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Ms. Susan M. Prestwich
Energy and Technology Division
U.S. Department of Energy
~ Idaho Operations Office
- 550 Second Street =
Idaho Falls, ID 83401

" RE: Final Report
Contract No. DE-FC07-801ID12145

Dear Ms. Prestwich:

As you recall, the above-mentioned contract had two essential elements:
(1) Understanding of water/rock reaction with respect to improving the theo-
retical basis for geochemical prospecting of geothermal resources; and (2)
Modelling of heat and mass transfer in geothermal fields. As a result of the
funding prov1ded under the contract we have wr1tten the fo]low1ng four -
reports L o L L
(a) Eiders, W. A., Bird, D. K., WilTiams, A. E., Schiffman, P. and Cox,
- B., "A Model for the Heat Source of the Cerro Prieto Magma-
_ Hydrothermal System, Baja California, Mexico", published in the
Proceedings of the Fourth Sympos1um on the Cerro Pr1eto Geotherma]
Field, 1983. .- - : . , e

(b) Elders, W. A., Williams, A. E., Bird, D. K. and .Schiffman, P.,.

"~ "Hydrothermal Flow Regime and Magmatic Heat Source of the Cerro

Prieto Geothermal System, Baja California, Mexico", in press,
Geotherm1cs, anticipated pub11cat1on date - Fall of 1983.

(c) Sch1ffman, ., Elders, W. A., W1111ams, A E., McDowell, S. D. and
: Bird, D. K., “Active Metasomatism.in the Cerro Prieto Geotherma]
System, Baja California, Mexico: A Telescoped. Low Pressure/
Temperaturée Metamorphic Facies Series", submitted to Geology.

(d) Bird, D. K., Schiffman, P., Elders, W. A., Williams, A. E. and
McDowell, S. D., "Calc-Silicate Mineralization in Active Geothermal
Systems", submitted to Economic Geology.
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Enclosed are copies of these four reports which we would like to offer as
the basis of the final report under the above-mentioned contract. When you
have had a chance to read them perhaps you could tell us what changes would be
necessary to put them into the required format, if any, for such a final
report.

As you see, we have tried to give our research findings the widest
possible dissemination by publication in the scientific literature as rapidly
as possible, rather than waiting for publication as a DOE final report. 1
trust that this approach will meet with your approval. Many thanks for your
consideration.

Sincerely,

W. A. Elders
Professor of Geology

WAE/1p

Enc

cc: P. Dingman, IGPP, UCR-
Research Office, UCR
D. Nielson, UURI
C. Bufe, DOE
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STATEMENT OF WORK

Our proposed project‘is a collaborative effort between personnel of
IGPP at UCR and of the Department of Geosciences at the Univefsity of
Arizona, Tucson (UA). Work to‘be performed at UA will be administered
through a subcontract from IGPP. The critical new data required for
accomplishment of our goals are extensive addifional information on the
chemistry of coexisting mineral phases in the Cerro Prieto system,
supporting fluid inclusion homogenization temperatures, and stable isotope
analyses of whole rock samples f;om the reservoir and surrounding environs.
These data Qill be obtained by UCR utilizing the election microprobe and
associated software at the California Institute of Technology, Pasadena,
and the fluid inclusion and stable isotope facilities at UCR. Results of
this work will include field-wide maps of variations in key mineral
chemistry and water/rock ratios derived from stable isotope data and
additional control on the ranges of temperature associated with various
mineral assemblages. These data will serve as input and boundary con-
ditions for the subsequent thermochemical and fluid flow models.

Development of the thermochemical and fluid flow models will be ac-—
complished primarily by our colleagues at UA using the éomputational
facilities and software at UA, although UCR personnel will be closely
involved in this segment of the project. The models will make explicit
provisions for mineral solid-solution effects, reaction kinetics; and
diverse patterns of fluid flow. Existing data on pressure, temperature,
poroéity, permeability, and time of reaction will be utilized as boundary

conditions for these models. The results of this segment of the project



will include quantitative descriptions Qf the critical thermochemical con-
trols on water/rock reaction in this system and the effects of fluid flow
patterns on mineral distribution.

Synthesis of the empirical an& theoretical informa;ion generated durf
@ng this project will allow the development and elucidation of methods of
practical application of pétrologic and miﬁeralogic studies to geothermall
developments. The proposed sequence of Fasks is outlined in Figure 1. All
of the investigators will share in each of the tasks; however, each will

have a primary area of responsibility as shown in the Figure.



Investigator
in_Charge

A1l

Elders
(Total 3
man-months)

Bird
(Total 44

man-months)

Hoagland
(Total 5
man-months)

Williams
(Total 4
man-months)

 Figure 1

PROPOSED

PROGRESSION OF RESEARCH BY TASK
(Including cost approximation)
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TECHNICAL DISCUSSION

STATEMENT OF THE APPROACH

Although geothefmal reservoirs differ in some important ways from
hydrocarbon‘réservoirs, most of the technology of exploration, assessment
and\characterization of geothermal resources has been derived directly from
the petroleum industry. One coﬂsequence is that water/rock interactions
" have been relatively neglected in the characterization of geothermal re;
sources in fayor'of more traditional gpproaches, such as those involving
surface and subsqrféce geophysics. However, geothermal reservoirs exist in
a temperature-pressuré—compositidn rggime in which water/rock interaction
isiof crucial importance. Such interactions occur‘rapidly and can result
in dramatic changes in the physical ﬁroperties of both fluids and récks.
They often, for examplé;'lead fo marked reduction in the porosity and per-
meability of thé»reservoirs (El&ers, 1977a). |

The only aspect of water/rbck interaction which has réceived much at-
tention is the use of geochemical geothermometers based on the analygis of
surface samples of fluids (E;lis and Mahon, 1977; Fournier and Truesdell,
1973; Truesdell, 1976). This approach Qsing silica and Na-K-Ca
geothermometers, and the like, has had considerable Succeés to the point
wbere it has become a standard practice to>utilize theée techniques in any
broadscale exploration program. Thése geothefmometers are useful, cost-
effeqtive-exploration tobls; however, they are relatively poorly understood
by some uséfs and are therefore sometimes misapplied.,_There is a need,
therefore, for better understanding of the chemical thermodynamic controls
of this general ciéss of fluid geqpherﬁometers.

Samﬁles of geothermal fluids have ﬁsually reacfed with some large and

unknown volume of rock within 'a reservoir. Thus the temperatures they

.
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record apply to some unspecifie& location in the hydrothermal system. How-
ever, hydrothermal minerals are the visible records of heat and mass trans-
fer ét specific locations in geothermal systems. Yet relationships be-
tween such important parameters as fluid chemistry, enthalpy, alteration
mineralogy and permeability in geothermal fields have been explored re-
latively little, apart from a few pioneering studies (Helgeson, 1968; Muf~-
fler and White, 1969; Browne and Ellis, 1970; Kristmaﬁnsdottir, 1976; and
Bird and Norton, 1979). Thus, in contrast to the more extensive experience
gained in the use of fluid geothermometers, the practical application of
geochemical and petrological studes of rocks from geothe;mal systems has
been relatively limited (Browne, 1970, 1978; Elders, 1977a).

ReliaBle prediction of intensive properties of geothermal reservoirs
from measured compositions of fluids and/or minerals is crucial to the de-
velopment of cost effective exploration and exploitation‘technology. The

dependence of metasomatic mineral zoning on temperature, depth, and per-

meability is documented for many geothermal systems. However, spatial and
temporal variations in the chemical characteristics of contiguous
geothermal fluids are poorly understood.

We propose to conduct a thermodynamic analysis of compositional rela-
tions among mineral and aqueous solutions recovered from the Cerro Prieto
hydrothermal system in Baja California, Mexico. Our primary goal is to
provide a quantitative and internally consistent description of processes
responsible for the formation of observed reservoir mineralogy and fluid
chemistry. Such a descriptidon will, in turn, supply important boundary
conditions for future mathematical models of heat and mass transfer of this
and other geothermal systems. Equally important, we expect that this study

will put existing chemical indicators of subsurface temperature on a better



. theoretical footing and may also potentially develop new or improved chemi-

cal geothermometers.

CONCEPTS, ASSUMPTiONS, AND LIMITATIONS

Récent advances in theoretical geochemistry and transport phenomena
allow quantitative description and interpretation of compositional
characteristics of aqeuous solutions and minerals and their dependence on
temperaturé, pressure, porosity, and permgability in geothérmal environ-
ments. These advances permit:

I. Caiéulation of thermédynamic properties of>aqueous'solutions,
gaseé,'and minerals at high pressures and témperatufes from equations and
data given by Helgeson and Kirkham (1974a,b,1976), Walther and Helgeson
(1977), Helgeson, Delany;-ﬁesbitt, and Bird (1978), Flowers (1979), Bird
and Helgeson (1980), Aagaard, Helgeson, andﬁBenson (1980), and Helgeson,
Kirkham, and Fiowers (1980), and |

Il Calcuation of heat and mass transfer within magma-hydrothermal
systems and quantitative description of fluidlpathlines,-sourcé lines, and
source regions from numerical analogs, equations, and data reported by
Norton and Knight (1977), Norton and Knapp (1977), Norton (1978, 1979,
1980), and Norton and Taylor (1979). The confirmation of the credibility
- of these thermodynamic and tranéport éalucations is, in part, dependent on
the extent to which tﬁey replicate geologic, geochemical, and geophysical
observations of active geothermél syétems. This confirmation is necesgary~
for the development of any reliable chemical geothermometer based on the-
oretical calucations or -on empirical bbservations of natural.hydrothermal

phenomena.



To date, major element solufe geothermometers are based primarily on
empirical observatiéns and assumptions of local equilibrium at depth within
geothermal reservoirs. The latter assumption,.togethgr with the ap-
proximation that standard molal enthalpies of reaction between geothermal
reservoif fluids and minera;s are essentia;ly independent of temperature,
are fundamental to geothermometers based on linear fegressions of fluid
compositions and temperature (Fournier and Truesdell, 1973; Fournier and
Potter, 1979; Fournier, 1979; Arnorsson, 1978). Critical evaluation of
these approximations, and of others employed in contemporary solute
geothermometers, is afforded by comparison of thermodynamic and transport
calculations of hydrothermal processes with empirical geologic, geochemi-~

cal, and geophysical characterstics of geothermal systems.

Theory and Applications

Description and interpretation of phase relations in geothermal sys-
tems requires simultaneous consideration of the extent to which the trans-
ient changes in pressure, temperature, porosity, permeability, reaction
kinetics, and fluid flow affect the compositions and compatibilities of a
wide.variety of minerals and coexisting aqueous solutions. Analysis of
equilibrium phase relations among minerals and geothermal fluids affords a
convenient point of departure for later consideration of the consequences
of metastable phase relations, reaction kinetics, and variable mass flux of
the fluid phase.

Equilibrium constraints:
Equilibrium among mineral components and an aqueous solution can be

written as , : A, R

1 | -
i 1 o | I



Qhere the subscripts i and 71 respectively denote the mineral components
(yo and the species in the coexisting fluid (§) . In this equation n is

the stoichiometric reaction coeffecient for the EFh feaction<whiqh is
positive for products and negative for reactants. The logarithm of the law
of mass action equation for reaction (1) allows the thermodynami;

activities of aqueousvspecies to be written as

Z a i |
7] : .
: zﬂl-" log z. = log KP,T,r ’zﬂi,r log itb-’ R (2)
- AR == i -
- : H . : 1 .
1 s i ~

KP T.r in equation (2) is the equilibrium constant for the th
PR

statement of reaction (1) at the subscripted pressure (P) and temperature
(T); a is the activity of the subscripted reaction component; and z is the
th .
charge of the )4 aqueous species.
. . . . th ,
Differential changes in activity of the § aqueous species

along fluid flow path lines in geothermal systems are repfesented by

a a
d rvl»og izH+ 9 1_og -a—ZH+ 3 log aZH+ .
.= - ~ + ~ . (3) .

where $<denotes constant activities of all aqueous species other than the
zth and Z is unit distance along a fluid pathline which can be

calculated using equations and data given by Norton and Knight (1977) and
Norton (1978, 1979). Writing the total differential represented by equa-

tion (3) in terms of equation (2) gives

—-—
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where AHOP,T,r and AVOP,T,E are the standard molal enthalpy and

volume for the_Ethstatement of reacfion (1) and $ refers to constant

" activities of all mineral components exluding the th. Equation (&)
describes differential changes in the activities of aqueous species in
equilibrium with theif mineralogic enviromment as a function of distance
along fluid pathlines. This differential change is a function of standard
state thermodynamic properties of reaction and partial differential changes
in activities of coexisting mineral components.

Explicit statements of reaction (1) and equations (2) and (4) permit
calculation of activities of aqueous species in geothermal fluids and their
pressure-temperature derivatives from staﬁdard state thermodynamic data
and the activities of mineral components in coexisting solid solutions. 2
in equations (3) and (4) can represent distance from the surface measured
in geothermal drillholes or distance from some fixed point along a fluid
flow pathline. Measured pressures, temperatures, and mineralogic phase
realtions are required in this analysis. Compositional variations and sub-

stitutional ordering in authigenic minerals are explicity accounted for in
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equations (2) and (4) by thermodynamic activities of ideal mineral
components. The effects of nonstoichiometry in minerals on the activities
of components in solid solution can be approximated by any of a number of
mixing and exchange relations reported in the literature (for example, see
Mgeller, 1962; Matsui and Banno, 1964; Thompson, 1967, 1969; Blander,

1970; Saxena, 1969, 1973; Grover and Orville, 1969; Kerfick and Darken,
1975; Powell, 1977; Bird and Helgeson, 1980; Aagaard, Helgeson, and Benson,
1980).

