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Geothermal and Geosciences Program 

This report is Grint of the Geothermal and Geosciences section of the 
1975 Annual Report (LBL-5299) of the Energy and Environment Division of 
Lawrence Berkeley Laboratory. The sources of funding for these various projects 
are indicated by the abbreviations explained below. 

DBER Division of Biomedical and 
Environmental Research 

DGE Division of Geothermal Energy 

DPR Division of Physical Research 

EG&G Edgerton, Germeshausen & Grier 
I 

LBL Lawrence Berkeley Laboratory 

NSF National Science Foundation 

OPA Office of Public Affairs 

Most of the projects were funded by the Division of Physical Research. 
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Geotherlllal and Geosciences 

INTRODUCTION 

The 1 :ne rgy and Envi romnent OJ vi sion 's geo
thermal and geosciences program is concerned with 
tile pract. ical uevclopment of this energy source 
,I/ld wi th hasic research in the geosciences to 
provide fundalllental information for the uevelop
ment of more sophisbcated energy systems in the 
futun) .. 

Several suhj e.cts of inter-est to geothermal 
development anu the supporting basic science are 
:included iJ1 the division program. A main 
efrort is the program for the evaluation of 
techniques to locate and assess potential liquid
dominated geothennal resource areas. Field 
;Jctivities in north central Nevada have employed 
a vari.ety of geophysical, geological, and geo
chemical techniques for diagnostic evaluation. 

Scientific and engineering projects include 
the fonnulation and improvement of numerical 
models of geothermal reservoirs, reservoir 
compaction, reinjection of spent fluid, and two
phase heat and mass transfer in porous media 
systems. Theoretical work is also being done to 
f0l1l1U1:1tc ('quat ions predicting the thennodynamic 
properties or the mixed aqueous electrolytes 
present in geothermal hrines. This information 
h:1S heen used in calculations aimed at the optimi
wt ion of pov,et" cycles artd will be of use to 
others in power plant design. The kinetics of 

silica dissolution and precipitat:ion, directly 
related to scaling in geothermal power plants and 
the sealing of .geothennal reservoir boundaries, 
is also being investigated. Physical mouds are 
being developed to study geothermal convection 
and reservoir dynamics, and test facilities arc 
being designed to study the properties of 
rock- fluid systems related to geothermal usc .. 
This latter project will also be significant to 
the thermal recovery methods applied to the extrac
tion of fossil fuels. 

A brief reservoir assessment of the Raft 
River Geothermal Field in Idaho has been made 
using flow tests on existing wells. Some explora~ 
tory work has been done to correlate natural 
radioactivity with geothennal mineralization anu 
rock type. Other field equipment has heen built 
and tested. 

The long range geosciences program j ncludes 
geochemical studies of mantle source material, 
and the high temperature properties of silicate 
liquids relating to heat flow and other magmatic 
processes. 

A project supporting the entire geothermal 
comnW1ity is the National Geothermal Information 
Resource ( GRID), which serves as an information 
center, critically analyzing and evaluating data, 
and interfacing the information file with the user. 

GEOlHERMAL FIELD ACTIVITIES, NOR1H-CENTRAL NEVADA 

H.A. Wollenberg, '1'. V. McEvilly, and H.F. Morrison 

1\ program [or evaluation of techniques to 
locate and assess potential geothermal resource 
areas is underway in north-central Nevada. 

C;eothenllal field activities have included 
a preliminary electrical resistivity survey, 
reconna:issance geologic mapping and geochemical 
sampling of the Beowawe area, and extensive 
geological, geophysical, and geochemical 
surveys in Buffalo and Grass Valleys, encompassing 
Buffalo Valley 1I0t Springs and Leach Hot Springs, 
respectively. (Sec Fig. 1 for locations of 
these areas.) Surface surveys and heat flow 
measurements are complete in Buffalo Valley, and 
surface geophysical surveys are presently W1der
W;Jy in Grass and Buena Vista Valleys, near 
Leach and Kyle Hot Springs. (A more detailed 
explanation of the program and descriptions of 
methods may he founu in Refs. 1 and 2.) 

Parameters that arc diagnostic in evaluating 
and comparing geothermal areas were described 
in detail in Ref. 1. Temperature at depth within 
a hot spring system is estimated from silica 
and alkali-element abW1dances of the hot water. 
Conductive heat flow is calculated by comhining 
the downhole thermal gradient with thermal 
conductivity measured on representative core 
samples. Electrical resistivity reconnaissance 
is done by bipole-dipole and telluric surveys, 
while more detailed resistivity data is obtained 
by the dipole-dipole method. Generally, hot 
water zones are associated with low resistivity. 
Microearthquakes (earthquakes with magni tudes 
« 1) are detected by very sensitive seismometers 
whose signals are radio-telemetered to a central 
data acquisition station. A microearthlJuake zone 
may indicate the presence of geothermal fluids 
in a fault zone. Electrical self-potential may 
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Hot Springs in Northwestern Nevada 

Location map of northwestern Nevada, 
showing prominent thennal spring areas 
within and outside of the Battle Mountain 
High heat flow region. (XBL 735-676) 
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indicate upwelling thennal water as well as 
nonnal ground water flow. 1be nature of spring 
deposit material is a rough indication of the 
quality of a potential geothermal resource; 
generally deposition of silica indicates higher 
temperatures at depth than do calcium-carhonate 
deposits . 

Important geophysical parameters at Buffalo, 
Grass, and Buena Vista Valleys are compared in 
Table 1. The tabulated results of Grass Valley 
surveys, the combination of electrical resistivity 
and teleseismic P-delay data suggests the presence 
of a capped, hot-water reservoir area north-north
west of Leach Hot Springs. Also of interest, 
two heat flow anomalies were discerned several 
kilometers southwest and south-southeast of the 
springs. 3 These are indicated by the 4.9 and 5.1 
heat-flow-unitvalues on the accompanying n~p 
(Fig. 2). Neither one is associated with any 
surface hydrothennalmanifestation, however both 
are significant conductive thennal anomalies . 
Therefore, it is planned to expand the heat flow 
coverage of southern Grass Valley, by drilling at 
least one more - 50 meter-deep gradient hole, 
to furnish data for a contour map of heat flow in 
the area. 

Surface geophysical measurements in Buena 
Vista Valley indicated the presence of a large 
self-potential anomaly east of Kyle Hot Springs. 
The nature of this anomaly, whether it is primarily 

Table 1. Colrtparison of important parameters at Buffalo, Grass, and Buena Vista Valleys. 

Temperature at depth 
as indicated by spring 
water chemistry 

Conductive heat flow 

Electrical reSistivity 

Microearthquakes 

Parameter 

Self potential 

Spring deposit 

Buffalo Valley 

130·C (Si02) at B.V. H.S. 
150·C (Si02) at spring on 
west playa fault zone 

a.-
4.6 hfu - .5 km east of 
B. v. H.S.; 3 hfu on west 
playa fault zone 

Genera 1 broad area of 
shallow. low resistivity 
(5-10 ohm-m) over playa 
area; probably associated 
with electrically conduc
tive old lake bed and playa 
sediments. Very small low 
resistivity zone associated 
with B.V. H.S. 

Latest surveys confirm 
absence of activity in 
Buffalo Valley; some activity 
in Tobin Range west of the 
Va 11ey 

Buffa laVa 11 ey 

Positive anomaly associated 
with hot springs 

Predominantly CaC0 3 

Grass Valley 
(Leach H.S. Area) 

150-170·C (Si02 and Na-K-Ca); 
possibly exceeds 20QoC. con
sidering mixing of near-surface 
cool water 

9 hfu - 1 km northeast of 
spri ngs; - 5 hfu at 2 
locations several km SSE and 
SW of hot spri ngs 

Discrete zones of low resisti
vity (1-5 ohm.m) at depth. 
associated with L.H.S. and an 
area NNW of spri ngs. Another 
area of low resistivity corres
ponding to zone of high heat 
flow, low gravity and micro
earthquakes. 6 to 8 kID SSE of 
L.H.S. 

Zone of activity trending -
ENE - WSW in the vicinity of 
Panther Canyon. - 6-10 km SE 
of L.H.S. 

Gra ss Va 11 ey 
(Leach H.S. Area) 

Anomalous "structure" near and 
away from hot spri ngs 

Predominan.t1y Si02 

Buena Vista- Valley 
~_~-':Lh~~ 

170-190·C (Si02 and Na-K-Ca) 

No measurements to date 

Surveys underway 

No apparent activity during 
short (- 2 week) survey 

Buena Vista Valley 
(Kyle H.S. Area) 

Large anomaly in hills east 
of hot springs; presently 
being detailed 

Presently depositing pre
dominantly CaC03. but 
evidence of abundant Si02 
deposition in recent past 



LEACH HOT SPRINGS QUAD 
r-.----.,,----.;--,1T"T------c-rr----------,4o· 45' 

• HOT SPRINGS 
o HIGH H£AT FLOW 

KILOMETERS 

40·30' 117!::.~45:O' ----'----"--...>....Jc.:L--~----1--'-~---1I7::-·-'30' 
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flow (~cal cm- 2sec l ) in the vicinity of 
Leach 1I0t Springs, Nevada. 
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associated with geothermal actIvIty, mineralization, 
or growldwater flow, will be examined by detailed 
geophysical, geological and geochemical surveys. 

From inspection of Table 1 and the preceding 
paragraph, it is evident that, from existing data, 
Crass Valley offers a more promising geothermal 
resource area than does Buffalo Valley. Based 
on what we know now, if a geothermal resource 
does exist in Buffalo Valley, it is probably 
diffuse and of relatively low temperature, 
compared to a more well-defined, higher tempera
ture geothermal area in Grass Valley. 
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MIXED EXPLICIT-IMPLICIT ITERATIVE FINITE ELEMENr SCHFlvIE 
FOR THE DIFFUSION EQUATION* 

T.N. Narasimhan and P.A. Witherspoon 

[NTnODUC'fI ON 

Ceothermal reservoirs fonn complex physico
chemIcal systems and their mathematical simulation 
is very much dependent on approximate mnnerical 
schemes. Hence, a significant part of the reser
voir modeling efforts of the Geothermal Group is 
directed towards formulating and improving appro
priate mnnerical models. In recent times, the 
finite element method (FEM) has evolved to 
become a powerful integral formulation for 
m.nnerical analysis of the diffu.sion equation. 
Tt provides significant advantage, especially in 
handljng complex geometry and general tensorial 
quant i ties such as anisotropy, stress, and 
dispersion. At the same time, the traditional 
finite Ji.fference approach, although inconvenient 
For hand} ing complex geometry or general tensors, 
possesses inherent advantages of mathematical 
simplicity and closeness to the physical approach. 
A. L. Edwarusl of the Lawrence Livermore Laboratory 
incorporated an integrated form of the finite 

difference method (IFDM)2 into a powerful computer 
program called TRUMP for solving the heat 
transfer equation. TIlis program employs a very 
efficient explicit-implicit approach combined with 
an iterative algorithm, thereby avoiding the need 
for inverting large .• sparse matrices. Since it 
should be of great advantage to combine the 
special advantages of FEM (handling tensors) with 
those of the IFDM (mixed explicit-implicit 
approach, iterative solution), we examined the 
theoretical bases of the FEM and the IfDM and 
have successfully developed a mixed explicit
implicit, iterative reM algorithm. This algorithm 
has been incorporated into a computer program 
called FLUMP (mnemonic· for Finite eLement and 
trUMP). This new program is suitable for 
solving toe diffusion equation under complex 
geometry and with material properties, sources 
and boundary conditions varying with the dependent 
variable or with time. . 

An illustrative example of the saturated-
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unsaturated seepage of water in a sand box will 
show the effectiveness of this mixed explicit
implicit approach. For a detailed account of the 
theory the reader is referred to Refs. 3 and 4. 

ILLUSTRATIVE EXAMPLE 

This example is the nonlinear problem of 
saturated-unsaturated flow of water in a rectangular 

(XBL 765-1912) 

flow region. In addition to the role of gravity 
in governing the flow of water, the problem is 
complicated by the fact that both k and care 
strong functions of the pressure head W = 0 - z, 
where z is the elevation. 

