodyna
mic or cost objective. The Dynamic Design Mode 
app I i cat i on is i I I ustrated by thero I lowing example 
problem. For fixed mass flow and adiabatic head, 
GEOTHM was instructed to design a turbine to satis
fy the objective of maximum efficiency. This is 
equivalent to determining the unique turbine size 
and RPM corresponding to the point of maximum ef
tic i ency in Figure 6. Figure 7 i I I ustrates that 
the GEOTHM optimizer converged upon the optimum 
solution for three radically different first
guesses in the pair of optimizable parameters. 
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Figure 6. Design performance chart, axial-flow turbines. 

Figure 7. GEOTHM optimizer converging upon the maximum efficiency tur
bine design for three different first-guess designs. 



When the turbine design is frozen, that is, 
with fixed size and RPM, GEOTHM can be used to 
predict turbine performance under Off-Design 
operating conditions as follows: 

a) Passive Off-Design Mode: GEOTHM computes 
Off-Design turbine efficiency for changing 
mass flow and adiabatic head through the 
turbine. 

b) Dynamic Off-Design Mode: GEOTHM computes 
optimum mass flow and adiabatic head con
ditions to satisfy an optimum user-speci
fied Off-Design objective, for example, 
maximizing plant net power output as the 
atmospheric wet bulb temperature varies. 

The dynamic Off-Design ~10de capability of 
GEOTHM wi I I be employed to study the floating 
cool ing concept of Off-Design power plant opera
tion. 

Other Group Accompl ishments in 1977 

Three GEOTHM appl ication papers5 ,10,20 were 
presented in 1977 at various energy conferences, 
The GEOTHM/SIZEHX program package was used to scope 
the design/procurement of the primary supercritical 
heaters for the DOElEPR I Heat Test at 
Heber, Cal ifornia,21 GEOTHM was to model the 

Niland Geothermal Loop Experiment Facility (GLEF) 
in support feasibi I ity study for this Salton 
Sea faci I ity. 

Although LBL had no part in the study, the 
GEOTHM code was used by a DOE contractor recently 
in an exce I I ent des i gn stud y4 of hybr i d geotherma 1/ 
fossi I power plants to meet future electrical de
mands of the Los Angeles Basin. 

ACTIVITIES PLANNED FOR 1978 

The following is a I ist of planned activi
ties. The amount of this work we accompl ish could 
be influenced by mid-term redirection due to 
changing DOE/industry goals or progress at other 
laboratories. For example, when currently funded 
theoretical work on two-phase flow in vertical 
pipes is completed, this process model could be 
added to GEOTHM. 

I. Code Developement 

A. Fluid Properties - expand fluid properties 
routines to consider two-component fluid 
mixtures, for example, fluid plus a non
condensable gas, I ight hydrocarbon working 
fluid mixture, or a mixture of working 
fluid and brine for cycles with direct 
contact heat exchangers. 

B. Process Models 
1) Modify existing process models to 

treat the two-component fluid mix
tures in A above. 

2) New process models: direct contact 
exchanger and condenser routines, and 
ax i a I f I ow expander mode I. Code 
changes for optimizations of surface 
heat exchangers, as elements of 
complete plants. 
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I I. Code Documentation and Technology Transfer 

A. User's Manual update including Design 
Opt i m i zat i on 

8. Workshop on optimization of geothermal 
power plants 

I I I. General Economic Studies 

A. Complete binary cycle work described 
herein. 

B. Complete flashed steam cycle studies. 

IV. Geothermal Cycle Analysis Support 

A. Periodic analyses of contractors' selected 
design for the first commercial-2~ze 
hydrothermal demonstration plant (as 
directed). 

B. Synthesis and periodic analysis of a new 
LBL proposed 500 kW, direct contact, bi
nary cycle geothermal pi lot plant. 
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INVESTIGATION OF HEAT TRANSFER COEFFICIENTS 
OF BINARY CYCLE WORKING FLUIDS 
B. W. Tleimat and A. D. K. Laird 

The objective of the Binary Fluid Experiment 
(BFE) is to obtain basel ine heat transfer data for 
working fluids being considered for geothermal bi
nary cyc I e power systems. These data wi I I be used 
to calculate fi 1m coefficients for heating and 
boi I ing as wei I as condensation for uncontaminated 
working fluids. 

In the binary system, geothermal brine is 
used to heat another, or secondary, fluid steam 

power plant. Depending on the brine temperature 
and other conditions, the secondary fluid may be. 
water, ammonia, refrigerants, I ight hydrocarbons, 
other fluids or appropriate mixtures of fluids. 

Heat transfer equipment, principally to heat 
and condense the secondary fluid, accounts for ap
proximately half the capital cost of a binary cy
cle geothermal power plant. That this cost is sig
nificant is shown by the cost estimate for a 10 MW 



exper i menta I power generat i on fac iii ty, prepared 
jointly by LBL and the Rogers Engineering Company, 
Inc., of San Franc i sco. The i nsta I I ed cost of the 
plant, excluding brine production and injection 
wells, was expected to be $12 mi II ion, of which 
the heat trans fer eq u i pment accounted for $6 m i I-
I ion. On the same basis, the heat transfer equip
ment alone for a 50 MW plant would cost about $30 
mi II ion. In such cases, an inexact estimate of 
the heat transfer coefficients can have serious 
effects. If the coefficients used in the design 
are too high, the plant may fai I to meet its per
formance guarantee. I f too low, the plant wi II 
be overdesigned and wasteful. 

Despite the importance of heat transfer in 
binary cycle plants, there is a real shortage of 
good heat transfer data for isobutane and other 
candidate secondary fluids. This is especially 
true for designs where the secondary fluid is in 
the supercritical region. Computer studies, LBL's 
GEOTHM for example, indicate that operation in the 
supercritical region wi II be the most efficient. 
Heat transfer coefficients in this region are 
be i ng exper i menta I I Y i nves·t i gated. 

The Binary Fluid Experiment has been designed 
to provide experimental data on heat transfer co
efficients of the various candidate secondary flu
ids. It wi II establ ish basel ine data on fi 1m co
efficients for several I ight hydrocarbons and mix
tures of I ight hydrocarbons, refrigerants and mix
tures of refrigerants, and ammonia. Data wi II be 
gathered from the BFE for the ranges of heating 
and condensing temperatures that would be expected 
for geothermal power plant appl ications. 

The Department of Energy (DOE) is sponsoring 
several programs to obtain data on brine-side heat 
transfer coefficients which are subject to degra
dation from corrosion and scal ing. Good basel ine 
data for the secondary-fluid side wil I show how 
much overal I heat transfer rate degeradation in 
early binary cycle plants is due to brine-side 
problems. 

,A, fundamental question in present prel iminary 
binary cycle plant designs concerns the inclusion 
of a secondary-fluid/secondary-fluid heat exchan
ger (regenerator or economizer). Precise data on 
heat transfer coefficients for cool ing the secon
dary-f luid vapor wi II help plant deSigners settle 
the quest i on of the regenerator. These data vi i I I 
be gathered early in the experimental program. 

The effects of secondary-fluid contaminants 
is another area in which design data are lacking. 
Direct contact between heat i ng flu i d and coo ling 
fluid, as in the proposed direct-contact brine to 
secondary-fluid heat exchangers, wi II introduce 
water and probably noncondensable gases, such as 
carbon dioxide and hydrogen sulfide, into the se
condary fluid. Some of this water wi II be dis
solved and some will be entrained. It will be 
necessary to determine the effects of water on the 
other heat transfer equipment in order to specify 
the amount of water that can be tolerated econo
mica II y. 

In addition, it is reasonably certain that 
the secondary flu i d wi I lei ther contam i nate or be 

110 

contaminated by turbine and pump lubricants. The 
effects of this contamination on heat transfer are 
to be measured. Information wi II also be collec
ted on the deterioration of lubricants contamina
ted by the secondary fluids. 

EXPERIMENTAL LOOP 

The BFE is located at the University's Rich
mond Field Station. The experimental equipment 
consists of a stainless steel loop simulating a 
binary system with steam as the heating fluid and 
a throHI ing valve instead of the turbine. The 
loop consists of a heater, surface desuperheater. 
direct contact desuperheater. condenser, booster 
pump, a high pressure positive displacement pump 
and associated valving and control elements and 
instruments. 

Figure 1 is a schematic flow diagram for the 
BFE. The pressurized secondary fluid is heated 
inside a single tube with steam condensing on the 
outside of the tube. After heating, the secondary 
flu i d expands through a throH ling va I ve and is 
introduced into a direct contact or a surface de
superheater by means of two three-way valves. 
After being , the vapor enters the 
condenser, condenses on the outside of a single 
tube identical to that in the heater but con
taining cool ing water inside. The condensed 
secondary flu i dis co I I ected in the secondary 
flu i d hot we I I and enters the booster pump where it 
is sl ightly pressurized before entering the high 
pressure pump. During operation with the direct 
contact desuperheater, the two three-way valves 
are diverted so that the secondary fluid enters 
the direct contact desuperheater and the separated 
vapor goes from this desuperheater to the conden
ser. Also during this mode of operation a portion 
of the secondary fluid stream from the booster 
pump is diverted to the desuperheater and the ex
cess fluid at the bottom is returned to the suc
tion side of the booster pump. 

The two tubes in the heater and condenser are 
made from a 31.8 mm (1.25 in. o.d.l and 19.1 mm 
<3.4 in. i.d.l type 316 stainless steel tube. The 
tube was cut into two pieces and honed to an inside 
diameter of 19.2 mm. In order to obtain uniform 
wal I thickness, the two pieces were machined to 
an outside diameter of 30.2 mm. The concentricity 
was then checked by ultrasonic measurement of the 
tube wal I thickness at preset locations along the 
axis. At each location, the wall thickness was 
measured at four points 900 apart. These measure
ments were used to indicate the precise locations 
of thermocouples imbedded in the wal I of the tubes. 

Figure 2 shows the location of the imbedded 
thermocouples in the tube at 5 stations 24 inches 
apart. By measuring the temperature at these lo
cations, one can determine the inside and outside 
surface temperatures of the tube regardless of the 
thermal conductivity of the material constructing 
the tube. Thus, if one can determine the heat 
rate between the stations, and measure the vapor 
temperature outside the tube and the bulk tempera
ture of the fluid inside the tube at the five 
stations, one can calculate the average inside 
and outside fi 1m coefficient of the four sections. 
Also by determining the heat rate in each section 
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Figure 1. Schematic flow diagram of the Binary Fluid Experiment. 

Type K thermocouple 
(3each) 

----~~~~~--

XBL 783- 417 

Figure 2. Tube cross section showing location of 
thermocouples. 

and measuring the bulk temperature at the stations, 
one can determine the state of the fluid inside 
the tube between the stations. 

The rate of heat input to the secondary fluid 
in the heater and that in the condenser is deter
mined by measuring the rate of condensing vapor on 
the outside of the tubes at the four sections. 
This is done by placing a four-section pan under 
the tube with the sections located under the ther
mocouples. The condensate formed on the outside 
of the tube drips into the separate sections of 
the pan and drains into four vapor-traced conden
sate flow meters, The condensate flow meter, 
specially designed for this experiment, is cal ibra
ted and has a timer that is operated by photocel Is 
to detect rising condensate surface between two 
predetermined levels. The temperature of the con
densing vapor outside the tube is measured by means 
of cal ibrated platinum resistance temperature de
tectors (RTO) and thermocouples located in the 
vapor space. The pressure in the vapor space is 
measured by means of cal ibrated pressure transdu
cers. This pressure measurement is used as a 
check on the temperature of the vapor and also to 
detect the presence of noncondensable gases in the 
vapor space, The bulk temperature of the secondary 
fluid in the heater is measured by a travel ing pla
tin um RTO ins i de the tube. However, in both heater 
and condenser, the bulk temperatures of the secon
dary fluid and cool ing water at both inlet and out
let are measured by platinum RTO's. 



The exper I menta I eq u i pment was des i gned, bu i It 
and pressure-tested by January 1977. Shakedown 
tests were made with water on plain tubes in the 
heater and condenser. Modifications were made to 
both booster and high pressure pumps to assure 
leakproof operation; also, the seals between the 
steam and secondary fluid were modified to assure 
the absence of contamination to the working fluid. 
Several pressure and pressure difference transdu
cers were found unsatisfactory and returned to 
vendors for replacements. After these runs, the 
system was drained of the water and, during this 
time, the instruments were recal ibrated. The loop 
was then f i I led with i sobutane and tested tor 
leaks. Several runs were made to establ ish the 
experimental procedure as wei I as to "debug" the 
control and Instrumentation systems, During these 
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runs, prel iminary data were obtained on heating 
and condensat i on of i sobutane, Over a I I heat 
transfer coefficients were calculated from the 
prel iminary data. The overall heat transfer coef
ficient for heatjng the isobutane ranged from 50 
to 200 Btu/hr ftlOF, The overal I heat transfer 
coetficient tor isobutane condensing on the out
side of the tube ranged trom 50 to 120 Btu/hr
f~oF , 

The loop was shut down at the end of Septem
ber 1977 for installing the instrumented tubes as 
we I I as for I nsta I ling thrott I I ng va I ves and i so
butane heater to extend the range over which ac
curate data can be taken. The instrumented tubes 
were instal led with their associated thermocouples 
at the end of December 1977. 

TEST OF A GEOTHEHMAL POWER CYCLE INCORPORATING A DIRECT-CONTACT 
HEAT EXClIANGEH 
H. L. Fulton 

INTRODUCTION 

In the direct contact heat exchange concept 
(oCHE) as applied to the utilization of geother
mal energy, heat is transferred from the geothermal 
brine to a working fluid by the direct mixing of 
the two fluid streams. Practiced in the chemical 
process industry for both mass- and heat-transfer, 
DCHE holds the promise of more efficient heat ex
change, lower cost equi pment, and a way to avoid 
scale deposits on heat transfer surfaces. 

The geothermal direct contact heat exchanger 
(oCHX) is basically a vertical vessel in Ivhich the 
hot brine is introduced near the top and, after 
being cooled by mixing with the working fluid, 
leaves at the bottom of the vessel; the cooler 
working fluid, on the other hand, enters the vessel 
near the bottom and, as it is heated and vaporized, 
I eaves from the top, The vesse lis des i gned to 
a I low separat i on of the two flu i ds at the top 
and bottom, The successful appl ication of DCHE 
requires that the two fluids be relatively 
Insoluble, and that they have different densities, 
The Insolubi I ity requirement reduces the amount 
of one fluid dissolved in the exiting stream of 
the other, and the density difference allows the 
relative flow up and down and the separation of 
the streams at the top and bottom of the vessel. 

Working fluids considered for use in geother
mal energy conversion by closed Rankine-cycle 
processes are also good candidates for DCHE, as 
they meet the above criteria, Light hydrocarbons 
(isobutane, pentane, etc.) have received the most 
attention as working fluids and they exhibit very 
low sol ubi I ity in water. In addition, as the level 
of dissolved sol ids in the geothermal brine in
creases, the hydrocarbon sol ubi I Ities are further 
reduced. 

Since 1975, a number of DOE contractors have 
conducted design studies and field tests of the 
DCHE concept. Occidental Research, DSS Engineers, 

and the Un i vers i ty of Utah have a I I operated DCHX 
in the fie I d to obta i n per formance data, I n No
vember 1976, LBL began to plan a field test of 
a complete electric-power generation loop using a 
DCHX, Barber-Nichols Engineering was selected as 
prime contractor to provide the turbine/generator 
unit and to conduct the tests at DOE's Geothermal 
Component Test Facility (GCTF), East Mesa, Cali
fornia, A schematic of the complete turbine/DCHX 
test loop is shown In Figure 1, Barber-Nichols 
then subcontracted to DSS Engineers to provide and 
operate the DCHX test loop on which DSS was com-
pi et i ng tests at the East Mesa geotherma I fac iii ty, 

TEST OBJECTIVES 

While the DSS Engineers tests had focused on 
the DCHX itself, the objectives of the LBL tests 
were to operate the DCHX with a turbine for 500 
hours and to identify and evaluate the problems 
In a DCHE Rankine-cycle process. 
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Figure 1, Schematic of turbine DCHX test loop. 



Barber-Nichols designed and fabricated a 
single-stage, partial-admission, axial-flow turbine 
for an isobutane working fluid. Initial plans 
ca I I ed for operat i ng the turb i ne/generator both 
with the DSS Engineers DCHX in a subcritical cycle 
and with the Occidental Research DCHX in a super
critical cycle. The turbine/generator was designed 
with a set of inlet nozzles for each condition. To 
date, only the subcritical DCHE cycle has been run, 
although the turbine has been cal ibrated at both 
operating conditions. The two sets of turbine con
ditions are shown in Table 1. 

The heated and vaporized fluid stream flowing 
to the turbine from a DCHX is a mixture of working
fluid vapor and sat~rated steam. The percentage of 
steam varies with the system temperature and pres
sure. An objective of the tests was to evaluate 
the effect of this saturated steam on the turbine 
performance. Predictions of the turbine perfor
mance (Figure 2) were made. 

Table 1. Turbine operating conditions. 
Subcritical Supercritical 

I sobutane f I ow rate, I b/hr 2650 2000 
\'iater vapor f low, I b/hr 32 49 
Combined flow rate, Ib/hr 2682 2049 
Max. total pressure, psia 315 600 
Max. temperature, of 220 300 
Condensing temp., of 110 110 
Total condensing pressure, 83.2 83.2 
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Turbine avai lable energy, 

55 

50 

45 
I Supercrilical 1C4 

]I Subcrilical IC
4

/H
2
0 

III Subcritical 1C
4 

TIl Supercritical IC
4
/HP 

24.0 35.0 

I'l 

II 

I 

ill 
40~--~----L----L--__ L-__ -L ____ ~ 

12000 16000 20000 24000 
Turbine speed (rpm) 

40 45 50 55 60 65 
Generator frequency (Hz) 

XBL 783-410 

Figure 2. Predicted turbine efficiency. 
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TEST OPERATIONS 

In July 1977, the turbine/generator, electri
ca I load, and contro I system were de livered to the 
GCTF and connected to the DSS Engineers DCHX test 
unit. A conventional surface-type heat exchanger 
(Figure 1) was also added in parallel to the DCHX 
for calibration tests of the turbine on pure iso
butane. 

Subcritical and supercritical cal ibration 
runs were made with pure isobutane and subcritical 
performance runs were made with the DCHX. The 
500-hour test of the turbine/DCHX loop was begun 
on July 26 and ended on August 24. The cal ibra
tion tests were then rerun. 

The Barber-Nichols turbine/generator and other 
equipment had been designed with a 500-hour test in 
mind. The DSS Engineers DCHX loop had been de
signed for a series of short heat transfer tests 
not lasting more than a few hours each. As a re
sult, most of the mechanical difficulties during 
the 500 hours of operation were with the brine and 
isobutane pumps and flow systems. However, the 
turbine shaft seal did fai I at 340 hours, requiring 
a shutdown and i nsta I I at i on of a new sea I. 

TEST RESULTS 

Inspection of the turbine during the seal re
placement and after the 500 hours found signifi
cant amounts of scale tormed in the turbine-inlet 
nozzles, the turbine housing around the shatt 
seal, and on the turbine wheel. The scale build
up in the turbine caused a gradual reduction in 
the turbine efficiency ot approximately 20% over 
the 500 hours of operation. The turbine scale is 
attributed to I iquid-brine droplets carried over 
with the steam and isobutane vapor mixture from 
the DCHX. Analysis of the scale found in the tur
bine showed si I icate to be the primary constituent. 

The DCHX was also inspected after the 500 
hours and a sma I I amount of iron oxide scale was 
found near the top of the vessel. Neither the 
amount of scale or corrosion, however, was sig
nificant. 

Turbine efficiencies during the field tests 
never quite reached predicted values. One rea
son was that the isobutane condenser tubes were 
badly fouled and the design condensing pressure 
was never reached. However, after correcting the 
predicted efficiencies for the reduced pressure 
ratios incurred, the actual performance was still 
below the predicted performance. 

Liquid isobutane droplets in the flow stream 
to the turb i ne were most like I y the cause of the 
reduced performance. Two indications of this were 
that the turbine performance increased more than 
expected with increased inlet superheat (probably 
drying the incoming vapor), and that the nozzle 
coefficients with isobutane were calculated to be 
much higher than measured with compressed air. 
The effect of isobutane droplets was seen in both 
the tests with the DCHX and the tests with the 
conventional heat exchanger. 

The loss of working fluid in the exiting 
brine stream could be a significant power plant 



operating cost. Samples of the leaving brine were 
taken at regular intervals during the 500 hours. 
During the latter half of the run, after consi
derable improvment had been made in operating pro
cedures and system stab iii ty, the work i ng flu i d 
losses averaged 87 ppm isobutane in the brine. 
This amounts i-o 25% of equi I ibrium solubi I ity with 
the East Mesa brine. 

CONCLUSIONS 

The objective of operating the turbine/DCHX 
loop for 500 hours was achieved. The turbine/ 
generator, e I ectr i ca I load, and load contro I per
formed without problem except for the shaft-seal 
fai lure. Problems in the brine and isobutane flow 
systems can be traced to the tact that these sub
systems were not originally designed with this 
type of use in mind. 

Working fluid losses were less than equi I i
br i um I eve I s as expected. Th i s non-equ I I i br i um 
situation comes from the short residence time re
quired for heat transfer in the DCHX vessel. A 
much longer time is required for equi I ibrium mass 
transfer. 

Utilization 
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The major problems identified were the tur
bine scal ing and low efficiency. It is expected 
that both these problems can be el iminated by pro
viding adequate mist el iminators and a knock-out 
drum between the DCHX and the turbine inlet. 

FUTURE PLANS 

Preparations are being made for another short 
test incorporating a knock-out drum and better 
vapor-flow measuring instrumentation. This is ex
pected to increase the turbine efficiencies and 
reduce the turbine scal ing, and to provide more 
accurate tur b i ne f I 0\' data. 

DSS Engineers are presently operating the 
DCHX loop to test techniques tor further reducing 
the levels of working fluid in the exit brine 
stream. 

LBL has begun a project to design and operate 
a 500 kW DCHE pi lot P I ant ina ser i es of base line 
performance tests at the GCTF in 1978. 

DATA HANDLING FOR THE NILAND CEOTHEHMAL LOOP 
EXPEHL\1FNTAL FACILITY (GLEF) 
R. L FliltOIl, F. X. Catalan, B. S. Levine, D. W. Merrill, and S. ;\1itin(J 

INTRODUCTION 

In June 1976 the Geothermal loop Experimental 
Faci I ity (GI_EF) located at Ni land in Imperial 
County, Cal ifornia, began operation as a project 
jointly funded by the San Diego Gas and Electric 
Company (SDG&E) and DOE. This raci I ity taps hot 
geothermal brine from the Salton Sea KGRA through 
two production wells, for uti I iza-rion in a four
s1-age flash-binary loop, Waste fluid frorn the fa
c iii ty is re i nj ected to the reservo i r through one 
or two inject i on we I Is, The -rests have i-he dua I 
objectives of: 

1. Determining the technical and economic 
feasibi I ity of using fluid from the high
temperature, high-salinity Salton Sea I<GRA 
ina heat exchange tra i n, in order to pro
vide basic information for the design, 
construction, and initial operation of 
hydrothermal - geothermal power plants. 
(Sal inities as high as 250,000 ppm total 
d i sso I ved so lids have been measured on 
this resource, constituting a major con
sideration in plant design and equipm.en-r 
performance evaluation.) 

2. Gaining additional information on the ex
tent and characteristics of the reservoir. 

The faci I ity is the first of its kind in the 
United States and represents more than five years 

of exploration, research, and development in the 
Imperial Valley by SDG&E, which also oVlns, manages, 
and operates the GLEF. It is intended as a pre I i
minary model to a possible future 50 MW dernonstra
t i on p I ant that wi I I use i sobutane as the binary 
fluid. 

To accompl ish the first of the two objectives 
outl ined above, a Detai led Test Program was devel
oped by the Bechtel Corporation under contract 
with and subrn i Hed to SDG&E in the ear I y fa I I of 
1976. Implementation of this program requires the 
continuous monitoring of approximately 200 vari
ables, namely, pressures, temperatures, flow rates, 
and chemical element concentrations, at various 
points throughout the faci I ity, An instrumentation 
and data acquisition system designed by the Elec
tronics Engineering Department of the Lawrence 
Livermore Laboratory provides for analog-to-digital 
conversion and hourly recordings of the data on 
cassette tapes by means of a Doric Digitrend Model 
220 Data logger. (This system is covered in LLL's 
Annual Report,) In addition to automatic recording 
of most, manual recording of some of the data is 
also performed. 