Application to drillhole sémples:

Detailed analysis of mineralogic phase relations to solid samples re-
covered from geothermal drillholes at measured temperatures and pressures
permits calculation of‘the activities of aqueous species in the coexisting
fluid phase (eqt.-2). It has been shown (see fig. 2, A through C) that
systematic vertical g;adients in activity ratios of alkali and alkaline

earth cations to hydrogen ions and in £ occur in the upper

: 2(g)
2.5 km of the Salton Sea geothermal system (Bird and Helgeson, 1977; Bird

Co

and Norton, 1979, 1980);. These gradients are predicted from measured
metasomatic mineral zoning reportgd by McDowell and McCurry (1977) and
McDowell and Elders (1978) and standard molal enthalpies and volumes of re-
actions among minerals and aqueous solutions represented by reaction 1 and
equations (2) through (4). Measured concentrations of Na+, K+,

' Si02, and C02(§) in fluids produced from drillholes near the Salton

Sea are in close agreement with the results of these calculations (for ex-
ample, see fig. 2, B and C). Similar correlations are found among measured
and calculated fluid composition for a wide variety of active geothermal

systems in Quaternary -silicic wvolcanic piles near the Circum- Pacific

margin as shown in figure 2D.

=
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Figure 2. Diagrams A through C: Calculatéd temperature dependence of

2 . .
é++/i H+, ECO , and ENa+ /3K+ in

2(g)
geothermal fluids compatible with observed mineral zoning reported by

3.

McDowell and Elders (1980) in sandstones penetrated by Elmore #1, Salton
Sea geothermal system. In diagram A, the solid and open symbols represent
alternate calculations using the same mineralogic data but various ordering

states for KA1S1,0_, and NaAlSi.O The lengths of the

378 378’

ellipses and boxes represent the range in activity ratios compatible with
the measured compositional variatioms in ebidote and tremolite solid
solutions. The curves in diagram B are calculated, the solid symbolé denote
measured epidote compositions coexisting with calcite, éuartz, muscovite
solid solution, and sanidine, and the hachured box is the measured valuevof

£C0 . The solid curve in diagram C denotes equilibrium values

- 2(g) -
of ENa+/§K+ in an aqueous solution c0mp§t1ble with alb;te and K-
feldspar but the broken curves depict fluid compositions coexisting with

alkali feldspars with nonequilibrium tetrahedral ordering of Al3+ and

Siq+. The solid symbols in diagram C are fluid compositions compatible

with analyses of illite-phengite, sanidine, and albite from the Salton Sea

geothermal system represented, and the hachured symbol is the measured com-
position and temperature of geothermal fluid.

Diagram D: Caiéulated (curves) and measured (symbols) values of

3 5 =4
ENa+ 3K+ ECa++ in geothermal systems near the
Circum—-Pacific margin. (Diagrams A and C from Bird and Nortomn, 1979, 1980;

diagrams B and D from Bird and Helgeson, 1977, 1980).
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Applications to fluid flow pathlines:

Processes that form geothermal deposits are_summarized by the theories
of mass, momentum, and‘energy transport. Numerical approximations of par-
‘tial differential equations describing these theories permit simulation of
the processes using modern computer methods (Norton and Knight, 1977).
Transport'theory then provides a basis for developing predictive methods to
assist in the quantitative description of subsurface conditions in
geothermal systéms.

Compositional variations of fluids and rocks in geothermal systems can
be viewed in both a conceptual and a mathematical sense by two different
perspectives: (1) Monitoring compositional changes in a fluid packet as it
moves along its flow path. This framework can be used to predict the en-
vironment through which a fluid flowed before emerging from a thermal
spring or well bore. Mathematically, this corresponds to the Lagrangian
viewpoint and to the concept of fluid pathlines, sourcelines, and

: .
streaklines developed by Norton (1978). (2) Monitoring compositional
changes at a fixed position within the system. In studies of active and
fossil geothermal systems this corresponds to deducing the time-integrated
paragenesis of a particular rock sample. Mathematically, this corresponds
to the‘Eulerian viewpoint and to the concept of integrated values over a
constant volume. portion of the system at a fixed position.

Fluids circulate through hydrothermal systems along pathlines defined
by

dzZ, = v,dt, &))

where ;& is the Darcy velocity of the ith fluid packet, and E;

is the position vector of the packet at some time (t). From an Eulerian
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viewpoint, the composition of fluid in equilibrium with its mineralogic en-
vironment is defined throughout the system by equation (2). Consequ-
ently, the pathline for fluid components can also be calculated by com-

bining the total derivétive of equation (2) with equation (5), which gives

a, ,
%, -

A. . | a
L dlogf 1 d 10g| 2
s ' ’ \ - —
- at L T E @

It-is apparent from equations (4) through (6) that the time rate change in .
activitiés of aqueous species within a fluid packet flowing through a
geothermal system is proportional to the standard molal volumes and en-
thalpies of reactions bétween this fluid and its mineralogic environments..
and the partiél‘differential changes in the compositions of the coexisting
minerals.

| Practical application of these concepts to geothermal systems is ap-
parent if we consider fluid sampies collected from flowing springs. The
compositipn of this flgid is the integrated result of water/rock reactions
"upstream” along its pathline. It is not possible to explicity integrate
the equatibns back through»time. However, the concept of source lines and
source regions together with solutions to a set of initial wvalue problems
permits quantitative predictions-to be made of the temperature, pressure,
and composition of the "upstream” environment.

Figure 3 shows two typical pathlines resulting from a high level ig-

neous intrusion associated with calc—alkaline volcanism as reported by
"Norton (1978; 1980). The initial and boundéry conditions of this numerical

analog are similar in many respects to the geothermal systems represented
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Figure 3. Fluid pathlines for two fluid packets computed from a numerical
transport model for a high level igneous intrusion‘(represented by the box
in diagram A) after 2 x 107 years since the initial implacement. Diagram
A illustrates the fluid paths in a geologic cross section and Diagram B is
the pressure—témperature projections fof the pathlines. Initial and bound-
ary conditions for the numerical calculations are given in Norton (lé;é,

1980). (Modified after Norton, 1979 and 1980, and unpublished

calculations).
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in figufe 2D. Fluid and mineral éompositioné characteristic of pathline A
are shown in figure 4 in accord with specific statements of eduations (2),
(4), and (5), énd equilibrium betweeen this fluid and'albite, K-feldspar,
dioctahedral layer silicates, and quartz. As shown in thi; figure, fluid
compositions and 1ayér §ilicate comp&Sitions vary dramatically along this
flow path (fig. 2, B,C,D).

Pathlines A and B shown in Figure 3 demonstrate that the initial
fluid sourceregion has a significant effect on subsequent fluid paths and
resident time within geothermal systems. For example, the travel time of
fhese two packets from the geothermél reservoir at 1 to 2 km deep and at
temperatures of 200 toA25O°C is 105 years for fluid A and 2.5 x
104 years for fluid B.

Figure 4C sho&s the relationship between the activity of muscovite and
the pyrophyllite components in dioctahedral layer silicates and a fluid in
equilibrium with quartz and a partially disordered potassium feldspar along
a pathline ;aken frém Norton (1979, 1980). Note that as temperature |
increases (Fig. 4A), that the -activity ratio shown in Fig. 4C decreases.

. This is contrary to the trends reported for active geothermal systems (Muf-
fler and White, 1969; Reed, 1976; McDowell and Elders, 1980). A similar
relationship is shown in Figure 5 where the measured values of
mSiOZ(aq) for selectgd geothermal fluids are plotted as a function of

measured temperature. Fluids chosen are from well studied geothermal sys-—

tems containing alkali feldspar and diotahedral layer silicate mineral as-

semblages. The solid lines represent fluid saturation with various silica
polymorphs, while the broken lines denote isopleths of the cation site dis-
tributions in the layer silicates as specified in the figure for a fluid in

equilibrium with a partially disordered potassium feldspar. Note that as a
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Figure 4. Time rate of change in the temperature (diagram A), the acti&ity
of SiOz(aq) (diagram_D), and the activity ratio of Nat to KT (diagram

B) in the fluid packet for pathline A in Figure 2 in accord with equilib-
?ium of this fluid and albite, K—feldspa;,-quartz, and a dioctahedral
layer-silicate solid solution. Piagram C sths the composition of the
dioctahedral-layer siiicate solid solution in the wall rock in equilibrium

with this fluid. Bird and Trembly, unpublished calculations).
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Figure 5. Measured values of mSiOZ(ad) for fluids from well studied
geothermal systems containing both alkali feldspar and layered silicate
minerai assemblages plotted as a function of measured temperature. The
sdlid lines represent saturation of various silica phases while groken
lines denote isopleths of the ratio of the mole fraction of the Kt cation
to Vacancies in the A interlayer site times the ratio of the mole.fractions
of tetrahedral A13*T to Si%t for dioctahedral layer silicates in

equilibrium wi;h a flhid phase and a partially disordered potassium
feldspar. The dotted hexagons.represent fluids from the Broadlands
geothermal system (Mahon and Finlayson, 1972); the striped boxes Cerro
‘Prieto (Reed, 1976); the sfripéd circles, Kéwafau (Maﬁon, 1962); the open
rectangles, Otake (Hayashi and Yamaéake, 1974); the solid circles, Wariakei
(Mahon, 1966); the opeﬁ triangle, Waiotapu (Wilson, 1963); and the solid:

triangle, Pauzhetsk (Vakin and others, 1970).
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fluid moves up in temperature aldng the quartz saturation curve, the activ-
ity ratio of the muscovite to the pyrophyllite component decreases. The
general trend of the fluids plotted in the figure closely approximates

increasing values of the ratio of the activity of the muscovite to the

pyrophyllite component with increasing temperature and does not appear to

- follow or even parallel the saturation curve for quartz.

It is apparent from these diagrams that more work is needed to ac-

curately determine the relationships among layered silicates, alkali

feldspars, quartz, and geothermal fluids. A detailed study of layered
silicate compositiéns measured in geothermal s?;téms and calculated along
pathlines will be undertaken as part of the overall pgoposall
Non-equilibrium gonstréinté:

The redistribution of chemicalvcompgnents during geothermal processes
is a consequence of relaxation of a complex geologic system toward overall

chemical, thermal, and mechanical equilibrium. Temporal variations in the

" concentrations of a chemical component within the system are due to: 1).

the rate oﬁ advection of the component in the fluid phase; 2). the rate of
diffusidn of the COmpénéht both in the fluid énd in the solid phases; 3).
the irreversible or nonequilibrium réaction rates among aqueous solutions
and.minerals; 4). énd'the reversible equiiibrium reaction rates (Norton,
1979). Equilibrium reaction rates of change in activities of aqueous
species are represented by equatide'(ﬁ)_and (6) for the Lagrangian re-
ference state. Similér equations are présented for the Eulerian fixed re-
ference state by Norton (1979). 'Advecti?e and diffusion rates depend upon
the local fluid velocity and concentration gradients for the former‘rate,
and on the Laplacian of ;oncentration and the corresponding temperature de-

pendent diffusion constants in the latter rate. Irreversible reaction
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rates of change in the concentration of the i th component in the r th

phase can be written as

2Ci ¢ = \)i,r ke Sy aj¥ (7)
2t éf . '

whereﬂ)i,r,kr and S, are the stoichiometrié coefficient, intrinsic
reaction rate constant, and the surface area of the r th phase, aj is fhe
activity of the j th species, w is the order of the reaction, and f¢ is
the voluﬁe fraction of the fluid.

In equation (7) k; is reiated to temperature (T), the activation en-
ergy (E*), and a frequency factor (A.) by

ky = A exp (- §E*/RT) (8)

(Helgeson, 1971; Bailey, 1974; Aagaard.and Helgeson, 1977, 1980; Norton,
1979; Norton and Taylor, 1980). Values §f-kr are availablé for only a

few of the comﬁon ro;k fofming siliéétes (see summary in Norton and Taylor,
1980). Ne?ertheless there is sufficiépt data on alkali feldspar and quartz
transfer rate éonstants to afford a preliminary‘evaluation of the ir-
reversible rage of change of Nat/K" and $i03(aq) in the fluid flow
pathlines such as those shown in figure 3B and D. Calculations of this
type have been presented by Norton and Taylor (1979) and Helgeson (l§79).
Although calculations of mass transfer of chemical componenfs are severely
restricted due to the limited data base of the thermodynamic properties of
aqueous complexes and transfer rate functions, prelimiﬁary calculations
permit evaluation of the extent to Which the surfacé composition of a fluid

‘packet, such as that for pathline A in figure 3, will refect the subsurface
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temperaﬁures in a geothermal system. This analysis affords preliminary
evaluation ofrthermodynamic based solute geothermometers and the con-

' éequences of the rate limiting reaction processes which appear to be
governed-by surface chemicél reactions as proposed by Lagache (1965, 1976),
. Helgeson (1971), Paces (1973);fPetrovic (1976), Petro?ic,vBernor, and

Goldhaber (1976), Aagaard and Helgeson (1977, 1980), and Berner (1978).