The problem pertains to a careful eXl1crimC'ntal 
investi~ation conducted by Vauclin et al. S and is 
governed by the equation 

aW V • k(1jJ) V [z+1jJ] = c(w) at 

TIle initial and boundary conditions of the 
problem are presented in fig. 1. 

The nonlinear functional dependence of k and 
c on 1jJ are shown in Fig. 2. Also in Fig. I are 
shown the positions of the surface 1jJ = 0 (the 
''water table") calculated at different instants of 
time compared with the experimentally observed 
positions. We see that the agreement is good. 
The cumulative amount of water depleted from 
storage within the flow region calculated for 
various instants of time is compared with the 
experimental observations in Fig. 3. Considering 
the complexities of controlling a saturated
unsaturated flow experiment, the discrepancics 
noted in Fig. 3 should be considered acceptahle. 

PLANNED ACTIVITIES 

Further developmental work of the mixed 
explicit-implicit scheme is expected to follow 
two general directions. 1he first of these would 
be to incorporate the transport of heat or chemical 
species into the governing equation along with the 
introduction of thermal or chemical dispersion. 
Dispersion is known to be of tensorial nature, 
and the dispersion tensor generally rotates with 
time in response to changes in the velocity field. 
The FEM offers the most powerfUl way of handling 
general tensors. It is extremely difficult to 
handle the tensors in a general way with finite 
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difference tccJmiqucs. Th(' second lim' of 
work would be to extend the HUMP program to 
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general three dimensions. Basica]]y this extension 
would require an examinahon of the conductance 
matrix that would result from using three-cJjmensional 
brick elements and a study of their relClti.on to 
d i ;igOllil..! dominance. 
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REINJECTlON IN GEOTl-lliRMAL RESERVOIRS* 

C. P. Tsang and P. A. Witherspoon 

lNl'RODUCTION 

Reinjection of used geothermal liquids into 
the producing reservoir has heen proposed hy many 
illv('sti.gators ;IS an effective way to avoid or alle
v-i ate the fol lowing prohlems nonnally associ <lted 
wi.th geothennal energy production: 

(1) Disposal of used geothermal waters with 
min i.mum envi ronmental impact. 

(2) Land subsidence due to the reduced pres
sure in the reservoir upon fluid with
drawal. 

(3) Depletion of fluid and heat from the 
reservoir. 

Ilowevcr, reinjection creates a zone of rela-
t ively cold water around each inj ettion well that 
grows with time and eventually will reach the pro
duction wells. After hreakthrough occurs, the 
t0mperature of the produced water drops and drasti
cally reduces the efficiency of the whole operation. 
j t is thus important to desib'll the system of pro
duction and injection wells in order to prevent in
jected water breakthrough before a specified time, 
and to maintain the temperature variations at the 
product i on weLl s after hreakthrough wi thin reason
able limits. 

This project was started during 1975 and we 
have set om'se]ves the goal of calCUlating quanti
tatively the temperature decrease due to reinjection 
for a given system of production and injection wells. 

Based on this, the physical basis for the optimi
zation of fluid and heat recovery from geothermal 
reservoirs will be invest igated, using as panuneters 
the distrihution of production and injection wells 
and their flow rates. This study, when coupled 
with a knowledge of above-ground utilization facili
ties, will afford a development of resource manage
ment strategies to optimize the economics of geo
thermal energy extraction. 

ANNUAL ACTIVITIES 

The project of calculating the temperature 
change in a system of production and injection 
wells was successfully completed. The calculation 
is bared on a simple two-dimensional steady state 
model developed by A.C. Gringarten and .J.P. Sauty 
of the Bureau de Recherches Geologiques et Minieres 
at Orleans, France. To illustrate the results, we 
display in Fig. 1 the sjmple case of a doublet of 
one production \,ell and one injection well. The 
dotted lines represent the stream lines and the 
solid lines, the thermal fronts. In this particu
lar case (with parameters given in the figure cap
tion), the temperature at the production'well stays 
at the reservoir temperature for 5.7 years, at 
which time the cold injected water reaches the pro
duction well by the shortest sheanl line. lifter 
this time, temperature begins to droJl asymptotically 
to the injection temperature. One point to note 
is that the cold thermal f'ront from the injection 
well advances toward the production \,ell much marc 
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lines are streamlines and the solid lines 
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O.S cal/cm3;oC and its thermal conductivity 
0.006 cal/cm/sec/oC. Thickness of the 
aquifer is 100 meters with a permeability 
of 10%. Flow rate of either well is 100 
cubic meters/hour. Temperature of the 
reservoir is 70°C and the temperature of 
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Fig. 2. The top half of the figure indicates the streamlines (dashed 
lines) and the thermal fronts (solid lines) of the doublet 
system with and without screening. The lower half shows the 
temperature at the production well as a function of time in 
three cases, (a) no screening well, (b) screening well half
way between production and injection wells at a flow rate 
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equal to production, and (c) same as (b) but with screening 
well at 1/10 the separation distance from the'production well. 
The symbols D and d represent the distances from the production 
well to the injection well and to the screening well, 
respectively. (XBL 768-3878) 
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slowly than the hydrodynamic front due to the heat
ing of the i.njected water by the po'rous medium. 
The program de'!e]oped is able to handle complicated 
systems of many production and injection wells. 

In cOIlJl('ctioll with the rcinjlTlionproblem, we 
have t!cve]oped a new concept (called the Screening 
Concept) or protecting the producing well from re
i nj ecti on e rrects by meiUlS 0 [ one or more screening 
wells appropriately positioned in between. The 
has i.c idea is that by producing water from the 
sc reeni ng we J.l s, one can intercept the cold water 
and put it hack into the injection wells so that if 
the flow rate at the production well is Qp, and· 
t.hat at tile screening well is QS' the flow rate at 
the injection well will be -(Qp + QS)' The physics 
or the idea have heen worked out, and it is found 
that the time it takes for the cold, reinjected 
water to hreak through at the production well may 
he increased by as much as a factor of two. After 
hreakthrough, the rate of temperature drop at the 
production well will be reduced,but not as drastic
ally as when no screening wells are used. 

Fi.gure 2 illustrates a simple example of a 
doublet with imd without the screening well. It 
can be seen from the top half of the figure that 
the effect of the screening well is to intercept 
the stre~un lines, thus pulling the thermal fronts 
towa nl .i t. The lower half of the figure illustrates 
the tcnq)erature curves. The energy extracted is 
proportional to the flow rate times the area under 
these curves ahove a certain given temperature be
low which the water will not be useful. To make 
a comparison we take a case of a doublet without 
screeni.ng in which the production and reinjection 
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rates are each Q, to be compared with a case with 
screening in which the production and screening 
wells are each at a flow rate Q and the injection 
at 2Q. It is found that the accumulative extracted 
energy of the system with the screening well (for 
the case where it is 1/10 the doublet separation 
distance from the producing well) after SO, 100 and 
00 years are respectively 1.6, 2.0 and 4.8 times 
larger than that for the unscreened system. 

We have also made calculations on the same 
model for a system of many production and reinjection 
wells with screening wells in between. A gain in the 
energy extracted is also obtained, but the amount 
depends on the distribut.ion of wells in each given 
case. 

PLANNED ACTIVITIES 

An economic feasibility study will be made on 
the reinjection problem as well as on the new 
screening concept. 

Further physical basis of various means of 
optimizing fluid and heat recovery in a system of 
production and reinjection wells will be studied. 

FOO1NOTE AND REFERENCE 

*Based in part on the talk given by C. F. Tsang 
at the Workshop on Geothermal Reservoir Engineering, 
Stanford University, December 15-17, 1975. 

1. A. C. Gringarten and J. P. Sauty, to be 
published, Journal of Geophysical Research. 

NUMERICAL SIMULATION OF RESERVOIR CQ\1PACTION IN 
LIQUID DOMINATED GEOTHERMAL SYSTEMS 

M. J. Lippmann 

INTRODUCTION 

Geothermal systems are receiving increasing 
attention as an alternative source of energy. A 
·1 arge number of these systems are of the hot water 
reservoir type, which are dominated by circulating 
1 i.quic.1 that transfers most of the heat and largely 
controls subsurface pressures. During the exploi
tation of such geothermal systems (Le., withdrawal 
of hot fluids) a reduction of pressures is inevita
hIe, which, in some areas, may lead to land subsi
dence. For example, this phenomenon has been ob
servedl at the Wairakei Field, New Zealand, where 
over a ten year period ground subsidence reached 
up to 4.5 meters. 

Tn adJition t.o vertical ground movements, 
hod zontal displacements are also observed. These 
effects lTlay ntpture the casings of the geothermal 
wells, reduce and/or reverse the slope of drain
age and :i rrj gat.i.on canals, and affect surface in
stallations (e.g., buildings, roads, steam lines, 
etc.). One method of reducing ground movements 

is to reinject2 the used geothermal liquids into 
the reservoir to minimize pressure reductions. 

The objective of this project, started in 
September 1975, is to develop computer programs to 
calculate the ground subsidence in liquid dominated 
geothermal systems. These codes will permit the 
prediction of how much' and where subsidence might 
be expected in an area where geothermal fluids are 
produced. Also, by knowing the geologic character
istics of the geothermal system, the location of 
new production and reinjection wells can be opti
mized to minimize the environmental effects (subsi
dence) caused by geothermal energy development. 

ANNUAL ACTIVITIES 

A computer program was developed to simulate 
the effects of production as well as reinjection 
on the deformation of geothermal reservoirs. The 
program combines the numerical method of Sorey3 
for mass and energy transport with another method 
by Narasimhan4 for one-dimensional (vertical) con-



solidation. The model is multidimensional and 
solves for reservoir deformation in liquid-domina
ted, heterogeneous, isotropic, non-isothennal sys
tems. Deformation parameters may be non-linear 
and non-elastic, while the thermal and hydraulic 
properties can be ten~erature and/or pressure de
pendent. 

An integrated finite difference technique is 
used to solve the flow and energy cquat i.ons, which 
are interlaced in time. Pore-pressures and tempera
tures are obtained, and the pressure changes are 
used to determine the volumetric and vertical de
fOl1nations. 

P1J\NNED ACrrVTTl ES FOR NEXT YEAR 

1. The new program will be checked against 
available analytical and experimental 
results. 

2. Attempts will be made to apply the pro
gram to real geothermal systems where 
reliable data are available. 

3. The program will be combined with avail
able finite element computer codes in 
order to calculate surface horizontal 
displacements. 

4. New features will be added to the program 
(e.g., mesh geneTation and plotting 
Toutines). 
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DEVELOPMENT OF A MULTIDIMENSIONAL MODEL FOR TWO-PHASE 
HEAT AND MASS TRANSFER IN POROUS MEDIA 

G. E. Assens 

INfRODUCTION 

One-phase ~eothennal systems can be simulated 
on a computeT by use of programs such as SCHAFF.l 
HoweveT, in many instances, both liquid water and 
wateT vapor aTe present in a geothermal TeservoiT; 
one must even expect that a pure liquid system will 
eventually evolve into a two-phase system as PTO
duction goes on. . 

The dTastic changes in the fluidpToperties as 
well as the tTansfeT of energy involved at flashing 
or condensation make the simulation of a two-phase 
system considerably mOTe difficult than that of a, 
pUTe liquid or pUTe vapoT system. 

The development of a computer program able to 
handle two-phase flow of heat and mass in one to 
three dimensions was staTted in 1973 by Thomas J. 
Lasseter;2 it inCOrPorates many of the featuTes of 
the pTogTam TRUMP. 3 During calendar yeaT 1974, the 
pTogram was applied to some test pToblems that Te
vealed the necessity of additional development. 

ANNUAL ACTIVITIES 

CalendaT year 1975 was planned to be devoted to 
a thoTough checkup of the pTogTam SOO1'. A glossary 
of terms used in its pTogTamming was established. 

SeveTal erTOTS were corTected, and that part of 
the progTam that Teads in propeTties of the fluid 
and of the pOTOUS matrix and tTansfonns them into 
a table was Temodeled. 

PLANNED ACTIVITIES FOR 1976 

1" Implementation of dynamic storage. 
2. PTovision for anisotTopic media. 
3. InseTtion of the explicit-implicit mixed mode. 
4. Simulation of the behavioT of liquid/vapor 

dominated systems. 