This note summarizes the activity of the Geo
thermal Energy Group of LBL's Earth Sciences Divi
sion in the handl ing and reduction of data asso
ciated with the first of the two test objectives 
referred to above. (The implementation of the se
cond objective is part of the Lawrence Livermore 



Laboratory Geothermal reservoir engineering effort 
and is covered in LLL's Annual Report.) 

COMBI NED EFFORT OF THE GEOTHERMAL ENERGY GROUP AND 
OF THE COMPUTER SCIENCES AND APPLIED ~~ATHEfv;ATICS 
DEPARTMENT 

The respons i b iii ty of LBL' s Geotherma I Energy 
Group for data handl ing and reduction was defined 
to begin after the data is recorded by the Data 
Logger and to compr i se the fo I low i ng separate I y 
identifiable activities: 

I. Implementing a rei iable method for trans
mitting the raw data from the Ni land test 
site to LBL. 

I I. Developing computer programs to screen 
the raw data for va lid i ty. 

I I I. Storing val idated data on a routine basis 
for subsequent reduction and use in the 
engineering analysis of the test results. 

IV. Developing programs for data reduction 
and engineering analysis according to al
gorithms outl ined in Bechtel's Detai led 
Test Program and for retrieval of raw and 
reduced data in tabular and graphic form. 

The Bechtel Test Program includes such 
essential work as: 

• Recording plant operation data under 
both steady-state and transient condi
tions; 

e Ca I cu I at i ng heat- and mass-ba lances 
and heat transfer coefficients; 

eEvaluating steam scrubber performance; 

eCalculating boi I ing point elevation. 

This is implemented through a comprehen
sive test schedule consisting of eighteen 
specific tasks, starting with water as 
working ("Binary") fluid, to be changed 
to isobutane approximately halfway through 
the test program. These eighteen tasks 
give rise to as many different computer 
programming tasks of varying degrees of 
complexity. 

In the latter part of 1976, the Geothermal 
Energy Group arranged to retain LBL's Computer 
Sciences and Appl ied Mathematics Department (CSAM) 
to address those problems that would require more 
special ized software and intimate knowledge of 
LBL's computer system than were avai lable to the 
Geothermal Energy Group, and it also assigned an 
engineer on a ful I-time basis to develop the pro
grams for data reduction and engineering analysis. 
Since then, CSAM has been providing the expertise 
to carry out activities I, I I, I I I, and some parts 
of IV, whi Ie the Geothermal Energy Group has been 
responsible for most of IV and for overal I coordi
nation. This has resulted in a mutually rewarding 
working relationship between the Geothermal Group 
and CSAM. 
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ACCOMPLISHMENTS DURING CALENDAR YEAR 1977 

The joint Geothermal Group and CSAM data 
handl ing effort began in November 1976 and pro
gress during 1977 in the four areas outl ined above 
was as follows: 

1. A reliable method for transmitting the raw data 
from the Ni land Test site to storage media at LBL's 
Computer Center was implemented and has been in 
operation since June 1977. It consists of physical 
transport of tape cassettes from the Data logger at 
the GLEF site to LBL, conversion by CSAM's Real 
Time Systems Group to 9-track magnetic tape, and 
processing of the latter by CSAM's Appl ications 
Programming Group. Cassettes are mai led along with 
hand-logged data to LBL. Hand-logged data is key
punched and stored to be subsequently retrieved 
along with data logger data. 

Although other possibi I ities were considered, 
notably direct telephone transmission of the data 
from the Data Logger 1-0 LBL' s Computer Center, it 
was concluded that speed of turnaround was not a 
critical enough requirement to warrant the added 
investment in telephone contact charges and in the 
development of the special error-checking software 
that this alternative would have required. 

2. Computer processi to screen the raw data for 
va lid i ty and to them for subsequent use 
in eng i neer i ng computat ions is essent i a I I yin f i na I 
form. In particuar, since a number of the varia
bles being recorded by the Data Logger (notably 
flow rates) are subject to wide fluctuations, the 
Data Logger has been reprogrammed at the recommen
dation of LLL's Electronic Engineering Department, 
to perform sub-interval scan readings for the vari
ables so handled. As of this writing, testing of 
th is progr am on a product i on bas i s wi I I proceed 
once a data cassette incorporating the sub-interval 
scan feature is rece i ved from the f ac iii ty. 

3. Data storage on a routine basis, using a com
bination of data cell, mass storage, and magnetic 
tapes has been implemented. The data, upon con
version by the Real Time Systems Group to 9-track 
magnet i c tape, is processed by one of CSAM's tech
nicians to remove noise and other extraneous 
characters and otherwise make' it acceptable to 
other programs for reformatting and reduction. 
This noise-filtering and cleanup operation is a 
crucial and painstaking one. It is to some extent 
faci I dated by the use of the powerful interactive 
editor NETED, but is not by its nature amenable to 
ful I automation because a great deal of non-pro
grammable human judgment is required. The data 
thus preprocessed is subsequently complemented by 
inclusion of the hand-logged data, and reformatted 
into tables that give the plant test history by 
stream (that is, steam and condensate, working 
fluid, or cooling fluid), stage, and instrument, 
in a convenient, highly readable format. Along 
with these tables, time plots of each one of the 
measured variables are generated by means of CSAM's 
Graphics Software. These plots aid the interpre
tation of test results for engineering assessment 
purposes. For example, they enable the correlation 
of fluctuations in the values of associated vari
ables, and resolution of questions such as whether 
a given instrument is properly functioning or not. 



4. The system of data reduction, engineering ana
lysis, and retrieval programs is estimated to be 
about 60% complete. These programs range from 
simple displays of test conditions and results to 
complex engineering computations. For the latter, 
extensive use is made of the GEOTHM system of 
programs, developed by other members of the 
Geothermal Group. to compute the thermodynamic 
and transport properties of the various fluids. 

Work under this activity has also included, 
in addition to programming, the conceptual develop
ment of some of the computational procedures, often 
given in Bechtel's Detai led Test Program in outl ine 
form, into comp I ete. se I f-conta i ned program spec i
fications. This has been the case, for example, 
with the programs to calculate heat transfer co
efficients for the heat exchangers. It should also 
be pointed out here that substantial changes in 
computer program design wi II be required by the 
possible adoption of three different procedures 
aimed at improving the qual ity of the data, namely: 

(a) The performance, within the Data Logger 
sequence, of sub-interval scans (SIS's) on 
selected variables found subject to wide fluc
tuations (for example, surging flow rates), 
and the averaging of the values so obtained 
to arrive at a more representative magnitude; 

(b) The replacement during computer proces
sing, of questionable Data Logger data by 
hand-logged data; 

(cl The substitution of so-called "indirect-
I y measured va lues" (I MV' s) for some of the 
values recorded by the Data Logger but lacking 
in re I i ab iii ty, when th iss i tuat i on has not 
been resolved by a combination of (a) and (b). 
An IMV is calculated from related measurements 
in the system (such as, for example, by heat
and/or mass-balances on individual pieces of 

116 

equipment or groups of the same). Bechtel has 
found IMV's to be more consistent and to yield 
more meaningful data than some of the direct
ly measured data points, and therefore has 
recommended that [MV's be used in some of the 
engineering calculations. As of this writing, 
Bechtel's recommendations are under review 
by SDG&E. 

ACTIVITIES PLANNED FOR CALENDAR YEAR 1978 

Test resul1~s obtained from the faci I ity so 
far are under review by SDG&E and the other pri
vate and publ ic parties involved in the project, 
including other groups at LBL and LLL, and it is 
possible that the Test Program might be modified 
to include alternative cycles. This would, how
ever, have no effect on the commitment of the 
Geothermal Energy Group, who will continue to 
coordinate data handl ing for the faci I ity, working 
closely with LBL's CSAM, and with SDG&E and Bech
tel. In particular i-r is expected that: 

1. Actua I test data from the fac iii ty wi I I 
start to include sub-interval scans of 
selected variables, which wi II enable pro
duction testing of the computer programs 
developed to smooth out the values of those 
variables. 

2. Approval by SDG&E of the algorithms to ob
tain indirect measured values of variables 
not rei iably measurable wi II be forthcoming, 
so that the necessary re-programming can be 
completed. 

3. Specifications for the types of selective 
data retrieval that may sti I I be desirable 
for better engineering assessment of test 
results wi II be final ized, and additional 
programming developed for this purpose. 

DIRECT-HEAT UTILIZATION OF LOW-TO-MODEHATE TEMPEHATUHE 
GEOTHERMAL FLUIDS 
]. Dcwey 

The Direct-Heat Uti [ization Program for 1977 
had two basic functions, to conduct a publ ic aware
ness survey in the d i rect- heat ut iii zat i on area 
and to provide technical support for others. 

SURVEY 

Direct-heat u-rilization is of particular in
terest because of the abundance of low-to-moderate 
temperature (to 2000 C), I i qu i d-dom i nated, geother
mal resources as compared to the resources feasible 
for e I ectr i ca I generat i on. The pub I i c awareness 
survey offered an opportuni-ry to serve a threefold 
purpose: 

1. Present a basic introductory program on geo
thermal energy and its role in direct heat 
applications. It also gave the opportunity to 
"take the pulse" of the private industrial 

sector, of their knowledge or enthusiasm in 
evaluating geothermal energy as an alternate 
energy source for their process. 

2. Introduce the Department of Energy (DOE) East 
Mesa Geothermal Component Test Faci I ity in the 
Imperial Valley. This faci I ity was establ ished 
by DOE specifically to assist the rapid commer
cia I i zat i on of geotherma I energy. 

3. Outl ine the LBL Assistance Programs in the 
Earth Sciences, the National Geothermal 
Information Resource (GRID), and the Technology 
Uti I ization Program. 

The survey included a review of current geo
thermal reports, and contact with several private 
and publ ic agencies to achieve the broadest 
coverage and target the heat intensive industries. 



A 35 mm sl ide presentation was assembled to present 
the direct-heat use program. The survey lasted 
four months, was conducted in the western states, 
and included personal contact with over 75 indivi
dua lsi n the fo I low i ng i ndustr i es: food process i ng, 
chemicals, paper/wood pulp processing, food 
machinery, horticulture, and dairy, In early 1977 
the survey was completed, the data assembled, and 
a report entitled "Survey Report: Study of Infor
mation/Education Discussions with Private Indus
tries and Publ ic Institutions on the Direct Heat 
ut iii zat i on of Geotherma I Energy" (Lawrence 
Berkeley Laboratory report LBL-5988) was publ ished. 

The survey clearly indicated the important 
needs for stimulating the use of this valuable re
source, including an intense basic promotional/in
formation program, and an operating demonstration 
proj ect to prove feas i b iii ty and assure the pr i
vate sector about the potential of direct-heat 
uses of geothermal energy. 

TECHNICAL SUPPORT 

In Apri I-May 1977, the Department of Energy!s 
San Francisco Operations office (DOE/SAN) asked 
LBL for technical assistance in evaluating and 
commenting on nine contracts awarded in response to 
their program research and development announcement 
(PROA) DGE-76-1. The primary interests of this 
PRDA was for stud i es cover i ng a deta i I ed ana I ys i s 
of engineering, economic, and institutional fac
tors associated with either single-purpose or 
multiple-usage geothermal heat in four industry 
sectors: industrial processing, agribusiness, 
commercial bui Iding complexes, and residential 
developments. Proposals were grouped into two 
main categories: (1) Reservoir Specific Study pro
posals involved analysis of a specific geothermal 
reservoir for either a single-purpose or multiple
use appl ication, and (2) Functional Appl ication 
Study proposals, The nine contracts managed by 
DOE/SAN consisted of three in the multi-use cate
gory, with the balance in the single-use process 
area, The contract completion dates range from 
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the last quarter of 1977 through the first quarter 
of 1978, 

In mid-1977, DOE issued PRDA-DGE/SAN-EG-77-
D-03-1487 for "Engineering and Economic Studies for 
None I ectr i c App I i cat ions of Geotherma I Energy." 
Primary interest under this PRDA was for site spe
cific stUdies deal ing with industrial processing, 
agribusiness (agricultural and aquatic uses), and 
space/water heating and cool ing for commercial and 
residential bui Idings. In the third quarter of 
1977, the DOE/SAN otfice issued a Program Opportu
nity Notice (PON) EG-77-N-03-1553, "Direct Uti I i
zation of Geothermal Energy Resources - Field 
Experiments," The primary interest under this PON 
was for field experiments in space/water heating 
and cool ing tor residential and commercial bui Id-
i ngs, agr i cu I ture and aquacu I tura I uses, and i n
dustrial processing appl ications, The LBL involve
ment in the PRDA and POt~ inc I uded techn i ca I rev i ew 
and evaluation, and written comments submitted on 
monthly, quarterly, mid-term, and final study 
reports. Site meetings were attended when 
necessary, 

In Apri I-May 1977, the Cal ifornia Energy Re
sources Conservation and Development Commission 
(Sacramento) i ssued I~FP 500-038, "0 i rect Heat Ut i
I ization of Geothermal Energy Demonstration Pro
ject." LBL was asked to participate as a member 
ot the Technical Advisory Committee to evaluate 
responses to the RFP. The resulting contract 
award is tor the "first" publ ic-funded Direct Heat 
Geothermal Demonstration Project in Cal ifornia, A 
space heat i ng project in Mammoth Lakes V i I I age is 
to be operational early in 1978. 

PLANNED ACTIVITIES 1978 

The DOE PROA-DGE/SAN EG-77-D-03-1487 and 
PON-EG-77-N-03-1553 resulted in four contracts 
awarded and five to ten contracts under negotia
tion, respectively. LBL wi II continue technical 
assistance in monitoring and reporting on these 
contracts. 

GEOTHERMAL EXPLORATION TECHNOLOGY 

The geothermal exploration technology program 
at LBL began in 1973 in response to an AEC desire 
for a sma I I geotherrna I demonstrat i on p I ant in nor
thern Nevada, where numerous hot springs exist. 
Scientists at LBL and the University of Cal ifornia 
were requested to assist with site selection by 
performing geological, geochemical and geophysical 
investigations in selected promising areas, Al
though the goa I for a demonstrat i on p I ant was 
later dropped by ERDA, LBL was requested to con
tinue with the research, changing the emphasis 
from site selection to exploration technique 
development and demonstration. As a result, 
convent i ona I as we I I as I ess standard exp I orat i on 
techniques were tested, Avai lable state-of-the-art 
equipment and techniques were used, but where 
these were either unava i I ab I e or inadequate for 
the task, new hardware and computer methods were 
developed by LBL, Among these were instruments 

and techn i ques tor samp ling and ana I yz i ng spr i ng 
waters, up-down counters (signal averagers) and 
synchronous detectors for use in electrical-elec
tromagnetic surveys, a modern seismic system, and 
various new computer techniques for data proces
sing and interpretation. Although the northern 
Nevada work has been concluded and numerous topical 
and site-specific reports have been issued on the 
work accompl ished, the geothermal exploration 
technOlogy program continues with two objectives: 

1, to apply and transfer new technology by 
means of field surveys at geothermal areas, 
and 

2. to extend the state-of-the-art by 
developing new and improved exploration 
instruments and data processing/inter
pretation techniques. 



SEIS,\10LOGICAL INVESTIGATIONS 
T. \', ,\/cEGiIIU, 1<:. ,\lui('/', A. Liuu;, ({lid /3, Schechte)' 

I NTRODUCT I ON 

At the project beginning in 1973, the useful
ness of seismological techniques for geothermal 
exploration was largely unknown. Plans were made 
to study microearthquake occurrences and the nature 
of ground no i se (m i crose isms) in severa I potent i a I 
geothermal areas in north-central Nevada, to evalu
ate these passive seismic methods tor both recon
na i ssance and deta i led exp I orat i on. 

To this end, a modern, trai ler-mounted, 12,
station, radio-telemetered seismic network was 
fabricated, using commercially avai lable elec
tronics and slow-speed magnetic tape recording. 
A dynamic range of 40 dB, 0-80 Hz was achieved 
when equipment was wei I-maintained. 

Extensive data collection was conducted in 
Nevada, largely in Grass Valley, including an ex
periment involving the use of active seismic tech
nique for geothermal exploration. Additional stu
dies were conducted at The Geysers geothermal 
field, Cal ifornia using the basic portable network 
and a new triggered digital field recorder acquired 
by the Seismographic Station, U.C. Berkeley, for 
high-resolution spectral studies. 

Cooperative programs of seismological studies, 
instrumentation and data analysis were begun for 
both the Raft River, Idaho and East Mesa, Cal ifor
nia geothermal areas. 

The overa I I goa I of the program rema i ns the 
acquisition of hi~Jh-qual ity seismological data 
'from vie I I-p I anned ex per iments at d i Her i ng geother
mal environments. Although a great deal has been 
learned about the acquisition, processing and in
terpretation of seismological data, crucial ques
tions remain on the uti I ity of seismic methods in 
reservo i r detect i on and de I i neat I on, and on the 
proper experimental techniques, for both active 
and passive surveys. 

ACCOtv'PL! SHfvlENTS IN 1977 

A major element of the program was completed 
in 1977 with the conclusion of a stUdy ~f micro-
seisms (ground noise) in exploration.' A signi-
ficant conclusion based on data obtained around 
Leach Hot Spr i ngs, Grass Va I ley, Nevada is that 
the ground noise is composed mainly of fundamental 
mode surface waves and these waves are of limited 
exploration value. As conventionally studied in 
terms of the i r amp I itude spectra, these waves offer 
information on the location of lateral variations 
in sha I low rock proper-r i es, for examp Ie, changes 
in -rhe thickness of alluvium, particularly at 
faults. The waves also give direct evidence for 
very sha II ow hydrotherma I act i v i ty such as boi ling 
springs. However, a frequency-wavenumber analysis 
of data obta i ned from carefu I I Y des i gned geophone 
arrays did not reveal the presence of body wave 
emissions from a "geothermal reservoir region" at 
depth below the surface manifestations. Whether 
certain types of concealed geothermal systems can 
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be de-rected and recogn i zed from therma I I y- induced 
body wave radiation remains an unanswered question. 
Additional field experimeni-ation is needed at vari
ous geothermal systems. The data necessary to 
answer the question would best be obtained using 
a large, mUlti-component acquisition and recording 
system, such as are currently used by seismic re
flection crews. 

Other seismological studies in Grass Valley, 
which include the evaluation of microearthquakes, 
P-wave delays and seismic reflection-refraction 
surveys, constitute part of a ~h.D. dissertation 
to be comp I e-reel in ear I y 1978. S 1m i I ar invest i-
oations were also conducted at The Geysers4 , 
~ermltting comparisons for the two contrasting 
geothermal systems (one a large, vapor-dominated 
system, the other a small, cooler, I iquid-dorninated 
system). Resu I ts i nd i cate that both are charac-
terlzed by high velocity and low attenuation within 
the known or suspected reservoir area. Although 
local earthquake activity was low in Grass Valley 
and not related to Leach Hot Springs, small 
earthquakes are numerous at The Geysers and their 
locations suggest a possible correlation with the 
boundary of the maj or steam prod uct i on zone. 

PLANNED ACTIVITIES IN 1978 

The successful appl ication of seismolo~Jical 
observations to geothermal reservoir detection, 
del ineation and monitoring wi II require a field 
system capable of collecting and processing, in 
the field, data from many channels. To be useful 
to industry the system must also be cost-effective, 
that is, have a low operating cost, far less than 
that of a conventional seismic reflection system. 
To this end, we have begun design of a speclal
purpose field system capable of performing on-line 
many of the necessary analyses which presently can 
only be done by post-field processing. 

Se i smolog ica I f iel d act i vi ties In 1978 wi I I 
be extended to the Cerro Prieto geothermal field, 
Baja Cal ifornia, Mexico, under a cooperative inter
national agreement between DOE and'the tv'exican 
electric uti I ity, CFE. Data collected at this 
producing field (75 MW currently with an additional 
75 MW planned for 1978) wi II be analyzed and com
pared with results from other geothermal areas 
studied by LBL, which are The Geysers, East Mesa, 
and Leach Hot Springs, 
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3, Majer, E, Seismic Investigations in Geother
mal Regions, Ph.D. dissertation, Department 
of Geology and Geophysics, U.C. Berkeley, in 
preparation. 

EAST MESA SEISMIC STUDY 
T. V. McEvilly and 13. Schechter 

INTRODUCTION 

Magnetic tape records of data collected by the 
U.S, Bureau of Reclamation at their six-station 
seismic network around the East Mesa geothermal 
field were analyzed. The purposes of this study 
are: (1) to obtain further details of the faulting 
and associated stress fields as defined by local 
earthquakes; (2) to infer the properties of subsur
face rocks from the characteristics of the P- and 
S-waves generated, including wave velocities, 
Poisson's ratio, and attenuation; and (3) to 
provide USBR personnel, and others, a set of 
procedural guidelines for subsequent analysis of 
network data. 

ACCOMPI_ I SHMENTS IN 1977 

The first tapes analyzed were'from Apri I 1977, 
and these served to improve instrumental charac
teristics and to help correct deficiencies in the 
network. Subsequent data were searched for 
reservoir-related earthquakes. To date, none have 
been detected. In reaching this conclusion, we 
have systemat i ca I I Y i dent if i ed signa I s from the 
bomb i ng range, I i ghtn i ng, dr i I ling act i v i ty, and 
many earthquakes occurring along the Imperial and 
Brawley fault zones. A distinctive suite of 
seismic waves, characteristic of the East Mesa 
area, has been identified. These consist of 
multiple P- and S-waves, very slow surface waves 
and air-coupled surface waves. No events have been 
detected emanating from the reservoir region. 

Our findings do not support previous reports 
of microearthquake activity associated with the 
East Mesa field. Whi Ie it is possible that earl ier 
interpretations were correct and seismic activity 
has decreased, it is also possible that hypocenter 
locations were incorrectly calculated because 
secondary P-waves were thought to be S-waves. 

Othrr accomp I i shments of the study are as 
follows: 
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4. Majer, E. and McEvi Ily, T.V, 
investigations at The Geyers 
LBL report (in preparation), 
Geophysics. 

Seismological 
Geothermal Field. 
submitted to 

1. An analysis of 10 regional earthquakes shows 
that the Poisson's ratio is 0,25, a typical 
value for the crust, and indicating that the 
S velocity is not anomalous with respect to 
the P velocity. 

2. Two schemes for determining microearthquake 
magnitude were investigated; one based on 
coda length, the other on S-wave amplitude. 

It was determined that the network sensitivity 
provides a detection threshold at M = 2.0 for the 
Brawley area, and probably about M = 1.0 at East 
Mesa. As there were no clear events from the East 
Mesa field during several months of record, we can 
conclude either that activity is swarm-I ike and we 
are in a quiescent period, or the seismicity level 
is lower than ~rhought. In either case, it was 
recommended to the USBR that the network sensi
tivity be increased. The simplest approach, which 
could yield an order of magnitude reduction of the 
earthquake threshold magnitude, would be to emplace 
the geophones in shal low hol8s to avoid near
surface noise, Also, the low-end frequency cut-off 
should be increased from 1 Hz to 4.5 Hz by use of 
4.5-Hz geophones in the holes. 

ACTIVITIES PLANNED FOR 1978 

Analysis of the tapes from the East Mesa 
network will continue. Tests of the suggested 
approach for increasing network sensitivity wi II be 
made by in sta I ling 4. 5-Hz geophones at the sur face 
and in the existing water wells at Eas~r ~~esa. 
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ELECTRICAL AND ELECTHOMAGNETIC INVESTIGATIONS 
II. F. Morrisoll, ll. F. Beyer, H. Concill, A. DeU, 
M. IIoverstell, B. Jain, K. II. Lee, E. ModeU, and G. Oppliger 

TELLURIC AND DC RESISTIVITY TECHNIQUES APPLIED TO 
THE GEOPHYSICAL INVESTIGATION OF BASiN AND RANGE 
GEOTHERMAL SYSTEMS 

Field instrumentation and data interpretation 
techniques were developed for the E-field telluric 

method. 1 The method emp I oys a co I I i near three
electrode array to measure successive electric 
field ratios as the array is leap-frogged along 
a survey I ine. The 0,05 and 8 Hz responses for 
numerous simple resistivity structures were cal
culated by means of numerical model ing. From the 
model study it was concluded that the method is a 



rapid electrical reconnaissance technique for deep 
conductive targets, such as might be associated 
with hydrothermal systems. It was also shown that 
the frequencies used for both the model study and 
the actual fieldwork are appropriate to exploration 
in Bas i n and Range va I I eys, and afford a rud imenta
ry means of depth discrimination. 