Stable Isotope Cbnstfaints » ’

The reaction of sedimentary roék in respdnse'to circulating geothermal
fluid is not limited to the mineralogic chemical reactions discussed above.-
In additiomn, the minerals'exchange oxygen, hydrogen and carbon with a
geéthermai fluid composed primafilyvof water. The study of stable isotopic
exchange between varidus minerals and the geothermal fluid can, in prinéi-
ple, provide accurate constraints oﬁ the temperéture distribution and the-

rmal history of the geothermal reservoir. Stable isotope geochemical an-—

alysis is also capable of indicatiﬁg ﬁhe‘source and history of the water in
the circulation system.. Of particular interest in this proposal is the use
of data on the exchange of oxygen between the fluid and the reservoir rock
in order to quantify the water/rock ratio involved in the geothermal inter-
action. |
Temperature distribution:

The most convenient element for the stable isotopic study is oxygen
since :it is a.major constituent of both the rock and the hydrothefmal
- fluid. The natural fractionation quoxygen isotopes between a fluid and
coexisting mineral ph;ses is aléo a strong function of the temperature at
vwhich:they equilibrate. (Figure 6).Y,It has been shown that pore -filling
calcite in sgndstones ‘of geothermal systems‘located in sedimentary terrain

are quite suséeptible to equilibration with the circulating fluid (Clayton
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et al., 1968, Coplen et al., 1975; Kendall, i976; Elders et al., 1977,
1978a). This ease of equilibration has been shown for calcites in
sandstbnes at Cerro Prieto (Elders et al., 1977, 1978c; Olson, 1979) and
* has allbwed.the‘calculation_of.reservoir temperatures from the isotopic
data on rock sémples and that of the fluid. An accurate knowledge of the
distribution of temperature in the stable reservoir is critical for the
uﬁderstanding of the other processes of water/rock interaction within the
system. |
Other minerals which coexist with calcite in the sedimentary rocks:

-undergo oxygen isotopic exchange at different rates. Detrital quartz as
well as other silicate phases have been shown to aﬁproach isotopic
equilibrium with the hydrothermal fluid at a rate significantly slower than
that of calcite in the same rocks (Clayton et al., 1968; Coplen et al.,
1975; Kendall, 1976). The degree of isotopic exchange in these minerals
‘éppears to be a function of time, and sb a careful study of disequilibrium
isotopic relationships may serve as aﬁkindicator of the thermal history of
thg geothermal system.

Source of hydrothermal fluids:-

The oxygen and hydrogen isotopic variations of water iﬁ the oceans,
Arain, étreams, lakes and most ground waters are quite systematic‘and so-
such isotopic data on geothermal fluids can indicate the source of the
water in the system. Meteoric waters have been sﬁown to closely follow the
équation (Craig, 1961):
8D = 8 &80 + 10

'dug to the equilibrium condensation of rain water from the atmosphere.
River, lake, and low temperature ground waters are derived from a meteoric

source and their isotopic composition is subsequently altered by
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evaporative pr0cesseé. In any given locality, water sourceé can be
accurately identified by their isotopic composition.

It has been shown that neariy all geothermal waters are of surface de-
rivation (Craig, 1963), but have suffered oxygen isotopic exchange with the
rock in the ‘geothermal reservoir. This exchange is evidedced by an
"isotopic shift" of the oxygen isotopic composition of the water toward
equilibrium with the reservoir rock.

Quantification of water/rock interaction:

As mentioned above, water involved in nearly ail geothermal cir-
culation systems appears to be derived from meteoric or surface water
éources. Waters of these types have been shown to be generally far lighter
in their oxygen isotopic composition than would be in equilibrium with the
rock present in the reservoir. The interaction of these two phases at re-
latively high temperatures is shown by the depletion of the rock in 184
and the consequent enrichment of that isotope in ;he;fluid phase. Since
this is the case, a simple mass balance equation can be developed to show

the relative amounts of each phase invovled in the interaction.

W sino + R sirock = W éﬁHzO +R Sfrock
where (W) is the percent of oxygen involved with the fluid phase, (r) is
the percent of the systems total oxygen located in the rock, (i) indicates
initial conditions, and (f) indicates final values after hydrothermal
.interaction. This equation can then be written

f i

§ rock = 9

/R = =

rock
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where W/R is tﬁe oxygen mole ratio of watér to rock.involved in the high
témperature circulation system.

In a "fossil” geothermal area or hydrothermal ore body, the final
isotopic composition of the fluid phase is often difficult to determine.

In ﬁhat situation (Taylor, 1974), it must be assumed that the final fluid
composition is determined by isotopic equilibrium with the rocks with whi;h
exchange occurred and the temperature of the interaction (see Figure 7). A
hypotheticél model of the fluid circulation must also be assumed since the
calculated water/rock ratio is also dependent on the amount of fluid re-
circulation that takes place in tﬁe system'(Figure_7).

In the case of an active geothermal system, however, this problem does
not exist since the geothermal fluid is still present and can be analysed
for its isotopic composition. The isotopic shift of the fluid phase,
caused by the water/rocg interaction, can be directly calculated by the
difference between the source water and the final ggothergal‘fluid. In a
similar manner, the'isotopic shift suffered by the rock in the reservoir
calculated by thé comparison of whole/rock 8180 values of samples from
within the'geotherma; system with those of unaltered rock samples of
similar lithology taken outside of the'hydrothermal circulation sYstém.
This informa£ion,*when included in a mass balance calculation similar to
that discussed above, can easily and accuratefy produce a value for the
overall water/rock ratio involved in geothermal interaction integrated over
the whole circulation history. The actual flow rgte of hydrothermal fluid
through the system is, however, not péssible to calculate without an
éccurate measure of the time in which the observed water/rock interaction
has taken place. Local ?ariations in the water/rock ratio may be ob-

servable as deviations in the measured isotopic shift of the fluid or rock
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phases. It is therefore necessary to precisely analyse both geothermal
water and reservoir rock samples to provide a complete three dimensional
‘pictufe of the geothermal interaction.

Transport theory has been used to calculate the effects of
hydrothermal circulation in‘'a fossil geothermal system (Norton and Taylor,
1979).v In that study, it was shown that suéh models of the mass and ther;
mal transport can successfully be constrained by the observed isotopic ex-
change of oxygen between the reservoir rock and the circulating fluid. 1In
an active geothermal enviromment, such as that at Cerro Prieto, actual
measurements of parameters such as présent temperture distribution,
hydrothermal flow regime, permeabilities and fluid composition can be
utilized instead of assumed or calculated cqnditions'necessary in such a
study in a fossil area. In addition, three dimensional sémple covefage in
the extensively drilled Cerro Prieto field is far superior to the sampling
possible in an eroded fossil area such as the Skaergaard (Norton and
Taylor, 1979; Taylor and Forester, 1979). Because of the additional con-
straints on hydrothermal circulation in the active Cerro Prieto geothermal
system, a great deal may be learned about the interaction of rock and fluid
in response to the chemical, thermal and fluid transport in such a system.

Transport calculations sﬁmmarized above afford a new approach to the
understanding of the transient characteristics of water/rock interaction in
active magma~-hydrothermal systems. Applications of transport theory and
thermodynamic constraints to the vast data base for the Cerro Prieto
geothermal system will contribute significantly to this knowledge. The
concepts; principles, and methods developed during this study will then be

applicable to other geothermal systems.
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Procedure and Supporting Data

The thermodynamic approach to understanding water/rock interaction and
characterizing geothermal systems is of general applicability, no matter
what type of geology or fluid chemistry is involved. Ho&ever, we feel that
at this stage in development it would be inappropriaté to attempt to apply
it to poorly exploréd systems. The best chance to devglop techniques and
concepts of wide generality and practical applicability is to study systems
which are well-explored and for which an adequate body of supporting data
already exists.

We are therefore proposing to carry out a study of solution/mineral
interactions in the Cerro Prieto geothermal field in Baja California,
Mexico (Fig. 8) using the extensive data on mineral distribution and phase
chemistry which already exist (Hoagland and McDowell, 1978); Hoagland and
Elders, 1978; Elders et al., 1977, 1978b, 1979, 1980). Critical additional
data on phase chemistry, mineral formation teﬁperatures, and whole rock st-
able isotope compositions, will be obtained as part of this proposed re-
search project, and interpreted using the compugational methods developed
by Bird and Norton (1980).

' The choice of Cer;o Prieto:

We believe that at the present time Cerro Prieto is the best studied

.geothermal field in the world. The Comision Federal de Electricidad of
Mexico (CFE) has developed the first COmmerically viable geothermal power
plant in North America to produce electricity from a water-dominated field.
This plant, at Cerro Prieto in the Mexicali Valley of Baja California,
Mexico, began producing 75 MWe in April 1973. By March 1979, it had 150
MWe of generating capacity and in 1982 a 30 MWe low pressure turbine will

be added which will use existing production wells. At present, a major
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exploraﬁion and development drilling program is underway and éonstruction
plans call for expanding Fhe installed capacity to 290 MWe by 1984.

| A program of international scientific and technical collaboration was
initiated in July 1977 as a result of a written agreement between CFE and
the Department of Energy of the U.S.A. (DOE). Lawrence Berkeley Labora-
tory, of the University of California, is managing this program on behalf
of DOE. This program, together Qith the earlier technical investigations
of CFE, has produced a Broad array of surface and subsurface geological,
geophysical and geochemical data. 1In contrast to the usual situvation in
the U.S.A., all Qf these data are in the public domain. The early results
of this collaboration have been reported at well-attended symposia in San
Diego in 1978, and in Mexicali in 1979 (Anomymous, 1978, 1979). A wealth
of subsurface lithological samples and water samples are available fram the
more than sixty-five wells drilled to date at Cerro Prieto (Fig. 9). This
ngls'produce Na-K~-Ca chloride brines of up to 18,000 mg/l total dis-
solved solids. A wide range of temperatures and temperature gradients have
been encoﬁﬁtered rangiﬁg from 350C° at 1.8 km, to 108°C at 3.2 km depth.
The Plio—Pleistocene deltaic sediments of ;he reservoir exhibit prograde
metamorphic mineral assemblages of greenschist facies (Reed, 1976; Elders
et al., 1977, 1978a, b, c, 1979, 1980a,b); Hoagland and Elders, 1978;
‘Hoagland and McDowell, 1978).

The work we are proposing is not site-specific, as the under-
standing of the controls of water/rock interaction we will develop should
be widely applicable to other systems at similar temperatures. However, we
believe that Cerro Prieto is the best candidate for the type of study
proposed. No comparable body of data and samples is available for any

geothermal field in the United States of America. Furthermore, the UCR
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Map showing the Tocation of Cerro Prieto wells.

Figure 9.
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investigators have already gained two years experience of working on the
Cerro Prieto field.
Related previous work:

Since 1968 the Geothermal Resources Program of thé Institute of
Geophysics and Planetary Physicé (IGPP) at the-University of California,
Riverside (UCR) has carried out a multifaceted investigation of the
geothermal‘resources of the Salton Trough of California and Mexico (Fig.“
8). A list of reports published by IGPP as a,result of this work is
included in the SUPPORTING DATA section. This research was aimed at
investigating the nature and origin of water-dominated geothermal systems;
a necessary prerequisite for intelligent exploration, characterization,
ésseSSmént and utilization of geothermal resources.

Part of these investigations involved geochemical and petrological
studies of rock and fluid'samples recovered from deep drilling. These
studies show that the nature of hydrothermal alteration depends not only on
temperature but al;; upon the permeability of the ;ocks and upon fluid com-
position (Bird and Eiders, 1976; Kendall, 1976; Elders, 1977b; Hoagland and
Elders, 1977; McDowell and McCurry, 1978; MﬁDowell and Elders, 1978, 1979;
Hoagland and McDowell, l978);v

The recent rapid pace of drilling together with the other studies re-
ferred to above, made the Cerro.Prieto system a particularly favorable site
fdr detailed studies of water/rock interaction. Accordingly,‘following on
the pioneering work of Reed (1976), we have concentrated our efforts there
during the past two years. These studies have shown that a well-developed
and systematic suite of prograde minerals occurs (Hoagland and Elders,

1978; Hoagland and McDowell, 1978; Elders et al., 1977, 1978a, b, ¢, 1979,

1980a,b), involving phyllosilicates, carbonates, feldspars, quartz and
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hydrous calc-aluminum silicates (Figures 10, 11). One iﬁmediate practical.
application of this finding has been our use of these hydrothermal mineral
assemblages and associated supporting data on fluid inclusion and light
stable isotopes to predict reservoir temperatures.while exploration wells
are being drilled, prior to well qdmpletion and testiﬁg (Elders{gg_gi.,
1978b). Similarly, our maps of the distribution of hydrothermal mineral
ééhes in the subsurface are proving useful in interpreting gravity and
-electrical resistivity data and in formulating reservoir engineering mdoels
(Elders et al., 1979; Vonder Haar and Puente, 1979). The zone of most
intense hydrothermal alteration is é gravity and resistivity 'high because
of the consequent reduction in porosity.