REFERENCES 
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NumeTical Simulation 6f Heat and Mass TTans
feT in Multidimensional 'fwo-Phase Geothennal 
Reservoirs, LBL-326l (1975). 
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THERM)DYNAMI CS OF GEarHERMAL BRINES 

l~eonard F. Silvester and Kenneth S. Pitzer 

The ohjective is a set of equations predicting 
the various thcnllodynamic properties of mixed aque
ous electrolytes with particular attention to the 
temperatures., pressures, and components present in 
gcothenllal hrines. The properties considered in
clude C:ihhs energy, enthalpy, heat capacity, and 
densjty, and will provide the basis for both solu
bility calculations and various heat transfer or 
heat halance calculations. The results are to be 
sUllunarized in a form for convenient engineering use 
in geothennal plant design. This work was initiated 
through a program tmder the Materials and Molecular 
Research Division (LBL) program. 

In 1975 the equations developed previously 
were fitt~1 to osmotic and activity coefficient 
data, enthalpy data, and heat capacity data on aque
ous sodium chloride solutions from various sources. 
The thirteen parameter equation reproduces the 
osmotic coefficient data to ± 0.005 over the compo
sition range 0-6M ,md temperature range 0-300°C, 
enthalpy data to ± 5-10 cal/mole for compositions 
of 0-5M at temperatures from Z5-l00°C, and heat 
capaci.ty data to ± 0.5 calrK for compositions of 
O-ZM at temperatures from Z5-Z00°C. Details of 
the dat;] treatment and results in the form of 
tahulated values of the total Gibbs energy, en- . 
thalpy, and heat capacity, plus partial molal and 

excess thermodynamic quantities of sodiwll chloride 
solutions for compositions of 0.6M at Z5°r. inter
vals from 0-300°C along with the same quantities in 
graphical form for compositions of 0-6M at tempera
tures of 100-350°C are given in Ref. 1. 

Current activities planned in 1976 include: 
1) extension of the methods used in treating NaCl 
solutions to the available thermal data on NaZS04' 
anq MgClZ solutions, Z) analysis of volumetric 
NaCl solution data, and 3) design and initial con
struction of a micro-flow high-temperature, high
pressure calorimeter-densimeter. 

In the future the methods used in treating 
NaCl solutions will be extended to other salts of 
geochemical interest. First, calculations will 
be carried out for pure solutions of each relevant 
component. Later the available data for mixtures 
will be considered. The micro-flow calorimeter
densimeter will be used to obtain needed thermal 
and volumetric data first on pure solutions and 
later for mixtures. 

REFERENCE 

1. L.F. Silvester and K.S. Pitzer, LBL-4456 (1976). 

THE USE OF PROGRAM GEOTHM TO 
DESIGN AND OPTIMIZE GEOTHERMAL POWER CYCLES 

M. A. Green and H. S. Pines 

PROPERTIES OF CONCENTRATED SALINE BRINES 

Some geothermal fields in the Imperial Valley 
or Cal i fornia arc characterized by extremely high 
concentrations of dissolved salts. These geothermal 
waters, which can he found at temperatures as high 
as 360°C, have dissolved solid concentrations as 
high as 350,000 parts per million. The predominant 
constituent of these brines is sodium chloride; sub
stantial quantities of magnesium chloride are also 
Totmel. Experimental thermodynamic data on concen
trated brines is lacking. A couple of crude brine 
models exist but they are not accurate enough. The 
chemistry of brine Solutions is complicated even 
for the simplest of brine; NaCl in water. Since 
NaCl is a maj or component of geothermal brines, 
our model is based on ionic NaCl solution. The 
model, which has good theoretical backing, was 
developed by Silvester and Pitzer. 

The model, which has many terms, shows good 
agreement with measured data. It was designed for 

use up to 300°C at concentrations up to 6 molar 
(Z59,6Z1 ppm) and was extended for use to about 
330,000 ppm (8.43 molar) and for lower concentrations 
it.can be used up to 360°C. The model was changed 
to include the saturated pressure and saturated 
liquid specific volume. Increased concentrations 
of NaCl result in an increased boiling point temper
ature at a given pressure. The vapor that is in 
equilibrium with the brine (when the concentration 
is greater than zero) is superheated vapor. The 
temperature and pressure are the same as the liquid 
phase. The enthalpy, H, entropy, S, and specific 
volume, V, of the gas are found using the Keenan 
and Keyes equation of state. Table 1 is a short 
T, P, V, H, S, table for brine with concentrations 
of 0, 100,000 and ZOO,OOO ppm of NaCl. Figure 1 
is a plot of Hli uid and Hva or versus temperature 
at various conce~trations'. ~rom Table 1 and Fig. 1 
one can see that the enthalpy (and internal space 
energy) is less for brine than for pure water. 
This plays an important role in determining the per
formance of a geothermal power plant which nms on 
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Table 1. A short table of saturated liquid pressure, enthalpy, entropy, 
and specific volume as a function of temperature and concentra-
tion for sodium chloride-water brines. a 

Concentration T P 
(ppm) (OC) (bar)b 

0 50 0.123 

0 100 1.Ol3 

0 150 4.758 

0 250 39.73 

0 300 85.81 

100,000 50 0.115 

100,000 100 0.946 

100,000 150 4.448 

100,000 200 14.53 

100,000 250 37.14 

100,000 300 80.12 

200,000 50 0.110 

200,000 100 0.902 

200,000 150 4.249 

200,000 200 13.90 
200,000 250 35.59 

200,000 300 77 .01 

ayapor values are superheated steam. 

at the P and T of the liquid phase. 

b 5-2 1 bar = 10 N m . 

Imperial Valley brines. 

To illustrate the u~e of concentrated saline 
brines in program GEOTHM,2 a simple bi-fluid cycle 
is used (as an example, see Fig. 2). The brine 
enters the heat exchanger at 2&0°C and 90 bar. Air 
enters an air cooled condenser at 25°C. The secon
dary working fluid is isobutane. The turbine inlet 
temperature is 220°C at a pressure of 50 bar. The 
pump inlet temperature is 36°C at a pressure of 5.2 
bar.! The pinchpoint temperature difference is 10°C 
in the brine heat exchanger and 5°C in the air 
cooled condenser. The efficiencies of the turbine, 
pump and fan are 80%, 75%, and 50% respectively. 
Generator and mutor efficiencies are assumed to be 
98%. The net power from the plant is set at 10 MW. 

Two kinds of brine to isobutane heat exchangers 
are illustrated. The first is a simple tube shell 
heat exchanger. This kind of heat exchanger is 

H S V 
(Jg-l) (Jg-IOK-l) (cm3 g-l) 

104.4 0.336 1.012 

314.2 0.939 1. 044 

527.3 1. 474 1. 090 

980.5 2.425 1. 251 

1239.1 2.886 1.404 

92.2 0.336 0.944 

280.2 0.877 0.968 

469.8 1.353 1.002 

661.8 1. 779 1.047 

862.8 2.177 1.105 

1106.4 2.610 1.183 

85.8 0.335 0.910 

264.9 0.850 0.930 

444.6 1.301 0.958 

625.3 1. 702 0.993 

815.4 2.079 1.033 

1065.3 2.522 1. 076 

See the pure water steam tables 

subject to fouling-it is doubtful if the average 
U factor would ever be over 567 W m- 2 °K-l (100 
Btu hr- l ft- 2 OF-I). The second type of heat ex
changer is a four stage flashing cascade heat ex
changer. 3 In each stage the brine is flashed; the 
vapor is scrubbed by the returning condensate 
(the vapor is de-superheated in the process): then 
the vapor is condensed on tubes that carry the iso
butane. The condensate returns to the brine; the 
brine leaves the stage at the same concentration 
it entered the stage. The brine temperature is 
determined by the stage pressure; the condensing 
temperature at the tube surface is the condensing 
temperature of pure water at the stage pressure. 
Whenever the concentration is greater than zero, 
the condensing temperature on the tube is lower 
than the brine temperature. This has the effect of 
increasing the pinchpoint temperature difference 
without decreasing the tube surface area. The 
potential advantage of the cascade heat exchanger 
is reduced fouling and increased U factor. The 
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Fig. 1. The enthalpy of a saline brine and steam 
that is in equilibrium with the brine as 
a function of temperature and concentra
ti.on. (XTlL 762-2243) 

Geothermal 
production 
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Geothermal 
reinjection 

well 

Fi.g. 2. 

Condensate 
pump 

Warm 
air out 

Cool 
air 
in 

1\ simple bi-fluid geothermal power plant 
cycle with an air cooled condenser. The 
brine to secondary heat exchanger may be 
either a tube and shell type or a cascade 
type. (XBL 7410-4450) 
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CASCADE HEAT EXCHANGER 

Heat exchange tubes 

2S~~~~~2S:-·--} Secondary fluid 

Saturated vapar---tt-_ Condensate (pure water) 

Pocking to desuperheat 
--_ .. - the steam 

Superheated steam 

~1---- Brine 

/\ 
Enlarged single cell 

Secondary fluid out I \ Secondary fluid in 

·,,··11111"'0.' . 
Fig. 3. 1\ schematic diagram of a four stage cas

cade heat exchanger; detai 1 of the stage 
is shown. (XBL 762-2242) 

U factor .in this heat exch;mger could he as high 
as 3402 W m- 2K-l (600 Btu hr- 1 [1:- 2 OF-I) .. This. 
could result in a reduced cost power plant. 

Figure 3 is a schematic view of a four stage 
cascade heat exchanger. Table 2, which is divided 
into two parts, shows the temperature ;mcl pressure 
within the cascaue heat exchanger stages as a 
function of brine concentration. Table 3 compares 
the performance of a. simple bi-fluid cycle using 
the cascade heat exchanger with the cycle Ilsing 
the ordinary tube and shell heat exchanger. 

The cases shown in Table 3 show how the com
puter handles NaCl solutions as a working fluid. 
The cascade heat exchanger and tube type heat ex
changer involve no change in brine concentration. 
Some processes such as flash tanks and two-phase 
turbine expanders will involve changing the con
centration of the brine by the removal of water 
to the gas phase. GIDfHM contains some iterati.ve 
subroutines which will handle the changing brine 
concentration problem. Multiple flash cycles 
have been modeled on GEOfHM for proposed power 
plants at Niland and Heber in the Imped al Valley. 

. This has been made possible by the uevelopment of 
a saline brine properties deck. 



Table 2. State points within a four-stage brine to 
isobutane cascade heat exchanger for brine 
concentrations of 0 and 200,000 ppm. 

A. FOUR STAGE CASCADE HFAT EXCHANGER 

Stage Brine 
number P 

Brine 
T 

Condensate 
T 

Isobutane 
temperature (OC) 

Inlet Outlet (har) (OC) 

1 27.95 230.0 
2 12.54 190.0 
3 4.76 150.0 
4 1.43 110.0 

Brine concentration 
Inlet brine enthalpy 
Inlet brine temperature 

(OC) 

230 
190 
150 
110 

Brine to isobutane flow ratio 
Pinch point delta T 

163 
135 

95 
40 

220 
163 
135 
95 

o ppm NaCl by wt 
1131.1 Jg-l 
280°C 
0.832 
10°C 

B. FOUR STAGE CASCADE HFAT EXCHANGER 

Stage Brine Brine Condensate Isobutane 
number P T 

(bar) (OC) 

1 27.95 239.0 
2 12.54 197.5 
3 4.76 156.4 
4 1.43 115.4 

Brine concentration 

Inlet enthalpy 
Inlet temperature 

T 
(0e) 

230 
190 
150 
110 

Brine to isobutane flow ratio 
Pinch point delta T 

temperature C°e) 
Inlet Outlet 

166 220 
136 166 

96 136 
40 96 

200,000 ppm NaCl 
by wt (4.28 M) 

919.5 Jg-l 
280°C 
1.057 
10°C 

The net power yields shown in Table 3 are in
teresting because the four stage cascade heat ex
changer does not fare well thermodynamically as 
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compared to the tube and shell heat exchanger. 
Increasing the number of stages will improve the 
efficiency considerably. In both cases the 300,000 
ppm brines cannot be cooled below 158°C without the 
NaCl coming out of solution. The cases in Table 3 
are idealized but they show that salts in the water 
in a geothermal field will have a detrimental effect 
on plant performance aside from the obvious fouling 
and corrosion problems found in systems using saline 
brines. 

