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PREFACE

In 1981, the U.S. National Committee for Rock Mechanics and its Panel on
Rock-Mechanics Research Requirements completed a major technology assess-
ment with publication of the report Rock-Mechanics Research Requirements
for Resource Recovery, Construction, and Earthquake-Hazard Reduction. As
a follow-up to this effort, in 1982, the Committee established a panel
which was directed to prepare annual, written assessments of programs and
needs in rock mechanics. After approval by the Committee and the National
Research Council, the assessment would be published and distributed
throughout the rock mechanics community and to program managers and deci-
sion-makers in government.

The panel's yearly assessment was to be brief and restricted in scope,
and yet emphasize programs applicable to diverse disciplines and problems.
The first three reviews were devoted to rock mass characterization, engi-
neering rock mechanics, and rock dynamics. The theme selected for the
fourth review is 'Coupled Processes.'

Although each annual assessment is to be narrow in scope, it is antici-
pated that the series of reviews will encompass a broad range of rock me-
chanics themes. The emphasis and organization of these reports are ex-
pected to change from year to year, reflecting changes in the priorities
of programs and needs in rock mechanics. This year's theme contains an
extensive bibliography, something that has not been done before for this
subject, and considered appropriate and useful by the panel.

This fourth review was conducted under the leadership of Dr. Gary R.
Olhoeft, the chairman of the panel listed previously. The committee would
like to give special recognition to Dr. Olhoeft for his efforts in writing
and editing much of this report.
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INTRODUCTION

This report, the fourth in a series of annual reports intended to review
significant progress in selected areas of rock mechanics, focuses on
coupled processes--thermal, mechanical, electrical, hydraulic, and chem-
ical. Coupled processes are those in which a thermodynamic flow (flux)
occurs due to the application of an unrelated force (gradient), such as
flow of water in response to a thermal or electrical gradient instead of
in response to an hydraulic gradient. Frequently, multiple forces and
fluxes are involved, such as attenuation of acoustic energy in wet rocks
by conversion of the elastic wave into hydraulic viscous fluid flow
through fractures or pores and thence into thermal energy by dissipation
as heat.

Coupled processes are important in a wide variety of current problems
in soil and rock mechanics. Coupled processes can influence the migration
of contaminants from nuclear waste repositories (Tsang and Mangold, 1984;
Chan et al., 1985; Cook, 1985) and from chemical waste sites (Mackay et
al., 1985), stability of soil near foundations (Winterkorn, 1975; Mitchell
and Katti, 1981), stress-corrosion cracking and rock/soil strength (Ander-
son and Grew, 1977; Dunning and Huf, 1983; Ishido and Nishizawa, 1984),
absorption of acoustic energy through fluid flow in cracks (Jones, 1986),
soil liquefaction (Committee on Earthquake Engineering, 1985), permeabili-
ty modification in enhanced oil recovery (Donaldson and Chilingarian,
1985), solution mining (Schlitt and Schock, 1979), flotation in mineral
processing (Woods, 1981), and the control of density and viscosity in dril-
ling muds (van Olphen, 1977; Chillingarian and Vorbutr, 1981). On larger
scales, coupled processes are suspected to be active participants in var-
ious aspects of climatic change (Ramage, 1986), landslides (Veder, 1981;
Sidle et al., 1985), earthquakes (Dmowska, 1977; Simpson, 1986), and the
origin of life (Cairns-Smith, 1985).
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This report summarizes the status of coupled-process research and the
application of knowledge about coupled processes to a variety of problems
in rock mechanics. Coupled processes in soils are also discussed, as
soils are sometimes considered weak rocks and much of the research into
coupled processes in soils can also be indicative of similar problems in
rocks.

Naturally occurring coupled processes are frequently difficult to in-
vestigate as they are not simple pair-couplings, but multiple couplings
tied to the ambient conditions in open thermodynamic systems. A thermo-
couple measures temperature by the simple pair-coupling of thermoelectric
effects. Osmosis, however, may involve fluid flow under coupling from
electric, thermal, and chemical forces. Further, since reaction rates and
transport coefficients are functions of temperature, it might be said that
any such chemically coupled process must in fact be thermochemically coup-
led. Thus, investigation of natural coupled processes requires complica-
ted interdisciplinary research. Despite incomplete understanding of their
occurrence, coupled processes are becoming more widely recognized as the
source of practical problems such as swelling clays which cause $7 billion
in property damage every year (Civil Engineering, 1986), or the migration
of radioactive and other hazardous wastes.
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BACKGROUND