Our studies have also detected systematic variations in the chemical
composition of‘sevgral key minerals, similar to variations noted in other
hydrothermal fields (Figures 12 and 13). .Preliminary data on chemical com=-
positions of imﬁortant coexisting phases at Cerro Prieto have allowed us to
make a reconnaissance study of the physiochemical confrols over phase as-
semblages and mineral coﬁpositions.. For example, we have noted a dif-
ference in the‘miner’al assemblages' which occur at the same temperature in
wells M84 and M53, two wells which lie on opposite sides of a major fault.
(Fig. 14). Figure 15 shows the stability fields of these assemblages as a

~functin of CO, fugacity and silica activity, and suggests that there is

2

a difference in the COQ, fugacity prevailing in these two wells. This

2
in turn implies that communication of gas between M84 and M53 may be re-
stricted. Furthermore, our preliminary calculations suggest that the
mineral assemblages in both.of these wells have formed under conditioms of

supersaturation with respect to quartz (Fig. 16). This inference may also

- have important implications for reservoir models, as it suggests that both
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Figure 12. Compositions of hydrothermal epidote versus depth in
ilell M53 at Cerro Prieto. Inset shows temperature -

. profile. "Triangles show mean value for a g1ven denth.
(Elders et al., 1978¢). .
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Figure 13. Com ositioh of epidote with depth in well Elmore #1,
: Sa1$:on Sea geothermal field (McDowell and McCurry, 1977).
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Figure 14. Mineral paragenesis in wells M84 and MS3 at 300°C in
sandstones from the Cerro Prieto geotherma] field
(Elders et. al., 1979).
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Figure 15. Calculated €0, fugacity and silica activity diagram for
mineral assemblages in the Cerro Prieto geothermal field.
The M84 assemblage (Fig. 8) occurs within the stability.
field of epidote + prehnite (log f CO; ¢ 1.2). The M53
assemblage lies in the stability field of muscovite +
calcite, along the boundary between the fields of epidote +
calcite and of wairakite + calcite (1.4 < log f C0, ¢ 2.0)
Elders et al., 1979).
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and lower boundaries of this field, when corrected for
actual epidote compositions, measured in different parts

of wells M84 and M53 at Cerro Prieto. Note the requirement
for supersaturation of quartz at temperatures up to 340°C
(Elders et al., 1979)
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of these wells lie in pafts of tﬁe reservolr being heated by influx of '
fluid from an even hbtter source.

In our earlier studies at Cerro Prieto we made a teﬁtative approach to
défining the discharge and recharge volumes of the reservoir in terms of
mineral abundances (Hoagland and Elders, 1978). We suggested that a
quartz-adularia association was characteristic association was
characteristic of an environment where hot water was being discharged into
colder rocks, whereas a calcite-rich zone represented cold water entering
hotter rocks.of a region of boiling (Fig. 17). Development of the thermo-
dynamic controls over mindgral reaétions will allow us to refine this
cfude, qualitative idea andAhopefully perfect models of fluid flow énd tem—
_perature change in the reservoir Eésed on miﬁeralogical and chemical
criteria.

A large body of data has already been accumulated regarding the stable
isotope geochemistry of the Cerro‘Prieto geothermal field. _It‘has been
shown (Truésdell et al., 1979) that the fluids extfacted-from Cerro Prieto
geothermal wells have been derived from Colorado river ground waters. The
water hag apparently suffered an oxygen isotopic shift of the order of 2 to
49/00 (parts per thousand) in response to exchange with the»rocks in the
heated geothermal reservoir. The observed oxygen isotopic composition of
these geothermal fluids is suppd;ted by extensive work comparing isotopic
compositions of calcite with temperature data from well logs, petrology and
fluidAinclusions. The fluid isotopic compositions calculated by these
methods seem to agree quite well and a value on the'order of -8.39/00

(relative to SMOW) has been concluded (0Olsom, 1979).
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Figufe 17. 'Hydro1og1’c environments of formation of pore cements
at Cerro Prieto (Hoagland and Elders, 1978).
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The isotopic compositions of calcite in sandstones have been shown to
be a-reiiable indicator of the stable reservoir temperature (Olson, 1979)
and én excellent data collection (Elders et al., 1977, 1978, 1980a, lé80b)
of such énalyses has been accumulated. From this data, a feliable picture
of the thermal distribution can be calculated (Elders et al., 1980b)
(FiguF¢ 18). Caicite isotopic compositions measured iﬁ shales are often
.out of equilibrium with the present reservoir fluid, a result of the lower
permeabilities of the finer grained éediments (Olson, 1979; Elders et al.,
1977, 1978c). Tﬁe observed differences in the degree of approach of these
shale valués to equilibrium are likely indicators of differences in the
overall flow hydrothermal fluid through difféfégt regions of the geothermal
system.

Oxygen isqtopic measurements in fhe silicate phases of Cerro Prieto
have only bégun recently,  but reéul?s’appear rather interesting. In par-
ticular, it has been shown that detrital quartz can remain nearly inert to
isotopic exchange with the hydrothermal fluid at temperatur;; as high as
200°C (Elders et al,, 1980b). The overall isotopic shiftAsufferéd by the
sedimentary roéks is, the;efore, much smaller than that indicated by the
.easily equilibatred calcite. Hehce, the calculated water/rock ratio may be
far smaller than previously thought (leon, 1979; Elders et al., 1978¢c).

The large émount of isotopic data presently available and the quantity
of reservoir rock material available for future analysis make the Cerro
Prieto geothermal area an ideal iocation for developing -our understanding
of isotopic relationships indicative of geothermal wgter-rock interactions.

Such models can be also improved by.allied studies involving other
types of geothermometry which we currently havé underway. These include

fluid inclusion measurements (Elders, 1977b; Freckmaﬁ, 1978); vitrinite
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réflectance gedthermometry (Barker, 1979, Barker and Elders, 1979) and un-
published work on fission track annealing as a method of dating thermal
e§ents at Cerro Prieto. These allied studies are also aimed at under-—
'standing temperature history, fluid flbw,'water/rock ratios, chanées in
porosity and permeability,iand ultimateiy, mass and heat transfer in the‘
system.

We believe that a fundamenﬁal understaﬁding of water/rock interaction
in active hydrothermal systems is emerging as a result of such detailed
studies. The thermochemical study proposed at Cerro Prieto will contribute
significantly to this knowledge. The concepts, principles and methods thus

developed will then be applicable to other geothermal fields.

Expected Accomplishmgnts:

As‘a.result of the proposed project, we expect to develop a detailed
knowledge of the variations in phase chemistry'in the Cerro Prieto-
reservoir and the relationship of these variations to present and past
reservoir_temperatures. Particular emphasis will be placed in determining
the compoéitions of phyllosilicates. The anglyses of whole rock étable
isotope compositions,.when combined with existing data on the isotopic com-
positions-of various carbbnéte and silicate minerals, will allow us to
calcqlate the water/rock ratios involved in hydrothermal alteration at
various locations wtihin thé reservoir. We will hence be capable -of pfo—
ducing maps of total fluid flow in the reservoir and surrounding environs.
The fluid inclusion data-té be acquired in this ﬁroject will be integrated
with existing geothermometry data and existing data on the duration of
heating at Cerro Prieto to provide constraints on the time-temperature his--

tory of the system.
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Evaluation of all the above data within é.thermochemical and mass .-
transfer ffamework will allow us to quantitatively describe the critical
parameters governing alteration of geothermal reservoirs. ' We aﬁticipéte
that this quantitiative description of the process of water/rock reaction
at Cerro Prieto will enable us to develop effective predictive exploration
and assessment models based on petrologic data which will be applicable to

other geothermal systems.
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FEASIBILITY AND COST-EFFECTIVENESS ’ -

The combination of experience and facilities at UCR and UA provides a .
unique opportunity for a oollaborative study addressing the topics outlined
in the technical discussion section.

The methodology and facilities for‘acquiring and analyzing the rieces-
sary dafa for this project already exist at one or the other of the
institutions, and the personnel who will participate in this proposed re-
search have all aoquired extensive experience in applying these techniques
Eo geothermal problems. The extant sample and data base from the Cerro
Prieto field is unequalled anfwhere in the world and is already possessed -.;Q
or is readily available to the investigators. Hence, no costs for sample
acquisition, equipment procurement, or personnel training are necessary for
completing this project. Additionally, no problems involving proprietory
information will be encountered.

The potential cost benefits of employing petrologic and geochemical
sfudient of suosurface samples during the exploration and development of
geothermal areas are great. Thelnecessary samples automatically become
available whenever a well is drilled, hence no sample acquisition costs are
.involved. The cost of drilling a deep geothermal well in the Imperial Val-
ioy is presently between 1-2 million dollars, Bence any petrologic input to
well-sitingkwhich resulﬁs in aVOidiné the drilling of only one unproductive
well can pay for itself many times over. Several cases where the most
- basic petrologic examination of geothermal well samples could have sa&ed
substantial drilling expenditures afe known to the investigators. 1In. a
oore positive vein, our work at Cerro Prieto has illustrated that
petrologic studies can enhance the probability of siting'productiVe wells

(Elders, Eﬁ.ii" 1978b); as well as provide a good indication of
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subsurface temperatures encountered while actually drilling a well. We
intend to use the information generated by this research ﬁo help categorize
the various mineralogic techniques as a function of cost-effectiveness at
three levels of sophistication;
I. Methods applicable at the drillsite;
II. Methods atfainable by a field laboratory;

III. Methods obtainable by a well-equipped research laboratory.
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MANAGEMENT

ORGANIZATION AND MANAGEMENT PLAN

"Grantee Organization

The grantee organization is the Regents of the University of California,
Institute of Geophysics and Planetary Physics, University of California,
Riverside California 92521, U.S.A. (telephone number (714) 787-4500).

Coordination and Management

W. A, Elders is the principal investigator and coordinator of the pro-
ject. He currently holds an appointment which is 50% as Research Geologist
in the Institute and 50% as Professor of Geology in the Department of Earth
Sciences. He will coordinate the various laboratory activities and have
primary responsiblity for synthesis and interpretation of the results pro-
duced. He will contribute approximately 20% of his time to the project
during the nine month academic year with salary contributed by the Uni-
versity of California. During the summer months he will contribute 337 of
his time to this project with salary paid by the contract. His vita is
attached.

D. K. Bird will manage the research operations at the University of
Arizona and will devofe 38% of his time to this project. Bird is employed
by the University of Arizona under funding for extramural grants and
contracts. His salary and the research expenses incurred by this project
at the University of Arizona will be defréyed by this contract under a sub-

contract to UA. His vita is attached.
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Other staff ‘ A L
The other staff are employed by IGPP under extramural grants and contracts.
They include:
| 1. A. E. Williams, Assistant Research Geologiét. Williams will have
primary responsibility for procuring the st;ble isotope data and will
devote 33% of his time to the project (vita attached).
2. J. R. Hoagland, Staff Research Associate III. Hoagland will have
primary responsiblity for procuring mineral assembiage and phase
chemistry data. He will devote approximately 407 of this time to the
project (vita attached.)
3. One graduate student Research Assistant (337%), two part—time o
secretaries (total 17%), and a part-time draftspérson (8%).

Suggested Timetable

Our envisioned timetable for completion of various aspects of this
project is depicted in Figure 1. The project essentially involves three
phases.

Phase I (January 1981-July 1981l): Acquisition of petrologic and
stable isotope data.

1. January - compilation of existing data, selection of samples,

initiate analyses.

2. February-May - perform analyses.

3. June-July - define water/rock»ratios through reservoir and mineral

compositional trends, establish boundary conditions for thermo-

chemical and mass transfer calculations.

Phase II (May-October 1981): Thermochemical and mass transfer
modeling.
1. May—June = initialize program conditions, perform any necessary
software modifications, interface UA and UCR operations and acquire

petrologic and geothermal data.
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2. July-October - develop thermochemical and mass transfer models
using data generated at UCR.
Phase III (October-December 1981): Synthesize and interpret data and
moaels, develop practical applications, write final report.

Suggested Reporting Requirements

We propose to keep DOE fully informed of our activities by short
technical quarterly reports and comprehensive annual reports of our

research data and findings.
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Elders, W. A., Combs, J., Coplen, T. B., Kolesar, P., and Bird, D. K., 1974.
"Geophysical, Geochemical and Geo]og1ca] Invest1gat1ons of the Dunes
Geothermal System, Imperial Valley, California", in Proceedings of
the Conference on Research for the Development of Geothermal Energy
Resources, Jet Propulsion Laboratory/California Institute of Technology,
September 1974, NSF-RANN 74 159, P 45-72.

Elders, W. A., 1975. "Reg1ona1 Geology of the Sa]ton Trough" in T. D.
Palmer, J. H. Howard and D. P. Lande (editors) Geothermal development of
the Salton Trough, California and Mexico Guidebook for the 2nd U.N. Sym-
posium on Geothermal Resources, May 1975. Lawrence Livermore Laboratory
Publication UCRL 4-17-75, p. 1-12 and 41-43.

Johnson, P. D., Elders, W. A., Strubble, L., and Collier, P., 1977. "A
Quantitative Automated X-ray Diffraction Mineral Characterization System
for Use in the Study of Natural Hydrothermal Systems". University of
California, Riverside, UCR/IGPP rept. 77/25, 34 p.

Elders, W. A., Olson, E. R., Hoagland, J. R., Barker, C. E., Johnson, P. D.,
and Collier, P., 1977. "A Comprehensive Study of Samples from Geothermal
Reservoirs: Petrology and Light Stable Isotope Geochemistry of Wells
M48, M84, M90, M91, MI2 and Prian No. 1". IGPP Report UCR 77-37, 153 p.

Elders, W. A., 1977. "Petrological Studies of Geothermal Systems". Pro-
ceedings of La Primera Reunidon de Intercambio Techn1co sobre Geotermia,
San Felipe, B.C. Mexico, Nov. 1977.

Elders, W. A., Hoagland, J. R., Olson, E. R., McDowell, S. D., and Collier, P.,
1978. "A Comprehensive Study of Samples from Geothermal Reservoirs:
Petrology and Light Stable Isotope Geochemistry of twenth-three wells in
the Cerro Prieto Geothermal Field, Baja California, Mexico". IGPP Report
UCR 78-26, Final Report to the DOE to Lawrence Berkeley Laboratory.

Elders, W. A. (editor), 1979. “Guidebook: Geology and Geothermics of the
Salton Trough". UCR Campus Museum Contribution No. 5, 109 p., Prepared
for the Geological Society of America 92nd Annual Meeting, San Diego,
California, November 1979.