Table 3. The net electrical energy 'per unit well 
flow as a function of brine concentration. 

Brine 
concentration 

(ppm) 

o 
100,000 
200,000 
300,000 

Net electrical energy yield (W hr/kg) 
Four stage 
cascade 
heat exchanger 

26.673 
23.189 
20.995 
l5.066a 

Tube and shell 
heat exchanger 

35.145 
30.968 
28.398. ______ b 

~is is a three stage heat exchanger, the fourth 
stage would fill up with salt. 

bNaCl would come out of solution plugging the 
heat exchanger. 
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THE KINETICS OF QUARTZ DISSOLUTION AND PRECIPITATION 

J. A. Apps, E. L. Madsen and R. L. Hinkins 

Geothermal brines contain silica which is 
normally saturated with respect to quartz at the 
temperature of the enclosing rock formation. This 
silica can precipitate when the brine is cooled, 
either in the geothermal power plarit or in the 
formation in which the brine is subsequently in
jected. Convecti.on of the brine within the geo
thermal reservoir also results in dissolution, 
transport and precipitation of silica, leading 
eventually to formation sealing at the reservoir 
boundaries. . 

At the present time none of these processes 
have been adequately investigated. It is not known 
whether the potential problems caused by such pro
cesses will be severe or inconsequential. However, 
their importance to utilities planning to exploit 
geothermal power is very great. The management 
of a utility does not wish to be in the position of 
having made substantial investments in plant con
struction only to discover that the plant is sub
ject to repeated fouling, or that the injection 
wells are continually plugging and require expen-



sive rehabi.litation. 

In order to provide quantitative answers to 
these problems, tl1is project has been initiated in 
1975 specifically to investigate the kinetics of 
silica dissolution and precipitation. 

The objectives of the project are: (1) to 
dctennine what deleterious effects will result 
(rom rapid withdrawal of hot water and reinj ection 
of spellt flllids .in a convecti.ng reservoir, and 
(Z) to {onnulate equations to predict the rate of 
sea]j ng in geothermal power ,plant components. 

ANNUM, Ac,nVITIES 

Iluri ng 1 ~17 5 the principal effort involved the 
acquisition of data on quartz and amorphous silica 
dissolution in the aqueous phase, development of a 
theory to explain the observed dissolution behavior, 
and evaluation of the data in terms of the theor
etical mech;mism. As a result of this study, 
furfher tasks are planned for 1976 to refine our 
knowledge of kinetic mechanisms of silica dissolu
tion and precipitation and to verify thes~ mechan
isms through experiment. A detailed description 
follows: 

J}l_':.OJJ::: 

h ' 1 " Using ahsolute rate t eory, an a tn?r~ 
assumption is made that the mechanism-o- slllca 
deposition involves the following reaction: 

(1) 

(Za) 

* * and K/ = _____ 1<::. . ..1 __ 
!SiOzJ[I!ZO]2 

[C ] (Zb, 
Zc) 

* C = ,the act:ivated complex 

* * Kf and Kb = the. equilibrium constants relating 

the activatcxl complex with the reactants and pro
duct respectively. 

Now Jnf _ KkT * (IC - h- [e ] Ao 

= '::..~!.. K * [SiOZ] [l-IzO]Z Ao h f 

K = transmission coefficient 
II =llloles oJ SiOZ going into solution 
k = RoHzmaml's constant 
T Absolute temperature 
h Planck's constant 
1\ Surface area 
o = Surface site density 

let 

(3) 

(4) 

(5) 

where: kr is the specific forward rate constant. 
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Substituting (5) in (4) 

dnf Z 
at k:i= Ao[SiOZJ [HZO] . (6) 

by analogy 

dn
b Cit = kb Ao[5i(OH)4] (7) 

Net rate of change 

kf Ao[SiOZ] [HZO] Z-k'bAo[Si(OH) 4] 

(8) 

By assuming the activities of the silica and water 
to be unity, and the activity coefficient of Si(OH)4 
to be unity, Eq. (8) can be integrated and reorgan
ized to yield: 

no 
-Aak't A k't -b k' - a b 

!!. = - e m +,J (1 - e m m m KJ) (9) 

where m = mass of ' solvent 
no= initial mass of Si(OH)4 

Data Aquisition and Evaluation 

The available literature on the kinetics of 
dissolution and precipitation of quartz and amor
phous silica in the aqueous phase was reviewed. 
Unfortunately, few studies have been made which pre
sent information of sufficient quality to evaluate 
using Eq. (9). Most of the data involve the dis
solution or precipitation of quartz in water. Some 
data are available covering the kinetics of dissolu
tion of quartz in sodium hydroxide or sodium chlo
ride solutions. Evaluation of sodium hydroxide 
data was not carried out, because of the need to 
interpret the data in terms of additional dissolved 
silica species. Only one experiment on the pre
cipitation of amorphous silica was useable. Z 

/5.----,,----.-----,-----.-----,----, 

0'" 
iii 
E 

c o 

~ 
C 
OJ 
U 
C 
o 
U 

Fig. 1. 

T=264°C 

k~= 1.426 S-I 
-2 -I 

kf= 1.496 x /0 S 

The dissolution of quartz in water at 
Z64°C. The data are from Kolvoord and 
Yorgason3. The solid line represents 
the best fit to the data using Eq. 9. 

(XBL 707-3Z28) 
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The logarithm of the specific back rate 
constant, kt" for the dissolution of 
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ciprocal of the,absolute temperature. 
The values of kb were calculated from 
data by Briscoe et al.,4 Kitahara,5 Kol
voord and Yorgason,3 Siebert et al.,6 
Van Lier et al. 7 and Weill and Fyfe. 8 

in water, plotted against the reciprocal 
of the absolute temperature. The values 
kf were calculated from data by Briscoe 
et a1., 4 Kitahara,S Kolvoord and Yorgason,3 
Siebert et al.,6 Van Lier et al. 7 and 
Weill and Fyfe. 8 (XBL 767-3230A) 

Equation 9 was fitted to selected experi
mental data in which kt, kb and no were variable, 
and values of kf and kb and % obtained. An ex
ample, of an excellent fit, using data of Kolvoord 
and Yorgason3 is given in Fig. 1. Arrhenius plots 
of kf and kb for quartz dissolution or precipita
tion in water were made of data from several 
sources,3-8 as illustrated in Figs. 2 and 3. A 
straight line, fitted to the data yields activa
tion energies of 21.8 and 17.2 kcal/mole respec
tively for the dissolution and precipitation re
actions. The computed equilibrium constants 
assuming kf / kb = K, for reaction (1) are shown 
in Fig. 4. The computed values for kb and k} 
from the 2~C data of Briscoe et al.,4 do not corre
spond to the observed trends established by higher 
temperature experiments. This suggests that other 
mechanisms of silica dissolution and precipitation 
may prevail at lower temperatures. A possibility is 
the adsorption of a monolayer of Si02, as has been 
suggested by Stober. 9 

The striking feature of quartz dissolution and 
precipitation kinetics is the large rate constant 
change between 25°C and 350°C. Data for the disso
lution and precipitation of quartz in NaCl solutions 
were insufficient to justify detailed analysis. 
However, they do suggest that the presence of NaCl 
in solutions up to 0.1 mole/kg does not affect the 
rate of quartz dissolution by much more than a 

(XBL 767- 32 32A) 

factor of 10. At'higher temperatures, the effect 
may be even less. 

Because only one set of data on amorphous silica 
dissolution is available, no information could be 
obtained regarding the variation in rate of amor
phous silica precipitation as a function of tempera
ture. 

Conclusions 
1. The equation developed (Eq.- 9) on the 

a priori assumption that the mechanism of silica 
aissolution and precipitation is represented by the 
reaction 

Si02 + ZHzO = Si(OH)4 

is consistent with most quartz dissolution and pre
cipitation data. 110wever, the actual reaction may 
be more complicated. 

2. Although there are sufficient data to 
observe the trends in quartz dissolution and pre
cipitation kinetics, the data are too variable in 
quality and insufficient in quantity to estimate 
the rates ,accurately. 

3. Data describing quartz dissolution in Nae] 
solutions are insufficient to draw any firmconclu
sions regarding the influence of NaCl concentration 
on quartz dissolution kinetics. 
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4. No information is available that permits 
evaluation of the precipitation or dissolution of 
amorphous silica' over the range of temperatures of 
interest . . " ~ 

S. The large changes in the rates of quartz 
dissolution kinetics a·re reflected in the use of the 
s.ilica geothermometer in spring waters to deter
mine temperatures at depth. It is evident that 
the so-called quartz geothermometer must in fact 
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register temperatures at which the rate of equil
ibration of the dissolved silica with the environ
mentbecomes slow with respect to the cooling rate 
of the water. 

6. At 25°C and below, quartz dissolution 
rates hecome so slow, as to be almost impossible 
to detcl1ll inc expcl'imentall y. It i.s pass ible that 
other mechanisms, such as adsorption tend to inter
fere. 
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PHYSICAL ~DELING OF GEOTHERMAL RESERVOIRS 

V. E. Sahroak 

In this program we are conducting laboratory 
experiments on thermal convection in porous media. 
These experiments serve two important purposes in 
the total research on reservoir dynamics: 

(1) They provide reliable experimental 
results for use in testing and validating nwnerical 
computational methods and computer codes. 

(2) They provide the basis upon which 
model laws can be studied and verified. Eventually, 

when we have refined the method sufficiently, ex
periments aimed at directing physical modeling of 
actual reservoirs may prove to be a useful tool. 

To accomplish these objectives, it is necessary 
to experiment with a variety of geometries, mediwn 
characteristics and thermal and hydrodynamic 
boundary conditions. Our first series of experi
ments have been carried out in a sand bed in a 



rectangular enclosure 1.1 x 1.85 x 1.2 meters. 
Water is pumped out of the sand bed through a hori
zontal porous ceramic tube, cooled by a controlled 
amount in an external heat exchanger and then re
injected into the sand bed through a second paral
lel porous tube. This configuration was chosen 
as a simple rough simulation of geothermal ex
traction and reinjection. It was designed to pro
duce two-dimensional fields of fluid motion and 
temperature for comparison with 2-D codes. Initial
ly the sand bed was isothermal. The boundaries of 
the box were impermeable and were maintained adia
batic. The results of such an experiment reveal 
the interplay between the forced convection (due 
to pumping) and natural convection brought about by 
fluid denisty changes. Tests have been made for 
a range of parameters such as pumping rate, temper
ature difference and sand bed permeability such 
that data have been obtained for cases ranging from 
strong to negligible natural convection. 

The temperature distributions that develop 
are important in gaining an understanding of the 
effectiveness of energy removal. Although the 
tests so far conducted are very simple we think 
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this approach will eventually lead to an understand
ing of more complex systems of wells and the ability 
to design optimum energy extraction methods. A 
paper based upon some results is currently in 
press. 1 

A second series of experiments is now under
way to study the effects of heating the bottom 
of the bed and cooling the top. Convection cells 
are being studied in the absence of pumping and 
this will be followed by superposition of the two. 
When these tests are completed we plan to carry . 
out experiments in anisotropic media with hori
zontal stratification of permeability. 

A portion of the research is aimed at identi- . 
fying scaling laws for designing and interpreting 
model experiments. 
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PROPERTIES AND BEHAVIOR OF ROCK-FLUID SYSTEMS 
AT HIGH TEMPERATURES AND PRESSURES 

w. H. Somerton 

INTRODUCfION 

Objectives of this project are to develop 
methods of and equipment for the measurement of 
properties and behavior of rock-fluid systems at 
environmental conditions of pressure, temperature 
and fluid saturation that may be encountered in 
geothermal power development and thermal recovery 
methods applied in the extraction of fossil fuels. 
These data are needed in the interpretation of 
well logs in relation to zonal evaluation, in the 
study of fluid and heat flow in relation to sub
surface reservoir management, and in prediction of 
well bore stability and possible surface effects 
associated with fluid withdrawal from the reservoir. 