A Comparison of Dipole-Dipole and Schlumberqer DC 
Resistivity Results 

A two-dimensional numerical model study and 
~omparison of the polar dipole-dipole an~ Schlum-
berger resistivity arrays was performed. A cata-
log of dipole-dipole and Sch I umberger apparent 
resistivity pseudo sections was comp~led using 
a computer program developed by Dey and Dey and 
Morrison. 4 It was demonstrated how interpreta
tional errors arise when Schlumberger data are 
interpreted by means of one-dimensional inversion 
and the resistivity structure is not strictly 
hor i zonta I I Y layered. A disadvantage of the 
Schlumberger technique is that conductive bodies 
with a depth burial greater than their width are 
not resolved. On the other hand, the dipole-dipole 
array produces complex anomaly patterns unrelated 
in appearance to the simple causative structures 
mode I ed, Hence, fam iii ar i ty with mode I resu Its 
is essential to interpretation of these data, 

Interoretation of E-Field Ratio, Bipole-Dipole, 
and Dipole-Dipole Resistivity Data 

A detai led interpretation of E-field ratio 
telluric, bipole-dipole resistivity mapping, and 
dipole-dipole resistivity data obtained in the 
course of geophysical exploration of the Leach 
Hot Spr i area of Grass Va I ley, Nevada was 
performed, Several areas were identified as 
worthy of further investigation on the basis of 
res i st i v i ty anoma lies. Compar i son of the three 
electrical exploration techniques indicates that 
the bipole-dipole resistivity mapping method, a 
reconnaissance technique, is neither rapid nor 
capable of providing unambiguous results. f\pplied 
correci~ly, the E-field ratio telluric method can 
be a usefu I, low-cost reconna i ssance techn i que for 
del ineating structures and comparing the resisti
vities of different regions within the survey area. 

The dipole-dipole resistivity method is ex
tremely useful, particularly where lateral con
trasts occur. However, because of the high opera
ting expenses involved and the difficulty in in
terpreting results, the method is better used as 
a detai I method unless the interoreter is extreme
ly practiced. As of now there a~e no automatic 
two-dimensional inversion schemes for interpreting 
dipole-dipole data. 

SELF-POTENTIAL SURVEYS IN GEOTHERMAL AREAS 

Self-potential surveys conducted in a variety 
of geothermal areas show anomal ies ranging from 
about 50 mV to over 2 V in amp I i tud~> and from 
about 100 m to over 10 km in width. The polarity 
of the anomal ies may be positive, ive, bipo-
lar, or multipolar, with the gradients 
often seen over faults which are thought to act as 
conduits tor thermal fluids. In some cases anoma
I ies several ki lometers wide correlate with areas 
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of known elevated thermal gradient or heat flow, 
Laborator·y data i nd i cate that thermoe I ectr i c or 
electrokinetic coupl ing may generate source vol
tages comparable to observed anoma Iy ampl itudes, 
but analytical techniques for calculating surface 
anomal ies generated by the subsurface temperature 
distribution or fluid flow pattern are not yet 
fu I I Y deve loped, I f the electrodes are not wa
tered, and if te I I ur i c currents and electrode 
polarization are monitored, most self-potential 
readings are reproducible within about ±5 mV. 
Short wavelength geologic noise of up to about 
±10 mV, primari Iy caused by variation in soi I 
properties, is common in arid areas, with lower 
values in areas of uniform, moist soil. As self
potential variations may be produced by conductive 
mineral deposits, stray currents from cultural 
activity, and changes in geologic or geochemical 
conditions, self-potential data must be analyzed 
caref u I I Y before a geotherma I or i gin is ass i gned 
to observed anomal ies. 

COMPUTER MODELING TECHNIQUES 

Three-Dimensional DC Resistivity 

Numerical techniques have been developed to 
solve the three-dimensional potential distribution 
about a point source of current located in or on 
the surface of a half space containing an arbitrary 
two- 9r three-dimensional conductivity distribu-
tion. Self-adjoint difference equations are ob-
tained tor Poisson's equation using finite dif
ference approximations in conjunction with a point 
as wei I as area discretization for the two-dimen
sional case, and an elemental volume discretization 
for the three-dimensional case. Potential distri
bution at all points in the set defining the sub
surface are simultaneously solved for multiple 
point sources of current. Accurate and stable 
so I ut ions are obta i ned us i ng fu I I, banded Cho I esky 
decomposition of the capacitance matrix as wei I as 
the recently developed Incomplete Cholesky-Conju
gate Gradient Iterative method. Accurate solutions 
for models of comparable dimensions are attained 
with significantly less attendant computational 
costs than with the relaxation, finite element or 
network solution techniques. 

A compar i son of anoma lies for the co I I i near 
dipole-dipole array over two- or three-dimensional 
block-shaped models indicates substantially lower 
anomaly indices for inhomogeneities of finite 
strike-extent. In general, the strike-extents of 
inhomogeneities have to be approximately ten times 
the dipole lengths before the response approaches 
the two-dimensional value. The saturation effect 
with increasing conductivity contrasts appears 
sooner for the three-dimensional conductive inhomo
geneities than for corresponding models with infi
nite strike lengths. 

A downhole-to-surface configuration of elec
trodes produces diagnostic total-field apparent 
resistivity maps for buried three-dimensional 
inhomogeneities, Experiments with various lateral 
and depth locations of the current pole indicate 
that mise a la masse surveys give the largest 
anomaly if a current pole is located ically 
and preferably near the top surface of the buried 
conductor, 



computer Model Comparison and Evaluation of Bipole
Dipole and Dipole-Dipole Resistivity Mapping 

Bipole-dipole (B-O) resistivity mapping has 
been widely used as a reconnaissance method in geo
thermal exploration. In this technique, apparent 
resistivities are plotted at roving dipole receiver 
locations and the current source bipole is left 
fixed. Interpretation to date has been in terms 
of simple, layered, dike, vertical contact, or 
sphere mode Is. I n the case of more comp I i cated 
two-dimensional models the interpretation is much 
more ambiguous and the detection of buried con
ductors depends very much on the choice of trans
mitter location. Since B-O apparent resistivities 
measured on a line co I I i near with the d i po I e are 
roughly equivalent to the apparent resistivities 
for one sounding in a dipole-dipole (0-0) pseudo
section, the two methods have b~en compared for 
several two-dimensional models. 

A buried quarter-space and a buried horizon
tal cyl inder with rectangular cross section, with 
or without an overburden layer, have been used in 
the compar i son. Un I ess the target is very sha I low 
or close to the bipole or dipole, the resolution 
of the horizontal position or depth extent for the 
B-D method is very poor. Conductive overburden 
worsens the situation for both methods but the 
effect is more drastic for the B-D method. The 
spat i a I patterns for these mode I s are comp I ex for 
the B-O method and in fact for certain transmitter 
positions only subtle differences exist for the 
bur i ed cy I i nder and bur i ed quarter-space mode Is. 
Multiple sources improve the resolution of the 
B-O method, but many sources coupled with the high 
sampl ing density of receivers required to define 
the spatial patterns would greatly reduce the cost
effectiveness claimed for this method. Changing 
the bipole orientation with respect to the strike 
of the mode I s contr i butes I itt lei f anyth i ng to 
the resolution of the models. A further experi
ment of calculating a residual map by subtracting 
the half-space or layered half-space response from 
the response of the buried models was also unsuc
cessful in improving the interpretabi I ity of the 
B-D method. F ina I I y, a mode I representat i ve of 
a typical Basin and Range valley with or without a 
hypothesized geothermal reservoir shows that in 
more comp I ex mode I s the B-D ma p wou I d not, ina 
practical survey, reveal the reservoir. 

From these mode I stud i es, it is c I ear that 
except for some simple geologic situations, the 
B-D method is not effective for subsurface mapping. 
Selected 0-0 I ines would be far more useful and 
more cost-effective. 

Compar i son and Ana I ys i s of Least-Squares A.I gor i thms 
Used for DC Resistivity and EM Inversion 

The interpretation of DC resistivity and EM 
soundings has been a topic of research since the 
early 1930 1s. In recent years many least-squares 
minimization algorithms have been developed, fol
lowing different approaches, for use in the inver
sion of sounding data. The efficiency and accuracy 
of an inversion technique depends both on the 
mathematical approach used and on the nature of the 
physical system producing the measured fields. In 
regard to the latter, the speed and accuracy of a 
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particular algorithm is dependent on 1) the type 
of model chosen to fit the data, and 2) the ini
tial estimates of model parameters. 

In 1977 work began to compare-five widely used 
inversion algorithms, and to examine the statistics 
of the individual and combined effects of model 
parameters on the fields. 

The comparison of algorithms was made in terms 
of speed and accuracy in f~nding a solution to a 
set of input data generated for a specific model. 
Two geo I og i ca I I y important mode I s were used in th i s 
study: a thin conductive layer in a resistive 
host, and a thin resistive layer in a conductive 
host. The results of the tests and descriptions 
of -rhe ~Igorithms wi i I soon be publ ished as an LBL 
report. 

The statistical evaluation of model parameters 
is based on the eigenvector-eigenvalue decomposi
tion of the system matrix, ~, where ~ is composed 
of the partial derivatives of the measured field 
data with respect to a I I mode I parameters. Th i s 
type of ana I ys i s a I lows one to eva I uate the ef fects 
of individual and multiple parameters on the data, 
and to determ i ne the expected lim i tat i on on para
meter resolution from a particular data set. 

vlork in 1978 wi II include continuation of the 
statistical study of model parameters and the sen
sitivity of data to variations in these parameters. 
As an extension to this work we hope to develop an 
integrated inversion algorithm for compl icated geo
logic situations. This would be used to develop a 
field method for combined frequency and geometric 
sounding to separate the electromagnetic induction 
effects of a near-surface conductive layer from 
those of a buried conductor. This is needed be
cause a near-surface conductor wi II completely mask 
the effects of a buried conductor if the wrong geo
metric configuration (tnat is, source-receiver lo
cation) is used in a frequency sounding. 

Three-Dimensional Electromagnetic Model ing 

In 1977 work began to develop a rei iable com
puter code wh i ch wi I lsi mu I ate the electromagnet i c 
response of a three-dimensional conductivity dis
tribution. The Integral Green1s Function Mythod, 
as used previously by Weidelt 10 and Meyer,1 is 
being used to solve this EM scattering problem. 
The appl ications of this code are many. For ex
ample, it would allo\'! quantitative comparisons of 
natura I fie I d and contro I I ed-source e I ectromagne
tic methods for real istic geological situations. 
The code would also permit description of EM field 
variations in the vicinity of a finite conducting 
body, and this wi II aid in the interpretation of 
EM measurements in a complex geologic region. 

Of immediate importance, the code will be 
an aid in the interpretation of actual EM field 
results obtained at geothermal resource areas. 
One such area is Mt. Hood, Oregon, where magne
tote I I ur i c and te I I ur i c measurements were made 
in 1977. The region is geologically complex and 
the subsurface conductivity distributions are 
expected to be complex also. Three-dimensional 
model simulations wi II be required to obtain an 



accurate interpretation for the conductivity 
distribution. 

During 1977 an existing code was modified, 
tested, and eva I uated. Sta b iii ty prob I ems were 
encountered and it was concluded that a new code 
was required to optimize the calculations. This 
work was initiated. 

Activities planned tor 1978 include comple
tion and evaluation of the new Integral Equation 
code. We also plan to evaluate new numerical tech
ri i ques that may be more etl i c i ent and versat i Ie 
than the ones in use. Finally, the codes wi II be 
used to compare response from various types of EM 
sources and to compare the responses of three-
d i mens i ona I structures to contro I I ed-source and 
natural field excitations. 

In particular, work wi I I be continued on the 
problem of an arbitrari Iy polarized magnetic-dipole 
source above a two-dimensional halt-space. The 
theoretical base is the variational principle and 
the numerical technique used is the tinite element 
method. The region of interest, including the 
air, is d i v i ded into many rectangu I ar elements in 
which the field behaviors are assumed to be quad
ratic. 

By Fourier transforming out the strike direc
tion, we only have to integrate over the cross
sectional area normal to strike. Although three 
components of magnetic tield remain in transformed 
space, we 1'1 i I I attempt to express one in terms of 
the other two through the divergence theorem. 

The boundary condition wi I I be a mixed one 
obtained by making use of the intrinsic impe
dance of the plane wave at the boundary. 

Magnetote I I ur i c Mode ling 

Late in August 1977 a tinite-element program 
was developed for model ing both the TE and TM mode 
plane wave scattering from an arbitrary two-dimen
sional structure. With the introduction ot a new 
matrix inversion technique, the program is about 
five times faster than an older TEM program. The 
greater computat i ona I eft i c i en cy has a I lowed us to 
do magnetotelluric (MT) model ing that was imprac
tical before, and the MT response for a number of 
fairly simple two-dimensional models were calcu
lated. Choice of models was determined by our 
need to interpret MT results from Grass Val ley, 
Nevada, and the mode I s are a I I re I ated T~ Bas i n 
and Range structures and resistivities. 

A catalog of calculated TEM responses was 
prepared for about 12 models and these curves were 
compared to the MT results. This has provided a 
great insight into how parameter variations for 
two-dimensional structures affect MT results and 
how errors occur when one-dimensional inversions 
are used to interpret "two-dimensional" data, par
ticularly the data from stations close to the edge 
of a valley. 

A study was also begun on the possible use of 
the magnetote I I ur i c "1' i pper" for MT reconna i ssance, 
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the tipper being defined as the ratio of the verti
cal magnetic and horizontal magnetic tield perpen
dicular to geologic strike. Based on the two
dimensional model studies it was found that tipper 
ampl itude is a maximum near a vertical contact and 
tipper direction is always toward the more resis
tive side of the contact. Whi Ie the basic tipper 
parameters (strike direction, amplitude, and dip 
direction) do not provide enough information for a 
deta i led i nterpretat i on, these parameters he I p to 
del ineate two-dimensional structures and identify 
three-d i men s i ona I structures. Therefore, in geo
logically complex areas a conventional MT survey 
might be preceded by a reconnaissance tipper sur
vey to assist MT survey planning. 

Activities in 1978 wi II include the following: 

• The basic MT data processing computer pro
gram MAGTEL 1'1 i I I be comp I ete I y rewr i tten 
to accommodate multiple channels of input 
data as obta i ned in remote te I I ur i c-magne
-roi-elluric surveys. 

• A program to calculate the statistical er
rors in reference magnetometer-magnetotel
I ur i c data process i ng 1'1 i I I be comp I eted. 

" Additional two-dimensional models wi I I be 
added to the catalog of TE-mode and TM-mode 
model calculations, and a computer program 
1'1 i I I be comp I e-red to present these resu I ts 
in concise pseudo-section form. 

" A new model ing technique for TM-mode, 
plane-wave scattering wi II be investigated. 
This technique, based on the integral equa
tion approach, provides a rapid way of cal
cu I at i ng the response from sma I I, two
dimensional bodies with simple shapes. 
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STATE-OF-THE-ART ASSESSMENT OF SURFACE GEOPHYSICAL TECllNIQUES 
N, K Goldstein, M, IVilt, and R Norris 

A state-of-the-art assessment of surface geo
physical techniques was made to identify gaps or 
weaknesses in the techno logy, as a pp lied to geo
thermal exploration, and to suggest solutions, 
Four general classes of methods were considered: 
passive seismic, active seismic, natural field 
electrical and electromagnetic, and control led
source electrical and electromagnetic, 

For each method class, the specific techniques 
reviewed are I isted in Table 1, The approach fol
lowed, broken down by method class or specific 
technique, was to: 

1. Perform a state-of-the-art assessment using 
(a) the expertise of geophysicists at LBL 
and the University of Cal ifornia who have 
been involved in the Geothermal Exploration 
Technology Project, (b) the current I itera
ture, and (c) the expertise of geophysicists 
in industry and other academic/laboratory 
circles, 

2, Identify areas where additional research is 
needed to improve the geophysics and also 
make it more cost-effective. 

Passive seismic Active seismic 
Natural field electrical 

and electromagnetic 
eleci-rical and 

electromagnetic 
1. Background 

microseisms 
(ground no i se) 

2, Micro
earthquakes 

3, Teleseismic 
earthquakes 
(delay and 
attenuation) 

1, Refraction 

2, Reflection 

1. Self-potentia! 

2, Tellurics 

1. Galvanic electrical 
resistivity 

2. Induced polarization 

3, Magnetote I I ur ics (MIl 3, Contro I I ed-source 
electromagnetics 

4, Aud i o-magnetote I I ur i cs 
(AMT) 

5, Audio-frequency 



3, Provide a problem statement and a suggested 
solution for each research area, from which 
a prel iminary work statement and research 
plan could be written, 

Although not yet undertaken, there is a plan 
to select an external review committee composed of 
geophysicists from industry, government and acade
mia who would be responsible for reviewing the 
plan, suggesting priorities, preparing prel iminary 
schedules and level-of-effort estimates, and sub
mitting their comments and recommendations in wri
ting to the Program Manager, Division of Geothermal 
Energy (DGE), Department of Energy (DOE), 

ACCOMPLISHMENTS IN 1977 

The state-of-the-art assessment was completed 
(Goldstein, Wi It and Norris, 1978) and although 
the final report has not been issued, a draft re
port has been submitted to the DOE/DGE Program 
Manager. The major conclusions are summarized 
here, Figure 1 is an example of the research ma
tr ices that were used in the report to graph i ca I I Y 
illustrate the workings of each research project 
and how the project's components interrelated, 
The components are categorized as: fundamental 
studies, instrument development, data processing, 

RESEARCH 
CATEGORY 

1. Fundamental 
Studies 

2. 

3. 

4. 

(Concept Testing) 

Instrument 
Development 

Data 
I nterpretati on 

5. Verification 
(Proof of Concept) 

Study A 
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data interpretation, and verification studies 
(proof-of-concept or proof-ot-design investiga
tions) , 

SUMMARY OF FINDINGS: PASSIVE SEISMICS 

Seismic Data Acquisition and Processing 

Passive seismic exploration would be more ef
fective if industry had a system with large data
gathering capacity but low operating cost, The 
ideal system would sample an entire prospect area 
(10 x 10 km) in one set-up with many geophones and 
have the capabi I ity for some automatic in-field 
data processing, tape recording and information 
storage for post-field processing, It would have 
provision for microearthquake detection and loca
tion, and ground noise mapping (both ampl itude 
spectra and array processing), Selected informa
tion from teleseismic or regional earthquakes sig
nals might be stored for post-field processing for 
P-wave delay mapping, and attenuation (0) mapping. 

Ground Noise Studies 

An effort should be made to determine whether 
ground noise studies have a direct appl ication in 
geothermal exploration, that is, to determine 

RESEARCH AREA 

Instrument 
Development 

Study B 

Software 
Development 

Software Development 
and 

/" Model Studies 

/~ 

Field Tests 
and 
Case History Studies 

Figure 1. Example research matrix for surface geophysical method. 
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whether certain types of near-surface geothermal 
reg!mes radiate body wave energy. and if so, to 
define the source mechanism. This information 
could be used to improve data acquisition and 
processing procedures. This research might be 
conducted over a number of reservoir areas using 
commercial seismic reflection equipment, minus the 
source, to record noise from a two-dimensional 
spread. 

Magma Chamber Mapping 

A careful study of teleseismic P- and S-wave 
arrival times and attenuations and a study of Ray
leigh-wave phase velocity can help determine the 
presence of molten or partially molten rocks under
lying certain geothermal areas. 

Microearthquakes and Fault Mapping 

Whether thermal conditions (for example, 
hydrothermal convection) cause "geothermal earth
quakes" with identifiable characteristics has not 
been adequately determined. This would require 
careful microearthquake studies within and outside 
known geothermal areas. Systematic differences in 
source characteristics would be sought. 

SUMMARY OF FINDINGS: ACTIVE SEISMICS 

Far more active seismic exploration work may 
be done than is commonly known and reported in the 
publ ished I iterature. For this reason, segments of 
the geotherma I industry, part i cu I ar I y sma I I er com
panies with I ittle background in seismology, may 
have scant apprec i at i on for act i ve se ism i c app I i ca
tions to their exploration problems. A one- or 
two-day symposium on this subject is recommended, 
with the success of it being largely dependent on 
the participation of oi I companies experienced in 
this area. 

Seismic Refraction Studies 

The usefulness of P-wave delay and P- and 
S-wave attenuation mapping for geothermal explora
tion should be tested by means of large-scale ex
periments at several geothermal systems. Both 
large magnitude, distant earthquakes and explosion 
sources would be uti I ized. The objectives would 
be to determine whether mineralogical/physical 
property differences of the reservoir regions 
causes perturbations in seismic wave charac
teristics and to relate this information to reser
voir characteristics. 

Fault Mapping 

Improved high-resolution seismic reflection 
data acquisition and processing techniques should 
be tested at geothermal reservoirs where faults 
and fau I t-contro I led permeab iii ty are important. 
Tests should be designed to determine procedures 
for extracting accurate information on fault lo
cation and geometry. 

, Poisson's Ratio Sections 

Additional work is needed to investigate the 
usefulness sections for geothermal explora-
tion and ir del ineation. Laboratoryevi-
dence suggests that sma I I amounts of steam wi I I 
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lower V /V s ' but field evidence at The Geysers is 
conti ic¥ing. Additional field work is needed, 
uti I izing large-force shear-wave generators as 
well as local microearthquakes. Development of an 
efficient, combined SH- and P-wave energy source 
is a I so a worthwh i Ie adj unci- to th i s work. 

Deep Crustal Studies 

The va I ue of deep crusta I (low reso I ut i on) 
reflection soundings for geothermal exploration is 
largely unknown. Surveys of the type being per
formed under the present COCOF<P Proj ect may pro
vide some important information on this subject 
and may be useful as a guide to future research. 

Laboratory Studies 

Additional laboratory studies of rocks under 
simulated geothermal reservoir conditions are 
needed for an understanding of elastic wave pro
pagation in these environments. These studies 
must be carefully made, researchers must be mind
ful of irreversible changes that can take place 
once the sample is extracted from the earth and 
the results must be studied in relation to ~el I 
logs and surface measurements. 

SUMMARY OF FINDINGS: NATURAL FIELD ELECTRICAL AND 
ELECTROMAGNETIC METHODS 

Self-Potential 

Self-potential (SP) research al-eas should in
clude 1) self-potential data base, 2) origin of 
self-potential anomalies, and 3) electrode studies. 

1. Acceptance of SP as an important explora
tion technique may depend on the acquisition and 
publ ication of an adequate laboratory and field 
data base. A catalog of field results, supported 
by other surface and subsurface geological and 
geophys i ca lin format i on, is needed for anoma lies 
of both geothermal and non-geothermal origin. 

2. There is insufficient understanding of the 
causes of natural SP anomal ies related to 
mal processes. Process information is needed to 
determine whether discrimination between oeothermal 
and non-geothermal SP anomal ies is possible. Labo
ratory studies on rocks and cores are needed to ob
tain magnitude estimates of streaming and thermo
electric potentials under geothermal conditions. 

3. Self-potential measurements can be improved 
by finding ways to avoid the electrochemical ef
fects (noise) which occur between electrode and 
ground. Proper electrode selection may be help
ful because certain type(s) of electrodes may be 
more stable than others depending on local condi
tions, for example, soi I moisture, saturation, 
so i I chem i stry, temperature changes, mo i sture 
transpiration rate. 

Tellurics 

Stud i es in te I I ur ics shou I d dea I with 1) the 
separat i on of I oca I from reg i ona I ef fects, 
2) updating vector telluric recording systems, and 
3) data interpretation. 



1. Regional structure may induce nonuniformity 
to the telluric field, thus obscuring smaller, lo
cal effects. There is no way to el iminate this 
problem, but effects can be studied and compensa
tions estimated by means of calculations for two
and three-dimensional structures. 

2. The vector te I ! ur I c survey system can be 
improved to varying degrees. Maximum improvement 
would be achieved if most of the usual post-field 
data process i ng were eli m i nated by means of an i n
field data acquisition and processing system de
signed around a minicomputer. Alternatively, sim
pler systems based on microprocessors could be 
used to obtain some of the numerical parameters, 
which after being recorded, could be more fully 
processed in the laboratory. Lastly, the option 
requiring the least development is a system in 
which total post-field processing could be re
tained, but made more effective by recording data 
on digital cassette recorders. 

3. I nterpretat i on of vector te I I ur ic data in 
geologically complex areas requires the numerical 
solution for the electrom~gnetic response of in
homogeneous half-spaces. Suitable computer pro
grams are developed and used for magnetotelluric 
interpretation but have not as yet been appl ied to 
the te I I UI~ i c cases. 

Magnetotellurics 

Magnetote I I ur i c (MT) research shoul d cover 
1) effects of geologic and man-made noise, 2) data 
processing and noise reduction, 3) remote tel luric
magnetotellur-ics, 4) modeling and interpretation, 
and 5) tipper reconnaissance. 