Equations of change for systems are typically given in terms of the fluxes
of mass, momentum and energy. To obtain workable expressions for the equa-
tions, we have to be able to replace the fluxes by expressions that con-
tain transport properties and the gradients of the concentration, pres-
sure, electrical potential, velocity, and temperature. The familiar, un-
coupled processes are: Darcy's Law relating fluid flow to hydraulic head
(gradient); Fourier's Law relating heat flow to thermal gradient; Ohm's
Law relating charge flow (electric current) to electric field gradient;
Fick's Law relating flow (diffusion) of matter to concentration gradient;
and Newton's Law relating shearing force to velocity gradient. These and
similar constitutive relations linearly- relate a flow to a conjugated
force. When the uncoupled flows associated with these potentials are driv-
en by different potentials as in the off-diagonal entries below, they rep-
resent coupled flows. Table 1 lists coupled processes and their related
gradients.

Table 1 Gradients, Flows and Related Coupled Processes*

Gradient: Hydraulic Head Temperature Electric Field

Flow:

Chemical

Concentration

chemico-osmosisFluid hydraulic
conduction
(Darcy's Law)

thermo-osmosis electro-osmosis

Heat isothermal heat
thermal fil-
tration

Electric streaming
Charge current

Ions streaming current
ultra filtration
or reverse osmosis

thermal
conduction
(Fourier's Law)

Seebeck effect

Soret effect

Peltier effect

electrical
conduction
(Ohm's Law)

electro-phoresis

Dufour effect

diffusion and
membrane
potentials

diffusion
(Fick's Law)

*The off-diagonal entries in the table are simple pair-coupled processes
(Mitchell, 1976). 3



Onsager (1931) demonstrated that these constitutive equations are not
independent. Using irreversible, nonequilibrium thermodynamics, he de-
rived reciprocal relationships that relate forces and fluxes linearly
through phenomenological coefficients. If an electric field is applied to
a wet rock, both an electric charge flow and a water fluid flow result.
The charge flow results from the conjugated force described by Ohm's Law.
The fluid flow results from the nonconjugated force described by Onsager's
reciprocal relations and is said to be a coupled process--an electroki-
netic effect. These effects are reciprocal in that a hydraulic gradient
force may drive a fluid flow and an electrical current flow. This flow of
electrical current through a finite conductivity liquid produces the vol-
tage drop known as the streaming potential. Other examples of paired-coup-
led processes include electrophoresis and sedimentation potential, See-
beck/Peltier thermoelectric effects, Soret/Dufour thermal-diffusion
effects, and dissolution/precipitation chemical-mechanical effects.

Within the Onsager relations are described the coupling between elec-
trical, thermal, mechanical, hydraulic, and chemical forces. Magnetic
forces add complications that we will not consider here and which are not
very influential in natural near-surface earth science systems (though
coupled magnetic processes such as the Hall and magneto-optic effects are
very important technologically). Further introduction to coupled proces-
ses may be found in De Groot and Mazur (1962) and Baer (1972). Some of
the processes and examples discussed below do not fit the classic Onsager
definition of coupled process. An example is mineral flotation, where
chemistry and other processes couple to make minerals float to allow
metallurgical separation; but making minerals float does not necessarily
control chemistry.

It should be noted that rock and soil materials are generally aniso-
tropic, which increases the complexity of describing coupled processes.
Along with the main diagonals themselves, like fluid conductivity, the
off-diagonal effects are likely to be quite anisotropic, and therefore not
describable by a single coefficient. Similarly, the heterogeneity of un-
derground materials complicates the study of coupled processes, since
problems associated with scale and representative volumes arise. It is
difficult to discuss these processes individually as they are coupled in
several different ways. As a consequence, the following descriptions con-
tain some redundancy.
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COUPLED PROCESSES

ELECTRICAL COUPLING

Probably the most extensively studied and best understood of coupled pro-
cesses are those involving electrical forces and flows. Thermoelectric
effects are exploited in thermocouples to measure temperature (Nye, 1957).
Electrokinetic effects are exploited in electrophoresis methods of chem-
ical analysis and biological cell separations (Anderson and Eyring, 1970).
Electromechanical effects are exploited through piezoelectric crystals as
in acoustic transducers used to monitor seismic energy (Nye, 1957), in
direct electromagnetic detection of breaking rock (Nitsan, 1977) and earth-
quake 'lights' (Lockner and others, 1983, 1985). The movement of elec-
trons through a conductor results in electrical energy being converted
into thermal energy in a process called Joule heating. Temperature depen-
dence of the thermal and electrical properties of the material leads to a
nonlinear, coupled problem involving the electric field and heat conduc-
tion equations. This type of coupling is particularly important in elec-
trical devices (Robertson, 1985), but of minimal importance in earth-
science problems.