Methods of measuring the desired properties 
and equipment capable of making such measurements 
to temperatures as high as 200°C and pressures of 
1000 bars were developed through earlier projectsJ,2 
Support for this project from the Lawrence Berkeley 
Laboratory began in FY 1974. Design work is in 
progress on a new test facility capable of measur
ing all the desired properties concurrently on 
the same test specimen to temperatures as high as 
500°C and pressures to 1250 bars. Design problems 
and materials limitations have necessitated modi
fications in measuring methods and the development 
of new methods in some cases. The present test 
facilities are being used for testing these methods 
and for a continuing program of obtaining data on 
a widening variety of rock-fluid systems within 
the limits of the equipment. 

ACTIVITIES DURING 1975 

Design of the new test facility was .completed 
to the point where actual construction wi.ll be 
necessary before final design details can be worked 
out. New features of the apparatus include an 
internal split-cylinder radiant test specimen 
heater, water cooling in regions of measuring com
ponents, seals, and signal lead outlets, an axial 
cylindrical electrode for resistivity and thermal 
conductivity measurement, and use of aluminaAD-85 
for transmitting sonic signals and to provide 
electrical and thermal insulation. Actual con
struction is awaiting funding from sources as yet 
unknown. 

A new laboratory in Room 120 Hesse Hall has 
been partitioned and provided with services for 
the apparatus. 

Wave velocity studies have shown that tempera
ture decreases both shear and dilatational wave velo
cities and that the ratio of the two velocities 
Vs/Vd is a good indicator of vapor-liquid contacts 
at any pressure and temperature. This is due to 
the fact that liquid saturation affects the velo
cities in opposite directions. Knowledge of both 
shear and dilatational velocities improves the 
accuracy. of intrinsic strength estimations that arc 
used in borehole stability studies. 

The effects of temperature on decreasing perme
ability and increasing formation resistivity factor 
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ha ve been con r inned. Plugging problems in penne
ahility measurements have been virtually eliminated 
hy improved water treatment ,md handling and by use 
of ultra fine filters. The cylindrical electrode 
mel"hod, llsjng thc metal sheathing as the outside 
electrode, has given good results although further 
testing is Ileeded. 

Thenna 1 cxpnns ion tests 011 dry rocks from a 
I'cothcnnal test \Vell showed the strong effect of 
:ju;,,·tz contellt. Low quartz content s~ples showed 
abollt h;ll.f the thermal expansion of quartz-rich 
specimens. Thermal e)q)ansion tests on liquid 
saturated specimens are now in progress. Appli
cclt.i on 0 r the present tcst methods for both thermal 
expansion and compressihility in the new apparatus 
Illllst await construction and preliminary testing to 
determine suitable reference locations. 

Thcnnal conductivity tests were nm on the 
Sllitc or samples from a geothermal test well 
mentioned ahove. Thc steady statc apparatus was 
used for thesc tcsts. The strong effect of quartz 
content mentjoned ahove was also noted in these 
me;lsurements. Work on the thermal conducti vi ty 
model was nearly completcd.. Good agreement be
tween model and test results was obtained, minimi
zing the importance of including a liquid-solid 
contact resistance term in the model. Work was 
continued on the measurcment of liquid-solid con
t;1(( resist·ivity. Although experimental results 
i ndi cated the existence of such a resistance, the 
poss i b.l e presence 0 f a thin film of adsorbed air 
on the sol i.t! surface or a small amowlt of gas coming 
out of solut i.on from the liquid upon transient 
he<lti.ng, could not be disproved. 

PI.ANS FOR 1976 

Further progress on the design and construction 
of the new apparatus must await location of a fund
i.ng source. In the meanwhile the pressure vessels 
and the pressure console used with the present 
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apparatus will be moved into the new laboratory. 

The Arenberg pulse generator will be repaired 
and modified to greatly increase the strength of 
sonic signals. Shear and dilatational transducers 
will be stackc'tl on thealwnina AD-85 loading 
cylinders and velocity measurements of fluid satu
rated rocks will be continued. 

Permeability, formation resistivity factor, 
thermal expansion and compressibility testing 
will be resumed with the relocated and redesigned 
test apparatus. Hopefully somegeothennal test
well cores will become available for testing. 

Thermal conductivity testing will be continued 
using the existing steady-state apparatus. The 
prediction model will be completed and tested 
against all experimental results. Further develop
ment of the needle probe method of measuring thermal 
conductivity will be a priority matter. Manufacture 
of the probe, the outer stainless steel sheathing 
of which will serve as the resistivity electrode, 
may present some problems, but a commercial manu
facturer will be consulted. 

Work on the liquid-solid contact resistIVIty 
problem will be completed early this year. Work 
will be resumed on determination of conductive 
heat transfer coefficients for liquids flowing in 
porous media. 
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RESUI.;fS OF RESERVOIR EVALUATION TESTS, 1975 
RAFf RIVER GEafHERMAL· FIELD, IDAHO 

T. N. Narasimhan and P. A. Witherspoon 

1 Nl'ROlllJCI' JON 

On a request from the Idaho National Engineer
ing I.aboratory (lNEL) , the Lawrence Berkeley Labora
tory Gcothennal Group was asked to provide assistance 
in assessing the size and producing capabilities of 
the geothennal reservoir in the Raft River geothermal. 
area ncar Malta in southeastern Idaho. Between 
.January and August, 1975, INEL had drilled two geo
thenna] wells 4990 and 5990 feet deep respectively 
and successfully tapped artesian water at approxi
Il);ltcly 295°F. The aim of the LBL project was to 
conduct flow tests on the two wells and make pre- . 
liminary estimates on the reservoir parameters and 
geometry to help in further e).."ploration and develop
ment of the reservoir. 

RESERVOIR ASSESSMENT 

Location and Geology 

The Raft River Valley is located in south
eastern Idaho (Fig. 1), about 160 miles northwest 
of Salt Lake City. The valley, which historically 
used to be at the intersection of the Iftnfiboldt 
River Trail to California and the Oregon Trail, is 
hemmed on the west, south and east by hill ranges 
and is open towards the north. The valley is about 
15 miles wide in an east-west direction, is over 
40 miles long and is at an elevation of about 
4800 feet while the surrounding mountains rise to 
over 9000 feet. 
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Fig. 1. Location map of Raft River Valley 
Geothermal Field, Idaho. 

Total depth, feet 

Cas ing 
Diameter, in. 
Depth, ft. 

Uncased'hole 

Table 1 

RRGE 1 

4,989 

13-3/8 
,3,624 

Diameter, in. 20 
Depth range, ft. 3,624-4,989 

Major Production, 

(XBL 764- 2839) 

RRGE 2 

5,988 

13-3/8 
4,227 

12-1/4 
4,227-5,988 

Depth range 3,624-4,200 (?) 4,227-5,000 (?) 

Reservoir 
Temperature, 

of (OC) ""294 (146) 

Well Head Pressure ""150 psi 

""294 (146) 

""150 psi 

Geologically, the Raft River Valley is located 
close to the junction of two great geological 
structures, namely, the Basin and Range province 
on the south and the Snake River Plain on the 
north. The valley itself is a north-south trend
ing structural depression which is considerably 
faulted. The floor of the valley is apparently a 
westward-tilted down-faulted block. l 

The structural depression or the "graben" of 
the valley is filled with sediments ranging in age 
from Tertiary (the Salt Lake formation) to Quater
nary (the Raft River formation), with a total 
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thickness of about 6000 feet. The Salt Lake for
mation comprises sandstones, 5i lts and tuffs while 
the Raft River formation consists of over 1000 
feet of alluvial, fluvioglacial and lacustrine 
silts, sands and gravels. The floor of the de
pression containing the sediments is formed by a 
precambrian quartz monzonite, an igneous rock 
chemically allied to granite. 

Description of Wells 
The two geothermal wells, RRGE 1 and RRGE 2 

are located in Section 23, Township 15 South, 
Range 26 East. The distance between the wells is 
approximately 4000 feet with RRGE 2 being northeast 
of RRGE 1. The completion data for the two wells 
are given in Table 1. 

Careful geological study of the drilling data 
indicated that RRGE 1 penetrated a fault zone 
between 4250 and 4630 feet below ground level. 
No such fault zone could be recognized within 
RRGE 2 down to a depth of 5988 feet. 

Reservoir Tests 
The basic aims of the reservoir test were to 

evaluate the permeability and storage parameters 
of the reservoir and to decipher reservoir geometry. 
The tests essentially consisted in producing fluid 
from one of the wells at controlled rates and over 
prolonged periods of time IDld observing the water 
pressure changes in the producing well itself or 
in the other well. Since the wells have positive 
well head pressures (artesian), controlled flow 
can be achieved by carefully opening the well head 
valve. Also, since the theory of the tests is 
based on a single, homogeneous fluid, the flow had 
to be so controlled that there can be no flashing 
or formation of a vapor phase within the well. 

Since the wells are about 4000 feet apart, the 
pulse introduced at one well can create only very 
small pressure changes in the observation well. A 
key piece of equipment in the tests was therefore 
a very sensitive quartz crystal pressure gage that 
can be conveniently lowered into the well to any 
desired depth and which conmunicates with a surface 
recording equipment through a conductor cable. 
The pressure gage has a resolution of 0.01 psi 
(over the range 0 - 10,000 psi) and can withstand 
temperatures of up to 300°F. 

Details of the Tests 
In all, three tests were conducted between 

September 12 and November 7,1975. Two of these 
were production well tests in which the pressure 
gage was positioned in the production well within 
the producing interval. This was necessary in 
order to ensure a fairly stable temperature en
vironment for the pressure gage, which is temper
ature sensitive. The production well tests were 
both of short duration and lasted less than 30 
hours. After shutting down production, pressure 
buildup within the well was monitored for approxi
mately 24 hours. 

The third test was an interference test in 
which fluid was produced from RRGE 2 and the pres
sure changes were monitored in RRGE 1. Since the 
latter was quiet and fluid filled, it was not 
essential to position the instrument close to the 
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Table 2 

Duration Production Pressure Gage in Maximwn Pressure d~ 
Test No. nescriphon Hours Well No. Flow Rate Well No. Depth, feet Well No. l1p, psi· 

Short 'l'C1111 Test IS RRGE 112 225 gpm RRGE #2 5200 RRGE #2 .~9 

2 Long Tenn Test 615-1/2 RRGE #2 400 gpm RRGE #1 1000 RRGE Ifl 3.6 
on RRGE 112 

3 Short Term Test 30 RRGE #1 26 gpm RRGE #1 4700 RRGE #1 1.1 
on RRGE #1 

bottom of the well. The interference test, which 
provides data on a large portion of the reservoir 
between the two wells, was of a long duration. 
During this test, RRGE 2 was flowed for approximate
ly 26 days. 

The specificiations of the tests conducted 
arc given in Table 2. 

RESULTS AND INTERPRETATION 

Before we present and discuss the results it 
is pertinent to briefly state the theoretical 
bases of interpretation. The analytical model 
used for interpretation is that of transient po
tential distribution around a continuous line 
source (axisymmetric system) in an infinite, homo
geneous, horizontal slab of finite thickness. By 
the princ.iplc of superposition and using image con
cepts, thc model can be extended to non-infinite 
or bounded systems. Oetails of this interpretative 
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technique can be found in Witherspoon et a1. 2 or 
Ferris et al. 3 The aim of interpretation is to 
determine the reservoir permeability, transmissivity, 
Mi, the reservoir capacity, ¢cH and decipher the 
existence of barriers or other boundaries. The 
transient pressure change around a line source in 
an initially static system is given by the relation2 
(often called the Theis4 equation) 

q~Po 
11 P lVTl<H (1) 

where l1P is pressure change, q is constant flow 
rate, ~ is fluid viscosity, Po is dimensionless 
pressure, V is a constant depending on units used, 
k is permeability and H is reservoir thickness. 
Moreover, PD is given as an integral of the dimen
sionless time to 

. 00 -u 
1/2 f ~ du 

u u 

Water pressure variation 

8 
N 

Sept. 30, 75 Oct. 1.75 

Oct. 6, 75 

(2) 

Fig. 2. Effect of earth tides on water pressure in RRGE 1, Raft 
River Valley, Idaho. (XBL 764-2837) 



where u '" 1/4 trr The dunensionless time tD is 
given by 

kt 
til = --2 (3) 

cj>~cr 

in which t is time, cj> is porosity, c is compressi
bility of the porous medium and r is the radius to 
the point of observation. In order to evaluate 
k11 and cj>cH using (1), (2) and (3) a technique of 
eurve mutehing 2,3 is conventionally used by plot
ting the pressure drawdown data on log-log paper. 
Or, for to » 1, an asymptotic approximation may 
be used in which drawdown is plotted as a function 
of the log of time. In addition to obtaining kH 
and cj>cH, the departure of the plotted data from 
the t~)e curve in the log-log plot or the occurrence 
of breaks in the straight line segments of the semi 
log plot would indicate the presence of barrier 
or leaky boundaries in the system. 