1. Data can be influenced by natural and man
made noise which is sometimes difficult to reCOG
nize, and leads to improper interpretation of i~
pedance estimates. Among these effects are large
scale field distortion caused by regional geology, 
non-planar signals caused by local atmospheric and 
man-made electrical disturbances, and local geolO
gic inhomogeneities whose effects depend on the 
length of electric dipole used. These problems 
are serious and difficult to address. Suggestions 
for additional and/or continued efforts include: 
(a) analog and mathematical models for represen
tat i ve reg i ona I geo I og i ca I str-uctures, (b) co I I ec
tion of regional MT data in areas of geothermal 
interest, (c) a study and categorization of local 
man-made noise disturbances, and (d) more detai led 
studies of electric dipole length on impedance es
t imates in areas of geother'ma I interest. 

2. Standal~d processing techniques wi II give 
biased and scattered estimates whenever electro
magnetic noise is present. ThUS, better data ac
quisition and processing techniques are needed. 
In addition, an understandinq of the nature of 
electromagnetic noise is important, and may have 
significance to geothermal exploration as \'lei I. 
Efforts in these areas have begun and should be 
continued. Among the on-going activities are at
tempts to develop impedance calculation approaches 
that are less sensitive to noise or that can be 
used on short data segments, and to develop new 
data acquisition techniques that al low one to re
cognize and compensate for certain types of noise. 
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3. The remote te I I ur i c-magnetote I I ur i c (T -MT) 
method offers one means for improving the speed 
and cost-effectiveness of MT surveys. Whether 
this approach is only effective in areas of homo
geneous, layered structures or may be appl ied to 
more complex areas is a subject that needs to be 
studied and evaluated. Also, because many simul
taneous channe I s of data are co I I ected in the T -MT 
technique, an on-site data processing system is 
desirable. 

4. The magnetotelluric method is severely han
dicapped by the user's inabi I ity to interpret re
sults in geologically complex areas, where the one
dimensional model does not yield meaningful re
sults. Accurate and efficient two- and three
dimensional computer programs are slowly being de
veloped, but more effort is needed in this direc
tion as many existing computer codes are expensive 
and difficult to use, requiring machines with large 
memories. MT interpretations can also be improved 
by means of joint inversion techniques involving 
complementary geophysical data sets. The question 
of whether the MT method is actually capable of de
tecting a zone of partial melt within the crust 
needs further study and clarification based on a 
combination of rock property studies and computer 
modeling. 

5. Planning an MT survey in a geologically com
plex area might be made easier if the work were 
preceded by a rapid reconnaissance, using only the 
magnetic field components to obtain tipper infor
mation. Theoretical calculations indicate that 
one can use tipper ampl itude and direction to lo
cate two-dimensional vertical discontinuities and 
determine whether three-dimensional structures are 
present. 

Audio-Frequency Magnetotel lurics 

The AMT method is bas i ca I I yah i gher frequen
cy version of magnetotellurics. Therefore, AMT is 
more suitable for rapid reconnaissance, but its 
depth information is more I imited. The problems 
of AMT are not much different from the problems 
encountered for MT, given above. AMT studies 
should deal with 1) el irnination of bias and 
scatter, 2) improvement of fie I d systems, and 
3) frequency dependent resistivity effects. 

1. AMT resu I ts are often degraded by bias and 
scatter, and present data acquisition systems are 
unable to detect or el iminate causative noise. 
These problems may be more severe in AMT than MT, 
because surface inhomogeneities, source direction, 
and man-made noise are more prevalent or have a 
greater influence on results. These problems 
need to be isolated and studied individually 
and systemat i ca I I y. 

2. Present field systems have limited capabi-
I ities and should be improved. In particular, AMT 
data acquisition and processing systems are needed 
which can evaluate data qual ity, calculate impe
dance phases, and obtain apparent resistivities 
down to frequencies approaching 1 Hz. For these 
capabi I ities the system requires microprocessor 
teChnology for on-site data processing and inter
pretation, digital recording on magnetic cassettes 



for post-field processing (optional), and high
sensitivity, portable magnetometers with a wider 
frequency range than currently avai lable. 

3. Rock resistivities vary, tending to de
crease with increasing frequency over the AMT 
range. Whi Ie this effect may not often be large 
enough to cause erroneous and misleading AMT inter
pretations, the effect may be large in certain geo
thermal environments. A laboratory study of the 
frequency-dependent resistivity of rocks in geo
thermal regimes should be undertaken to better 
evaluate the appl ication of AMT and IP methods. 

Control led-Source Electrical and Electromagnetic 
Methods 

Under this class of methods we consider gal
vanic electrical resistivity, induced polarization 
and electromagnetic induction. The research areas 
identified are as follows: 1) two-dimensional in
terpretation of resistivity data, 2) magnetometric 
resistivity, 3) inductive coupl ing effects in 
induced polarization, and 4) controlled-source 
electromagnetic surveying. 

1. lviost apparent resistivity data, whether from 
galvanic or inductive methods, must be interpreted 
in terms of two- or even three-dimensional models; 
the easy-to-use one-dimensional interpretations are 
usua I I Y inadequate. Desp i te many recent advances 
in computer programming, interpretation based on 
two-dimensional models is slow and arduous, requir
ing many trial-and-error forward calculations. 
Interpretations for three-dimensional models are 
in their infancy, I imited to simple structures. 
For these reasons we suspect that much of the re
sistivity data collected by industry has not been 
properly interpreted. The waning interest in re
sistivity methods may be due in part to industry 1 s 
i nab iii ty to a I locate the proper amount of effort 
to interpretation. Faster, more automatic two
dimensional methods must be developed, and work 
must continue to optimize three-dimensional model 
algorithms. 

2. The magnetometric resistivity method (MMR) 
is not known to have been appl ied to geothermal 
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exploration. Compared to galvanic resistivity, 
f"jlviR has certa i n advantages in terms of speed, less 
sensitivity to surface inhomogeneities, and greater 
sensitivity to bedrock conductors beneath overbur
den. MMR should be evaluated by means of field 
tests at several geothermal areas where supporting 
information exists. At the same time it is worth
whi Ie to study the magnetic induced polarization 
(MIP) effect, for this approach may be less 
sensitive to inductive coupl ing effects than 
convent i ona I I P (see be low) • 

3. Despite geological arguments for the appl i
cabi I ity of induced polarization (IP) in certain 
geothermal regimes, the technique is not being 
used. Of the severa I poss i b I e reasons, one of the 
I ikel ier is that inductive coupl ing errors, which 
have the appearance of true IP anomalies, are 
large in conductive areas and can be neither 
avo i ded by properf i e I d procedures nor eas i I Y and 
accurately corrected for by post-field processing. 
Research is needed to find a procedure whereby the 
inductive coupling effect can be determined direct
ly and specifically for each group of implanted 
electrodes. 

4. Contro I I ed-source electromagnet i c techn i ques 
have advantages over both dc resistivity and natu
ral field resistivity techniques. The development 
and demonstrat i on of contro I I ed source methods for 
exploration at depths of several ki lometers has 
been impeded for several reasons. Among these are 
instrumental and procedural difficulties in genera
ting and measuring the low-frequency fields, and 
the difficulty of interpreting the results when the 
earth cannot be approximated by a simple model. 
Advances in technology now make it possible to 
bu i ~d a pr~ct i ca I I arge-moment system cover i ng the 
10- to 10 Hz range and to interpret results from 
more complex areas. One problem is the source; 
ideally it should have a large moment, be easy to 
deploy, retrieve and move in the field, and be 
oriented for optimum signal-to-noise. Although 
the most practical transmitter at this time is a 
re I at i ve I y sma I I-d i ameter, mu I t i-turn hor i zonta I 
loop, this transmitter is not ideal. A rotating 
dc magnet would be better but to achieve the large 
moment needed, a lossless dc superconducting magnet 
would have to be designed for this appl ication. 

CONTHOLLED-SOUHCE ELECTHOMAGNETlC SYSTEM 
/1, F. Morrison, G. Oppliger, 
C. Hioews, B. Jain, and N. E. Goldstein 

INTRODUCTION 

As part of the geothermal exploration investi
gations in Northern Nevada, field tests were made 
in 1976 of a pre-prototype EM System pieced to
gether from components on hand. Despite the primi
t i ve nature of the equ i pment, i nterpretab I e data 
were obtained, yielding EM sounding results that 
compared favorably with ~he results from other 
electrical techniques. 1, Because of these encou-
raging results and because such a system would fi I I 

a technological gap in geothermal exploration, an 
engineering study to design a proper system was 
begun. The system, designated EM-60, would consist 
of two sections: (al a transmitter section 
consisting of the power source, switching 
electronics, control units and transmitter, and 
(b) a receiver section consisting of a multi
channel synchronous detector, telemetry and phase 
referencing circuits and a three-component, high 
sensitivity magnetometer. Design goals included, 
among other detai Is discussed below, a system that 



would be inexpensive to bui Id and operate and that 
would provide useabl~ in ion over a wide 
frequency range (10- to 1 Hz), thus permitting 
EM soundings to depths of several ki lometers, As 
the system was conceived it would have several 
advantages over conventional (galvanic) dc 
resistivity surveys: it would have no long wires 
to layout, retrieve and move; there would be no 
need to make direct electrical contact with the 
ground; it would be less affected by local surface 
inhomogeneities; and it would make possible faster 
surveys using a combination of geometric surveying 
(changing source and receiver locations) and 
parametric surveying (changing frequency), that 
is, a number of depth soundings from one 
transmitter location, 

In addition, the system would have some ad
vantage over natura I fie I d magnetote I I ur i c sur
veying because information would not be missed 
due to low natural field strength in certain fre
quency bands, 

The transmitter section was to be designed 
and assembled by engineers at LBL, where the motor 
generator and other components were already avai
lable, The synchronous detector for the receiver 
section was to be designed and assembled by en
gineers in the Department of Materials Sciences 
and Mineral Engineering, Engineering Geosciences, 
University of Cal ifornia, Berkeley, where exper
tise was avai lable on microprocessor-control led 
synchronous detectors, An existing three-component 
SQUID magnetometer was to be used initially as the 
sensor, but because of the magnetometer bandwidth 
I imitations it was recognized that an improved sen
sor would ultimately be needed, For this reason, 
consideration was also directed toward designing a 
SQUID magnetometer with a higher upper frequency 
than currently existing, 

ACTIVITIES IN 1977 

Transmitter Section 

One of the major design considerations for 
the transmitter sec~ion was to obtain a large di
pole moment, M > 10 mks, by means of a relatively 
sma I I-d i ameter, hor i zonta I co ii, Th i s type of 
transmitter coi I was selected for ease of opera
tion, Inductance has to be kept low to maximize 
the effective frequency range, Loop diameter has 
to be relatively large to maximize moment and 
reduce inductance, but the loop diameter must also 
be kept sma I I enough to fac iii tate fie I d opera
tions, Based on previous experiences, field crews 
found the size 4/0 we I ding cab I e to be eas i I Y 
handled, and a 30-meter-diameter, multi-turn coi I 
of this wire was selected, 

To drive the coi I an avai lable 60-kW truck
mounted motor generator set was refurbished, The 
necessary switching system was designed, fabri
cated and tested, Because of the inductive load 
and large current, neither SCRfs nor mechanical 
switches were feasible, A switching array con
sisting of transistors (International Pacific, 
Model IR 5066, 900 volt) mounted in modular, 
para I I e I arrays was des i gned to hand I e the source 
which alternates between +150 V and -150 V, up to 
400 A, The actual current in the load is compared 
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to a selected value and the symmetry of the wave
form is changed to provide the correct current. 
This is done automatically by means of a feedback 
system without the need for special tuning capa
citors. The design includes generous use of 
fuses, protection diodes, shutdown logic and 
varistors, 

The EM-60 transmitter is operated from a re
mote panel that can be placed away from the noise 
of the motor generator, The panel allows adJust
ment of the fundamental frequency to three signi
f i cant f i ures over six decades, Current amp I i
tude in loop is adjustable and can be read to 
three significant figures. The control unit also 
contains indicator lamps that monitor operations 
and control buttons to activate and shut down the 
system, In addition, a voice intercom is bui It 
into the unit, with provision for a hardwire I ink 
to the receiver unit. 

The electronic, electrical and mechanical 
designs were completed and the motor generator set 
and truck was refurbished, By November assembly 
of all major units was finished. Final debugging 
and system checkouts were delayed because of 
relocations involving manpower diversions to other 
projects with critical timing problems, 

Receiver Section 

The goal of the work was to design, bui Id and 
test a I i ghtwe i ght, battery-operated, six-chan ne I 
digital synchronous detector, The instrument must 
be capable of accurately measuring the phase and 
ampl itude of local magnetic and electric field Sig
nals referenced to a distant transmitter current, 
Critical specifications for the receiver are an 
obtainable phase accuracy of 1 mr and a detection 
frequency range of 0,001 to 1000 Hz. 

The work planned for 1977 consisted of: 
1) evaluation of system design approaches, 
2) system hardware design and development, and 
3) development of microprocessor system software. 
The Motoro I a M6800 microprocessor via s chosen 
because of our previous work with it, 

As work proceeded, it proved practical to 
add a full harmonic analysis capabi I ity to the 
receiver. This significantly enhanced the 
in strumen t' s per formance by a I low i ng the detect i on 
of the harmonics contained in the squarewave signal 
produced by the transmitter, 

The design approach has produced a flexible, 
self-contained instrument that wi II meet the re
qu i rements of the contro I I ed-source EM rece i ver. 
A specification sheet is shown in Table 1. The 
receiver is also I ikely to have direct appl ica
tions in other active and passive geophysical 
exploration systems, 

PLANNED ACTIVITIES FOR 1978 

Dynamic tests of the transmitter section wi I I 
be conducted first without the receiver and later 
with the receiver and the telemetry I ink, Sys
tem programming and laboratory testing of the syn
chronous dector wi II be finished early in 1978, 
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Table 1. M6800 microcomputer signal processor programmed as a 
six channel synchronous detector/spectrum analyzer. 

Frequency range 

Phase resolution 

Number of cycles averaged 

Number of points sampled 
per cycle per channel 

Number of harmonics anal 

Analog inputs configurations 

Input voltage 

Analog to digital 
conversion resolution 

Synchronization signal 

Phase reference 

Detection algorithm 

Quantities output 

Data output form 

Power consumption 

I nterna I battery life 

Size and weight 

1.01 x 10-3 to 1.0 kHz 
(990 sec to 1.0 msec) 

Better than 0.05 degrees 

Up to 2 16 cycles 

1.0 kHz to 70 Hz: 4 pts/cyc I e 
6.9 to 180Hz: 16 pts/cycle 
17 Hz to 0.00101 Hz: 64 pts/cycle 

Up to 32, 8, or 2 harmonics for 64, 
16, or 4 pts/cycle respectively. 

Six single-ended or differential 
channels 

±5 V signal voltage 

12 bits binary 

7.68 MHz, TTL internal or external, 
switch selectable. 

Any signal appl ied to channel 1 acts 
as phase reference for channels 2 
through 6. 

4 pts/cycle (8-bit data resolution) 
i. Acquire 16 cycles of data. 

i i. Stack data, repeat i. 
iii. Sine and cosine transform of stacked data. 

16 and 64 pts/cycle (12-bit data resolution) 
i. Acquire and stack data continuously. 

i i. Sine and cosine transform of stacked data, 

Amp I i tudes, phases, number of cyc I es averaged, 
harmonic number, period of fundamental, 
station and run number. 

5-digit LCD and 6-column thermal printer. 

10-15 W 

8-10 hrs continuous 

9 x 16 x 16 in" 35 Ibs. 

The detector design wi I I be expanded to include 
"time-domain" analysis. 

for completeness and accuracy. The tinal results 
wi II be compi led and made avai lable to industry. 

Fol lowing local field tests to fami I iarize a 
crew with systems operation, the EM-60 wi I I be 
field tested at one or more geothermal reservoirs, 
and the data obta i ned 1'1 i I I be compared to res u Its 
from previous electrical studies. Several possible 
sites for th i s work have been suggested: Roose
velt in Utah, Grass Valley in Nevada, and Mt. Hood 
in Oregon, among others. 

Documentation of all essential design fea
tures, a I ready begun, 1'1 i I I be extended and rev i sed 
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DOWNIIOLE FOHMATION FLUID SA[\lPLEH 
]. A. Apps 

The primary goal of this project is to inves
t i gate the feas i b iii ty of deve I op i ng a downho Ie 
formation fluid sampler which is capable of opera
t i ng in geotherma I we I I s at temperatures to 2750 C 
(527oF) at well depths to 10,000 tt. 

The abi I ity to sample geothermal formation 
fluids directly, in order to measure their physi
c I and chem i ca I propert i es, is current I y very d i f
ficult or impossible, Most samples collected are 
either mixtures from several producing formations, 
or contaminated with water from other sources. 
This seriously hinders our abi I ity to interpret 
the reservoir potential of geothermal fields, 

The Geothermal and Geoscience Group in the 
Energy and Environment Divison of Lawrence Berkeley 
Laboratory is currently involved in over 25 pro
jects funded by DOE. Several of these projects 
(for example, in East Mesa, Raft River, and Cerro 
Prieto) would benefit directly from data obtained 
with an improved downhole formation fluid sampler. 

The American Oil Company (AMOCO) has 
cooperated in formulating this project, and has 
already invested $150,000 in development of a 
proof-ot-concept tool. AIVDCO staff wi II continue 
to provide technical assistance to LBL at no charge 
during the development of an Improved sampler. 
AMOCO staff and field personnel have offered to 
test the sampler in their wells, which vary in 
depth from 6

6
°00 - 12,000 ft and have temperatures 

reaching 120 C (24SoF). Several operators of 
geothermal wei Is at various sites in the United 
States have expressed interest in testing the 
samp I er I n the i r own we I Is. 

In order to develop an effective downhole 
samp I er for use in the geotherma I industry, a 
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number of features of the existing design need 
to be modified. These include: 

1, Abi I ity to operate at temperatures over 
27SoC (S27 0 F), which involves problems 
relating to cable degassing, electrical 
insulation, lubrication, and explosive 
charge stabi I ity. 

2. Ab i i ty to operate at depths greater than 
10,000 to 12,000 ft. 

3, Reduction in the number of O-rings. 

4. Reduction of the redressing time to 4 hr. 

5. Replacement of the mechanical cable actua
tion ot the pump with a down well motor. 
This can be an electric motor, or an inter
nal combustion motor. 

6. Ab iii ty to take mu I tip I e samp I es at severa I 
depths without redressing. 

7. Increase in the rei iabi I ity of the elec
trical switching. 

8. Ability to record at ground level, while 
the samp I er is measur i ng in the we I I, the 
following parameters in addition to pressure 
and resistivity: temperature, pH, Eh, and 
f low rate ot format ion flu i d and hence p.er
meabi ity of the formation and recovery time 
of the we I I. 

During fiscal year 1977, a prel iminary evalua
t i on of the samp I er and the feas i b iii ty of mak i ng 
improvements to the design was started. It is 
expected that th i s work 1'1 i I I be comp I eted in f i sca I 
year 1978. 

MOUNT HOOD GEOTlIEHMAL HESOUHCE ASSESSMENT 
II. A. V/ollcnlJcrg, II. Bowman, S. Flexser, 
N. E. Goldstein, II. F. Morrisoll, and E. l\;!o;:,!ey 

INTRODUCTION 

Mt. Hood is a young but dormant volcano 
situated approximately SO km east of Portland, 
Oregon (Fig. 1). In 1977, under the auspices of 
DOE, with coordination by the State of Oregon's 
Department of Geology and fvlineral Industries, and 
support by the U,S. Geological Survey, the U.S. 
Forest Service and various research groups, a 
project was begun to evaluate the geothermal 
potential of the volcano. This volcano was 
selected from several others in the High Cascade 
Range because of its proximity to a major city, 
the abundance of federally controlled land on which 
to work, evidence for high-temperature rocks near 
the surface, and a growing interest in the region 
by private industry. Besides the geothermal 

potential evaluation, a secondary objective of the 
study was to test and evaluate the site-specific 
usefulness of various exploration techniques. 
LBL has the respons i b iii ties for coord i nat i ng the 
geochemical and electrical geophysical aspects ot 
the project. 

GEOCHEMICAL STUDIES 

The geochemical sector of the project encom
passes sampl ing and analyses ot warm and cold 
spring waters, country rocks, and tumarol ic gases, 
to discern the temperatures at depth in circula
ting hydrothermal systems, and the pathways the 
waters may take from their sites ot origin into 
and through hot zones within the mountain. 
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Figure 1. Simpl ified location map of Mt. Hood area. 

Initial sampling of cold and warm spring 
sources, in conjunction with USGS and State of 
Oregon personne I, was accomp I i shed in the summer 
of 1977. Waters were analyzed for trace and major 
elements by gamma-ray spectrometric, neutron acti
vation and X-ray fluorescence techniques at LBL, 
and for oxygen and hydrogen isotope ratios by mass 
spectrometric methods at Saclay, France. In addi
tion, samples of fumarol ic vapors from the summit 
crater area of Mt. Hood were co I I ected in J u I v 
1977, and their gas contents analyzed by the USGS 
geochemical group under the direction of A.H. 
Truesde I I. 

Chemical geothermometry and mixing model 
calculations yielded prel iminary estimates of 
temperatures at depth of hot and unmixed hot 
waters in the Swim Warm Springs system, on the 
south flank of Mt. Hood (Table 1). 

Table 1. Summary of estimated subsurface 
temperature at Swim Springs. 

Geothermometers 
Si02 100-1250 C 

Na-I<-Ca (S~1/3) 

6180 - S04 108-1100 C1 

Si I icaMixing Model 2 

Temperature of unmixed hot water 237 0 Ca 

Fraction of cold water 0.92 

a Questionable, because it is a low-flowing system. 
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A plot of isotope ratios of hydrogen and oxy
gen for cold and warm spring waters is shown in 
Figure 2. The points for warm and cold springs 
fall close to the I ine for meteoric waters, indi-
cat i ng that the warm water s, I Y d i I uted by 
near surface runoff, had little i any interaction 
with rocks at depth; the warm water points would 
be substant i a I I Y sh i fted to the right of the me
teoric water I ine if there had been appreciable 
interaction. However, the grouping of the warm 
water points at the more negative values indicates 
that the source of the warm spring water is gene
ra I I Y higher on the mounta i n than the sources of 
most ot the cold springs sampled. Exceptions are 
a spring at Mt. Hood Meadows and a spring in a 
quarry cut by felsic dikes, well east of Mt. Hood. 
The grouping of the points indicates that the cold 
waters have shorter pathways between their sources 
and the springs, whi Ie a component of the warm 
water may circulate deeply enough in the mountain 
to corne in close proximity to a hot central con
duit system. 3 

Future geochem i ca I work on Mt. Hood 1'1 i I I 
inc I ude per i od i c samp ling of the severa I or if ices 
in the Swim Springs area and the spring at Mt. Hood 
Meadows, to discern the seasonal effects of surface 
runoff di lution of the Ivarm springs. The fumaroles 
in the summit crater area wi I I be resampled to 
obtain abundant condensed vapor, permitting 
determination of isotope ratios for comparison with 
ratios of waters from lower parts of the mountain. 

Results of major- and trace-elements analyses 
as wei I as isotope ratio determinations wi I I be 
compared with those by White (U. of Oregon)4 of 
trace and major elements in Quaternar-y and Recent 
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Figure 2. Delta values for oxygen and hydrogen 
isotopes in Mt. Hood waters. The delta value, 
given in mils (0/00 ), is defined as 

a R(sample) - R(standard) o "in /00 x 1000 , 
R(standard) 

where R represenTs thg isotope ~atios of deuterium 
to hyd rogen and 0/ 1 O. In th I S case the standard 
is "standard mean ocean water." 



Mt. Hood eruptives, and strontium isotope ratios 
determined by Dasch (Oregon State Universityl5 on 
some of the Mt. Hood rocks and waters. 

GEOPHYSICAL STUDIES 

A planning committee composed of experts in 
electrical methods was convened to discuss and 
plan experiments on Mt. Hood. The committee deci
ded that the magnetote I I ur i c method (MT), wh i ch re
lies on natura I I ow- -f requency electromagnet i c 
energy, would be the initial technique. MT pro
vides deep exploration without the need for long 
wires and heavy generating equipment, an important 
consideration on Mt. Hood's rugged terrain. A re
search plan was formulated which combined an elec
trical survey with various tests of MT data acqui
sition and processing. The Mt. Hood work included 
tests of (a) the te I I ur i c-magnetote I I ur i c (T -MTl 
method, (b) the remote magnetometer (RM) technique, 
and (c) variable electric dipole length. 

(a) Telluric-Magnetotelluric Method 

This method, which can reduce the cost of MT 
surveys, uses one convent i ona I (f i ve-component) 
tensor MT station (the base station) and any num
ber of remote telluric stations. On the assumption 
of magnetic field unformity over the area encom
passing al I stations, magnetic field data recorded 
at the base station are analyzed with telluric 
data at base and remote stations to obtain elec
trical depth soundings for all stations. Because 
magnetic field uniformity cannot be assumed in 
areas of complex geology, the val idity of the T-MT 
method was checked by a leap-frog approach, that 
is, by setting tensor f'lIT stations over previous 
remote telluric stations. 