Elders, W. A., 1979. "The Geological Background of the Geothermal Fields of
the. Sa]ton Trough" in Elders, W. A. (editor) Guidebook: Geology and
Geothermics of the Salton Trough. Prepared for the Geological Society of
America 92nd Annual Meet1ng, San Diego, California, November 1979.
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Published Technical Articles (continued)

McDowell, D. and Elders, W. A., 1979. "Geothermal Metamorphism of Sandstone
in the Salton Sea Geothermal System" in Elders, W. A. (editor) Guidebook:
Geology and Geothermics of the Salton Trough. Prepared for the Geological
Society of America 92nd Annual Meeting, San Diego, California, November
1979. ' ' o

Elders, W. A., Hoagland, J. R., Valette, J.-N., Williams, A. E., Barker, C. E.,
and ColTlier, P., 1979. "A Comprehensive Study of Samples from Geothermal
Reservoirs; Petrology and Geochemistry of Subsurface and Surface Samples
from the Cerro Prieto Geothermal Field, Baja California, Mexico." IGPP
Report 79/27, Final Report to the DOE to Lawrence Berkeley Laboratory.

Miller, K. R., and Elders, W. A., 1980. "“Geology, Hydrothermal Petrology,
Stable Isotope Geochemistry. and Fluid Inclusion Geothermometry of LASL
Geothermal Test Well C/T-1 (Mesa 31-1), East Mesa; Imperial Valley, Cali-
fornia, U.S.A." Final Report to Los Alamos Scientific Laboratory.
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Published Book Reviews

Elders, W. A., 1965. Review of "Principles of Physical Geology", by A. Holmes,
Journ. Geol., 73, No. 6, p. 908-910. '

, 1968. Review of "Selected Works: Granites and Migmatites", by J. J.
Sederholm, Journ. Geol., 76, p. 612.

» 1974. Review of "Experimental Petrology", by A. D. Edgar, American
Mineralogist, 59, No. 7, p. 878. }
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Pub]jshed Abstracts of Papers Presented at Scientific Meetings

Elders, W. A., 1963. "High-level faulting in the PreCambrian basement rocks
of Southern Norway", Geol. Soc. of America, 74, p. 172. :

» 1964. "Tectonically induced features resembling sedimentary
structures in banded genisses of Southern Norway", Geol. Soc. of
America, 75, p. 195.

, 1966. "Mantled feldspars and xenoliths in some Maine granites",
Geol. Soc.- of America, Program 79th Annual Meeting, p. 61.

Elders, W. A. and T. I. Poe, 1966. - "Mantled feﬁdspars from the granites of
Wisconsin", Geol. Soc. AuStra]ia, Specialists Meeting, August 1966.

Elders, W. A., 1967. "Experimental hybridization and rapakivi texture”, Geo]
Soc. Amer1ca, Special Paper, 115, p. 56.

Elders, W. A. and J. C. Rucklidge, 1968. '"Layered lamprophyres from
Labrador", Geol. Soc. America, Program 81st Annual Meeting, p. 88.

Elders, W. A., 1969. "Zonéd alkali fe]dspafs from the Lincoln Sill syenite,
' - Maine", (Discussion paper). Geol. Soc. America, Abstracts with Programs
for 1969, Part 7, p. 271-273.

Elders, W. A., T. Meidav, R. W. Rex, P. T. Robinson, 1970. "The Imperial
Valley of California: . The product of oceanic spreading centers acting on
. a continent", Geol. Soc. America, 2, No. 7, p. 545.

Robinson, P. T. and W. A. Elders, 1970. "Possible sea-floor spreading in
the Imperial Valley of California III: Xenoliths in Rhyolite Volcanoes
as Samples of the Basement", American Geophysical Union Annual Meeting,
EOS, p. 421.

Robinson, P. T. and Elders, W. A., 1970. "Possible sea-floor spreading in the
Imperial Valley of California IV: A model for magma generation",
American Geophysical Union Annual Meeting, EQS, p. 422.

Elders, W. A., R. W. Rex, T. Meidav, P. T. Robinson, and S. Biehler, 1971.
"A Plate Tectonic Model for the Salton Trough", Geol. Soc. America,
Abstracts with Programs, 3, No. 2, p. 116.

Robinson, P. T. and W. A. Elders, 1971. "Late Cenozoic Volcanism in the
Imperial Valley, California", Geol. Soc. America, Abstracts with Pro-
grams, 3, No. 2, p. 185.

Elders, W. A., 1972. *"Instruct" A New Geological Game, Geol. Soc. of America,
Abstracts with Programs, 4, No. 3, p. 154.

,» 1972. "Mantled Feldspars in Hybrid Rocks", NATO Advanced Study
Institute of Feldspars, Manchester, England, Programme and Abstracts,
p. 22.
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Published Abstracts of Papers Presented at Scientific Meetings:(continued)

Elders, W. A., 1972. "Oscillatory zoning in alkali feldspars from the Lincoln
Si11, Maine, USA", ibid, p. 27.

Elders, W. A. and D. Bird, 1973. "Active Low-Temperature Alteration of
Arenaceous Sands in a Near-Surface Geothermal Environment in the
Imperial Valley of Cal:ifornia". Geol. Soc. America Abstracts with
Programs, 5, No. 7, p. 610.

Bird, D. and W. A. Elders, 1973.. "Petrology of Silicified'Cap Rocks 1in
_the Dunes Geothermal Anomaly, Imperial Valley of California". Trans-
actions of American Geophysical Union, II, No. 11, p. 1215.

Sydnor, R. and W. A. Elders, 1974. "Intermingling of Acid-Basid Magmas in
Minor Intrusives of the San Jacinto Pluton, in the Southern California
Batholith". Geol. Soc. Amer. Abstracts with Programs, 6, No. 3, p. 265,
Cordilleran Section, Las Vegas, Nevada. '

Bird, D. and W. A. Elders, 1975. "Hydrothermal Alteration and Mass Transfer
in the Discharge Portion of the Dunes Geothermal System Imperial Valley,
California". Second United Nations Symposium on the Development and
Use of Geothermal Resources, San Francisce, May 1975, Abstract 11-2.

Elders, W. A., 1976. "Application of Petrology to the Investigation of
Geothermal Reservoirs in California and New Zealand". International
Conference on the Geothermal Reservoir, Rotorua, New Zealand, August, 1976.

Browne, P. R. L. and W.. A. Elders, 1976. ™Hydrothermal Alteration of Diabase,
Heber Geothermal Field, Imperial Valley, California". Geol. Soc. Amer.
Abstracts with Programs, 8, No. 6, p. 793. _

Elders, W. A., 1977. "The Geological Setting of the Geothermal Resources of
the Salton Trough .of California and Mexico". Heliosciences Institute,
Palm Springs (invited paper).

» 1977. "Physical Effects of Water/Rock Reactions in Evolving Geothermal
Systems". Joint Symposium of the International Association of Seismology
and Physics of the Earth's Interior and the International Association of
Volcanology and Chemistry of the Earth's Interios, Assembly, Durham,
England.

, 1977. "Rock-Water Interaction and Temperature Distribution in the
Salton Sea Geothermal Field, Imperial Valley, California, U.S.A." Geol.
Soc. Amer. Abstracts with Programs, 9, No. 7, p. 965.

McDowell, C. and W. A. Elders, 1978. "Distribution and Chemistry of Layer-
Silicate Minerals in the Salton Sea Geothermal Field, California".
Geo]. Soc. Amer. Abstracts with Programs, 10, No. 7, p. 452.

Elders, W. A. and J. R. Hoagland, 1979. "Studies of Water-Rock Interaction
in the Cerro Prieto Geothermal Field, Baja California, Mexico". Program
and abstracts: Second Symposium on the Cerro Prieto Geothermal Field,
Baja California, Mexico, p. 18.
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Published Abstracts of Papers Presented at Scientific Meetings (continued)

Valette, J. N., W. A. Elders and J. R. Hoagland, 1979. "Surface Emanations
and Low Temperature Hydrothermal Alteration in the Cerro Prieto Geo-
thermal Field, Baja California, Mexico. EOS, 60, p. 973.

Elders, W. A., 1980. "Hydrothermal Minerals, Temperature and Flow Regime
in the Cerro Prieto Geothermal Field: A Model for Greenschist Meta-
morphism". EOS, 61, no. 17, p. 389-390. ’

Elders, W. A., 1980. -”App11cat1ons of Petrology and Geochemistry to the
Study of Act1ve Geothermal Systems in the Salton Trough of California
and Baja California.” 109th AIME Annual Meeting, Las Vegas, The
Metallurgical Society, Technical Program in Process Mineralogy, p. 291.
(The Journal of Metals, January, 1980), (invited paper).

Elders, W. A., 1980. "Petrologic Indicators of Fluid Flow in High Temperature
Geothermal Systems." Proceedings, National Conference on Renewable Energy
Technologies (invited paper).

. ‘Professor Elders workmg on
a way to get our research grant
: renewed.” = R
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DENNIS K. BIRD

- Research Associate

Department of Geosciences
University of Arizona
Tucson, Arizona 85721
(602) 626-5609

Date of Birth: July 24, 1949

Education: B.S., Geology, University of California, Riverside, 1971;
M.S., Geology, University of California, Riverside, 1975;
Ph.D., Geology, University of California, Berkeley, 1978.

Positions Held: 1968-1971: Sunveyor, U.S. Forest Service, Stanislaus
National Forest, California; 1972: Field Geologist, U.S. Geological
Survey, Denver, Colorado; 1972-1974: Graduate student, research
associate, teaching assistant, Institute of Geophysics and Planetary
Physics, University of California; Riverside; 1975-1978: Graduate
student, research assistant, University of California, Berkeley;
1978~present: Research assistant, Department of Geosciences, Uni-
versity of Arizona, Tucson.

Affiliations: Geological Society of America; Geology Club, University of
California, Berkeley; National Rifle Association of America.

Awards:
1974, The American Association of Petroleum Geologists, Grants in Aid.
1974, Arthur L. Coggins Research Fellowship: field investigation of
geothermal systems in the North Island of New Zealand.

Abstracts:

1973, (with W. A. Elders), Active low-temperature alteration of arena-
ceous sands in the Imperial Valley of California: Geological Society
of America, Abstracts with Programs, v. 5, p. 610.

1973, (with W. A. Elders), Petrology of silicified cap rocks in the
Dunes geothermal anomaly, Imperial Valley of California: American
Geophysical Union Tramsactions; v. 54, p. 1214,

1977, (with H. C. Helgeson), Prediction of the chemical characteristics
of geothermal reservoir fluids from authigenic mineral assemblages:
Geological Society of America, v. 9, p. 898-899.

1979, (with D. Norton), Correlation of the spatial variations in the
composition of geothermal reservoir fluids from petrochemical obser-
vations and thermodynamic calculations in the Salton Sea geothermal
system: ' Geological Society of America, Abstracts with Programs,

v. 11, p. 388.

Papers:

1974, (with W. A. Elders, J. Combs, T.B. Coplen, P. Kolesar), Geophysical,
geochemical and geological investigations of the Dunes geothermal
system, Imperial Valley, California: Proceedings, Conference on
research for the development of geothermal energy resources, Pasa-
dena, California, National Science Foundation réport no. NSF-RA-
N-74-159, p. 45-72.
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1976, (with W. A. Elders), Active formation of silicified cap rocks in
arenaceous sands in a low-temperature, near-surface geothermal en-
vironment in the Salton Trough of California, U.S.A.: Proceedings,
International Association of Geochemistry and Cosmochemistry om
Water-Rock Interaction, Prague, Czechoslovakia, September, 1974,

p. 150-157.

1976, (with W. A. Elders), Hydrothermal alteration and mass transfer in
the discharge portion of the Dunes geothermal system, Imperial Valley
of California, U.S.A.: Proceedings, Second United Nations Symposium
on the Development and Use of Geothermal Resources; San Francisco,
May, 1975, v. 1, p. 285-296.

1978, (with H. C. Helgeson, J. M. Delany, and H. W. Nesbitt), Summary
and critique of the thermodynamic properties of rock-forming
minerals: American Journal of Science, v. 278-A.

1980, (with D. Nortom), Chemical mass transfer between circulating
fluids and rocks in geothermal systems: I. Phase relations among
aqueous solutions and minerals in the system Na,0-K.0-Ca0-Al,05-
Si0,-H,0: Contributed to Mineralogy and Petrology, in review.

1980, (with H. C. Helgeson), Chemical interaction of aqueous solutiomns
with epidote-feldspar mineral assemblages in geologic systems. I.
Thermodynamic analysis of phase relations in the system Ca0O-FeO-
Fe,03-A1,05~5i03-H,0, American Journal of Science, accepted for
publication.

Invited Lectures:

1975, Petrology, hydrothermal alteration and mass transfer in geothermal
systems: Geothermal Energy Conferéence, New Mexico State University,
Las Cruces, New Mexico.

1977, Effects of reactions in intracontinental geothermal systems on
the ore forming potential of hydrothermal solutions: Gordon Research
Conference on the Inorganic Geochemistry of Ore Deposits, Andover,
New Hampshire. ’
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ALAN E. WILLIAMS

Assistant Research Geochemist I
Institute of Geophysics and Planetary Physics
University of California

Riverside, California

92521

Born: October 4, 1952

Citizenship: United States

Education: B.S., Juniata College, Huntingdon, Pennsylvania, 1974
M.S., Brown University, Providence, Rhode Island, 1976
Ph.D., Brown University, Providence, Rhode Island, 1980

Recent Experience:

9/77 - 9/79. .
9/74 - 9/77
1/74 - 5/74
5/72 - 9/72

Research Interests:

Memberships:

NSF National Needs Graduate Traineeship in Geothermal
Energy, Brown University, Providence, Rhode Island

Research Assistant, Brown University, Providence,
Rhode Island

Teaching Assistant, Juniata CoT1ege, Huntingdon,
Pennsylvania

Geological Field Assistant, Juniata College, Huntingdon,
Pennsylvania
Stable isotope geochemistry

Study of interactions between water and rock; geothermal
energy, migration of fluids, ore formation

Use of natural tracers in geologic processes; stable
isotopes, radioactive isotopic decay systems, trace
elements

American Geophysical Union; Geological Society of America
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Publications:

Erikéon, E. H., Willjams, A. E., 1976, Implications of apatite fission track
ages in the Mount Stuart Batholyth, Cascade Mountains, Washington, (abs):
G.S. A ‘Abstracts with Programs, 8, No. 3, p. 372.