Influence of Earth Tides on Fluid Pressures 
A sigm [lcant fact that came to light during 

the interference test was that the fluid pressures 
in the reservoir respond systematically to the 
changes in the earth's gravitational field induced 
by the paths of the moon and the sun. The field 
data i.ndicated reb'lllar oscillations with a period 
varying from 10 to 12 hours and with amplitudes of 
up to 0.1 psi about the mean. 

For a proper evaluation of the pressure data, 
the gravitational changes at the location of RRGE 1 
over the period of the test was calculated by Dr. 
lIow,lnl 0] iver of the lI.S. (~eological Survey, Menlo 
Park, California. Figure 2 is a comparison be
tween the calculated gravity variation and water 
pressure variation in RRGE 1 between September 28 
and October 6, 1975. It can he seen from the 
figure that there is good correlation between 
gravity change ,md pressure change. Careful exam
ination of the data showed that the troughs and 
crests of the water pressure wave tend to lead 
the corresponding features of the gravity wave in 
general hy 15 to 45 minutes. As we will see from 
the subsequent section on interpretation, due con
sideration had to be given to the tidal influence 
hefore the interference data could be analyzed. 

The Production Tests 
- As seen from Table 2, two production tests were 
conducted, one each on RRGE 1 and RRGE 2. Both 
these tests were of relatively short duration. The 
test on RRGE 2 indicated a kH of about 47,500 milli
dareyS feet and a cj>cH of about 3 x 10-2 psi-I. 
The data indicated the probable existence of a 
barrier bOtU1dary very close to the well. The pro
duction test on RRGE 1 indicated a kH of about 
lID, 000 millidarcy feet and a cj>clI of about 2 x lO-2 
psi- l in the vicinity of that well. In both these 
cases, the computed values of cj>cH are uncertain 
due to ambiguities in defining the effective well 
radius. 

The Interference Test 
As can be seen from Fig. 2, the interference 

test data were considerably masked by pronounced 
earth tide effects. As a first approximation to 
eliminating the tidal effects and aiding in the 
interpretation, advantage was taken of the fact 
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gravity and pressure waves are almost in 
Hence only the pressure readings at those 
of time when gravity change was zero were 
plotting and interpretation. 

The log-log and the semi-log plots of time 
versus drawdown are shown in Figs. 3 and 4. It 
was computed that the portion of the reservoir be
tween RRGE 1 and RRGE 2 has an overall k11 of about 
193,000 millidarcy feet and a cj>cH of about 
l.l x 10- 3 psi-I. The departure of the observed 
data from the type curve in Fig. 3 after about 
100 hours and the prominent break in the slope of 
the straightline segment in Fig. 4 both suggest the 
presence of a barrier boundary. Calculations in
dicate that the existing barrier is equivalent to 
an "image" production well located about 11,000 
feet from RRGE 1. However, with only two wells 
available, it is impossible to uniquely locate 
this image well and precisely fix the position of 
the harrier boundary. 

Conclusions 
The calculated value of nearly 200,000 mi 11 i

darcy feet for kH from the interference test sug-



~csts that the geothennal reservoir in the Raft 
I~i vcr Valley is significantly penneable and hence 
JIleT its further exploration cmd study. The incli
cation of harriers suggests that in certain direc
tions the reservoir may. be limited. However, the 
continuity of the reservoir between RRGE 1 and 
RRGI: 2 over a distance of 4000 feet indicates that 
the reservoir is of considerai11c dimensions. In 
order to be able to effectively define the location 
wId orientation of barriers or other boundaries, it 
will he necessary to have one or more suitably 
loclted additional wells. 

PlANNED AeI'rVrrmS 

Further exploratory work is being actively 
carried out in the Raft River Valley by the INEL. 
II third well, RRGE 3 is expected to be drilled by 
the end of April 1976, at a location about 1.2 
miles southeast of RRGE 1, towards the center of 
the valley. 

The LBL Geothennal Group is in close touch 
with the lNEL and more production and interference 
tests are proposed to be carried out between May 
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and July 197-6, in order to gain in improved know
ledge of the promising geothennal reservoir. 
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1 millidarcy = 9.67 x 10-7 cm/sec. 

RADIOACTIVITY AND METAL MINERALIZATION 

H. A. Wollenberg and Alan R. Smith 

! 

The natural terrestrial radiation environment 
is dominated by the gamma-radioactivity from 238U, 
232Th, ,md 40K in rocks and soil. The radio
clements arc concentrated according to the mag
matj c di fferentiation series, being of lowest abun
dance in ultrmnafic and basic igneous rocks and 
greatest in felsic rocks such as granite and rhyo
lite. 

The terrestrial gamma-ray field can be measur
ed by sensitive scintillating detectors, based on 
a L~rystal of thalhlml-activated sodium iodide 
(Na] (n ) ) . Na I (n) values are normal 1 y read as 
COWlts per second, directly convertible to micro
roentgens per hour. More advanced systems incor
porate a scintillation detector connected to a 
portable single-channel pulse-height analyzer 
which can resolve the different gamma-ray energies 
characteristic of the radioelements. This type of 
system penni ts assay, on the outcrop, of the U, 
Th, and K contents of the material beneath or 
surrounding the detector. The advantages of field 
assays may he outweighed by the long time required 
to obtain a statistically significant number of 
counts to properly analyze the individual radio
clements. A portable gamma-rate-meter may be more 
useful, in that nearly continuous measurements of 
the total gamma-ray field are an excellent para
meter for control of sampling. Samples are then 
analyzed in the laboratory for their radioelement 
contents. 

There is a possibility that gamma radiometry 
may be useful as a guide to metal mineralization. 
The relationship between field gamma-radioactivity 
and mineralization in metal deposits was demon
strated by Moxham et al. l and. more recently by 
Davis and Guilbert. 2 In traverses of porphyry-
and vein-type deposits in Arizona they observed in
creased count rates from potassium associated with 
hydrothermal alteration minerals (sericite, chlor
ite) in country rock of the ore zones. The main 
variations were in K. Uranium and thorium were 
relatively constant, indicating no correlation with 
alteration zones. Thus, total gamma-radioactivity 
reflecting potassium may be indicative of 
mineralization. 

This was tested in the Summer of 1975 by sur
face and underground traverses of altered and un
altered areas of country-rock rhyodacite at the 
mines of Cia. Minas Buenaventura at Julcani, Peru, 
where the principal product is silver. Instru
mentation consisted of a 3-in. diameter by 3-in. 
thick NaI (n) detector, coupled to a COWlt -rate 
meter. Readings were made continuously as the 
party walked along the underground drifts and on 
the surface. Counting rates underground varied 
from 500-600 counts per second in unaltered rhyo
dacite, to over 1100 counts per second in areas of 
alteration surrounding the ore vein. Surface 
readings, significantly lower than underground 



hecau~e of geollletry factor, ~howcd ~illljlar relative 
djrferellcesin counting rates between altered and 
ww lterc'CI area~. In most cases, the ore bearing 
veins them~elves were of relatively low radio-
act ivi ty in contrast to the a ltered wall rock. 

Samples were taken, and analyzed by laboratory 
gannna spectrometry, to see which radioe1ements 
reflect hydrotherm,ll alteration in the Julcani 
area. 

When K content is comparc'CI with the gamma-ray 
cowlting rate, there is a positive correlation for 
sur race and lmderground samp! es, whil e there are 
no apP;lrcnt correlations hetween U and Th content 
and COlulting rates; indicating that variations in 
ganHna rad:ioactivi.ties at Julcani reflect, primarily, 
variations in K content of the rocks. Therefore, 
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results of radioelement analyses corroborate the 
supposition that high radioactivities reflect the 
relative enrichment in potassium associated with 
zones of hydrothermal alteration associated with 
ore mineralization. 
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"ARMS" AND "GEODOSE" 

H. A. Wollenberg and J. Fitzpatrick 

In support of the on-going surveys by the 
Act i al lilldiological Measurement System (ARMS), 
operated by EGI1(; Tnc. for the Division of Opera
tional Safety of ElIDA, we conducted radiogeologic 
studies of five reactor sites in the eastern U.S. 
Sites covered in hrief reports to EG&G were: 

Big Rock Point, on the east shore of Lake 
---'-'-Wi chi.gan; 
Crysta.l River, on the Gulf Coast of Florida; 
EdwlIl I ll<ltch, on the Alt,unalla River, Baxley, 
---t.C~1-; 

Scriha, New York, on Lake Ontario; and 
Three Mile Island on the Susquehanna River, 

Pelillsylvania. 

The ohjective of the studies was to furnish 
in formation on the geologic setting of the sites 
that would influence planning and interpretation 
of the aerial gamma-radiometric surveys. Relative 
radioactivities were predicted on the basis of 
the distribution of rock and soil types. Flight 
lines were oriented to best take advantage of the 
lithologic and structural "grain" of the site 
regions. Follow-up studies will compare gamma
aeroradjometric patterns with site-region geology. 

To facilitate the prediction and follow-up 
comparison of rock types with observed radioactivi
ties, a project* called GEODOSE was started in 
the latter half of 1974. The objective of the 
GEOOOSE project is to characterize rock and soil 
types by their natural gamma-ray exposure rates. 
The geochemical literature is being searched for 
data on K, U, and Th contents of earth materials, 
and these data are categorized by rock type, based 
on standard petrologic classifications. A data 
hank is being assembled, with incorporation of 
radio-clement information on the igneous rocks 
essentially completed. Metamorphic and sedimen
tary rock data are presently being compiled. The 
data are treated to produce computer plots of 
histograms of K, U, Th contents, calculated gamma-
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ray exposure rates, and radiogenic heat production 
for given rock types. Accompanying these plots 
will be means, standard deviations, and ranges of 
the parameters. Initial processing of data for 
igneous rocks indicates that alkaline and peral
kaline terranes have generally the highest gamma
ray exposure rates, and suggests that alkaline and 
peralkaline rocks are probably associated with 
most of the broad areas of highest natural radio
activity. A summary report was prepared1 and pre
sented at the International Symposium on Areas of 
High Natural Radioactivity, Pocos de Caldas, 
Brazil in June 1975. Figure 1, from that report, 
illustrates the frequency distribution of gamma
ray exposure rates for acidic intrusive rocks. 
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INVESTIGATION OF RAOON-222 IN SUBSURFACE WATERS 
AS AN EARTH~AKE PREDICfOR 

A. R. Smith, H. R. Bowman, D. F. Mosier, F. Asaro, 
H. A. Wo~~enberg and chi-Yu King* 

IN'I'ROllJCl'ION 

Recent reports of Chinese and Russian earth
quake-prcuictiori eHorts l indicate that radon-222 
in subsurface waters may respond to changes in 
earth strain which precede earthquakes. Such 
changes arc also reflected in some characteristics 
of crustal rocks within and near epicentral areas, 
for eX:llnp Ie: variations in the ratios of compres
sional and shear wave velocities, and apparent 
electrical resist:i vity. It is postulated that 
dilatancy of rocks in response to strain may en
hance release of 222Rn from the rocks into the 
grollnd water regime. Thus the onset of seismic 
act i. vi ty may be preceded by an increase in the 
radon content of well and spring waters in the 
vicinity. 