(b) Remote Magnetometer Technique 

Previous MT investigations showed that calcu
lated impedances were biased, particularly in fre
quency bands where natural electromagnetic field 
activity was weak. The source of the bias was 
traced to uncorrelated noise, that is, signal that 
was not detected uniformly on electric and magne
tic channels. Although its origin is conjectural, 
the noise maybe effectively eliminated during 
impedance calculations if data from a separate re
ference magnetometer is also used. When the im
pedances are def i ned a I gebra i ca I I yin cross-spec
tral terms only, the uncorrelated signals from 
both sets of data must average to zero. 

(c) Variable Electric Dipole Length 

Unless a region is free from surface inhomo
geneities, the length ot the electric dipole and 
the location of each electrode may bias calculated 
impedances. In areas of complex geology, compen
sation is made by using long dipoles to measure 
the electric field, thus achieving a spatial 
averaging effect. The trade-ofts between suppres
sion of near-surface geological etfects and reso
lution of deeper geologic inhomogeneities by 
varying dipole length is a subject that has not 
been adequately studied, either by field measure
ments or by numerical models. LBL decided to 
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make a start in the direction by conducting tests 
involving different dipole lengths. 

A geophysical contractor, Geonomics, Inc. of 
Berkeley, Cal ifornia, was selected by LBL to col
lect the data and to perform the conventional MT 
analyses. Of several contractors capable of con
ducting MT surveys, Geonomics was the only one 
having sufficient instrumental capabi I ities to 
perform both the T-MT and RM measurements simul
taneously. Eleven channels of information, five 
from base station detectors and six from remote 
station detectors telemetered to base, were re
corded on a digital magnetic tape. Because of 
geological unknowns, the MT survey was conducted 
in two field phases. 

Phase! commenced in June and was confined to 
a relatively small area (~15 square mi les) on the 
south side ot the mountain, below Timberl ine Lodge. 
This area was chosen because the relatively good 
road access would permit a high enough station 
density to determine whether the subsurface struc
tures are three-dimensional. The area also inclu
ded the warm water emanat ions near the St i I I Creek 
campground, the only known thermal manifestations 
other than fumaroles in the summit region. Twenty
nine stations, of Ivhich five were duplicates, and 
two reference magnetometer stations were occupied. 
One variable dipole-length test was made, and a 
second test had to be dropped because of time 
I imitations. Results were not uniformly good. 
Important data at higher frequencies were not 
obtained at many stations due to serious man-made 
noise interference and an instrumental problem, 
which was later corrected. Plans to locate remote 
tel !uric stations on the Palmer glacier were not 
fulfilled. However, subsequent self-potential and 
prof i Ie te I I ur i c measurements on the g lac i er by 
members of the U.S. Geological Survey showed that 
the high contact resistances and very high 
streaming potenlial voltages would have made our 
efforts futi Ie. 

Significant findings from Phase I were: 

(a) The geology appears strongly two-dimen
sional, oriented north-south, with the 
more resistive side to the east and 
outs i de the Phase I area.' 

(b) Impedances at the station near the warm 
springs were definitely anomalous, 
showing a much higher conductivity 
extending from surface to depth. 

(c) Limited RM processing gave extremely 
encouraging results. 

Phase I I commenced in I ate September and was 
completed in early November. It was decided to 
open the survey aperture, that is, to decrease 
stat i on dens i ty and obta ina broader samp ling 
around as much of the volcano as possible. Five 
clusters ot stations were planned, each cluster 
consisting of two complete T-MT and RM set-ups. 
One cluster was on the north side, extending north
ward from Cloud Cap; two clusters were on the east
southeast and crossing the presumed Hood River 
fault; another cluster was located on the south 
in the White River area; and the last was on the 



west in the Old Maid Flat area. All but the last 
cluster were completed. Only one set-up in Old 
Maid Flat was made before weather made further 
work impossible. 

Significant findings in Phase II were: 

(a) The simple model developed from Phase 
results was not confirmed by Phase II. 
Structural effects were two-dimensional 
as before, but directed radially toward 
the summi to 

(b) Two stations nearest Cloud Cap, a site 
of fairly recently erupted volcanics 
(-2000 years old), were anomalous, 
showing a very conductive regime. 

(c) Val idity of the T-MT method was confirmed 
for the Cloud Cap area. 

Plans for 1978 

Plans for 1978 include complete processing and 
interpretation of the Phase I and I I data sets. 
Our basic MT computer program was rewritten to al
low RM processing of data. Another new computer 
program wi II provide statistical error estimates 
for all RM-processed data. Interpretation of re
sults wi II be undertaken by means of additional 
two-dimensional MT model studies and continued 
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work to develop and exercise an accurate and ef
ficient three-d imensional MT model ing program. 

In addition, more electrical survey work is 
planned to supplement and complement the MT re
sults, At this time, plans have not been fi-
nal i zed, but our general intentions are to acquire 
near-surface resistivity data missed in the MT 
work and to conduct detai led surveys in areas of 
special interest, for example, Sti II Creek Camp
ground and Cloud Cap. 
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GEOCHEMISTRY OF FOUR NORTHEHN NEVADA HOT SPlUNGS AREAS 
lJ. A. Wollenberg, lJ. Bowman, and F. Asaro 

As part of the project to evaluate geoscience 
techniques and to assess the potential of geother
mal resource areas in northern Nevada, extensive 
sampl ing and analyses of cold and warm water 
sources were conducted. This geochemical work was 
done in conjunction with g~~Jogical and geophysical 
studies in the same areas. 1 3 The work, begun in 
1974, encompassed sampl ing of waters and rocks in 
the hydrologic regions surrounding the Beowawe, 
Buffalo Valley, Leach, and Kyle hot springs areas 
(a general location map is shown on Figure 1; 
samp ling sites are located on the maps, Figures 2 
and 3). Analyses by gamma-radiometric, neutron ac
tivation and non-dispersive x-ray fluorescence 
techniques disclosed the abundances of major-, 
trace-, and radioelements in country rocks and 
cold- and hot-spring waters. This permitted appl i
cation of chemical geothermometers to estimate the 
temperatures at depth of unmixed hot water in the 
geothermal systems, and to estimate the influence 
of country-rock chemistry on the chemistries of 
the geotherma I flu ids. 

Figure 1. General location map of Beowawe, Buffalo 
Valley, Leach, and Kyle hot springs areas. 
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Figure 2. Water sampl ing sites for Beowawe, Buffalo Valley, L.each, and I<yle hot springs. 

The principal activity in 1977 was to evaluate 
the anadytical data and summarize the results in a 
report. Conclusions reached in that summary are: 

1. Samp Ii ng methods, comb i ned with neutron
activation and non-dispersive X-ray fluorescence 
analyses, give accurate trace- and major-element 
abundances in rocks and waters. 

2. Uranium and molybdenum appear to be 
concentrated more in cold springs than in hot 
spr i ngs, wh i I e other trace elements are genera I I y 
more abundant in the hot springs. Kyle and Buffalo 
Va I I ey hot spr i ngs wh i ch depos it CaC03 , are 
considerably more radioactive than the si I ica
dominated springs of Beowawe and Leach, The 
relatively high concentration of barium in the 
Beowawe region is reflected in the chemistries of 
the hot and cold waters of Whirlwind Valley. 

3, Mixing model calculations estimated tem
peratures we I lin excess of 2000 C for unm i xed water 
at Leach and Kyle. These are probably too high, 
in I ight of springs water chemistries. The model
calculated temperature, 2000 C, of unmixed hot water 

at Beowawe is close to that determined by alkal i
element geothermometry, indicating little near
surface mixing of hot and co~d water. The 1800 C 
calculated for unmixed hot water af Buffalo Val ley 
is within the ragge estimated by alkal i-element 
geothermometers. 

4. Contents of tungsten and dissolved H2S in 
hot-spring waters may be indicative of subsurface 
temperature. 

5. Uranium is probably concentrating in hot 
spring systems, on the order of tens of grams per 
year. If appropriate assumptions are met, a know
ledge of uranium parent and daughter isotope abun
dances may provide sufficient data to estimate the 
age of the systems, 

Information from geophysical surveys was com
bined with the geochemical data to assess the via
b iii ty of the hydrotherma I systems. For examp Ie, 
Goldstein and Paulsson6 estimated from gravity 
data the excess mass of material deposited over 
the mil I en i a by the geother~a I waters at Leach and 
Kyle hot springs: 2.5 x 10 metric tons at Leach, 
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Figure 3. Rock sampl ing sites for Beowawe, Buffalo Valley, Leach, and Kyle hot springs. 

7 x 108 metric tons at Kyle. Combining this in
formation with th§ apparent ages of the spring 
systems (3.1 x 10 years for Leach and 7.8 x 104 

years for Kyle) as determined by radio-chemical 
techniques, and with the chemistry of the present
day warm waters, we estimated the steady-state flow 
rates over the life of the spr i ng systems: Ky Ie, 
178 I iters/second; Leach, 80 I iters/second. The 
flow rate at Kyle ~s tens of times the present-day 
surface discharge;J the steady-state flow rate at 
Leach is five times the observed surface dis
charge. 7 
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NORTHERN NEVADA INVESTIGATIONS: HEAT FLOW 
ll. A. vVollenherg and D. eli Somma 

Results of heat flow mea~urements in Grass 
Valley, Nevada, begun in 1975 were analyzed in 
1977, Eighty-two dri II holes ranging in depth 
from 18 to 400 m were dri 11 1d in 1975, 1976 and 
1977 over an area of 200 km near Leach Hot 
Springs, Temperature gradients were measured and 
thermal conductivities determined on samples of 
cores and cuttings from the holes, The resulting 
heat flow values and interpretations have been 
pub I i shed ina recent I y issued USGS-LBL Open F i Ie 
Report. 2 The project was sponsored in part by DOE 
and in part by the U,S. Geological Survey. 

Outside the immediate area of Leach Hot 
Springs, heat flow ranges from 1 to 6.5 heat flow 
units (1 hfu=106 cal cm-2 sec- 1). Within 2 km of 
the springs, conductive heat flow ranges from 1.6 
to more than 70 hfu, averaging 13,6 hfu, Much of 
this conductive heat flow stems from the circula
ting convective hydrothermal system at depth, 
Along with the large thermal anomaly associated 
with the hot springs, two other anomal ies with 
heat flows greater than 5 hfu were also discerned 
(Figure 1); one centered approximately 5 km south
wes-r of the hot springs (the mid-valley anomaly, 
QH3), the other approximately 9 km SSE in the 
vicinity of Panther Canyon, As with the hot 
springs anomaly, the Panther Canyon anomaly, al
though I t has no surface man I festat i on, I s most 
I ikely associated with a convecting hydrothermal 
system local ized by faulting on the western boun
dary ot the Sonoma and Tobin ranges. 

There is no apparent surface expression of 
the mid-valley anomaly either; it appears to be 
related to a bedrock high or horst, discerned by 
other geophysical measurements, buried beneath 
Quaternary alluvium and Tertiary sediments. Dri I
I ing in 1977 by the USGS3 confirmed the presence 
of the horst and indicated that the observed high 
heat flow is caused by hydrothermal circulation in 
the bedrock, 

Computer modeling to find the combined con
vecl-ion-conducl-ive model fitting the Gr~ss ~alley 
heat flow data was undertaken by Majer, HIS pre-
lim i nary resu I ts genera I I Y support the proposed 
therma I mode I , 
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NORTHEHN NEVADA INVESTIGATIONS: GHAVITY STUDIES 
N. E. Goldstein alld B. Palllssoll 

Detai led gravity data from surveys made in 
the vicinity of I_each Hot Springs, Grass Valley, 
and Kyle Hot Springs, Buena Vista Valley, were 
analyzed. The results were then studied in rela
tion to other geophysical and geological evidence 
to derive a better geological model of local struc
ture and the gravity anomal ies associated with 
heat flow highs. l 

The complete Bouguer gravity data were inter
preted by means of an iterative three-dimensional, 
two-layer inversion process to obtain the depth to 
II basement" beneath the va I I ey- f i I I mater i a I. Base
ment in this sense is an interface which, for a 
density contrast that must be determined by trial 
and error, has zero depth at the range fronts and 
the correct value at points where there is subsur
face information, for example, dri II results. 
Supported by evidence from a deep U.S. Geological 
Survey dri II hole ~n Grass Valley, a density con
trast of 0.06 g/cm was found to give a reasonable 
fit to the Paleozoic rock subcrop and the Paleo
zoic rock outcrop at the Sonoma Range. The depths 
to Paleozoic rocks were also found to agree very 
wei I with the seismic interpretation obtained by 
means of a finite element model of seismic reflec
tion and retr2ction data along part of line E-E', 
Grass Valley. Gravity and seismic interpretations 
also give very close agreement on the location and 
dip of the Hot Springs fault. The gravity inter
pretation was compared to resistivity models ob
tained from dipole-dipole measurements on two 
lines. I n genera I, the grav i ty i nterpretat i on 
agrees reasonably well with the configuration of 
the 150 ohm-m basement,3 although the electrical 
basement is usua I I Y 200 m to 400 m deeper than the 
density and velocity interface. This could be due 
in part to resolution and nonuniqueness problems 
in the resistivity interpretation. 

The Grass Valley gravity inversion reveals a 
complex basement picture which was interpreted in 
terms of numerous inferred normal faults, some of 
which have surface expressions. Inferred faults 
trend mainly north-south and northwest-southeast, 
but there is also a set of northeast-southwest 
trending faults. The latter are interesting be
cause they not only conform to the regional trend 
of hot springs in northwestern Nevada, but two of 
them are associated with local thermal anomal ies. 
The Hot Springs fault passes through Leach Hot 
Springs and there is an unexplained 6 hfu thermal 
anomaly near the Panther Canyon fault, at the 
mouth of the Canyon. We can speculate that the 
intersection of older northeast-trending faults 
and the younger Basin and Range faults may pro
vide the fracture permeabi I ity for ascending 
therma I water s •. 

Two local gravity highs, both associated with 
heat flow anomal ies, were analyzed. Excess mass 
calculations for a 5 mgal residual anomaly cen
tered at Leach Hot Springs gave an excess mass of 
2.5 x 108 metric tons, believed due mainly to pre
cipitated si I ica, and an excess density of about 

0.18 g/cm3 • This is equivalent to a silicified 
pipe 1 km in diameter and i.9 km in depth extent. 
This vertical dimension seems sufficient to ex-
plain 100 ms P-wave advance at Leach Hot 
Springs, but joint model ing of gravity and seis
mic del~y data has not been done. 

The sma I ler Section 14 gravity anomaly in 
1. 31 N., R. 38 E. was not studied in detai I as 
it was be I i eved to be caused by a sha I low basement 
high, possibly fault controlled, extending north
ward from the Goldbank Hi I Is. The coincident 5 hfu 
anomaly has a convective component, as determined 
from dri II ing. 

Grav i ty data from Buena Vista Va I I ey were 
processed i simi lar manner. A density contrast 
of 0.06 gave a zero depth-to-basement that 
conforms closely with outcropping Mesozoic-Paleo
zoic rocks of the East Range. Over the val ley, 
the depth-to-basement agrees Ive I I 1'/ i th the 50 
ohm-m electrical basement determined fro~ a model 
study of dipole-dipole resistivity data. A bulge 
in the gravity contours 2 km south of Kyle Hot 
Springs suggested a densifica-rion from precipita
ting CaC03 , the principal deposit found at Kyle 
Hot Springs. A careful subtraction of the back
ground grav i ty produced a broad 2 mga I I oca I res i
dual anomaly. The anomaly shape suggests it may 
be local ized by northeast and northwest-trending 
faults, similar to the fault directions at Leach 
Hot Springs. The excess mass calculated for the 
anomaly is approximately 7.0 x 108 metric tons, 
nearly three times larger than the excess mass for 
the Leach anoma I • On the other hand, the age of 
the Kyle system, ined from radioelement 
abundances,4 is approximately 78,000 years, consi
derably less than the age determined for the Leach 
system. Th i simp lies that the average f low rate 
within the Kyle system must be considerably 
greater than the flow rate within the Leach system. 
Part of the difference in mass can be attributed 
to the fact that the total dissolved sol ids in the 
Kyle disc2arge waters is five times greater than 
at Leach. Nevertheless, the evidence 
that the Kyle system may be more active 
promising as a geothermal resource than 
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NOHTIIERN NEVADA INVESTIGATIONS: 
EXPLOHATION STRATEGY ANALYSIS 
N, E. Goldstein 

An analysis and summarization of the many LBL 
geoscience investigations in northern Nevada was 
done to develop an exploration strategy helpful 
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to industry. The LBL principal investigators (N.E. 
Goldstein, H.A. Wollenberg, H.rc. Morrison and T.V. 
McEvilly) and University of California graduate 
students and staff (A. Dey, E. Majer, H.F. Beyer) 
evaluated the effectiveness of exploration tech-

helpful in answering geological questions about 
the thermal regime and the potential of the 
geothermal resource, or in planning follow-up 
exploration. 

Based on the effectiveness ratings and dis
cussions among investigators, an exploration plan 
was devised (Figure 1) consisting of: 

n i ques app lied by LBL, P I us some that were app lied 
by others <Table 1). A quantitative "cost-effec
tiveness" rating \'Ias assigned for each technique, 
based on the ratio of effectiveness and cost. 
Effectiveness was quantified in terms of two 
parameters: (a) the scientific value of a tech
nique, that is, whether interpretable information 
could be obtained, and (b) the practical value of 
the technique, that is, whether the results were 

1. Reconnaissance phase - directed at an 
initial study area of approximately 2500 mi 2 • 
This phase would have a basic program of geologic 
studies, rock age dating, geochemical studies, 
color/color IR photography, low-sun-angle black 
and white photography, and an optional supplemen
tal program consisting of regional seismotectonic 
studies and thermal IR imaging. 

Table 1. Northern Nevada geothermal exploration plan outl ine. 

Study Area: 

Objective: 

Methods: . 

*-)( Data 
Nevada. 

2500 square mi les 

Reduce study area to one or more 
subareas of <100 square mi les 
for detai led exploration 

A. Airborne 
** Aeromagnetics 
** Infrared imagery 
*-* Photography 

Low-medium altitude color 
and color I R 
High altitude black and white 

B. Surface 
* 
* 
* 

Geological studies 
Geochemical studies 
Regional gravity 

** Rock age-dating 

* Passive seismic 
Regional seismotectonic 
studies 
Microearthquake and ground 
noise studies 

** Hydrologic studies 
ional magnetic variometry 

<100 square mi les 

Reduce study area to one or 
more subareas of 2 to 4 square 
miles for drill tests 

A. Airborne 
High sensitivity 
aeromagnetics 

B. Surface 
* 
* 
* 
* 

Geological studies 
Magnetics 
Grav Ity 
Active seismic 

* Passive seismic 

* 

* 

Microearthquake 
• Teleseismic P-wave studies 
• Ground no i se 
Resistivity studies 
Self-potential 
Heat flow 

ava i I ab I e LBL sources or from previous 

2 to 4 square mi les 

Verify the presence 
of geothermal resource 

Test dr i I ling to depths 
of 1 to 2 km and we I I 
logging. 

in northern 



geconna i2S~~~fl1il2~ 
Cost ($000) 

60 

5 

~~oChemical~' , 20-
Studies 

, '--,-

16 ~ 

8-

Total $109 

rRegiO,n, a1 s~smo,- I tree tonics 

Tota 1 $91 
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Tra!ls it ion Phase 

Cos t ($000) 

6 
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L-"" (!) 
F- "0 
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~~~I 
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'" '" '" L_ 
;;:, '" Vl ~ 

Fall ow-up 
Detail Phase ~~ Confirmation 

Cost ($000) 

15 

15 

50 ' 

60 -

Tota 1 $140 

Electrical 59 Resistivity 

~lEQ Teleseismic 50 P-Wave 

Tota 1 $109 

Fi gure 1. Northern Nevada geoth erma 1 exp 1 orat ion stra tegy. 

2. 
dr i II ed 
reg i ona I data. 

12 heat flow holes 
supplement existing 

3. directed at a study area 
of approximate y mi 2 • This phase would have 
a basic program of geologic studies, gravimetry, 
seismic reflection and refraction, temperature 
gradien-I-/heat flow dri II ing, and a recommended 
supplemental program of electrical resistivity and 
microearthquake, teleseismic P-wave delay and 
amplitude val'iation s'rudies. 

4. 
test I-he 

deep drilling to 
prev ious work. 

An exploration plan must be evaluated in 
terms of the success or fa i I ure of -rhe deep 
confirmatory dri II ing. However, as this phase was 
not reached in the lBl program, the must 
be considered prel iminary and subject to verifica
tion" 

The strategy developed was closely analyzed 
at cril'ical phases i'o determine how variations at 
these phases would affect total outcome. The most 
important variables were (a) the timing of land 
acquisition and (b) the el imination of either or 
both the basic and recommended segments of the de
tai I-phase exploration prior to confirmatory dri I
I ing. Many possible modes of action concerning 
these variables were studied by means of a decision 
tree ana I ys i s us i ng chance probab iii ties based 
partially on experience. Each branch was followed 
through to either a successful dri II test or a 

fa i lure s i tual' i on. From these stud i es, severa I 
important exp I orat i on gu i de lines vlere der i ved: 

(a) Conduding the detai I-phase exploration 
prior i-o land acquisi-rion wi II result in a hi 
cumulative exploration cost, bu-r wi II improve the 
chance for locating a favorable dri II hole (by a 
fador of 2,2) if the project gets to the final 
dri II ing stage, 

(bl Project cost-effectiveness is found to 
increase as exploration thoroughness increases. 
Deferring land acquisition unti I after the basic 
detai I-phase exploration is completed gives higher 
cost-effectiveness values for both the general pro
ject and for those projects that ultimately reach 
the con f i rmatory dr i I ling stage. 

(c) An expected value (EV) analysis shows 
that the max irnum return on dr i I ling investment can 
also be expected if land acquisition is deferred 
unti I after the detai I-phase exploration is com
pleted. Conducting the recommended supplemental 
detai I exploration prior to land acquisition en
ta i I s the highest f i nanc i a I risk, but a I so gives 
the highest EV. Acquiring land before doing a 
more I imited version of the supplemental detai I 
exploration requires a lower financial risk and 
s light! Y higher cosi--ef fect i veness but gives a 
lower EV. 
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4. UNDERGROUND NUCLEAR WASTE STORAGE 

The waste isolation program began in 1977 as 
a modest effort to study radioactive storage in 
crystal I ine and argi Ilaceous rocks, investigate 
extant dry mines in the Un i ted States, in i t i ate 
a material property testing program, and perform 
numer i ca I mode ling, In mid year, these proj ects 
were overshadowed by the initiation of a heater 
project in Stripa, a mining community near the town 
of Stor~, Sweden by DOE and the Swedish government, 
By the end of the year, a second heater project was 
being initiated on the Hanford Reservation near 
Richland, Washington, 

Most of the initial waste isolation studies 
have been merged into the heater studies or termi
nated, The equipment developed by the material 
property testing program is proving to be valuable 
for the heater projects, The numerical model ing 
program served as an exce I I ent base for the co-

operative heater project and was therefore merged 
into it, Results of its calculations are reported 
herein, The study of existing underground mines 
for storage potential developed unforeseen prob
lems of a non-technical nature, The study was 
terminated at the request of the Office of Waste 
I so I at ion COViI), 

The heater project on the Hanford Reservation 
has just begun and is not therefore the subject of 
a report, Though deta i I s are st i I I be i ng deve
loped, the project will generally be similar to the 
cooperative heater project between Sweden and DOE. 

All remaining activities of the waste 
program are reported below in the form of summary 
reports on the project in general, and topical 
reports discussing project results, 

AN APPRAISAL OF HARD ROCK FOR POTENTIAL UNDERGROUND REPOSITORIES 
OF RADIOACTIVE WASTES 
N. G. W. Cook 

INTRODUCTION 

For more than three decades, large quantities 
of radioactive waste have been stored at a number 
of surface sites, and the quantity is increaSing 
each year, Though every precaution is taken to 
protect the environment from the adverse effects of 
stored nuclear wastes, surface storage does not 
appear to be an effective or practicable long-term 
solution, Even the most carefully managed surface 
storage may not be adequately secure against events 
such as major meteorological or geological disas
ters, acts of terror i sm, war and po lit i ca I turmo i I • 

Archaeological and geological experience 
provides cogent evidence that subsurface burial 
gives I protection to a wide variety of 
dif against disasters such as those 
mentioned above, amongst others. Accordingly, it 
is logical to explore the feasibi I ity of using 
appropriate underground storage for the effective 
isolation of radioactive wastes, One important 
aspect of th is feas i b iii ty study concerns the 
safety and stability of the excavations made for 
use as repositories. The underground mines in 
existence, some for more than a century, can be 
used to prov i de in it i a lin format i on on safety and 
stabi I ity. Furthermore, a wealth of experience 
exists concerning the design and construction of 
underground excavations for civi I and mining 
engineering purposes. In the 18 countries of the 
Organization for Economic Cooperation and Develop
ment (DECO), this involves the annual construction 
of the order of 50,000 km of tunnels alone. 1 This 
experience covers most kinds of rocks in virtually 
every terrain and cl imate, beneath land and water, 
and down to depths approaching 4 km below surface. 