In the earth sciences, the coupling of electrical and other forces
are used to control the physical properties of drilling muds (van Olphen,
1977; Chilingarian and Vorbutr, 1981), to control minerals processing
through flotation (Woods, 1981), to locate mineral and geothermal resour-
ces through spontaneous polarization exploration geophysics (Corwin and
Hoover, 1979; Sill, 1982; Corry, 1985), among other things. Frequently,
multiple coupling occurs, such as in mineral flotation where an elec-
trical-chemical-hydraulic-mechanical coupling exists.

A gradient of electrical potential may drive the movements of fluids
through osmosis in soils. The basic physics underlying electro-osmosis is
not fully understood, though at least four theories have been developed
(Mitchell, 1976; Banerjee and Vitayasupakorn, 1984). For soils, the most
satisfactory theory appears to be that of Helmholtz (1879) and Smoluchow-
ski (1914). They showed analytically that the coefficient of electro-
osmotic permeability should be directly proportional to the porosity of
the soil, but independent of the size of the pore openings. This has been
confirmed by measurements on a number of soils, in which it has been found
that this coefficient is more or less independent of soil type, but is
strongly affected by the pore water electrolyte concentration (Gray and
Mitchell, 1967; Mitchell, 1976; Wan and Mitchell, 1976).
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Mitchell (1976) has shown that electro-osmosis is most effective in poorly
compacted materials of low cation exchange capacity, whereas chemico-
osmosis is more effective in densely compacted materials of high cation
exchange capacity. Thermo-osmosis is relatively ineffective in materials
of any type. The significance of these laboratory data is limited in two
fundamental aspects. Adequate data are lacking for undisturbed samples
which are required to simulate the natural structure of argillaceous mate-
rials. Data are also lacking for systems that simulate natural causes of
osmosis. In nature, the causes of osmosis are substantially more complex
than the simple solute-concentration and electrical-potential gradients
used in laboratory studies. The causes include not only solute-concentra-
tion, but also complex solute-composition gradients. They also include
the geochemical conditions and reactions that generate electrical-poten-
tial gradients in nature. The studies to date have also concentrated
mostly on soils, with little research into the effects in either clean or
altered rocks.

Thus, it appears that either chemico-osmosis or electro-osmosis can
be effective in a wide range of natural environments. However, the natu-
ral causes of, and some controls on, these mechanisms have yet to be clar-
ified in either soil or rock. From an engineering viewpoint, natural
sources of electrical-potential gradients, such as chemical reactions in-
volving weathering, are of particular interest because the efficiency of
electro-osmosis is relatively high in poorly consolidated materials of low
cation exchange capacity (such as those in rocks and often associated with
geochemical processes in near-surface soil environments).

Osmosis has been recognized as a possible cause of anomalous pore-
fluid pressure that facilitates overthrust faulting (Hanshaw and Zen,
1965); influences the mechanics of groundwater systems (Greenberg et al.,
1973; Marine, 1974; Marine and Fritz, 1981; Olsen, 1972); and activates
landslides (Veder, 1981). It may be contributing to anomalies in the con-
solidation state and pore pressure of the Pierre Shale (Fleming et al.,
1970; Neuzil and Pollack, 1983). It may be the cause of non-Darcy flow be-
havior in argillaceous materials (Bolt and Groenvelt, 1969; Olsen, 1985).

Electro-osmosis is being exploited in applied practical situations.
As a construction technique, one procedure is to install vertical metal
rods in a saturated soil layer in a hexagonal pattern of cathodes and
anodes (Mitchell and Katti, 1981). When a direct current voltage poten-
tial is applied across the soil, the cations in the pore fluid (such as
Na+) migrate toward the negatively charged cathode. The movement of ca-
tions in turn drags water molecules in the same direction. The result is
a dewatering, or consolidation, occurring in the vicinity of the anode.
Electro-osmosis has been used successfully to consolidate and stabilize a
number of soil deposits (Casagrande, 1949, 1952, 1959; Tamez and Flamand,
1959; Casagrande et al., 1961; Eide and Eggestad, 1963; Esrig, 1964; Esrig
and Gemeinhardt, 1967; Fetzer, 1967; Bjerrum et al., 1967; and Nichols and
Herbst, 1967).