We swmnarize here the initial progress in a 
coLI ahorat i ve effort between the University of 
Cali fornia Lawrence Berkeley Laboratory (LBL) and 
the National Center for Earthquake Research of 
the Unital States Geological Survey (USGS) at 
Menlo Park. The intent of this work is to develop 
a compact high-precision real ··time continuous 
monitor system for field measurement of 2221rn. in 
subsurface waters, an instnunent that could serve 
as a prototype for a network of such stations. 
Data from a group of these stations could then be 
cooruinateu with other geophysical information 
related to earthquake precursors, to be used in 
earthquake prediction. 

Although the work described here focuses on 
the y-ray spectrometric method, application of 
a-partjcle detection to this purpose is also being 
vigorously pursued, especially by the USGS side 
of the collaboration, as reported at the December 
meeting of the American Geophysical Union in San 
Francisco. 2 

TilE CONl'lNUOUS MONITORING TEST FACILITY AT LBL 

The prototype continuous monitoring station 
has been in operation at LBL since April 1975, 
flIDctioning as a test facility to evaluate the 
measurement teclmique and system performance. A 
y-ray spectrometer counting the y-rays emitted 
by the daughters of 222Rn provides a stable and 
nlgged system with the capability for continuous 
monitoring at high sensiti\{ity. 

The LEL system includes a NaI(TR) crystal 

detector located centrally in a tank through which 
radon-bearing water flows, a multichannel pulse
height analyser (PHA) with digital gain stabili
zation, and peripheral units that record digital 
quantities derived from the gamma spectrum. A 
tank size of 3- to 6-ft diameter and equal height 
is adequate; a 3-in diameter by 3-in thick NaI(T~) 
crystal provides ample sensitivity for the relative
ly low-activity LBL water (100 to 300 c/min) 
depending upon selection of the energy interval. 
The channels are integrated over selected energy 
regions at 10 min intervals and recorded. Pre
cision of 1% or better is easily attained by sum
ming several such intervals, permitting measure
ment of a few percentage change in 222Rn abundance 
in a small fraction of a day. 

The water source for the LBL station is from 
a horizontal hole drilled approximately 400-ft 
into the hillside for slope-stabilization purposes. 
The drain hole provides a constant flow rate of 
about 1.5 gal/min with a 222Jffi content of ~300 
pCi/liter. The daughter products of 222Rn decay 
(the source of the observed y-radiation) are 
greatly depleted in water that flows from this 
hole. Note that it is not practical to measure 
222Rn directly by y-detection, but rather by 
detection of y-rays from the two daughters 
2l4Pb and 2l4Bi.. The effective half-life for in
growth of these daughters is approximately 40 
minutes; thus our 222Jffi measurement technique 
must take into account a period of time lasting 
as long a 5 hours in which the daughters and 
222Ra may not be in equilibrium. This is the case 
for 222Jffi entering the detection volwne without 
any daughters, i.e., 222Rn that is either just 
created or freshly stripped of the daughters. 
This non equilibrium problem may be expected as a 
general characteristic of natural aquifers,3 
and must be taken into account when designing 
flow-through measurement systems. 

THE DISCRETE SAMPLING PROGRAM 

Discrete sampling of well water is an integral 
part of the program ranging in'application from 
reconnaissance studies in new areas, through long
term support in the vicinity of a continuous 
monitoring station, to exclusive use in long-term 
surveillance in a study area. These samples con
sist of groups of 2 to 7500-ml capacity poly
ethylene bottles. The container was chosen for 
its inherent low radioactive content, acceptable 



small loss of radon by diffusion through the con
tainer walls and purity with respect to trace 
clement contami.nation. 

A 11 discrete siUllpl es <I re transported to LBL 
;lIld are assayed [or 222Rn by y-ray spectrometry, 
;Issuliling equilihritun wi.th the daughters, where 
we utilize a high-sensitivity NaIC[£,) system 
located in the Low Background Counting Facility 
and the Ilealth Physics Department. The low back
ground counting environment is necessary for the 
sllccess ful measurement of the small 2221m family 
ad ivit ies present ·in most water smnples. 

'1'111: C1ROV [LL.E AREA: S'I1 JD T FS DlJRT NG AN AFl'ERSHOCK 
SEQUENCE 

An earthquake of Richter magnitude'\.() occurred 
ncar Palermo in the Oroville area of the Sierra 
Nevada foothills (about 120 miles northeast of 
San Francisco) on August 1, 1975. We established 
a discrete sampling program for water wells on 
August S, and a continuous monitoring station at 
one well <It the Palermo Elementary School on 
August 27-28. We sought to take advantage here 
of the large number of aftershocks in an effort 
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to establish whether our techniques could demonstrate 
a relationship between 222Rn levels in well 
waters and seismic events, given the particular 
geoJogic terrain of the Sierra foothills and a 
limi ted selection of already existing relatively 
shallow wells in the epicentral area. 

At present we obtain samples from six wells, 
[our in the Sierra foothill metavolcanic hedrock 
ronnations and two in the Tertiary sedimentary 
deposits of the eastern margin of the Sacramento 
Va.l1ey. S,unpling (on at least a daily basis) is 
done a.lmost entirely by the local residents, with
out whom this part of the study would be impossible. 

I~rom mid -September onwards, intervals between 
aftershocks lengthened sufficiently so that we could 
begin to attempt correlations between changes in 
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Fig. 1. Results of 222Rn measurements in the 
discrete sampling program from two bed
rock wells in the Oroville area. 

(XBL 7511-9520) 

222Rn levels and seismic activity. Data from two 
or the bcJrock wells for this period are shown in 
Fig. 1, where the laboratory analyses arc ex
pressed in terms of decay-corrected 222fill counting 
rates. The occurrence t i.mes of a rtershocks with 
Richter magnitudes greater than 2 are indicated 
along the base line of Fig. 1 as the tallest 
vertical bars. 

Some preliminary comments are given here to 
illustrate the current understanding of the data 
from the discrete sampling program. The two well s 
(Fig. 1) exhibit marked changes in radon abund;U1ce 
as a function of time, but in contrasting patterns. 
For example, the low/high/low structures in Gilley 
well data from the periods September 21- 24 ;md 
October 4-8 may be related to the aftershock 
sequences of September 25-27 and October 10-13. 
The high/low structures in the Prosise well data 
may be related to these same aftershocks, although 
the time scale appears to be quite different. The 
Gilley well data also show a general decrease in 
222Rn levels throughout this period, in a continu
ation of a trend observed since early August, and 
generally following the decrease in frequency of 
aftershocks. Data from the Gilley and Prosise 
wells show less structure with passage of time 
from September to mid November. 

There appears to be some general correlation 
between aftershock activity and the radon abun
dances in the bedrock wells; however, the after
shocks may still be too closely spaced in time to 
permit distinction between precursor and response 
signals. On the other hand, a well drilled into 
the Tertiary sediments at the Palermo School 
(data not shown here) has a much more constant 
radon level varying less than 25% during the same 
period. The discrete sampling progrmnmust con
tinue into the period when the region is again 
seismically inactive, so as to establish base 
levels and normal variation patterns for 222Rn 
content of these wells. Only then can the present 
data be completely evaluated to disclose which 
features were most probably related to seismic 
activity. 

The continuous monitoring system at the 
Palermo School well was set up to measure the 
abundance of 222Rn, using the school storage tank. 
Although discrete sampling had indicated the radon 
abundance in the water was nearly constant with 
time, marked variations in the apparent 222Rn 
abundance were noted with the continuous system. 
These variations correlated closely with water 
usage patterns. For example, during periods of 
high use, the mean residence time in the storage 
tank was too short to achieve equilibrium between 
222Rn and daughters, and the observed COWlt rate 
dropped considerably. An acoustic pickup was 
installed on the water system to indicate periods 
of pump operation, to permit possible recovery of 
the true radon abundance values from the data. 
The need for close control of water-flow patterns 
in such a continuous radon monitoring system was 
clearly demonstrated by this experience. 

Tl-IE HOLLISTER AREA 

In March 1975, preliminary survey in the 



Ilol.listcr arc;! of central California (ahout 100 
lII.i] es south 0 r San Francisco) disclosed the 
presence or 222Rn in appreciahle quantity at 
several wells; two wells at one site sustain con
s.iliernh te artesjan flow during part of the year 
and :J1so show re]ahvely high 222Rn content, 
approximatel y 800 pCi/li ter. This site is in a 
zone or thL~ San Andreas fault that is presently 
ILIldcl'goingact:ive tectonism in the form of 
ahllnd:mt 1111cro- :md macro-enrthquake activjty and 
ohsc rvah 1 e LillI t creep. J t was chosen as the 
initi:il ri.cld station, to he occupjed in the 
SllllUlicr of 1()7S. However, occurrence of the earth
qllake ncar Orovi] le, California on August 1, 1975 
cHlsed postponement or establishment of a station 
ill the San Andreas Fau]t zone LU1til early November 
1~)7 S. 

The 11011 istcr area is especially.well suited 
1'01' the 222j{n study, not just because there are 
r l'equen t sm,111 earthquakes, but primari 1 y because 
here there are extensive instrumentation networks 
lIIeasuring geophysical parameters for the same 
pllrpose-sensing earthquake precursor signals. 
TilliS the poss i h.i 1 ity ex ists to establ ish corre
lationshetween the 222Rn method and several 
other methods, an opportLU1ity not available in 
the Orovi 11e area. 

NINADA TnST STTf: S'I'lIDTES 

A progr:ulI or ground radon monitoring at the 
IJWi\ Nevad;1 Test Site was started in September 
J~)7:, as an cxten::;ion of the joint USGS-LBL study, 
in cooperation with Lawrence Livennore Laboratory 
(LLL) 'l'es t Ili visi on, the Lt.!. Hazards Control 
Ilcp:!l'tlllent, and the !:RnA Nevada Operations Office. 
'I'hl' purpose is to sec if ground 222Rn emanation 
is enhanced by t he shock of LU1derground explosions. 

Two types or monitoring arc employed. In 
one, d i scrcte water swnples arc obtained at lea?t 
IIcck1y rrolll deep wclls that penetrate alluvium and 
sed irnentary fonllatjons in the Yucca Flats area; 
these S;Ullp] es ;r re sent to tBL for. 222Rn assay by 
y-spcctrolllctry. The second method employs radon 
alpha-track detcctors, buried ]/2 meter deep in 
a] 1uviwn at distances ranging from 300 to 5000 
meters [rom one particular shot point. The track 
detectors arc changed weekly by L1,L Hazards Control 
pc rsonnel. These detectors are provided, etched, 
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and counted by Terradex, J nc. in Walnut Creek, 
California. 

At the end of calendar 1975, neither the well 
samples nor the track detectors have indicated 
any clear response to the ground shocks associated 
with a number of underground explosions. However, 
the test shot for which the detector array was 
initially deployed was postponed ill1tjl early 1976. 
The program is continuing to include this partic
ular test, after which a report will be written 
to discuss the results of this study. 

SUM4ARY 

Initial progress in the y-ray detection method 
includes the following items. We have verified 
the major design features of a field station that 
performs continuous high-precision 2221m monitoring 
in water. We have established a long-term locally 
supported discrete well-water sampling program in 
the Oroville area during the period of aftershock 
activity, to investigate the link between 222Rn 
levels and the ongoing seismic activity. Investi
gation is underway at the Nevada Test Site to 
determine whether there is a variation in ground 
radon abundance that may be linked to shock waves 
from large underground explosions. 
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SULFIDE LEVELS IN NAll1RAL WATERS: 
A POSSIBLE NEW GE01HERMJMETER 

Alvin J. Hebel't 

i\ previously described non-dispersive soft 
X - roy fl uorescence spectrometerl has been used to 
(:etcrnrine suI hue levels in natural waters. 2 A 
mou ification or the original technique has allowed 
a factor of five improvement in reproducibility. 
The technique is applicable when the waters con-

tain species other than sulfides, (such as SUlfate), 
which do not produce observable interferences. 

Experiments are performed with a highly homo- . 
geneous group of simultaneously silver plat~i 
copper disks that have been plll1ched from the same 
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sheet of copper foil. The disks are stored to
gether in a plastic bag before use along with those 
to be used for calibration in the lab at the end 
of collecting each series. 