The overall study would require an examination 
of the potential effects on such excavations of the 
vi rg instate of stress in the rock, the stab iii ty 
of, and interaction between, adjacent excavations 
and the consequences of heating of the rock by the 
radioactive decay of the waste, In this report, 
these questions are addressed in general terms. 

THE VIRGIN STATE OF STRESS IN THE ROCK 

In general the vertical component of the 
virgin state of stress in rock has a value close 
to that given by the weight of the overburden. 
Exceptions to this are areas of uneven topography 
at depths that are sha I low compared VI i th the re-
I ief, or in and close to inclusions and intrusions 
of rock with differing mechanical properties from 
the surrounding rock. 

A significant number of attempts has been made 
to measure the complete virgin state of stress in 
rock at different locations and depths throughout 
the world. These measurements have shown that the 
values of the horizontal components of this state 
of stress range from about a third to three times 
that of the vertical component. A compi lation of 
many of measurements has been done by Hoek 
and Brown, and is shown in Figure 1. From this 
it can be seen that relatively high values of the 
horizontal components of stress tend to be a 
s ha I low phenomenon, poss i b I Y assoc i ated 1'1 i th the 
effects of rapid denudation. 3 

The value of the vertical component of rock 
stress is, on average, some 2.7 times greater than 
the hydrostatic head of water at the same depth, 
that is, the value of the ratio of the hydrostatic 



t) , 
'j 

141 

R :: e Horizontal Stress 

Vertical Stress cry 

0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 
0 

~6 
~53 

~40 

I 0 48 0 39 

K"~+o.4~ 370 0 54 

500 I 
I 

! /J , 
i , , 

I 1000 I 
, , 

N 

I 
, 

.; I 
u '0. 
0 :ill ..... 
b J:. ::;; 
if) .~I '~31 
~ 1500 2j , 29. K' I~O +0.8 ..Q 
<!) <f> I 
CD o· I ~I I 21. .s:: :;.. . 
a J:I 9 
<!) 

2000 · I 0 -1 
! I I 

I I 
, 
I 

· I .32 I I • • 33 .34 , 
2500 · I 

·35 I II , 
I , 
I 

X8L 779 ·6089 

Figure 1. The ratio between measured values of the average of the horizontal 
components and the vertical component of the virgin state of stress as a function of 
depth. The hatched region between 500 m and 2000 m below surface represents those 
states of stress which would preclude faulting and diminish the ingress of 
groundwater. The contours marked 100 MPa, 200 MPa and 300 MPa define those parts of 
this region within which it is considered safe to ~Iace a repository if the uniaxial 
compressive strength of the rock has these values. 

head to the vertical stress is 0.37, as is i Ilus
trated also in Figure 1. This is a result of the 
ratio between the average density of rock and that 
of water. 

For many reasons, the preferred depth of an 
underground rock repository for the storage of 
radioactive waste is I ikely to be in the range from 
0.5-2 km below surface. Within this range, the 
virgin state of stress in the rock at any potential 
repository site should meet three criteria: 

1. The value of the minimum horizontal 
component of this state of stress should be signi
ficantly greater than that of the hydrostatic head 
of water at the same depth. Otherwise, such near 
vertical joints and cracks as exist in the rock 
may not be tight against groundwater or could be 
opened by the pressure of its hydrostatic head. 

2. The ratio between the values of maximum 
and min imum components of th i s state of stress 
should be relatively small, so as to obviate the 

like I i hood of fau I t i ng, even in the presence of 
hydrostatic water pressures. 

3. The maximum stress difference should be 
less than some safe value. An argument can be made 
for I imiting this stress difference to 25 MPa. 

Assuming that the value of the vertical 
component of the virgin state of stress is either 
the maximum or the minimum principal stress and 
that the values of the horizontal components are 
comparable, that portion of Figure 1 fall ing within 
the cr iter i a descr i bed above is de I i neated and 
shown hatched. 

THE STRENGTH OF ROCK AROUND EXCAVA T IONS 

Underground excavations can have many 
different configurations. In mining, these are 
dictated largely by the desire to extract a rela
tively high proportion of the ore. In civi I 
engineering, large equipment must often be 
accommodated. Neither of these requirements seems 



to be important in laying out the excavations tor 
an underground repository of radioactive wastes, 
Probably the most important consideration in this 
case is the safety, stabi I ity and secul~ity of the 
excavations. In general, therefore, such excava
tions are I ikely to take the form of a series of 
adjacent but more or less independent tunnels. 
This results in simple, safe excavations with a 
high degree of isolation between each tunnel, 

It is to form some idea of the 
magnitude of tects that size and geological 
discontinuities have on the strength of hard rock, 
in order to evaluate the rock's potential as an 
underground repository of radioactive wastes. Some 
guidance may be gained from an examina~ion of the 
values of the field stresses known to have caused 
damage to tunnels in hard rock. Cook4 showed that 
fai lure bY2slabbing of the sidewalls of tunnels 
about 3 m occurred when the major component of 
the field stress to which these tunnels were sub
jected reached a value of between 0.15 and 0.30 
times the uniaxial compressive strength of labora
tory specimens. This suggests that the most likely 
ratio of major field stress to uniaxial compressive 
stress, at which failure around such a tunnel 
becomes apparent, is 0.18, and that thi s ratio 
increases as the strength of the rock decreases. 

In the absence of any better information, 
assume that a safe value for the ratio of the field 
stress to the uniaxial compressive strength is 
0.15, Those regions of Figure 1 where tunnels 
could be safely sited in rocks with uniaxial 
compressive strengths of 100 MPa, 200 MPa, and 
300 MPa are shown by the relevant contours. From 
these it appears that the uniaxial compressive 
strength of the rock at a suitable site probably 
should be at least 200 MPa, 

THERMOMECHANICAL EFFECTS 

Short-Term Local Phenomena 

The therma I I y- induced stresses around po i nt 
and line sources, and around a boreho Ie 40 cm in 
diameter, have been calculated for times of 15 days 
and 90 days using properties typical of hard rock, 
A period of 15 days is sufficiently short so that 
the temperature field and the stresses associated 
with it are distinctly transient in character, but 
at 90 days these are closely approaching their 
steady-state distributions. 

The sums and differences of these calculated 
stresses have been plotted in Figure 2 where they 
are compared 1'1 i th a plot of the Cou lomb cr iter ion 
for the strength of a typ i ca I hard rock, From th i s 
figure it can be seen that the thermal stresses 
produced by a source of 1 kW power are wei I below 
the strength of the rock. Even if the power output 
were increased by severa I fo I d on I y the stresses on 
the wa I r of the boreho I e wou I d approach the fa i lure 
criterion. Fai lure of the borehole wall is not 
I ikely to damage a well-designed canister but would 
make its retrieval difficult. Accordingly, it 
seems prudent to consider casing boreholes. 
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Figure 2. A Mohr diagram comparing the average 
values of the differences and sums of the principal 
therma I I y- induced components of stress ar'oun<d 
line (400 W!m) and point (1 kW) heat sources at 
15 days and 90 days, and the axial and tangential 
components of stress on the wa I I of a boreho Ie, 
with the strength of a typical hard rock. 

~ong-Term, Reaional Phenomenon 

In the previous section, the short-term 
effects of heat flow from individual canisters have 
been evaluated. At some time, the temperature 
fields between adjacent canisters wi II interact to 
significant extent. At this stage, the local 
effects become I ess important than the overa II f I ow 
of heat into the surrounding rock from the whole 
array of canisters in a repository. 

Most concepts for underground repositories 
involve one or more near plane horizons of excava
tions, within which the canisters are contained. 
As the lateral dimensions in this plane are 
env i saged to be of the order of a k i I ome-rer, the 
long-term heat flow can be approximated as one
dimensional flow into the surrounding rock mass 
normal to this plane, Important questions which 
must be examined concerning this heat flow are the 
temperatures on the horizon of a repository as a 



function of the waste canister density, and the 
heat flow into the surrounding rock as a function 
of time. 

Reprocessing used fuel produces high-level 
waste whose characteristics provide some guidance 
to the thermal characteristics of wastes that are 
I ikely to be isolated in a repository. The decl ine 
in power output of a standard canister of high
level waste becomes significant in the long term. 
It is convenient that this characteristic can be 
approximated closely by the po~er output of a 
plane, i sotherma I heat source. Us i ng the standard 
equations for I inear heat conduction,6 and remem
bering that heat flows away from a repository both 
upwards and downwaGds, Table 1 has been prepared to 
show the power densities for different temperatures 
of the repository horizon and the corresponding 
areas required by each high-level waste canister at 
20 years after reprocessing (assuming that they are 
cooled for 10 years before burial). 

Using the same equations, the distances away 
from the plane of the repository, to which the 
isotherms representing 50, 25 and 10 percent of 
the source temperature migrate as a function of 
time, have been calculated. These are given in 
Table 2. 

These data show that the heat released by the 
decay of the wastes migrates only a relatively 
sma I I distance away from the plane of the reposi
tory even over long periods of time; this justifies 
the use of one-dimensional heat flovl in the analy-

Table 1. The average power density for a planar 
repository at 10 years after loading and the 
corresponding area required for each canister with 
a power output of 1.7 kW at 20 years after 
reprocessing for different temperatures of the 
repository horizon. 

Repository Temperature (oC) 
50 100 200 300 

Power density (W/m2) 7.9 15.8 31.6 47.4 
Area per H.L.W. Canister(m2 ) 
(1.7 I,W at 20 years) 220 110 54 36 
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Table 2. The normal distance away from a planar 
repository to which the isotherms representing 50, 
25 and 10 percent of the source temperature migrate 

Distance (m) 50 percent 
25 perceni-

19.6 
32.5 

27 .6 
46.0 

39.1 
65.0 

55.0 
92.0 

sis. The data also show that it is practicable 
to consider a repository with a number of horizons 
separated by a normal distance of 200 m. A single 
repository wi~h 3 horizons, each with a total area 
of about 5 km and separated by about 200 m, 
appears to have the capacity to store waste with 
power output of 240 MW at 10 years after burial. 
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COOPERATIVE WORK PROGRAM WITH SWEDISH NUCLEAR FUEL SUPPLY COMPANY 
ON RADIOACTIVE WASTE STORAGE IN MINED CAVERNS 
P. A. Witherspoon, N. G. W. Cook, ]. E. Gale, C. A. Brown, P. Kurfurst, M. McEvoy, 
C. H. Amick, C. F. Tsang, M. Hood, P. H. Nelson, T. Doe, and K. Mirk 

INTRODUCTION 

The cooperative work program between Sweden 
and the United States was first discussed at an 
OWl-sponsored workshop on "Movement of Fluids in 
Largely Impermeable Rock," held January 27-29, 1977 
in Austin, Texas. There, representatives of 
Karnbransekerhet (KBS, Swedish Nuclear Safety 
Program), an affil iate of Svensk Karnbranslefor-

sorJnrng (SKBF, Swedish Nuc!ear Fuel Supply Com
pany), i nd i cated that an abandoned i ron ore mine 
in Stripa, Sweden was avai lable for field investi
gations on the general problem of underground sto
rage ina non-sa I t format ion. Deta i led plans were 
presented to KBS and SKBF in late spring, 1977 and 
after an amendment to a 1966 agreement for peace
ful uses of atomic energy was signed on July 1, 
1977, the project got under way officially. 



OBJECTIVES 

The successful use of mined caverns as waste 
repositories depends on isolating the radioaci-ive 
materials from i-he biosphere for long periods of 
i-ime. In effeci-, i-his means selecting a rock mass 
where the only practical pai-hways for fluid move
meni- through such fractures wi I I be esseni- i a I I Y 
nil. To be able i-o make such a finding requires 
a number of special ized field invesi-igai-ions on i-he 
various faci-ors i-hat coni-rol water movemeni-. Thus, 
i-he principal object of i-he cooperative research 
projeci- ai- Si-ripa is i-o determine, to some 
measurable degree of certaini-y, how well we can 
predici- i-he response of a real rock mass i-o high 
thermal loading. Corollary objectives are: 

1) to conduct large scale field experimeni-s in 
granite for the purpose of establ ishing 
design parameters for waste repositories in 
hard rock and making safety assessments for 
such facilities, 

2) to develop new insi-rumeni-s and techniques 
that are capable of producing i-he required 
data and techniques despite the hosti Ie 
environment that results from high tempera
tures over a long period of i-ime, 

3) to co I I ect exper i menta I data necessary boi-h 
for i-he development and val idai-ion of pre
dictive models, and 

4) to promote tbe international exchange of 
information and idea. 

To achieve these objectives, the LBL partici
pation in i-he Swedish-American cooperative work 
program has been organized into three main 
activities: 1) full scale heater experiments, 
2) time scale heater experiments, and 3) fracture 
hydrology. Additionally there are support activi
i-ies consisi-ing of 4) geophysical assessment of 
fractured rock masses, 5) I aborai-ory measurement 
of material properties, 6) measurement of mass 
transfer of water to the veni-i lation sysi-em, and 
7) measurement of ins i i-u stresses by hydrau I i c 
fracturing. 

1 ) Fu I I Sca I e Heater Exper i meni-s to I nvesi- i qate 
the Ef fects of Temperature Increases in Crysi-a I line 
Pocks 

The ive of this i-ask is to investigate, 
over a two-year period, the temperature effects in 
crysta I line rock of fu I I sca Ie heai-ers that 
simulate the energy outpui- of radioactive waste 
canisters. 

The objective calls for canisters, 3 m in 
length and 0.3 m in diameter, coni-aining heater 
elements to be designed, constructed and emplaced 
in vertical holes at the Stripa mine. The 
canisters are designed so that the power output of 
one of these heaters can be adjusted i-o 5 kW to 
represent the typical power level of reprocessed 
fuel after three years and the other canister wil I 
have a power output of 3.5 kW i-o represent s i mil ar 
wasi-e produci-s approximately five years old. The 
objective further calls for the rock mass adjacent 
to the canisi-ers to be monitored by means of 
thermocouples for rock i-emperatures and by means 
of 30 extensometers, 30 borehole deformations, USBM 
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gauges, and vibrai-ing wire I PAD gauges, i-o measure 
displacements, 

The objective entai Is a second full scale 
experimeni- phase involving the placement of a ring 
of eight small, one-ki 10waH heaters in a 0.9 m 
radius around the 5 kW canister-heater unii- to 
evaluate sequeni-ial heat loadings. 

2) Time Scaled Heater Experiment i-o Assess 
Long-Term Effects of the Thermal-Mechanical 
Loading on a Repository in Crystal I ine Rock 

The objective of this task is to obi-ain 
meaningful data within a two-year experiment to 
corroborate and val idai-e theoretical analyses of 
the ef fects of therma I-mechan i ca I load i ng of a 
repository in crystal I ine rock during the crii-ical 
time period of 10 years to 100 years of operation. 

Because it is impractical to check the 
ef fects of tota I i-herma I load i ng on a rock mass 
in the critical period from 10 i-o 100 years, this 
objective can be achieved with a i-ime-scaled 
experiment in which times wi I I be compressed in 
the rai-io of 1 :10, that is, two years of time scale 
experiments will yield 30 years of data from full 
scale heater performance. To accompl ish this, the 
I inear scale is reduced to l/j1O';?' 0,32 of the full 
scale, Thus, to faci I itate the objective of this 
task, an array of eight scaled heaters with an 
initial power output of 1 kl'i wi II be placed in i-he 
Stripa mine in such a way that a three-dimensional 
pattern of therma I interact i on between the heaters 
and surrounding rock is expected to occur wii-hin a 
few months from the stari- of the experiment. 

The task object i ve add i tiona I I Y ca I I s for the 
measurement of decrep i tat i on, or spa I ling, of the 
heater holes and the use of five extensometers with 
their associated thermocouples plus 60 thermo
couples to monitor rock temperature and behavior in 
the rock surrounding the heater holes. 

3) Assessment of Fracture Hydrology 

The objective of this task is to define the 
surface and subsurface hydrological conditions of 
the fractured granii-e rock mass at Stripa as a 
function of time and temperature using various 
borehole tests. Accompl ishment of this objective 
necessitates 1) defining the geometrical properties 
of the fracture system, b) determining i-he distri
bution of fluid pressures and permeabi I ities 
associated with this system, c) collecting and 
analyzing samples of groundwater from various parts 
of the rock mass, and d) analyzing i-he above data 
i-o provide a coherent description of the nature and 
magnitude of the groundwater flow in the vicinity 
of the underground openings. Achievement of these 
results cal Is for the development of new borehole 
tools and new methods of data collection and 
analysis. 

4) Geophysical Assessment of Fractured Rock Masses 

The objective of this support task is to 
dei-ermine the appl icabi I ity of different surface, 
subsurface and borehole geophysical techniques in 
del ineating and characterizing the fracture system 
in the gran ite body ai- Str i pa, To fac iii tai-e the 



objective, three other support tasks have been 
defined based upon the scale of the measurement 
and the techniques employed: 1) borehole measure
ments on the scale of one meter, done with tools 
in a single borehole; 2) cross-hole measurements on 
the scale of tens of meters, done with tools in 
different boreholes or with arrays in a single 
borehole; and 3) surface measurements on the scale 
of hundreds of meters, done with surface survey 
equipment. 

5) Laboratory Measurement of Material Properties 

The objective of this support activity is to 
measure the mater i a I propert i es of carefu I lyse I ec
ted rock samples f(om the granite rock mass at the 
Stripa mine. Material property measurements are 
needed in understanding the hydraulic, thermal and 
rock mechanic behavior of the fractured rock mass. 
This objective calls for the dri II ing of oriented 
core samples for un fractured rock and rock con
taining natural fractures. Additionally, a large 
rock core sample of approximately 1 m in diameter 
is to be tested for changes in fracture permeabi-
I ity as a function of axial stress and fluid 
pressure change. 

6) ~~ass Transfer of Vlater to the Venti lation 
System 

The ive of this task is to determine the 
gross seepage rate in the low permeab iii ty gran i te 
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rocks at the Stripa mine. This necessitates isola
ting a portion of the tunnel and monitoring the 
difference in humidity between air forced into and 
f I ow i ng out of the tunne I, enab ling the detect i on 
of minute seepage not ordinari Iy discernible 
through the rock mass on a large scale. 

7) Measurement of InS i tu Stresses by Hydrau I i c 
Fracturing 

The objective of this activity is to determine 
the virgin state of stress in the fractured granite 
rock mass in the Str i pa mine. Hydrau Ii c fractur i ng 
wi I I be employed to achieve the objective by 
obtaining measurements of in situ stress. 

THE YEAR'S ACTIVITIES 

Ful I Scale Heater Tests 

Canisters containing heater elements were 
designed and constructed during fiscal year 1977 
so that the dimensions of the canisters (3 m length 
x 0.3 m diameter) approximate the size of the con
tainer that is currently envisaged for use with 
reprocessed radioactive waste. Figure 1 shows a 
cutaway draw 1 ng of the two fu I I sca I e heaters and 
some of the hor i zonta I instrument ho I es that are 
being driven from an adjacent lower level drift. 

Dr i I ling of the i nstrumentat i on ho I es was more 
than 35 percent completed by the end of fiscal year 

u.s. Ventilation 
Experiment 

ter 
Room 

U.S. Full-Scale 

XBL 771 1-10802 

Figure 1. Graphic illustration of U.S. and Swedish experiments in the cooperative work 
program at Stripa. 



1977 and mining operations for the extensometer 
drift were finished. 

Calculations were completed during the design 
phase of the Swedish Cooperative program in fiscal 
year 1977 which show that thermal reaction inter
act i on beg i ns to occur between f u I I sca I e can i ster s 
in a period of three years if the spaci between 
the canisters is 10 m. This is i II by the 
rn i grat i on of the 300 C i ncrernenta I isotherm over a 
period of one to ten years as shown in Figure 2. 

Figure 2. Therrna I interact i on of can i sters for the 
30 C incrementa I isotherm a Her 1, 3, and 10 years. 

Three different types of heaters have been 
designed for the project in Sweden: 

1. Main heater units for the full scale 
experiment. These are designed to simulate 
the actual size, and to give power outputs 
representative of canisters used for radio
active wastes. 

2. Per i phera I heaters for the fu I I sca Ie 
experiment. These are required to heat the 
rock mass surrounding one of the main 
hea"rers. 

3. Heaters for the time scale experiment, 
These are designed to a I inear rate 0.314 
with an initial power output of 1 kW. 

Additionally, a test faci I ity was constructed in 
Berke i ey so that a I I of the heaters cou I d be tested 
and checked prior to their shipment to Sweden. 

The rna i n heaters for the fu I I sca Ie exper i ment 
have been designed with four 5 kW heater elements 
in each unit. The heaters are designed so that the 
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un its 1'1 i I I be operated 1'1 i th power outputs of 3.5 kW 
or 5 k\~ wh i ch can norma I I Y be ma i nta i ned by us i ng 
only a quarter of the required power for the unit 
from each heater element. However, the design is 
such that should an element fai I, the full power 
required by each unit can be suppl ied by one heater 
element only. Three heater units of this design 
have been constructed and were undergoing testing 
in the test rig which has been fabricated. Two 
of these un its are i I I u strated in Figure 3 and the 
test fac iii ty is shown in the background. Tesi-s 
with one of the heater units was completed during 
fiscal year 1977, running the unit at 6000 C for a 
continuous period of five weeks. This unit, 
together with an untested unit of the same design, 
is shown in Figure 3. 

The per i phera I heaters for the fu! I sca Ie 
experiment were designed and manufactured in fiscal 
year 1977 and laboratory tests in the experimental 
rig wi II take place in early fiscal year 1978. 

The design of the time scale heater units was 
under way at the end of fiscal year 1977 though it 
was yet to be final ized. A faci I ity to monitor 
deformation of the boreholes in which these heaters 
are placed has been incorporated in the design of 
these units, and underwent laboratory testing in 
fiscal year 1977. 

CBB 7711-10268 

Figure 3. Photograph of full-scale heaters and 
components with test stand in the background. 
Heater at second from right is shown after running 
five weeks at 6000 C. 



Instrumentation and Measurement Techniques 

Three different types of instruments were 
modified and tested to monitor the displacements 
ina rock mas s: 1) exten someter s, 2) USBM ga uges 
(high temperature model), and 3) vibrating-wire 
IRAD gauges (high temperature model). Testing and 
mod if i cat i on was st i I lin progress and at the end 
of fiscal year 1977 the following was in progress 
or had been completed: 

1) The thermal expansion of the extensometer 
invar rods was found to be higher than had been 
expected, which would have required many tempera
ture readings along the length of the bar in order 
to determine the displacements of the rock to 
sufficient accuracy. 

2) Super-invar was developed and found to 
have a much lower coefficient of thermal expansion 
than invar. Calculations have shown that four 
measurements along the length of a super-invar bar 
would be sufficient to determine displacements of 
as I ittle as 25 jlm in the rock. Ca I ibration of 
the extensometers using this material with 
d i f ferent therma I grad i ents app lied a long He bar 
is in progress. 

3) A suitable grout capable of withstanding 
high temperatures has been selected. 

4) Investigations were carried out to 
determine the time/temperature stabi I ity of the 
newly designed high temperature USBM borehole 
deformation gauges. 

5) Testing of the vibrating wire, IRAD gauges 
at different temperatures and stresses has begun. 

6) Development of a technique which would 
a! low de-watering of the instrument holes after the 
instrument has been instal led is in progress. 

7) Cromel-alumel thermocouples have been 
selected for the numerous temperature measurements 
that are to be made. 

A Mod Comp IV/25 computer has been selected to 
acquire, process, and display data during the full 
scale and the time scale experiments. Detai led 
plans for the connection of the instrumentation 
channels for analysis and display on the computer 
are shown in Figure 4. A substantial amount of 
theoretical analysis was carried out in fiscal year 
1977 and an example of the temperatures calculated 
in the rock adjacent to the heaters for both ful I 
scale and time scale experiments is illustrated in 
Figure 5. This figure, which is hard copy from 
one of the two computer display units, shows the 
flexibi I ity of the machine output. 