Williams, A. E., and Giletti, B. J., 1976, Natural variations of the stable
calcijum isotopes (abs.): G.S.A. Abstracts with Programs, 8, No. 6, p. 1170.
Williams, A. E., and Sommer, M. A., 1977, ]80 study of the Alamosa River stock,
a fossil geothermal area (abs.): Trans. Amer. Geophys. Union, 58, No. 6,
p. 540. : ‘ '

Williams, A E., ‘1978 Circulation in a fossil geothermal area; 80 study (abs.):
Proceed1ngs on the 4th International Conference on Geochronology, Cosmo-
chronology and Isotope Geology.

Williams, A. E., 1978, 0 depietion and hydrothermal flow patterns: Alamosa
River Stock, Co]orado (abs.): G.S.A. Abstracts with Programs, 10, No. 7,
p. 516.

Williams, A. E., 1979, Unravelling multiple water-rock interactions in the
A]amosa R1ver Stock, Co]orado (abs.): Trans. Amer. Geophys. Union, 60,
No. 18, p. 417.

Williams, A. E., 1980, Investigation:-of Oxygen - 18 depletion of igneous rocks
and ancient.meteoric - hydrothermal .circuiation in the Alamosa River Stock
Region, Colorado:- Ph.D. thesis, Brown University, Providence, Rhode Istand (271 p)

Elders, W. A., Hoagland, J. R., and Williams, A, E., 1980, Hydrothermal alter-
ation as an indicator of temperature and flow regime in the Cerro Prieto
geothermal field of Baja California (in press, Geothermal Resources Council).
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JAMES ROBERT HOAGLAND

Staff Research Assistant I1I

Institute of Geophysics and Planetary Phys1cs
University of California

Riverside, CA 92521

Born: November 24, 1951

Citizenship: U.S.

Education: B.S., geological sciences, University of California, Riverside,
California, 1973

M.S., geological sciences, University of California, Riverside,

California, 1976

Positions:

2/77-9/78 Assistant Specialist, Institute of Geophysics and

P\anetary Phys1cs, Un1vers1ty of California, Riverside,
California.

4/74-9/75 &

3/76-2/77 Staff Research Associate/Research Assistant, Institute
of Geophysics and Planetary Physics, University of
California, Riverside, California.

8/76-10/76 Chemist P-4, Energy and Environment Division,
Lawrence Berkeley Laboratory, Berkeley, California.

10/73-4/74 Teaching Assistént, Department of EarthSciences,

University of California, Riverside, California.
Research Interests:
Hydrothermal petrology and geochemistry.
Affiliations:
Geological Society of America
Publications:
1976 Hoagland, J. R., Petroﬁogy and geochemistry of hydrothermal altera-
tion in borehole Mesa 6-2, East Mesa geothermal area, Imperial
Valley, California: M.S. thesis, Dept. Earth Sciences and Institute

of Geophysics and Planetary Physics publ. 76-12, University of
California, Riverside, 90 p. . ,
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1978

1979

82

Hoagland, J. R., Petrology and geochemistry of hydrothermal
alteration in borehole Mesa 6-2, East Mesa geothermal area, Imperial
Valley, California (abs.): Geol. Soc. Amer. Abstracts with Programs,
v. 8, no. 4, p. 919; also pub11shed in Econ. Geology (1977), v. 72,
no. 4, p. 730 : '

Hoagland, J. R., Applications of solute equilibrium models to the
study of geothermal reservoirs: Geothermal Resources Council,
Transactions, v. 1, p. 143-145.

Hoagland, J. R., and Elders, W. A., The evo]utioh of the East Mesa
hydrothermal system, California, U.S.A.: Proceedings, 2nd Inter-
national Symposium on Water/Rock: Interact1on, Strasbourg, France;

S v. III, p. 127-136.

Hoagland, J. R., Chemical change in therma1'f1uids.produced from the

‘East Mesa geothermal system (abs.): Geol. Soc. Amer. Abstracts

with Programs, v. 9, no..7, p. 1016.

Hoagland, J. R. and W. A. Elders, Hydrothermal mineralogy and
isotopic geochemistry in the Cerro Prieto geothermal field,
Mexico. I. Hydrothermal mineral zonation: Geothermal Resources

~Council Transactions, 2, 283-286:

Elders, W. A., J. R. Hoagland and E. R. Olson, Hydrothermal
mineralogy and isotopic geochemistry in the Cerro Prieto geothermal
field, Mexico. III. Practical applications: Geothermal Resources
Council Transactions, gj 177 180.

Elders, W. A., J. R. Hoag]and "S. D. McDowell and J. M. Cobo,
Hydrothermal mineral zones in the geothermal reservoir of Cerro
Prieto, B.C., Mexico: Proceedings of the First Symposium on the
Cerro Prieto Geotherma] Field, Baja California, Mexico, San Diego,
California. »

Hoagland, J. R. and D. McDowell, Metamorphic zonation in the Cerro

Prieto Geothermal Reservoir, Baja California, Mexico (abstr.):
-Geological Society of America, Abstracts with Programs, 10, no. 7,

422.

Elders, W. A., Hoagland, J. R., Olson, E. R., McDowell, S. D., and
Collier, P., A comprehensive study of samples from geothermal
reservoirs: Petro]ogy and 1ight stable isotope geochemistry of

" twenty-three wells in the Cerro Prieto geothermal field, Baja

California, Mexico: UCR/IGPP ‘report 78/26, 264 p.

Valette, J. N., Elders, W. A., and Hoagland, J. R., 1979, Surface
emanations and low temperature hydrothermal alteration in the Cerro
Prieto geothermal field, Baja Ca11forn1a, Mexico (abs.), EOS, 60

p. 973.
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1980

- 83

Elders, W. A., and Hoagland, J. R., 1979, Studies of water/rock
interaction in the Cerro Prieto geothermal field, Baja California,
Mexico (abs.), Program and abstracts: Second Symposium on the
Cerro Prieto geothermal field, Baja California, Mexico, p. 18.

Elders, W. A., Hoagland, J. R., and Williams, A. E., Hydrothermal
alteration as an indicator of temperature and flow regime in the
Cerro Prieto geothermal field of Baja California (in press, Geo-
thermal Resources Council).

Invited Lectures:’

1980

Mineralogy, hydrothermal alteration, and geochemistry: Exploration
and reservoir assessment and development; tools, techniques, and
case histories. Geothermal Resources Council technical training
course no. 5: Basic Geology for the Exploration of Geothermal
Resources, Klameth Falls, Oregon, July 21 - 23.
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4, Wity YOU REQUIRE THE USE OF ANY COVERNMENT PROPERTY M THE ?ERY’ORM.ANCE OF THIS PRC"OS&D CONTRACT?
D YES @ NO (U yes, identify ox reitrie or upuralt page )

W, DO YOU REGUIE GOVERNMENT CONTRACT FINANCING TO PERFORM THIS PROPOSED CONTRACT?
X} ves ) na (1f yes. idensify.): (K] rovance pavmenrs [] peocsess pavments 02 [ ] GuaRANTEED LOANS

¥, DO YOU NOW HOLD AMY CONTRACT (Or, 4o you bure any independenily finunced (IRGD) propecis) FOR THE SAME OR SIMILAR WORK CALLZD #OR BY Tens
-PROFO3IED CONTRACTA ] certlfy that, to the best of our knowledge, the pr1nc1gal investigator
[Owes O wo ZP i )prOJect does not currentl)\é hold a Contract for the same or similar
il ""” work called for by this SCAP

V. DOES THIS COST SUMMARY CONFORM WITH THE COST PRINCIMES SET FORTH iM AGENCY Q:GULANONS?

@ vss E] NO  (If wo, expluin om recerst or sepurdle puge)

- See Reiwrie for Inssruciions und Footaoses

4

Shans



UCR/1GPP 80/J

(Elders)
DOE PROPOSAL BUDGET
12 months
January 1, 1981 - December 31, 1981
DOE Funded Grantee
. Man~Months Man-Months Proposed
Budget Category Cal Acad Sum . Cal Acad _Sum  DOE G'ee  Total
A. SALARIES AND WAGES*
1. Senior Personnel
a. W. A. Elders, Principal Investigator
Research Geologist, Step 2
Base $31,400/yr., 9 mo appointment
(Res Geol, Step 3, Base $34,700 effact.
7/1/81) 1.0 2.0 54,183 $7,672 $11,855
b. A. Williams, Co-Investigator
Asst. Res Geochemist, Step 1
Base $21,600, fiscal appt. 4.0 7,506 7,506
2. Other Staff
a. Staff Research Associate IIIl
Step 3 1/2, Base $22,320
(Step 4 1/2, Base $23,436 effect.
7/1/81) 5.0 10,077 10,077
b. Secretary II, Step 5
Base $1260/mo 1.0 1,260 1,260
TOTAL SALARIES AND WAGES 23,026 7,672 30,698
B. BENEFITS
1. Faculty summer salaries w/Social
" Security 8.06% x $4,183 337 337
2. Academic year salaries
26% x ($7,506) ($7,672) 1,952 1,995 3,947
3. Other Staff 25Z x-$11,337 2,834 2,834
‘TOTAL BENEFLTS 5,123 1,995 7,118
C. SUPPLIES AND EXPENSES
1. Miscellaneous laboratory and office
supplies (teleptione, mail, e;c.) 1,000 1,000
TOTAL SUPPLIES AND EXPENSES 1,000 ., 1,000
D. TRAVEL )
1. Round trip air fare Ontario/Tucson
: $168 x 4 trips = $672
Per diem, 30.days x $35/day = $1,050 1,722 1,722
2. 3 trips to scientific meetings (TBA) 1,500 1,500
3. 15 Round trip Riverside/Cal Tech
@ $20/trip 300 300
TOTAL TRAVEL ' - 3,522 3,522
E. PUBLICATION CHARGES
1. Page charges, drafting, photography,
duplicating, Xeroxing, ete. 1,500 1,500
TOTAL PUBLICATION' CHARGES 1;500 1,500
F.. OTHER COSTS
1. University of Arizoena, Tucson,
sub~contract (Appendix A) 39,781 39,781
2. Electron microprobe
100 hrs. @ $16/hr. 1,600 1,600
‘3. IGPP Laboratory Services
a. 65 Isotope silicate analyses @ $50/ea 3,250
b. 15 Isotope carbonate analyses @ $35/ea 525
c. 350 Polished thin section probe mounts
@ $10/ea 500 -
Toctal Lab services 4,275 4,275
TOTAL OTHER COSTS 45,656 45,656
G. TOTAL DIRECT COST 79,827 9,667 89,494
H. INDIRECT COST 31% MIDCA*' ~ =~ : 20,164 2,997 23,161
(65,046) (9,667)
I. TOTAL COST 99,991 12,664 112,655

*An anticipated 8.5%
7/1/81.

range adjustment has been included on all salaries effective

##The indirect cost rate 1s predetermined for the period 7/1/78 through 6/30/82

and provisional thereafter.

DHEW agreement dated 10/1/79.
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CONTRACT PRICING PROPOSAL
(RESEARCH AND DEVEI.OPMENT)

Office of Management and Budget
Approval No. 29-RO184

This form is for use when (i) submission of cost or pricing data (see

{ii) subscitution for the Optional Form 39 is auchorized by the contracting officer.

PAGE NO. NO. OF PAGES

FPR 1-3.807-3) is required and

NAME OF OFFEROR
Dennis K. Bird

W . 7 University of Arizona
Tucson, AZ 85721

HOME OFFICE ADDRESS Dept. oL Geosciences 1

SUPPLIES ANO/OR SERVICES TO 8E FURNISHED .
Quantitative analysis and interpretation

of thermodynamic constraints of solution-
mineral reactions in geothermal systems.