The disks are brought into contact with water. 
After several hours, or days under actual field 
conditions, the aqueous sulfide level decreases by 
orders of magnitude. The water is weighed and 
may be used to calibrate the analysis or as a 
check for the effects of other species with respect 
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to a distilled water calibration. Calibration 
disks are obtained by spiking distilled water sam
ples with aliquots of a saturated solution of hydro
gen sulfide in distilled water, and introducing 
a silver disk for one day. 

A typical calibration line is shown in Fig. 1 
along with a plot of Fournier-Truesdell geothenno
meter3 (Na, K, Cal temperatures calculated for some 
natural waters. A relative color scale is also 
indicated. It appears that when a hot spring has 
a flowrate of a few liters per minute or m0re, and 
if the water hasn't boiled or bubbled, good agree
ment with observed downwell or Na, K, Ca gcother
mometer temperature calculations are obtained. 
Boiling or bubbling causes outgassing and lowered 
sulfide levels in most cases. It also appears that 
a set of calibration point disks could be made 
and used for semi-quantitative sulfide determina
tions by visual comparisons. This would eliminate 
the need for soft X -ray fluorescence analyses. 

Sensitivities for color-tone comparison exper
iments are expected to be of the order of 0.1 ppm 
at the 0.2 ppm level and a few ppm at the 10 ppm 
level. The use of multiple disks would maintain 
good sensitivity where the sulfide levels exceed 
10 ppm. 

Figure 2 is a plot of sulfide levels versus 
pH. Although the data appear scattered, it is 
important to note that all cold springs, as deter
mined by the Na, K, Cageothermometer, plot in the 
pH 7 to 7.6 range with sulfide levels at less than 
0.2 ppm equivalent H2S. 

Both Fig. 1 and Fig. 2 indicate that the sul
fide levels and the pH of natural springs may be of 
value in assessing the geothermal potential of an 
area. 
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United Nations Symposium on the Development 
and Use of Geothermal Resources, San Francisco, 
California, May 20-29, 1975. 

A.J. Hebert and H.R. Bowman, Nondispersive 
Soft X-ray Fluorescence Analyses of Rocks and 
Waters, presented to the Second United 
Nations Symposium on the Development and Use 
of Geothermal Resources, San Francisco, Cali
fornia, May 20-29, 1975. 
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A PORTABLE FIELD WATER SAMPLE FILTRATION UNIT* 

AZvin<J. Hebert and Gardener G. Young 

The need for a lightweight back-packable 
filtration ullit that could easily be cleaned with
out cross-contamination at the part-per-billion 
level whi l.e illl(l\ving rapid filtration of boiling 
hot and sOllletiJlles muddy water has given rise to 
the units shown 011 Fig. 1. 

Fiel.d :lIld Jabor:ltory tests indicate essentially 
nO changes in clrbonic acid or bicarhonate or car
bonate ion concentratolls when filtrations are done 
at approx i lII:ltl' I y l/3 atmosphcre evcn though the 
pll value may range from 3.2 to 9.4. 

Filtrations are performed by pouring the 
solution into the fUJmel or by placing a piece of 
tygon tuhing down a well and drawing the water up 
;lJld through the fiHer. Boiling water has been 
drawn up old geothennal well pipes as high as 5 
meters in thi s manner. Filtration usually takes 
less than onc or two minutes per 500 ml bottle 
whcn the w:lter is not too muddy. During the £il
t ration process, ·i t is important that bubbles not 
be allowed in t hei nput line, otherwise the unit 
wi 11 ceasc functioning properly until it is re
opened ;md a new filter inserted. 

Fi h'11re 2 shOlvs the machined groove pattern of 
the main body teflon plate. These grooves are 
"round-bottomed" to facilitate Cleaning. The tygon 
I i.nes arc connected to this plate with a small ny
lon nipple and viton O-ring to ensure vacuum in
tegrity. 1\ vitOIl O--ring i.s placed in the large 
outer groove. 1\ st:U1danl Millipore acetate filter 
(variety Il.I\WI'-l42, 0.45 micron, 142 nnn plain white 
I"i I.ter sheet) is laid over the groove plate and 
vi.ton O-ring prior to each clamp down and filtra
tion. No separate filter support is necessary. 

The eight central holes shown in Fig. 2 lead 
to the nylon nipple COlmector which fits into a 
mating recess on the other side. The main body 

Fig. 1. Portable field water filtration unit. 
(BBC 7410-7355) 

teflon plates are backed by 1.27 cm thick a1wninum 
plates. 

The hand pump is manufactured by the Nalgene 
Labware Division of NALCE Sybron Corporation. 

The legs on the unit are easily removed for 
packing. The end of the tie down bolts are ex
panded so that the brass butterfly nuts will not· 
fall off. 

The aluminum tubing sleeve shown in Fig. 1 on 
one of the 500 ml Nalgene bottles guards against 
bottle collapse when filtering very hot water. 
The snap-in nipples for line connections to the lid 
of the bottle were machined from nylon. 

Total unit weight without lines or hottles 
is 3.5 kg. 

FOOTNOTE 

*Reference to this device has been made in the 
publications listed below. 

H.R. Bowman, A.J. Hehert, H. Wollenberg, and 
F. Asaro, A Detailed Chemical and Radioactive 
Study of Geothermal Waters and Associated 
Rock Formations with Environmental Implications. 
Paper delivered at the University of Missouri
Columbia, Conference on Nuclear Methods in 
Environmental Research, July 29, 1974. 

H.R. Bowman, A.J. lIebert, H. Wollenherg, and 
F. Asaro, Trace Minor ami Major Elements in 
Geothermal Waters and Associated Rock For
mations (North Central Nevada), presented at 
the Second United Nations Symposium on the 
Development and Use of Geothermal Resources, 
San Francisco, May, 1975. 
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Main body teflon plate. (XBL 758-3817) 



Alvin J. Hebert and Harry R. Bowman, 
Nondispersive Soft X-ray Fluorescence Analyses 
of Hocks and Waters, in the proceedings of the 
Second United Nations Symposium on the Develop
ment and Usc of Geothennal Resources, San 
Francisco, May, 1975. 
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Harold A. Wollenberg, Sampling Hot Springs for 
Radioactive and Trace Elements, presented at 
the U.S. Environmental Protection Agency Work
shop on Sampling Geothermal Effluents, Las 
Vegas, NV, October 20-21, 1975. 

EVIDENCE IN SUPPORT OF A HOMJGENEOllS SOURCE FOR ALKALIC BASALfS 

H. Bowman, F. Asaro and I. Carmichael 

Alkalic basalt lavas (basalt lavas with 
substantial amounts of the alkaline elements) arc 
generally thought to be generated through partial 
melting of the upper mantle. Bacon and Carmichael l 
have shown that one of the lavas of these studies 
is consistent with this picture and could have 
equilibrated with mantle material at depths of 
approximately 75 krn. Precise trace element measure
ment on these lavas and similar lavas from widely 
separated parts of the world suggest that these 
lavas were generated under similar conditions from 
sources of similar composition. A concurrent study 
of the large crystals (megacrysts) and mantle frag
ments included in some of these lavas has demon
strated that there are a number of element!" in 
thcse lavas which can be used to test for the chem
ical composition of the source material in the 
mantle. Fj gure 1 shows a plot of two of these 
clclllcnts Ta and U from these widely separated geo
logical environments. Thpse data include over 20 
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s;ullples from Nunivak Islanu, off the Alaskan 
coast, erupted over a 6 month period, 15 historic 
crupt :ions from the J\zores in thc central Atlantic 
Ocean, a dozen eruptions in the southwestcrn u.s. 
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and a series of samples from Ross Island, Antarctica. 
The gencral coherence between Ta and U and other 
trace and minor elcmcnts suggests a conunon source 
and gencration process. In Fig. 2 we ~ave plotted 
some of these clement abundances relntlve to La 
as reciprocal concentrations to show how these 
data GUl he used 10 test for the composi tj (In of 
the mantle. T r on1y a small fraction of the source 
materia:! is melted and it is in equilibdum with 
the residll;11 crystalline material then one can 
show that it plot such as rig. Z should prcxluce 
st ril i ght I j ncs wi th slopes reI atc>d to the ratios 
of the mantle concentrations of these elements to 
thc reciprocal mantle concentration of La. The 
vertical intercepts are related to the overall 
elemcntal partitioning coefficients between the 
melt and thc residual minerals in the mantle. 

The e(!uation is: 

1 1 

where Cy is the abundance of the trace element, y. 
in the melt; Cyo and Cxo are the weighted averages 
of the abundance of y and x in the mantle associated 
with the melt. Cx is the abundance in the melt of 
a specific trace element x (chosen for its low par
tition coefficient), Kyand Kx are weighted aver
ages of the partition coefficients for the trace 
elements y and x between the mantle and melt. The 
equation presumes the averaged partition coeffi
cients are essentially constant for the various 
melts. 

REFERENCE 

1. C.R. Bacon and I.S.E. Cannichael, Contr. 
Mineral. and Petrol. il, 1-2Z (1973). 

HIGH-TEMPERATURE PROPERTIES OF SILICATE LIQUIDS* 

I. s. E. Ca~ichael 

The heat content of a series of silicate 
liqllids covering the whole known range of those 
round in nature has heen measured hy drop calori
Illl'try in the temperatul"e.range lZOO-1650K. From 
these and ot.her publi shed data, values of the par
tial molar heat capacities of SiOZ, Ti02, AlZ03, 
FeZ()3, FeO, MgO, CaO, Na20 and KZO have been, , 
derived; and apart from FeZ03 show no composltlonal 

dependence. There is also no temperature depend
ence of the partial molar heat capacities in this 
temperature range. 

FOOTNOfE 

*Submi tted to the Phil. Trans. of Royal Soc. of 
London, Series A (1976), LBL-5Z38 (1976). 

NATIONAL GEOfHERMAL INFORMATION RESOURCE (GRID) 

S. L. PhiZ Zips, J. A. Fair, F. B. Henderson and S. R. Schwartz 

The main objective of GRID as an information 
analysi.s center is to provide critically evaluated 
and analyzed data to geothermal specialists (See 
Fig. 1). Our principal activities covered the 
following four areas: (1) compilation of geo
thermal exploration publications for the years 
1974-1975; (Z) compilation and evaluation of the 
thermodynamic and PVl'X properties of NaCl solutions; 
(3) environmental aspects of geothermal utiliza
tion, and (4) adaptation of the Berkeley-Data 
Rase Management System (BKY-DBMS) computerized 
data system for storage and retrieval of GRID 
information. A portion of these activities are 
descrihed in more detail in Refs. 1-4. 

A<; a pilot study, a report on the status of 
geothermal subsidence data was issued. The review 

is intended to provide quick referral to data of 
interest for the researcher engaged in assessing 
the effects of subsidence as related to the utili
zation of geothermal energy. It also contains a 
section noting either inadequate or currently un
available data for topics that need further research, 
for example: 

1. Development of a model that includes the 
important parameters for predicting geothermal 
subsidence: (a) rate of aquifer compaction as a 
function of fluid removal, (b) rate of land sub
sidence as a function of aquifer compact ion, (c) 
effect of aquifer depth on land subsidence, (d) 
effect of recharge rate on aquifer compaction, 
(e) the relationships between aquitard structure 
and compaction. 

2. Laboratory testing of rocks obtained at 
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depth to measure the rock compaction as a function 
of important parameters (e.g., porosity, water con
tent,' temperature, pressure). The tests will pro
vide site-dependent data on compaction and the 
likelihood of subsidence, and can also be.used to 
test the applicability of mathematical models. 

3.. Development of rock-sampling techniques 
at depth. 

REFERENCES 

1. S.L. Phillips, J.A. Fair, F.B. Henderson III, 
and S.R. Schwartz, Review of Geothermal 
Subsidence, LBL 3220, (1975). 
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S.L. Phillips, J.A. Fair, F.B. Henderson, and 
T.G. Trippe, The National Geothermal Inform
mahon Resource, LBL 4420, (1975). 

J.J. Herr, S.L. Phillips, S.R. Schwartz and 
T.G. Trippe, Standards for Multilateral and 
Worldwide Exchan~e of Geothermal Dat~, 
UCID-3792, (1975 . 

T. Trippe, V. White, S.L. Phillips, F. Henderson 
and S. Schwartz, GEODOC - The Document File 
for the National Geothermal Information Re
source, LBL-4432, (1975). 
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