Fracture Hydrology 

Borehole equipment for pressure measurements, 
injection tes1-s, and water sampl ing has been 
designed, constructed and shipped to Stripa for 
field testing. Some initial problems were encoun
tered with the downhole pump assembly and these 
wi I I be corrected in f i sca I year 1978. At the 
request of the Swedish Geological Survey (SGU), the 
LBL borehole packer equipment was used successfully 
in assisting SGU scientists in making pressure 
measurements which were critical to the proper 
interpretation of hydrological information 
co I I ected by SGU. 
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Detai led mapping of the fracture system was 
begun and carried out in cooperation with SGU. At 
the end of fiscal year 1977, the LBL staff was 
carry i ng out line samp ling of the fracture data in 
selected areas, detai led mapping of fractures in 
the ful I scale and time scale rooms, and careful 
I ogg i ng of fractures in the dr i I I core from a I I 
instrument and heater holes. 

By the end of t i sca I year 1977, dr i I ling had 
been initiated in two of the three oriented bore
holes necessary for completing the picture of the 
fracture system in the gran it i c rock maps. A I I of 
the dr i I I core has been reconstructed and logged. 
Both boreholes have been surveyed and camera
logged. Pressure measurements were made every 10 
to 50 m during the dri II ing. 

Water samp I es were co I I ected at d i f ferent 
depths within the deep borehole that was driven 
from the 410 m mine level and from a number of 
other locations. The samples are for analysis of 
gas coni-ent, \'later chem i stry, isotope concentra
tions and field geochemical conditions. 

The fracture system in the surface outcrops 
has been analyzed and a site selected for a verti
cal percussion hole (150 mm diameter) to be used 
in a program of pumping out tests for determining 
the average flow properties of the rock mass. 
Dr i I ling was comp I eted for four of seven sha I low 
surface boreholes which will be used to monitor 
changes in water table levels that may occur. 

Support Activities 

As part of the geophysical assessment of 
fractured rocks, a portable logging system for the 
borehole measurements, which is capable of opera
tion both underground and on the surface, was 
des i gned, spec i f i ed and purchased in f i sca I year 
1977. Figure 6 shows the logging unit and the 
associated tools which include neutron (for water 
content), temperature, gamma-gamma (for rock 
density and fracture del ineation) and natural 
gamma, a variety of electrical measurements, and 
ca I i per. A focused res i s-rance log techn i que, 
deve loped by SGU for de I i neat i ng fractures in 
the case of cross-hole measur~ments, "has been 
incorporated in-ro the US measuring scheme. An 
experiment to measure the effect of change in 
acoust i c propagat i on in the therma I I Y stressed 
rock mass was designed in fiscal year 1977. 

A section of test tunnel has been deSignated 
for the measurement of venti lation mass transfer in 
order to determine the gross seepage rate in the 
10\'1 perrneabi I ity, granitic rock mass. Otherwise, 
no work was planned in fiscal year 1977 for the 
support activities of Laboratory Measurement of 
Mater i a I Propert i es, Mass Tran s fer of vlater to 
the Venti lation , or Measurement of In Situ 
Stresses by Hydraul ic Frac-ruring. 

PLANNED ACTIVITIES FOR FISCAL YEAR 1978 

The planned program for fiscal year 1978 is 
shipment of all the instrumentation, the computer 
and anci Ilary units to the Stripa mine in Sweden 
in early fiscal year 1978. Installation, -resting 
and cal ibration of the equipment, instruments and 
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T = 730 days 
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Figure 5. Example of hard copy output from Mod Comp IV/25 computer. Left pair shows computed 
temperature for central region of ful I scale heater experiment; right pair shows time scale 
heater experiment. 

XBC 77 1 1 -11184 
Figure 6. Portable logging system tor 
investigation of boreholes. From left to right the 
borehole instruments are neutron-thermal neutron, 
temperature, gamma-gamma, natural gamma/electrical, 
spinnter, and caliper. 

the computer is scheduled to be completed by May 
1978. At this point the experimenta1 program wi I I 
commence when the f u I I sca I e heater sand time 
scale heaters are turned on. Significant data is 
expected from the time scale experiment by the end 
of fiscal year 1978. 
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RADIOACTIVE WASTE STORAGE IN CHYSTALUNE AND AHGILLACEOUS HOCKS 
P. A. Witherspooll, m. O'Brien, A. MOllroe, H. Sterbentz, 1'. Doe, 
D. Snotc, H. Amick, alld 1'. Chan 

INTRODUCTION 

Crysta I line and arg i I I aceous rock have the 
characteristics that could support safe, economic, 
and environmentally feasible repository siting. 
These rock types have been given high priority in 
Canadian, Swedish, German and French waste storage 
research. LBL began in August 1977 to develop a 
research study plan that could guide in evaluating 
the ut iii ty of stor i ng rad i oact i ve waste in repos i
tor i es in crysta I line or arg i I I aceous rocks. Three 
other interrelated research tasks were also 
initiated: evaluation of in situ field studies of 
seepage in "dry" mines, laboratory investigations 
on ultra large rock samples, and mathematical 
mode ling stud i es of flu i d f I ow in rock masses 
containing deformable fractures, Input from these 
four distinct, yet interrelated studies, wi II be 
synthesized and presented in a document titled, 
"Crysta I line and Arg i I I aceous Rock: Potent i a I 
Repository Siting for Radioactive viaste Storage." 

e e /1 HORKSHOP DEVELOP 
PROGRAfI 

e 
I DENT! FY ~I~ASK FORCE I GEOLOGICAL 
PARAMETERS 

1977 AND 1978 ACTIVITIES 

Geotechnical Assessment Study Plan for Radioactive 
Waste Storage in Crysta I line or Arg i ! I aceous Rock 

The stud y obj eet i ves are to assess the ut iii ty 
of storing radioactive wastes deep within crystal
line or arg i I I aceous rock (F i gure 1), The study 
defines the state-of-the-art in terms of design, 
instrumentation, and methodology and wil I prepare 
a document detai I ing a recommended plan for 
deve I op i ng waste repos i tor i es in crysta I line or 
arg i I I aceous format i on s, The study 1'1 i I I inc I ude a 
proof-of-concept task and designate priorities for 
basic research needs in order to reach a national 
objective of achieving safe, economical, and 
acceptable radioactive waste storage in the mid 
1980's, The study contains three principal 
elements: an information system, workshops, and 
a geotechnical assessment study document, Work on 
a I I elements has been in it i ated, Deve lopment of 
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... 
Vl 
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10177 3178 SCHEDULE 1178 10/76 

Figure 1, Schematic of geotechnical assessment for radioactive waste storage in crystal line 
and arg i I I aceous rock, 



the study wi II be carried out during fiscal year 
1978, with completion scheduled for the end of 
fiscal year 1978 0 The information system wi II be 
operative in early fiscal year 19780 A search of 
the literature and ongo i ng proj ects has been 
conducted and wi II be periodically updated o The 
I iterature search also served the function of 
identifying current active researchers in waste 
management o 

The physical and chemical properties of rock 
types were gathered from the I iterature and are 
reported in Table 10 Table 2 was compi led to 
ill ustrate how these properties might affect waste 
storageo The prel iminary study indicates that all 
three types have potentially favorable and unfavo
rable characteristics o One particularly favorable 
character i st i c of crysta I line and arg i I I aceous 
rocks is limine stabi I ity," which indicates a poten
tial for retrieving canisters of waste materials 
for severa I decades fo I low i ng emp I acement 0 

The top i ca I workshops 1'1 i I I focus upon bas i c 
research and instrumentation needs and the state-
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of-the-art for several phases of the waste 
management system: siting, design, excavation, 
construction, and monitoring short-term and long
term operationo The workshops include broad 
topical areas and are scheduled for Spring 19780 
A matrix of rock characteristics (Table 3) has 
been developed to guide in outlining the questions 
for the topical sessionso Prel iminary workshop 
formats have been prepared and participant lists 
beguno Attention wi II be given to design concepts 
and instrumentation needs for repositories sited in 
these rock types 0 Proof-of-concept cr iter i a wi I I 
be prepared in early fiscal year 19780 Liaison 
with the Department of Energy and other agencies is 
an integral part of the study plano The plan wi I I 
prepare a final geotechnical assessment document 
detai I ing the study elements and an implementable 
plano 

The drafting of a plan for assessment of 
argi Ilaceous and crystal I ine rock for waste storage 
wi I I be completed at the end of fiscal year 19780 
It wi II recommend and designate pr-iorities for 
basic research needs that the Department of Energy 

Table 10 Physical and chemical properties of rock typeso a 

Physical Properties 
Average Composition (wt o percent) 

Si02 
Ti02 
A 120 
Fe203 
FeO 
MnO 
MgO 
CaO 

Na3° 

volatiles 1~~~5 
SO 

Dominant type o~ crystal structure 
(ReL 7) 

Specific gravity (average) 
Grain size (mm) 
Moh's hardness 
Sol ubi I ity 
Compressive strength (psi~ 

Modulus of Elasticity (10 psi) 
Characteristic Fracture patterns 

(ReL 5) 

Types of principal permeabi I ity 

Interstitial porosity (percent) 
Inters1'itial permeabi I ity (gpd/ft2 ) 
Cation exchange capacity 

(mi II iequivalents/l00g) 
Melting point (oC) 
Thermal conductivity (w/moC) 
Average I inear thermal expansion 
coefficient (~L/L~T, °C, over 
200 

- 1000 range) 2 
Thermal Diffusivity (cm Isec) 

Crystal I ine Rock 
Granite Basalt 

70,0 49,0 
04 104 

1405 1507 
1.6 504 
1.8 6 04 

.1 03 
09 602 

2.0 900 
3 05 301 
401 1.5 

,2 05 
08 106 

framework framework 
s i I icate s iii cate 
2061-2 065 2,04-3.01 
0 01-1200 0 012 00 
5 083-6.5 3 095-6 021 

low low 
8,250-35,400 2,470-52,000 

3 085-6041 0 091-13.9 
Several sets, Vertical 
off vertical columnar 

fractures 
fractures fractures, 

interstitial 
0.5-3 00 6 

9xl0- 7 - 5xl0-
00~5307 

4xl0 -.9 
05-2 08 

-700 -1050 
2060-3077 1047-1072 

8±3xl0-6 504±lxl0-6 

0.10-0014 0006- 0007 

Shale 

58 0 1 
07 

1504 
400 
200 

Trace 
2.4 
301 
103 
3,2 

Salt 

(Salt is 97-99% NaCI) 
(Ref. 2, p. 277) 

02 
500 
2 0 6 

06 
sheet 

001 to 067 (ReL 2, po 277) 
not avai lable 

s i I icate 
204-2094 

<0 001 
3 016-5068 

low 
4,970-34,800 

6 0 73-9 0 87 
not avai lable 

(bedd i ng plane?) 

fractures 

0.7-45 ~~ef. 4) 
7xl0 - 4 

10.0-41.0 

not avai lable 
102-2.9 

not avai lable 

not avai lable 

no1' avai lable 
ion ic bond ing 

2 , 1 6 (Re f. 3 ) 
10-40 

205 (ReL 3) 
high 

1,080-5,000 
0035-005 (Ref. 2) 

not avai lable 

<1 
103xl0-4 - .07 

800 (Ref 0 4) 
5035-7022 

40xlO- 6 (Refo 2, p.266) 

002 (Ref. 6) 

a Unless attributed to another source, data are from Ekren et al., Table 170 1 
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Table 2. Impl ications of some rock properties for deep burial of radioactive wastes 

Characteristic 
Thermal Conductivity 

Permea b I I i ty 

So I ub I I I iy 

Strength 

Plasticity 

lon-exchange 

Density 

Volatile content 

Generalized geologic 
environment of large 
continuous bodies 

Impact 
Allowable power 

density of waste 
Radioactive nucl ide 

transport velocity 

Long-term stabi I Ity 

MI ne stability 

Mi ne stabi I ity 

"Se I f-sea ling" 
qua I i ty 

Abi I i ty to absorb 
rad i o-nuc I I des 

Long-term gravita-
tional stabl Iity 
when deeply buried 

ShaHer i ng on heat-
ing, radiolytic 
gas formation 

Unfavorable asso-

Crysta I I I ne 
high to low 

o 
High to very 

low, through 
fractures 

o 
low 
+ 

high 
+ 

low 
+ 

usua I I Y none 

usua I Iy high 
+ 

low 
+ 

Arg i I I aceous 
low 

High to very 
low, i-hrough 
fractures 

low 

o 
low 
+ 

low 

high 

+ 
high 
+ 
to 
0 

high 

high 

In continental In sedimen-
shields, moun- tary basins 
taln ranges, 
volc. plateaus 

Salt 
high 
+ 

very low 

+ 
high 

low 

high 

+ 
none 

low 

low to high 
o 

In sedimen
tary bas i ns 

ciation with gas, + 

Genera I i zed d i str i bu
tion in U.S. of large 
continuous bodies 

e 

oil, water-bearing 
beds 

Proximity to 
seismic zones 

Avai labi I ity in 
arid zones & zones 
of low population 

unfavorable to waste storage 
o not clearly favorable or unfavorable 

(because of intermediate value or 
wide range of values) 

should consider funding. In addition to the plan 
document, there wi II be avai lable a comprehensive 
literature co! I ect i on and computer i zed in format i on 
system on radioactive waste storage in crystal I ine 
and arg i I I aceous rocks. 

In Situ Field Studies of Seepage in "Dry" Mines 

The study objective was directed towards 
finding a site in the United States for development 
of field techniques to study hydraul ic properties 
of deep fractured rock bodies. An existing mine or 
mines, giving access to several levels at least 
1000 ft deep, was assessed as being required. 
Accord i ng I y, i nqu i r i es were made in U-rah, Nevada 
and New Mexico to find such a site. The commit
ment of effort has, however, been minimized by 
constraint of time. 

Two visits to Reno were made by Dr, D.T. Snow 
to confer with Nevada University and Bureau of 
Mines geologists, and to confer with several mine 
managers. Nine mines have tentatively been 

o 
West, North, 

East 
+ 

+ 
East, Central 

It/est 
o 

+ 
Centra I, 

East 

rejected in favor of two that are adjacent to 
intrusive stocks, much as in Stripa, Sweden. 
Anacondals Victoria Mine near Ely follows a dry 
breccia pipe to 500 ft in I imestone near an 
intrusive. The shaft has been pump-tested and the 
mine is in the process of abandonment. General 
Electric CO.IS Nevada-Massachusetts Mine is in 
tactite, up to 1800 ft deep. The active mine is 
1000 ft deep, making 45-50 gpm. Holes dri lied into 
granite below are wet. The Shoal Event site at 
Fallon is hydrologically unsuited to project needs 
because numerous faults cut the shaft, producing 
increasing permeabi I ity with depth. 

Dr. T. Doe made inquiries in Utah, yielding 
one possibi I ity, Heclals Mayflower Mine, in 
granite. Others are in sedimentary rocks: the 
Park City mines were wet but are now drained; the 
Tintic mines include the hot, wet Bergen Mine and 
the drained Trixie Mine. 

Dr. D.T. Snow visited the New Mexico Bureau of 
Mines at Socorro to inquire of staff geologists and 
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Table 3, Topical matrix for the 
or arg i I I aceous rock, 

geotechnical assessment of raw storage in crystal I ine 

I, GEOLOGY 

II. 

1 , Str uct ure 
2, Petro logy 
3, Strat igraphy 
4, Chronology 
5, Resources 
6. Thermal gradients 
7, Geomorphology 

HYDROLOGY 
1. Surface 

V. FRACTURE SYSTEMS 
1. Width fracture zones 
2. Fracture spacing 
3, Fracture continuity 
4. Degree of interconnection 
5, Aperture distribution 
6. Fracture strength (norrnal and shear) 
7, Fracture potential 
8, Stress-flow characteristics 
9. Fracture fa i I ure modes 

2. Subsurface VI. ROCK PROPERTIES [fIT,P,t)] 
3, Paleohydrology 
4, Potential fie I d 
5. Velocity fie I d 
6, Un satur ated f I ow 
7. Recharge mechanisrn 

I I I. SE I SfII'OLOGY 

1, Porosity (fracture and rnatrix) 
2. Permeabi I ity (sin9le and rnultiphase) 
3, Therrnal 
4. Mechanical 
5, Radiation effects 
6, Gouge properties 

1, Regional seisrnicity 
2. Fault activity 

V I I. GEOCHEM I STRY 

3, Microseisrnicity 
4, Geodect ics 
5, Potential fault development 
6, Induced perturbations 

IV. TECTONISM 
1, In situ stress field 
2. Regional fabric 

to telephone some mine rnanagers. Sorne 13 known 
mines were discounted, along with six potash mines, 
in favor of one possibi I ity worth further inquiry: 
the Federal Resources, Inc, Bonnie "85" Mine near 
Lordsburg is the deepest in New Mexico, 2250 ft 
through basalt into granodiorite. It is flooded 
to 1500 ft and closed down, but the company would 
be interested in reopening the rnine for research. 

Plans for further work in fiscal year 1978 
include similar brief surveys in Texas, Washington, 
South Carol ine, Tennessee, and Canada. During 
calendar 1978 a I ist of one or two mines per state 
wi I I be subrn i tted to DOE for approva I and clearance 
through the respective state channels. Thereupon, 
individual field plans are to be developed to dis
close in detai I a) variations of hydrology with 
depth, b) comparative fracturization, c) stress 
indications with depth, d) geological controls on 
water testing, and e) logistical problems and 
advantages of each site, 

Laboratory Investigations on Ultraiarqe Rock 
Sarnples 

The objective of this task is to investigate 
flow through fractures in ultralarge rock sarnples 
up to 2 rn in diameter to help determine the 
appropriate sample size that should be collected 
in the field. 

A key technical problem in determining the 
acceptabi I ity of a repository site in argi Ilaceous 
or crysta I line rocks is to be ab I e to assess the 
magnitude of water movement through fractures in 
the rock mass, The traditional approach to this 
problem has been to investigate flow through rock 

1. Water chernistry 
2, Isotopic cornposition 
3, Water sources and ages 
4. Rock chernistry 
5, Rock-fluid interaction 
6, Adsorption-desorption 
7. Secondary alteration 
8. Chernical diffusion 

sarnples whose diameter did not exceed 15 cm, 
However, there is increasing evidence that a size 
effect rnust be taken into account. For example, 
recent experirnental studies on samples of fractured 
rock ranging from 15 crn to 100 cm in diameter have 
clealy shown that the decrease in fracture flow 
rates with increasing normal stress in the smal I 
samples was not conservative. 

We have undertaken a laboratory investigation 
of this problem using a very large testing machine 
that can handle rock samples up to 2 rn in diameter 
and 2,5 m in length, A comparison of results on 
various sample sizes from LBL, LLL and USGS should 
indicate an optirnum laboratory scale for future 
test i ng and whether a sca ling factor can be i ntro
duced to relate laboratory results to specific site 
situations, 

In fiscal year 1977, the principal activity 
was the selection of a rock type for the scale 
effect study and the design and procurement of a 
closed-loop contro I mechan i srn to be i nsta lied on 
the existing large testing machine in order to 
ach i eve the I eve I of accuracy and re I i ab iii ty 
that is required by this project. 

The new control systems, when installed, will 
allow closed-loop control of load, stroke, 
confining pressure, water pressures and flowrate, 
In addition, it will have the capability of 
nonsteady-state deterrnination of rock and fracture 
permeab iii ty. 

The anticipated installation dates are A.pri I 
1978 for the load system and September 1978 for the 
pressure and permeab iii ty system. 



Mathematical Model ing Objective 

The goals of this task are to modify and/or 
develop appropriate numerical models that can 
simulate the coupled effects of: 1) heat and fluid 
flow through rock masses containing deformable 
fractures and 2) thermo-mechanical stress distribu
tions in such rock systems, 

A br i ef survey accomp I i shed in 1977 revea I s 
that no current analytical or numerical method can 
ddequately simulate the coupled effects of stress, 
heat and fluid flow, Existing computer codes that 
address one or more aspects of the problem fal I 
into the fol lowing categories: 

1) Three-dimensional Finite Difference (FDI 
or Integrated Finite Difference (IFD) codes for 
nonl i heat transfer model ing (for example, 
TRUMP, and HEATING 59), 

2) Three-dimensional FO or IFO codes f?5 
fluid flow in deformable porous media (TRUST ), 

3) Three-dimensional IFD codes for nonl inear 
heat conduction, convective heat and mass flow in 
isotropic porous media containing one set of frac
tures deformable in response to normal stress 
(CCCll ) • 

4) Two-dimensional Finite Element (FE) codes 
for nonl inear heat conduction in anisotropic media 
subject to convecT~ve and radiation boundary condi
tions COOT-DETECT ), A three-dimensional code 
is ava i I ab I e commerc i a I I Y but not in the open 
literature, 

5) Three-d i men s i ona I FE codes for I i near and 
nonl inear uncoupled thermal and mechanical streT3 analysis of anisotropic media (for example, SAP 
and NONSAPI4), 

6) Two-dimensional FE codes for coupled 
effects of stress and transient fluid flow in 
anisotropic porous or ~m~grmeable media containing 
deformable fractures,l , 

7) Three-dimensional FE codes for transient 
heat and fluid flow in porous media, 

Codes of the types (1), (2), (3), and (6) are 
avai lable at LBL, Codes of types (4) and (5) have 
been developed at University of Cal ifornia, 
Berkeley Campus,13,14 

Although numerical methods are more versati Ie, 
analytical solutions, wherever appl icable, can 
provide detai led information for three-dimensional 
configuration at a fraction of the cost and time 
required to set up numerical models, Accordingly, 
efficient computer programs have been developed 
1) to model heat conduction in isotropic media for 
a n arb j-j-rary thr,ee-d i men s i ona I assemb I y of fin i -fe 
I ine or cylindrical heat sources using the Green's 
function method and numerical integration, and 2) 
to analyze transient packer well-test for in situ 
determination of fracture properties in an imper
meable rock matrix using the Laplace transform,17 

Predictions from these analytical solutions 
have been confirmed by I imited numerical model ing 
using codes of types (2) and (3), A number of 
case studies have been carried out using these 
analytic solutions and reports are being written 
on the deta i Is. 
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Additionally, large-core fully dynamic 
storage versions of codes of types (4) and (5) have 
been implemented at the LBL CDC 7600 computer. One 
of these (SAP) has been interfaced with the heat 
conduction program. A number of case studies of 
thermal stress have been performed. For instance, 
pre lim i nary resu I ts i nd i cate that a I i-hough the 
temperature fie I ds of two 5-kW cy I i ndr i ca I heat 
sources do not interfere after two s, the 
resulting thermoclastic fields do i owing 
to the pervas i veness of therma I I Y induced 
displacement. 

During fiscal 1978, efforts wi II be directeci 
toward the fo I low i ng: 

1) Further improvement of the programs based 
on analytical solutions, such as including an 
arbitrary time-dependent source function. 

2) Interfacing the analytical heat conduction 
solution and/or heat transfer codes of types (1), 
(3) or (4) to the nonl inear FE code NONSAP. 

3) Further thermal stress case studies, 
4) Documentation of the coupled stress-flow 

code, type (6), and case study, 
5) Development of coupled stress-fluid flow/ 

heat flow programs using smeared out "overlay" 
models in the far-field and discrete fracture 
models in the near-field, 

6) Study of steam formation effects, 
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INSTRUMENTATION NEEDS TO ASSESS, EVALUATE AND MONITOR RADIOACTIVE 
WASTE STORAGE IN DEEP BURIAL SITES 
T. Simkin and M. O'Brien 

INTRODUCTION 

The Earth Sciences Division in cooperation 
with the Engineering and Technical Services 
Division is undertaking a project, funded by a 
seed grant from the LBL Director's Office, to 
conduct a symposium to document instrumentation 
for al I phases of waste repository development and 
to synthesize those findings and recommendations 
into an LBL report. 

The symposium, to be scheduled in spring of 
1978, wi II have national and international 
participation with experts representing scientific 
research, instrumentation, industry and nuclear 
waste. Based on the symposium results, LBL may 
propose to become the lead laboratory for instru
mentation studies related to terminal storage of 
radioactive wastes in geologic structures. 

ACCOMPLISHMENTS DURING 1977 

Th e I nstr umentat i on Needs Sympos i um fo I lows 
the conference on "Fluid Flow in Largely Imper
meable Rocks," chaired by LBL in Texas, and the 

cooperative study on waste storage at Stripa, 
Sweden. From the conference and the Swedish study 
it is clear that instrumentation needs have not 
been defined, and much of the present technology 
is antiquated or untested for emplacement at great 
depths, pressures and temperatures. The symposium 
wi II make a prel iminary start in identifying 
thermo-mechanical and hydrologic instrumentation 
needs. These needs are greatly compounded when 
consideration of monitoring 30,000 canisters is 
added, 

PLANNED ACTIVITIES FOR 1978 

As part of the preparations for the symposium, 
LBL wi II start to define the critical information 
and target needs for waste monitoring and related 
instrumentation during several phases: basel ine, 
construction, emplacement, short-term (up to 100 
years) and long-term monitoring. 80th surface and 
subsurface monitoring l'Ii II be considered, Figure 
provides the starting point tor planning and con
ducting this symposium. 