MDept. of Geosciences, Uotk, tucson, AZ

TOTAL AMOUNT OF PROPOSAL

s 32,78/

GOV'T SOUCITATION NO.,

1. DIRECT MATERIAL ( 1emize ow Exbehit A)

DETAIL DESCRIPTION OF COST ELEMENTS -

TOTAL REFER-
EST COST ($)i gst cosT! ENCE*

4. PURCHASED PARTS

5. SUBCONTRACTED ITEMS

(. OTHER—(1) RAW MATERIAL

(2} YOUR STANDARD COMMERCIAL (TEMS

(1) INTERDAVISIONAL TRANSFERS ( At sther thun (mi)

TOUAL DIRECT MATERIAL
2. MATERIAL OVERMEAD®  ( Rute %NS ' Ause= )
. L 2| . ESTIMATED RATE/ EST
3. DMECT LABOR (Specify) THOURS (%)  HOURx)| COST ($)
Co-Principal Investigator 400/400 19.48/10.43 7,964} .~

Research Assoc.—Graduate Student - 400/400._|8.63/9.49. 7,248\ .
Secretary 1T 87/817 5.85/6.44 1,069 "
| Drafts person 87/87 7.92/8.71 1,447

(3)The two sets of figures represent

he 107 costof living salary increase

Efonriua 171 /RJ. c’l'()'l'Al. I)lél:'(,'l' 1.4B0R

4. LABOR OVERHEAD (Spevify [Depurtment or Cast Center)* O.H. RATE X BASE = EST COST ($)
Faculty 16.5% 17,964 | 1,314
Staff 19z 2 816 478 ]
Graduate Associate-Ph.D. Candidate 1.5% 109,
TOTAL LABOR OVERHEAD ’
S. SPECIAL TESTING (Iniluding field uork ut Gorermment instulluations) EST COST (
_ TOTAL SPECIAL TESTING
6. SPECIAL EQUIPMENT (If direct hurge) (ltemite om Exhibit 4)
7. TRAVEL (If direct charge) ( Give dewils ow attached Schedule) @$250 /trip/person EST COST ($)
4. TRANSPORTATION Tg pational meetings for techmology transfer | 500 °
h. PER DIEM OR SUSSISTENCE ¢ days @$40 /. day-person 240
FovAL FRAUEL )
8. CONSULTANIS (Identify —purpose—~rute) ) EST COST( §) ,
CTOTAL CONSCLUANTS
9. OTHER DIRECT COSTS (ltemize ow Exhibit 4 7,450 °
10, FOEAL DIRECT CONT AND OVERHEAD 27,819 4
11, GENERAL AND ADMINISTRATIVE EXPENSE ( Rusr 43 % of (ost element Nos. 10 Overhead - 11 , 962
12. ROYALTIES ' '
13. TOTAL ENTIMATED CONT 39,781

t4. FEE OR PROFIT

1s. ) F'OTAL ES

TIMATED COST AND FEE OR PROFIT

General Services Adminiseration
FPR 1-16.500

OPTIONAIL FORM G0
(/Vl October 1971


http://rpprp.qp.nl

88

This proposal is submitted for use in connettion with aad in response ©© (Describe REFP, eti.)

Dept. of Energy Idaho Operations Office, Methods for Improving Geothermal

Exploration and Assessment Technology, Solicitation for Cooperative Agreement Propogals
and rrﬂuu our best estimates as of this dute, 1n accordance with the Instructions (o Otfcroes and the Footnotes which follow DE—SC— ¢7 8¢ 1D14345
Tvres name A RICHARD KASSANDER; JR.

SIGNATURE
VICE PRESIDENT FOR RESEARCH e g A 2

codi ) 0 Lntbiarl MM@/

NAME OF FiRM DATE OF SUBMISSION

University of Arizona

EXHIBIT A—-SUPPORTING SCHEDULE (Specify. If more spuce is needed, use reverse)

COST EL NO. ] ITEM DESCRIPTION (Nee footnote 5 ) EST COST ($)

1) Computer Service

a) CDC CYPER 175

6 hours. @5800/system hour S4,3800 .
b) DEC system - 10 B
6 hours  @$350/system hour . $2,100 -
TOT._E]. "CUUIPU‘C'ET'SEI U I' CE'S"" R e $6 900
TI) Miscellaneous small computer-related ) )
supplies, graphis hardware system supplies,. $ _400.
and research supplies (i.e. pens.,pencils,paper,xeroxing, | = :3i
‘ etc.)
I1I) Communications and Postage , 4 _ $ 150
TOTAL of I, IT, and TTT - $7.450 .

I. HAS ANY EXECUTIVE AGENCY OF THE UNITED STATES GOVERNMENT PERFORMED ANY REVIEW OFf YOUR ACCOUNTS OR RECORDS IN CONNECTION W:iTi1 ANY OTHER
GOVERNMENT PRIME COMTRACT OR SUBCONTRACT WITHIN THE PAST TWELYE MONTHS?

YES E NO  (If yes. idemtify below.)

NAME AND ADORESS OF REVIEWING OFFICE AND INDIVIDUAL ) ’ TELEPHOMNE NUMBER/EXTENSION

DHEW AUDIT AGENCY 1326 N. First St. Phoenix, AZ 602-261-4171

. witl YOU REQUIRE THE USE OF ANY GOVERNMENT PROPERTY IN THE PERFORMANCE OF THIS PROPOSED CONY‘ACT?
D YES E NQ  (If yes. identify on reverse or sepuarute puge}

W, DO YOU REQUIZE GOVERNMENT COMTRACT FINANCING TO PERFORM THIS PROPOSED CONTRACT?
[ ves E& NO (If yes, identify.): (] AovANCE PavmEnTs [ "] PROGRESS PAYMENTS Of  [] GUARANTEED LOANS

IV. DO YOU NOW HOLD ANY CONTRACT (Or. do you hure uny independently fimunced (IRGD) projects) FOR THE SAME OR SIMILAR WORK CALLED FOR 8Y rms
PROPOSED CONTRACT?

{1 ves Q NO (If yes, idemtify. ):

V. DOES THIS COST SUMMARY CONFORM WITH THE COST PRINCIPLES SET FORTM IN AGENCY REGULATIONS?
@ YES D NO  (If wo, expluin ow reverse or sepdrate page)

See Reverse for Imssrucsions und Footmotes OPTIONAL FORM 60 {10-71)

\\J
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SUPPORTING DATA

Current Support and Pending Applications

Currently Elders is funded by the Department of Energy through thel
LaWrence;Berkeley Laboratory to investigate subsurface samples frém the
Cerro Prieto geothermal field. This $183,000 subcontract for the 1as£ year
of a three-year program terminates on September 30, 1980.

A two-year proposal to complete this basic petrologic and geéthermal '
work at Cerro Prieto and extend it to other geothermal systems is currently’
under considergtion by the Division of Geothermal Energy of DOE. The fund-
ing and work statement proposed in the two-year proposal will not allow ﬁhe
detailed petrologic, geochemical and cdmﬁutational work at Cerro Prieto
described in this proposal.

A proposal to the Earth Sciences Division of the Nationmal Science
Foundation is currently under consideration. This would involve extensive
dating of the thermal events in the Salton Trough area using fission track

methodology.
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Past Contracts and Grants in Related Fields--W. A. Elders

(1) DOE/Lawrence Berkeley Laboratory Contract No. 7100410 "A'compre-
hensive study'of samples from geothermal reservoirs: Conc]usibn of»wdrk at
Cerro Prieto, B.C., Mexico". 10/1/79 - 9/30/80 Amount $180,908.

' (2) DOE/Los Alamos Scientific Laboratory Contract No. N294953H-1
"Applications of a comprehensive study of samples from well 31-1 in Easf Mesé
geothermal test siteAto geotﬁerma] well logging”. 11/15/78 - 1/31/80

Amount $18,759. | |

| (3) National Science Foundation Grant No. EAR78-01969 “A study of
active hydrothermal ore formation in the Salton_Sea geothermal field, Cali-
fornia". 7/15/78 - 12/21/79  Amount $27,900.

(4) DOE/Lawrence Berkeley Laboratory Contract No; 7100410 "A compre-~
hensive study of samples from geothermal reservoirs, work_at Cerro Prieto”.
10/1/78 - 9/30/79  Amount $158,501.

(5) DOE/Lawrence Berkeley Laboratory Contract No. 7100410 “"Reservoir
engineering techniques". 7/1/77 - 12/30/77 Amount $55,370.

(6) DOE/Lawrence Berkeley Laboratory Contract No. 7111410 "Reservoir
engineering techniques". 7/1/77‘- 12/30/77  Amount $55,370.

(N USDI/Geological Survéy Grant No. 14-08-0001-G-430 "Refinement of
a model of water/rock reaction in the Salton Sea geothermal field, California”.
5/1/77 - 10/31/77  Amount $31,036 |

(8) Naticnal Science Foundation Grant No. AER72-03551-A04/A05 “Geological-

geochemical-geophysical investigations of a recognized geothermal area in the

Imperia1 Valley of Southern California". 6/1/76 - 11/30/77 Amount $197,900.
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(9) HNational Science Foundatibn Grant No. AER72-03551-A03 "Geological-
geochemical-geophysical iﬁvestigations of a recognized geothermal area in the
Imperial Valley of Southern California". 3/1/75 - 2/29/76 Amount $341,600:

(10). USDI/Geological Survey Grant No. 14-08-0001-G-244 "A comprehensive
study of samples from geothermal reservoirs". 6/26/75 - 2/28/77‘

Amount $163,931. |

(11) National Science Foundation Grant No. 0IP75-21905 “Application of
petrological and geochemical methods to the discovery and assessment of geo-
thermal resources". 9/1/75 - 8/31/76 Amount $18,100.

(12) National Science Foundation Grant No. AER72-03551-A02 "Geological-
geochemical-geophysical investigations of a recognized geothermal area in the
Imperial Valley of Southern California®. 3/1/74 - 2/28/75 Amount $241,500.

(13) National Science Foundation Grant No. GA-42938 "Grant to support
Penroﬁe Conference on the Gulf of California rift system and its implications
for the tectonics of western North America". - 4/15/74 - 9/30/74
Amount $2,000.

(14) National Science Foundation Grant No. GI-36250 “Geological-
geochemical-geophysical investigations of a recognized geothermal area in

the Imperial Valley of Southern California“. 10/1/72 - 3/31/74 Amount $143,400.
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7/2

72/1A

72/9
72/19

72/13
72121
72/22

72/26

12/21

72/28
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GEOTHERMAL, GZOLOGICAL, GEQPHYSICAL, AND GZOCHEMICAL REPQRTS
Published by

Institute of Geophysics and Planetary Physics
] University or California SR
Riverside, California 32521, U.S.A.

TITLE
Application of electrical resistivity and gravimetry in deep
geothermal exploration (22 p.)

Structural gealogy and geapnysics af the Ourmid Area, [moertial
" Valley, California (Dissertation) (157 p.)

{nvestigation of qeothermal resources in the Imperial Yalley and
their potentiai value for desaiination of water and electricity
production, 1970 (16 p.)

Investigation of geothermal resources in the I[mperial Valley and
their potential value for desalination of water and electr1c1u/
product1on (58 ».

Cooperat1ve geolog1ca1-geophys1cal-geochem1cal 1nvess1gat1ons of
geothermal rescurces in the Imperial Valley (3 p.

Cocperative geglogical-geopnysical-geochemical investigations of
qeothermal resources in the [mperial Yalley area of California:
Final report ta U.S. Sureay of Reclamation (153 p.)

v

Geothermal resourcas development in California: I[mperial Valley
Potential. Vols. [ and [I. (262 p.)

Geothermal energy in the United States (4 p.)

Geothermal energy--it's potantial role in the national energy
picture (9 p.)

A double-focusing double-collecting mass spectrometer for light
stable isotope ratic analyses: Int. Jour. of Mass Spectrometry
and [on Physics, 1973, 11, 37-40 ’ .

Geothermal energy (98 p.)

Zavironmental problems of hat water: paper presented at NSF
(RANN) Geothermal Conferencs, Seattle, WA, 1972, (4 p.)

Crustal spreading in southern California. The Imoerial Valley
and the Gulif of California formed by the rifting apart
of a continental plate: Science, 1972, 178, no. 4056, 159-24

Terrestrial heat flow determinations in the north central United
States: J. Geophs. Res., 78, no. 2, 441-46}

gxploration for gecthermal energy: in Geothermal Energy: Resources,
Production, Stimulation, adited by Paul Krugér and Carel Qtte,
Stanford University Press, Stanford, CA, 95-128

AUTHORS

Meidav, T.
8abcdck. E. A.

Rex, R. W.

Meidav, T.; Rex,
R. W,

Rex, R. W.

Rex, R. W.

Zabcack, E. A,
Combs, J. Coplen T.;
£lders, u A,
Furgerson, R.;
Garfunkel, Z;
Meidav, T.;
Robinson, P. T.

Prepared far the Joint
Committee on Public
Ocmain, Calif. State
Legisiature, 1972

Rex, R. W.

Rex, R. W.

Coplen, T.

Combs, J.

Coplen T.

Elders, W. A.;
Rex, R. W.3;
Meidav, T.;
Robinson, P. T.;
8iehler, S.

Combs, J.;
Simmons, G.

Combs, J.;
Muffler, L. P. J.
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REPORT
NUMBER TITLE AUTHORS

72/33 Cooperative investiga-ion of geothermal resources in the Imperial © Rex, R. W., Biehler, S.;
Valley area and their zotential value for aesalting of Combs, J.; Copien, T.;
watsr and other purposaes: Final Reoort to the U.S.0.I. Bureau Furgerson, R.;
of Reclamation, No. 14-06-300-2258 (263 p.) Garfunkel, Z.; Getts, R.;

Maas, J.; Reed, M

72739 Assessment of U.S. geothermal resources: in Geothermal £nergy: Rex, R. W.; Howell, D.
Resources, Production, Stimulation, edited by Paul Kruger
and Carel Qtte. Stanford Univ. Press, Stanford, CA, 1973,
59-67

72/41 The economics of hot dry rock geothermal 2nerqgy development: Final Howell, 0.; Rex, R. HW.
Report to Los Alamos Scientific Laboratory, Pt. [, No. XP3-00736-i
{83 p.) ‘

72/42 Zast Mesa Imperial Yalley as a site for a geothermal angineering tast Rex, R. W.
facility: Final Report to Los Alamos Scientific Laboratory,
Pt. LI, Mo. XP3-00736-1 (28 p.)

72/43 Melt drill-rock interactions: Final Regort to Los ‘Alamos Sc1ent1f1c Rex, R. W.
Laboratory, Pt. [II, No. XP3-00736-1 (16 p.)

72/48 Review and discussion of geathermal exploration and techn1ques Combs, J.
in Geathermal Resaurces Council, Special Report Mo. 2, 49-33

73/3 Ultrafiltration by a compactad clay membrane-{. Oxygen and Caplen, T.; Hanshaw, 8.
hydrogen isotopic fractionation: Geochimica et Cosmochimica
Acta, 1973, 37, 2295-2310 '

73/8 Ultrafiltration by a campacted clay membrane-{l. Sodium ian Hanshaw, 8.; Coplen, T.
exclusion at varicus ionic strengths: Geochimica et
Cosmochimica Acta, 1973, 37, 2311-2327

73/7 Preliminary findings of an investigation of the Qunes thermal Coplen, T.; Combs, J.;

— anomaly, Imperial Yalley, Califoernia: A joint study by Elders, W. A Rex, . W

the State of Calif., Dept. of Water Resources and IGPP (54 p.) Surckhalter, G ; Laird, R.

73/9 A high resolution cycloidal double-collecting mass spectrometer Coplen, T.; Clayton R.
for hydrogen isotope ratio measurement (15 p.)

73/10 Hydrogen isotopic composition of NBS and [AEA stable isotope Coplen, T.; Clayton, R.
water reference samples: Geochimica et Cosmochimica, Acta, :
1973, 37, 2347-2349

73/18 Feasibility study for development of hot water geothermal systems: Combs, J.
Final Repart to AFQSR, No, 72-2393 (124 p.)

73720 Microearthquake study of the £lsinore fault zone, southern Langenkamp, 0.; Combs, J.
California: Bull. Seis. Sec. Am., 1974, 63, No. 1, 137-203

73/21 The solubility of hydrocarbons and petroleum in water as applied Price, L.
to the primary migration of petroleum: . Ph.0. Oissertation and
submitted to AAPG 8ull., 1976, 60, 213-244

73/33 A geothermal resources reconnaissance of the Imperial Valley Coplen, T
and surrounding area, California, utilizing the sodium-
potassium-calcium geochemical exploration technigque:
Y.s.D.1. Report (4 p.)

73/34 Microearthquake study of the San Jacinto Valley, Riverside, Combs, J.; Cheatum, C.
California: Conference on Tectonic problems of the San
Andreas Fault system (10 p.)

73/36 Proceedings Mational Conference on Geothermal Energy, Vois. [ Yeysey, V. (Chairman)
and II (309 p.)

73/40 Microearthquake distribution and mechanism of faulting in the Hadley, D. M.

Fontana - San 3ernarding area of southern California
(Thesis) (91 p.)
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73/40A

73743

73/48

7472

75/10

75/11
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TITLE

Microearthquake distribution and mechanism of faulting in the
Fontana -  San Bernardino area of southern California: 3ull.
Seis. Soc. Am., 1874, 54, No. 3, 1477-1499

Quaternary valcanism in the Salton Sea geothermal field, Imperial
Yalley: 8ull. Geal. Soc. Am., 1978, 87, 347-260

- Cooperative geochemical investigation of geothermal resources in

the [mperial Valley and Yuma areas: Ffinal Report to the
U.5.0.1., Bureau of Reclamation, 1973, (26 p.)

Utilization of the sodium-potassium~-calcium geothermal 2xploration
technique in the [mperial Valley area, California: Resort
to the Bureau of Reclamation (8 p.)

Geophysical investigations in southeastern Mojave Desgrt,
Catifornia (Dissertation) (137 p.)

Investigations of the Qunes geothermal anomaly, Imperial Vailey,
California: Part [I. Petrological studies: Active formation

of silicified cap rocks in arenaceous sands in a low-temperature,

near-surtace geothermai- environment, in.the Salton Trough of
California, U.S.A.: in fadek, J. and T. Paces (ads.),

-Procesedings of the [nternational Symposium on Watsr-Rock Interaction,
Geolagical Survey, 1976, Prague; Czechoslovakia (1974}, 150-157

A microearthquake study of the San Jacinto Yalley, Riverside County,
Califarnia (Thesis) (100 p.)

Heat low on Mesa gedthermal anomaly, [mperial Valiey, California
(6 2.}

[nvestigations oF the Ounes geothermal aﬁomaly, [mperial Yalley,
California: Part [. Geochemistry of geothermal fluids (23 2.)

Penrose Conference Report: The Guif of California rift system and
its implications for the factonics ¢f western Morth America:
Geology, 1975, 3, No. 1, 85-37

Microearthquake investigation of the Mesa geothermal 2nomaly--
{mperial Yalley, California (38 p.)

Empirical relationships between thermal conductivity and other
physical parameters in rocks (Oissertation) (233 p.)

Geology and geochemistry of the Dunes hydrothermal system, Imperial
Valley of California (Thesis) (134 2.)

Focusing and defocusing of heat flow by a bSuried sphere: Geophys.
Journ. of the Royal Astr. Soc., 1975, 43, §35-841

Regional geology of the Salton Trough, in Palmer, 7. 0.; J. H.
Howard; and 0. P. Lande (eds.), Geothermal Deveiopment of
the Salton Trougn, Califarnia and Mexic¢o: Lawrence Liver-
more Laboratary Publication UCRL-31775, 1975, 1-12 and 41-43

Heat flow near the South Atlantic triple junction, 55°S, 0°E:
Geophysical Research Letters, 1975, 2, No. 6, 201-204

Telluric mapping over the Mesa geotherﬁal anomaly, [mgerial
Valley, California (11 p.)

Heat flow through the southern California borderland: Journ.
of Geophysical Research, 1975, 80, Mo. 26, 3733-3743

AUTHCRS

Hadley, 8.; Combs, J.

-

Rabinson, P. T.; flders,
W. A.; Muffler, L. 2. J.

Coplen, T.
Caplen, T.

Rotstein, 7.

Zlders, W. A.; B8ird, 0. K.

Cheatum, C.
Combs, J.
Coplen, T.; Kolesar, P.

£lders, W. A.; 3iehler, S.

Combs, J.
Goss, R.
8ird, 0. K.
Lee, 7. C.

Elders, W. A.

Lee, T. C.
Maas, J. P.

Lee, T. C.; Henyey, T. L.
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75/14

75/18

75/20

75724

76/1

78/5
76/6
76/3
*76/9
76/12
76/14
76/18
76/17

76/18

76/20

76/23
76/24

77/2
77/7

77/8
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TITLE

Hydrothermal altaration and mass transfer in the discharge portion
of the Qunes geothermal system, I[mperial Yalley of California,
U.S.A.: Proceedings of the Second Unitad Nations Geothermal
Symposium, 1976, San Francisco, May, 1975, 1, 285-295%

Telluric anomaly caused by shallow structure: an ellipsoidal
approximation: Geophysics, 1977, 42, No. 1, 97-102

Investigations of the Ounes geothermal anomaly, [mperial Yalley,
California: Part [V. Geochemical studies of water, calcite,
and silicates (43 p.)

An 2lectrical survey of the Ounes geothermal anomaly and surrounding
region, Imperial Valley, California (Thesis) {137 p.)

Caoperative geochemical resource assassment of the Mesa geothermal
system: Final Repart to the U.5.0.[., Bureau of Reciamation
(105 p.) -

A composite Trans-Atlantic heat flow profile between 20°S and 35°S:
Earth and Planetary Science Letters, 1977, 35, 123-133

On shallow-hole temperature measurements--a tast study in the Salton
Sea geothermal field: Gegphysics, 1972, 42, No. 3, §72-383

Final report on a resource assassment of the Imperial Valley:
Final Report to the County of the Imperial Valley (63 a.)

Eafthquake potential and geothermal energy extraction (19 p.)

Petrology and geochemistry of hydrothermal altaration in borehola
Mesa 6-2, £ast Mesa geothermal area, [mperial Valley,
California (Thesis) (99 p.)

Telluric mapping over the Mesa geothermal anomaly, [mperial Valley,*
California {Dissertation) (152 p.)

Seismic refraction investigation of the Ounes thermal anomaly,
Imperial Valley, Califernia (Thesis) (89 p.)

Petrology and stable isotope geochemistry of three wells in the
Buttes area of the Salton Sea geothermal field, Imperial
Valley, California, U.S.A. (Thesis) (227 p.)

Salution to Laplace's equation in the bispnerical coordinates (18 p.)

Oxygen isotope studies of the Salton Sea geothermal field: New
insights: in Robinson, 8. W. (comp. and ed.), 1978: Stable
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Facilities and Equipment

Equipment at UCR which is available for these investigations includes:
(1)» An automated, computer-controlled, Picker X-ray diffractometer,
interfaced with a versatile graphic display and capable of producing rapid
mineral modal ahaiyses df dri]]holé cuttings and cores, with associated
preparation facilities. |
(2) Research;MOde] opticailpolarizing microscopes with reflected light
and photomicroscopy accessories.
(3) A wet chemical laboratory with atomic. absorption spectrometer.
(4) Norelco X-ray f]uofescence analyzer.
(5) A hydrothermal synthesis laboratory with internally and externally
heated bombs.
(6) One freezing and two heating stages for fluid inclusion studies.
(7) A double-focusing, double-collecting mass spectrometer for oxygen
and carbon isotope ratio measurements, with extraction lines for water,
carbonates, and silicates.
(8) Cold-cathode electron-excited luminoscope.
| (9)_ A mineral separation laboratory including magnetig separators,
centfifuges, and heavy liquids.
(10) A JEOLCO-JSM-UZA scanning eiectroﬁ microscope.
(11) A pycnometer for measuring rock densities.
(12) Approximately 300 square meters of 1abofatory, preparation, and
storage space is available to do the project and is under control of the

principal investigator.
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The electron microprobe 1ab6ratory at California Institute of Technology
in Pasadena, Ca]ifornia, will be uti]ized for micrdpfobe work. A1l three
investigators are experienced in the use of this facility. The facility
includes a fully automated MAC 3-channel efectron microprobe with an Energy
Dispersive System option and computerized data handling capabilities.

The laboratory facilities at the University of Arizona include numerical

tools for analysis of the thermal, mechanical, and chemical processes in
magma-hydrothermal systems. These.facilities provide the basis for analyzing
data on natural systems and reconstruction of their.geologic history. The
programs have been developed or modified from the published work of colleagues.
The program library includes:

*Written in laboratory.

°M0dified for local use.

FLOW* - Computes conductive and convective heat transfer away .from thermal
anomaly in two dimensions. Solves conservation of mass, energy, and
momentum equations using ADI methods.

LAGRAN* - Computes pathlines for individual fluid packets and sourcelines
or streaklines for fixed positions in domain. Stores dependent para-
meters, e.g., temperature and pressure, along flow paths.

POIS* - General Poisson equation solver for equations of form

. %-v kvz = 0 by ADI methad or by SOR method.

GEAR® - Integrates sets of n-ordering differential equations, stiff or
nonstiff systems, using multistep and variable order method, Gear, 1971.

KEENAN® - Equation of state for phases in H,0 system to 100°C and 1 kb
(also from 1 kb to 10 kb), Helgeson and Kirkham, 1977.

ETCH* - User-oriented interactive program for plotting results of FLOW
and LAGRAN computations. Generates steady state as well as Eulerian
plots of dependent varijables.

RESIST* - Computes 1ntr1ns1c'res1st1v1ty of pore fluids from temperature,
pressure, and equation of state for NaCl- H20 systems and bulk rock resis-
tivity from Archie's function.
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POREF* - Computes stresses caused by d1fferent1a1 expansion of pore fluids
and conf1n1ng matrix, and effective pressures in domain for which tem-
perature is known, using finite element method.

PATH3° - Version of Helgeson (1970) program. Solves grand matrix for
multicomponent, multiphase system over range of conditions from surface
weathering to subsurface environments.

DIST* - Computes equ111br1um distr1but1on of components between aqueous
complexes and ions for spec1f1ed temperature, pressure, and bulk
composition.

GRAFIT* - Interactive program which fits data to polynomial whose order
is selected in interactive mode.

DIAGRAM® - Interactive version of Brown (1970) program. Computes mineral
stability diagrams in activity-activity coordinates.

PATPLT* - Interactive program for analyzing 6utput from PATH3.
TRENDS® - Interactive version of muitivariable regression program.

QMIN* - Mineral mass abundance, chemical gains and losses are computed
from analytical data on major component distribution in rocks.

EXCHGE* - Computes irreversible and equilibrium mass transfer of stable
1ight isotopes between circulating fluid phase and rock, for system
where T, P, and T have been specified independently. »

MASADV* - Computes irreversible and equilibrium mass transfer for multi-
phase, multicomponent system in time, temperature, and pressure
coordinates.

REETCH* - Retrieves and plots diagrams, saved on disc or tape, in inter-
active mode. Permits simultaneous analysis of thermal and chemical
output from FLOW, EXCHGE, and MASADV.

RUPTUR* - Computes in-situ .stresses and strains for domain in which
temperature in known, using finite element method. -

SUPCRT® - Retrieves thermodynamic data for mineral-solution equilibrium
reaction from standard state data of minerals and aqueous species and
equations of state for 1ons and HZO Programs provided by H. C.
Helgeson. i

PAAD® - Modification of DIAGRAM that peérmits interactive generation of
equilibrium diagrams from SUPCRT.
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Hardware support includes an Execuport hard copy terminal, a Regent CRT
terminal, a Tektronix 4014 graphics termiha],vhard copy device and dual
floppy disc, acoustical couplers, and one direct line to’the DEC-10 system.
This equipment pfovides access to the'coupTed DEC-10 and CYBER 175 systems e
at the University Computer Center. .

Laboratory facilities also include a comprehensive library of numerical
models of idealized systems for which temperature, pressure, and fluid velo-
city data have been sfored on magnetic tapes. These data are accessible by‘

interactive programs that facilitate making additional computations and

analyses.