156 

BASELINE CONSTRUCTION EMPLACEMENT 1st PHASE 2nd PHASE 
STORAGE STORAGE 

(0 Yr8) (1 - 10 Yr8) (10 - 30 Yrs) 30 - 100 Yrs) (100 Yrs +) 

THERMO-MECHANICAl 

HYDROLOGICAl 

RADIONUCLIDE 
TRANSPORT 

Figure 1. Radioactive waste storage monitoring matrix. The matrix represents the starting 
point of the workshop to define what physical properties require monitoring and the assessment 
of current instrumentation technology to measure those characteristics. The purpose is to 
define research requirements, 

WASTE ISOLATION SAFETY ASSESSiV1ENT PROGRAM 
]. A. Apps 

I NTRODUCT I O~I 

The progress and results obtained during 
fiscal year 1977 for LBL Contract No. 45901AK are 
reported in LBL-7022, Theoretical and Experiment91 
Evaluation of Waste Transport in Selected Rocks. 
This project is part of the Waste Isolation Safety 
Assessment Program (WI SAP), which is managed for 
-rhe DOE Office of vlaste Isolation by Battelle 
Pacific Northwest Laboratories, In particular, 
this project supports task 5 of VII SAP, the collec
tion and generation of transport data, Within 
task 5 is subtask 4, which addresses the problem 
of understand i ng the mechan isms of rad i onuc I ide 
transport and the impact of such mechanisms on 
radionuclide distribution coefficients. The goal 
of this project is to establ ish a basis on which 
radionucl ide distribution coefficients can be 
rei iably predicted for geological environments of 
the type anticipated for terminal radioactive waste 
storage facilities. 

DISTRIBUTION COEFFICIENT DETERMINATION 

It is wei I known that the distribution 
coefficient (K d). defined thus: 

mole of radionucl ide sorbed/g 
moles of radionuclide in solution/ml 

is a semiempirical parameter, subject to variation 
as a result of the chemical and physical conditions 
under which it is measured. These conditions vary 

greatly, depending on whether the environment is 
adj acent to a term i na I storage fac iii ty or is 
s i mil ar to the env i ronmen t norma I I Y encountered in 
a laboratory experiment, Laboratory measurements 
of Kd vary significantly from experiment to 
experiment, Therefore, the appl icabi I ity of 
currently avai lable measurements to the prediction 
of radionucl ide behavior in rocks is questionable, 
Table 1 gives a tentative I ist of factors that 
might influence a typical Kd determination and the 
errors that might result from omitting these 
factors when extrapolating data from laboratory to 
subsurface conditions expected in a host rock 
adjacent to a terminal storage repository. It is 
obviously important to identify the critical 
factors influencing the magnitude of empirical 
distribution coefficients for given radionuclides, 
and to establ ish the variation in those factors 
under differing host rock conditions. 

PROJECT SU~1MARY 

The radionucl ides chosen for this study 
include thorium, uranium, plutonium, neptunium, 
americium, curium, iodine, and technetium. During 
fiscal year 1977, emphasis has been placed on the 
actinides plutonium, neptunium, americium, and 
curium. The host rock types being considered 
include acid igneous rocks (granite, rhyolite), 
basic igneous rocks (gabbro, dolerite and basalt), 
sed imentary rocks (arg ill i tes, sandstone, and 
I imestone), and metamorphic rocks (if deemed 
appropriate). Although the study is generic and 
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TABLE 1. Factors influencing Kd for a given radionuclide, based on a comparison 
between conditions in a typical soil column adsorption study and conditions expected 

in a terminal storage repository. 

Parameters 

1. Solution chemistry 

a. Major components 

b. Minor components 

c- pH 

d. Eh 

2. Radionuclide 
concentration and 
speciation 

3. Flow rate 

4. Permeability 

s. Duration 

6. Surface area 

7. Path length 

8. Temperature 

Principal effect 

Ionic strength 
Activity coefficients 
Complexing 

Complexing 

Complexing 
Chemical potential 

Chemical potential 

Supersaturation 
Polymerization 
Metastable equi
librium 

Metastable equi
librium 
Transport Mechaniams 
Changes in apparent 
surface area contacted 

Flow rate 
(see above) 

Radionuclide decay 
Daughter formation 
Front reinforcement 

Adsorption 

Dispersion 

Complexing 
Solubility 
Adsorption 

Soil column test 

Very variable. 
Composition deter
mined by condition 
the test is designed 
to simulate. 

Same as above. 

2-11, depending on 
the nature of the 
test 

Variable, usually 
oxidizing, and 
dependent upon pH. 

10- 6 to 10- 9 mole/kg. 
As ionic, polymeric, 
and particulate forms. 

10-' to 10 Darcys 

Up to 10
5 

cm'/g; 
Dispersed clays, 
humus, fine partic
ulates, loess, etc. 

10' cm 

Subsurface terminal 
storage facility 

Potential effect 

on Kd 

Determined by host 
rock chemistry and by 
other factors includ
ing the leaching 
chemistry of the 
waste product. 

Same as above. 

5 - 8. Buffering of 
heterogenous and 
homogeneous equilibria 
keep the pH range 
within narrow limits. 

Variable, over a 
narrower range, 
usually reducing. 

Uncertain, but probably 
very low, depending on 
leaching characteris
tics of waste product 
fo::~ (glass)"posSibly 
10 to 10- mole/kg. 
Principally as ionic 
species. 

10- 3 to 10-' em/sec 

- 3 -8 
10 to 10 Darcys 

Up to 10 '3 sec 

Fractures, micro fractures , 
intergranular pores 

2 X 10' em 

10 to 100'C 

Unpredictable 
- 10- 3 

Same as above. 

Up to 10 '0 or 
even more 

Difficult to 
estimate, but could 
be very large for 
amphoteric species 

Sufficient flow 
rates could lead 
to different rate 
controlling trans
port mechanisms 
(e.g. ionic or molec
ular diffusion) 

also lead to 
different thermo
dynamic controls 
(0 to 10 6

) 

Same as above. 

None considered 
at this time. 

No anticipated 
effect on Kd . 

Up to 10 3 

does not pertain to a specific site, greater 
emphasis is being placed on rocks from the Nevada 
Test Site and the Hanford Reservation near 
Richland, Washington. 

The project includes both theoretical and 
experimental investigations organized into several 
interrelated subtasks, as ill ustrated in Figure 1. 
These subtasks al I support an attempt to define the 
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I I Experimental program 
I to determine critical 

I-~=--..,... data on solid phases 
I and complexes of 
I radionudides 

Definition 
of Kds in 
geologic 
environments 

X 8 L 762- 312 

Figure 10 Logic chart for LBL Waste Isolation Safety Assessment Program-5: 
Theoretical and Experimental Evaluai-ion of Waste Transport in Selected Rocks, 
(Hatching indicates the task is complete,) 

environmental conditions expected in the water
saturated host rocks of a terminal storage taci I ity 
and to determine the transport mechanisms of 
radionucl ides in these rocks, This information 
can then be used to relate the thermodynamic and 
transport properties of radionucl ides to the 
corresponding distribution coefficients, which 
then can be used with confidence in a computer 
simulation of radionucl ide transport, Without such 
an effort, there is a danger that experimentally 
obtained distribution coefficients wi II be misin
terpreted when calculations are made to determine 
transport through rock to the biosphere. 

Dur i ng f i sca I year 1977, the fo I I 0\>1 i ng 
subtasks were performed. 

1. Thermodynamic data were tabulated for 
those aq ueous comp I exes and so lid phases 
of plutonium, neptunium, americium, and 
curium I ikely to form in the natural 
environment, 

2. Eh-pH diagrams were computed and drafted 
for plutonium, neptunium, americium and 
curium at 25°C and one atmosphere. 

3. The I iterature on distribution 
coefficients for plutonium, neptunium, 
americium, and curium was reviewed. 

4. Prel iminary considerations were determined 
for an experimental method of measuring 
radionucl ide transport in water-saturated 
rocks, 

5, The transport mechanisms of radionucl ides 
in water-saturated rocks were reviewed. 

6. A computer simulation was attempted of 
mass transfer involving actinides in 
water-saturated rocks. 

Progress in these tasks is reported in LBL-7022. 1 

Subtasks 1, 2, 3 and 4 are complete. The progress 
made in subtask 5 is represented by an initial 
theoretical survey to define the conditions needed 
to characterize the transport of radionucl ides in 
rocks. This i-ask will be refined and will continue 
in fiscal year 1978. Subtask 6 has begun but is 
not complete. Progress in this task will be 
reported more fully in 1978. 
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MODELING OF UNDERGROUND HEATER EXPERIMENTS SIlIJULATING HIGH-LEVEL 
RADIOACTIVE WASTE REPOSITORIES IN HARD ROCK 
1'. Chan, N. G. W. Cook", and C. F. Tsang 

INTRODUCTION 

In the assessment and design of underground 
high-level radioactive waste repositories in hard 
rock it is essential to understand the thermo
mechanical response of the rock mass to decay heat 
and the consequent effects on fluid flow through 
fractures, Furthermore, many of the physical and 
chem i ca I processes contro I ling the rate 0 f re I ease 
of the radionuclei to the biosphere are thermally 
activated, The United States-Sweden Cooperative 
Program is a major effort toward achieving a better 
understanding of such complex phenomena, 

An important part of the cooperative program 
is a set of heater experiments in an abandoned mine 
at Stripa, The project reported here was started 
in May 1977 to provide theoretical support for 
design and data interpretation of these experi
ments. The objectives are: 

(1) To apply and modify existing analytical and 
numerical methods to model heat and/or fluid flow, 
thermally induced stress, and coupled fluid flow 
and stress, 

(2) To develop numerical models for coupled 
heat-fluid flow-stress analysis. 

At every stage of the project the theoretical 
work has been, and will be, closely related to the 
field experiments. Thus far the temperature cal
culations have strongly influenced both the design 
of the heaters and the exper imenta I layout, The 
predicted temperature, displacement, and stress 
fields wi II be stored in an on-site computer to 
be used for real-time comparison with field data by 
means of a computerized data collection and graphic 
display system so that on-the-spot decisions on 
modifications to the experiments, if necessary, can 
be made, Conversely, all raw data will be captured 
and transferred back to LBL, These wi II be used 
for extracting in situ rock mass properties by 
comparison with theoretical models and, in conjunc
tion with laboratory testing results, for guiding 
the modification and improvement of models, Such 
an iterative approach is necessary in view of the 
variabi I ity and complexity of geological systems, 

1977 ACCOMPLISHMENTS: THERMAL CALCULATIONS 1 

During 1977 efforts were devoted primarily to 
temperature, thermal ~eformation, and stress 
calculations since these are the major quantities 
to be measured in the field experiments, The three 
heater experiments modeled included a 3.6-kW full
scale heater (2.59-m long, 0.32-m diameter),a 5-kW 
full-scale central heater (same size) surrounded by 
eight l-kW peripheral heaters (4.27 m in length) 
arranged in a ring of 0,9-m radius, and a planar 
array of eight time-scaled heaters (0.81-m long, 
O,l-m diameter) with 3-m or 7-m spacing. The 
I inear scale factor is 1:3.2, giving a 

* Professor, Dept. of Materials Science and Mineral 
Engineering, U.C, Berkeley. 

corresponding time scale factor of 1 :3,22 = 1:10.2, 
A br i ef account of the I'/ork accomp I i shed fo I lows. 

Development 

I twas recogn i zed that, in view of the short 
thermal diffusion time across the radius of the 
heater, the temperatures in the rock can be 
obtained quite accurately by approximating the 
cyl indrical heater by a finite I ine, Accordingly 
a solution to the heat conduction equation for a 
finite I ine source has been derived using Green's 
function method. This solution involves only a 
single integral, as compared to the double ~ntegral 
expression necessary for a finite cyl inder, and 
therefore takes far less computational time to 
eva I uate by numer i ca I i ntegrat i on. A computer 
program, FILINE, based on this I ine source 
solution, has been developed to calculate the 
temperature field due to various arrays of finite 
I ine sources. The image technique was used to 
model isothermal or adiabatic boundary conditions 
at the floor of the healer drift, Numerical 
comparison with Mufti's finite cyl inder solution 
(which we coded into a program CYNDER), and with 
an integratzd finite difference model (using 
program CCC ), has confirmed the val idity of the 
fin i te line sourc.e approx i mat i on. 

The main advantage of the analytic method is 
that if the temperature needs to be known only at 
a few isolated points in space and time, as often 
happens in the design phase, the analytic solution 
has to be evaluated just at those particular 
points, whereas in more general numerical schemes 
such as finite difference or finite element 
methods, the temperature must be computed over the 
entire domain of model space and time, Thus, the 
amount of effort required in model set-up and in 
computation to aid and/or assess design changes 
or alternatives differ by orders of magnitude. A 
further consideration, specific to the present 
app I i cat i on, is that two of the exper i ments cons i st 
of 3-dimensional heater arrays so that a tempera
ture file for approximately 106 points in space and 
time for each experiment is necessary for graphic 
displlay of the spatial temperature distribution 
and time history. Computational economy, 
therefore, becomes an important issue. 

Cases Studied 

Table 1 summarizes the various cases modeled. 
Sample results are illustrated in Figures 1-3. 

Some important results and conclusions are: 

(1) After a few weeks of operation the ring 
of peripheral heaters wi II give rise to a nominally 
uniform temperature distribution within its circum
ference, thus providing a reasonable simulation of 
the background temperature rise due to other waste 
canisters in a repository, Figure 1, The tempera
ture within the ring increases by about 1000 e in 
30 days and 1400 C to 1800 C (depending on boundary 
conditions) in 2 years, 
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Table 1. Cases of thermal calculations completed in 1977. 

Cases 

Test case 
One 1-kW 
full-scale 

Field 
situations 

One 3.6-kl'i 
f u I I-sca I e 
heater 

One 5-kW 
full-scale 
heater 

One 5-kW 
full-scale 
central 
heater + 
eight l-kW 
peripheral 
heaters 

Eight 
l' ime-sca I ed 
heaters 

One 
time-scaled 
heater in 
cased 
borehole 

Source Function 
Constant Decaying None 

power power ( i • e • i n fin i te med i um) 

@ 

@ 

@ 

(2) I f the 5-kW central heater and the eight 
l-kW peripheral heaters were to be operated concur
rently throughout a two-year period, temperature 
increase within a radius of 1 m would be higher 
than 3000 C (over 4500 C near the main heater hole), 
Figure 2, exceeding the temperature ratings of the 
instruments. Accordingly, it has been decided to 
switch on the peripheral heaters only after the 
central heater has been operating for about one 
year. 

(3) In the time-scaled experiment, 
appreciable interaction occurs between the two 
heaters spaced 3 m apart (corresponding to 9.6 m 
for fu I I-sca I eJ, but not between the two with 7 m 
spacing (corresponding to 22.4 m for full-scale) 

Boundary Condition(s) 
I sotherma I Ad i abat i c Newton f slay! 

of cool ing Model 

FILINE 
CYNDER 

FILINE 

cee 

FILINE 

FILINE 

cee 

cec 

within a period of 30 days (corresponding to 307 
days for fu I I-sca Ie), Figure 3a. After 2 years 
(20.4 years for full-scale), Figure 3b, all the 
heaters wi I I be interact i ng; temperatures wi I I 
st i I I be i ncreas i ng everywhere but en I y gradua I I y, 
and the temperature distribution wi! I sti II be far 
from uniform. It is therefore important to carry 
out detai led canister arrangement studies for re
pos i tory des i gns to ensure retr i evab iii ty. In 
other words, gross thermal loading should not be 
used as the sole thermal criterion. 

(4) Installation of a stainless steel casing 
in each time-scaled heater hole wi I I have only 
minor effects on the temperature distribution. 
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Figure 1. I sotherms of temperature rise COC) due 
to eight l-kW peripheral heaters after a period of 
30 days, The drift floor is modeled as the iso
thermal boundary; the longitudinal plane section 
is ill ustrated. 

Figure 2. Isotherms of temperature rise CoC) due 
to a 5-kW full-scale central heater and eight l-kW 
peripheral heaters after 2 years of concurrent 
operation at constant power. The drift floor is 
modeled as the isothermal boundary; the longitudi
nal plane section is illustrated. 
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Figure 3a. Isotherms of temperature rise CoC) due to an array of eight 1. l-kW time-scaled 
heaters after a period of 30 days, with decaying power simulating high-level reprocessed light 
water reactor waste. This is an infinite medium model; one quadrant of the horizontal section 
through the heater m i d- plane is i I I ustrated. 

Figure 3b, Isotherms of temperature rise CoC) due to an array of eight 1.1-kW time-scaled 
heaters after a period of 2 years, with decaying power simulating high-level reprocessed light 
water reactor waste, This is an infinite medium model; one quadrant of the horizontal section 
through the heater mid-plane is illustrated. 



Thermal Stress Calculations4 

Our heat conduction program FILINE has been 
interfaced to the finite element code SAPIV. 5 
Thermal stress analyses have been carried out for 
the three aforementioned heater experiments using 
various loading and boundary conditions. Only a 
cursory discussion wi II be given here. 

For the f u I I-sca Ie exper i ment with per i phera I 
heaters operating simultaneously, Figures 4 and 5 
depict the tangential and axial components of the 
thermal stress as a function of radial distance 
along the heater mid-plane. Both axial and tangen
tial stress wi I I exceed the unconc\ined compressive 
strength of intact Stripa granite within a period 
of 90 days. Thermally induced displacements are 
also very substantial. Maximum displacement wi I I 
be over 2 mm in 90 days and over 3 mm in 2 years. 
This is a result of the high temperatures as wei I 
as high thermal gradients (see Figure 2). Conse
quently, thermal decrepitation is to be expected. 
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F i gu re 4. Therma I I Y induced tangent i a I stress 
(MPa) as a function of radial distance (m) along 
the heater mid-plane for the full-scale experiment 
consisting of one 5-kW constant-power central 
heater and eight l-kW peripheral heaters after 
various periods of concurrent operation. 
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Figure 5. Thermally induced axial stress (~1Pa) 
versus radial distance (m) along the heater 
m i d-p I ane for the fu I I-sca Ie exper i ment cons i st i n9 
of one 5-kW constant-power central heater and eight 
l-kW peripheral heaters after various periods of 
concurrent operation. 

Even without the peripheral heaters, compressive 
stresses around the heater hole would sti I I be 
higher than the unconfined compressive strength. 
Accordingly, decrepitation detection devices wi I I 
be installed in the boreholes. 

Tensi Ie stresses (see Figures 4 and 5) cam
para b I e to the uncon fined tens i I e strength and the 
in situ stress wi II also be induced. Hence, the 
possibi I ity of fractures opening with consequent 
reduction in thermal conductivity and positive 
thermal feedback cannot be excluded. 

Another observation is that the displacements 
for the two heater experiments both persist over a 
long distance, implying that the two experiments 
are not entirely independent. 

PLANNED ACTIVITIES FOR 1978 

1. Calculate the temperature field for the 
ful I-scale heater experiment with peripheral 
heaters switched on after the central heater has 
been operating for one year. 



2. Attempt to extract in situ material 
properties of rock mass by comparison of 
theoretical prediction with field data by means 
of type-curve fitting or least-squares fit. 

3. Superpose the stress and displacement 
solutions for the two full-scale heater experiments 
to obtain their combined effects. 

4. Include effects of water in fractures and 
temperature-depe~dent thermal conductivity using 
the CCC program. 

5. Model effects of canister placement on 
stress and thermal fracturing close to drifts by 
using existing nonlinear finite element programs. 

6. Incorporate thermal stress (uncoupled) 
effect Into a finite-element program for coupled 
stress-transient heat flow recently de~eloped at 
the University of Cal ifornla, Berkeley and apply 
it to case studies using the temperatures calcu
lated in 4 above, as input. 

7. Start work to Investigate effects of 
steam production and pressure buildup. 

8. Start work (In cooperation with Prof. R.L. 
Taylor of University of Cal ifornla, Berkeley) to 
develop techniques tor coupled heat-fluid flow
stress analysis. 
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INTRODUCTION 

Hydrogeology is an Important consideration In 
selecting a deep continental geologic formation as 
a site for radioactive waste storage. The poten
tial spread of radlonucl ides from the storage site 
to the earth surface w I I I be ma I n I y through ground
water transfer. Fractures are the main conduits of 
water in most hard rock formations. Thus, to 
estimate the possible rate of waste spread, It Is 
Important to have rei lable measurements of the 
aperture size and connectivity of the underground 
fracture network. At depths of 1-2 km, the frac
tures are I I ke I y to be very tight, with apertures 
In the micron range which are difficult to measure 
with the usual downhole tools. In this paper, a 
pulse packer test for In situ study of tight 
fractures Is presented. 

In a packer test (Figure 1), a pressure pulse 
Is appl ied to water sealed between two packers and 
the pressure decay at the wei Ibore Is monitored. 
When the wei I Intersects fractures, the pressure 
decl ine Is due to the flow into the fractures. 
Since water Is viscous, the smaller the fracture 
aperture, the larger the resistance to flow or the 

Pulse packer test i ng: 

H 

rw = 0.04 m 

Dw= 2m 

2b= IJ-Lm~ 10J-Lm 
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Figure 1. Schemat I c of a we I I bore intersect I ng a 
fracture. 



s lower the pressure dec line. By measur i ng the 
pressure change as a function of time the fracture 
properties can be analyzed. At ear Iy times the 
pressure change depends ma i n I y on the near-we I I bore 
fracture resistance. By analyzing the "short-time" 
data the fracture aperture can be estimated. At 
later times, the fracture geometry wi I I a ffect the 
pressure change. Thus the "long-time" data 
contains further information about the continuity 
and connectivity of the fracture system. 

The objectives of the project are: 

1. Perform analytic and numerical model ing of the 
transient fracture flow in response to a 
pressure pu I se at the we I I bore. 

2. Study the dependence and sca ling of the pres
sure change on the we I I bore and fracture 
dimensions and fluid properties. 

3. Develop simple procedures for quick estimation 
of the fracture apertures. 

4. Study the effect of fracture multipl icity, 
orientation, and connectivity. 

5. Genera I i ze the data to mu I t i - packer-we I I 
interference tests. 

This project started in June 1977. The 
present report is based part i a I I Y on a ta I k 1 
presented at the Invitational vie I I Testing 
Symposium at Berkeley in October 1977. 

ACCOMPLISHMENTS FOR 1977 

Transient pressure changes were calculated for 
several geometrical arrangements of single and 
multiple fractures intersecting the wellbore, 
Analytic and numerical methods were used to solve 
the diffusivity equation which governs the fracture 
flow of 51 ightly compressible water. Analytic 
solutions were derived with the Laplace transfor
mation procedure. Numerical model ing was 
accompl ished using computer program "TRUST" 
developed at Lawrence Berkeley Laboratory. 

In Figure 2 the pressure decl ines at the 
wellbore for single infinite and finite fractures 
with 10-~m and 1-~m apertures are plotted, For a 
finite fracture, the external boundary can either 
be closed, Figure 2(a), or· maintained at the 
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ambient pressure, Figure 2(b). For a 10-vm fracture 
in either Figure 2(a) or 2(b), the pressure change 
occurs within several minutes. For a 1-~m 

fracture, it takes a Imost an hour before an 
appreciable pressure change is noted and several 
days to complete the pressure decl ine. By one 
order of change of the fracture aperture, the 
decay time changes by approximately three orders 
of magnitude. This dependence originates from the 
cubic dependence of the fracture flow conductance 
on the aperture. Over a short time the finite 
fracture boundary effect has no influence on the 
pressures and al I curves of a given aperture tend 
to coincide. A simple procedure for quick estima
tion of the aperture can be developed. For 
different apertures, the time required for the 
pressure dec lin i ng to a given va I ue d i Her s. In 
Figure 3, the aperture 2b is plotted against the 
time required for the pressure to reach 0.95, 0.90, 
or 0.85 of the initial valueo The uncertainties 
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F i aure 2. Norma I i zed pressure decay at a we I I bore 
intersected by a single fracture of aperture 2b 
and fracture-wellbore volume ratio VF/V\y' The 
fracture boundaries at radius rF are either closed 
[zero pressure gradient in (a)l or open [zero 
pressure in (b)l. a is the dimensionless leaking 
capacity. Sol id lines = analytic solutions. 
Dots = numerical results. 
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Figure 3. The relation of the aperture 2b and the 
time required for the pressure to decay to a given 
fraction PN of the initial appl ied pressure. The 
uncertainty due to finite fracture boundary is 
shown by the shaded bands. 