Electro-osmosis has also been used for electrochemical injection, in
which a chemical stabilizer is introduced at either the anode or the cath-
ode, depending upon the charge, and flows into the soil pores in response
to the electrical gradient (Pilot, 1977; Mitchell and Katti, 1981). This
technique has been used to strengthen various soils including expansive or
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welling clay (O'Bannon et al., 1976). Electro-osmosis has also been
used to remove heavy metals and pesticides in a field test on dredged
material (Segall et al., 1960). As a result, the Environmental Protection
Agency is considering it as a possible site-remediation technique for
hazardous wastes.

CHEMICAL COUPLING

It has already been noted that chemical reactions are thermochemically
coupled in the sense that a temperature must be defined to describe the
system. Except for solid state diffusion at high temperatures and for
radioactive decay, most chemical reactions in subsurface environments in-
volve fluid transport of reactants and/or products. Thus, in water satur-
ated rocks, chemical processes are hydrochemically, as well as thermochemi-
cally coupled.

Chemical processes that affect the properties of earth material are
heterogeneous, and include solid phase precipitation/dissolution, solute
adsoption/desorption, osmosis, gas dissolution/exsolution, ion exchange,
deritufication, and filtration and settling of suspended particulate mat-
ter. These processes can lead to major changes in the hydrologic, mechani-
cal, and thermal properties of rock. Such chemical processes usually take
place in thermodynamically open systems (Stumm and Morgan, 1981), which
include fluxes of chemical substance and/or gradients in other system prop-
erties such as temperature, pressure, or electrical field. Thus, such pro-
cesses cannot be fully understood unless they are modelled using the prin-
ciples of irreversible thermodynamics and kinetics, and include the coup-
ling of other forces and fluxes.

As an example of a chemically coupled process, consider calcite and
gypsum which tend to precipitate from groundwater in fractures adjacent to
heat sources, whereas quartz-fracture filling occurs some distance away
from heat sources. Moore et al. (1983) and Morrow et al. (1985, 1986)
found that passing water through granite along a thermal gradient from
2500 C to 1000 C reduced the hydraulic conductivity by a factor of 3
to 70 times. This reflected leaching of the rock at the higher tempera-
tures and precipitation of the silicate phases, closing off porosity at
the lower temperatures.

Adsorption/desorption reactions produce another important coupled pro-
cess: the Na+/Ca++ exchange onto montmorillonite clays (Yariv and Cross,
1979). Exchange of Na+ for Ca++ on montmorillonite leads to expansion of
the clay lattice by two or more times. This chemically induced mechanical
expansion and the accompanying reduction in permeability can ruin agricul-
tural soils, and do damage to overlying foundations and pavements. This
same effect is considered desirable in compacted clay liners used to iso-
late hazardous waste as the swelling of the sodic clay decreases the perme-
ability of the liner to provide a barrier to waste migration into the
groundwater aquifer. It is also one of the effects used in controlling
the viscosity and density of drilling-muds (van Olphen, 1977). Adsorption
of organic polymers can frequently produce the reverse effect, increasing
permeability (Anderson et al., 1982) of a clay barrier.
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The migration of dissolved substances in groundwater will reflect the
bulk movement of water in relatively permeable rocks such as sandstones,
gravels, and extensively fractured crystalline rocks (Freeze and Cherry,
1979). However, when bulk groundwater flow is through intact crystalline
rocks, groundwater flow rates will be extremely slow, and the migration of
dissolved substances may be via diffusive transport (driven by concentra-
tion gradients), or coupled thermal transport (driven by temperature gra-
dients: the Soret effect, [Lerman, 1979; Petit et al., 1986]), or thermal-
or electro-osmosis as discussed above.

Experimental ion diffusivities measured for Cs, Sr, and I in clay pack-
ing and granite (Birgersson and Neretnieks, 1982) have been found to be
much faster than for the same ions in granite alone (Skagius and Neret-
nieks, 1982). Rasmuson and Neretnieks (1983) suggest that this may re-
flect migration of the ions by pore diffusion and by surface diffusion of
the sorbed ions. In a study of CsC1 migration through compacted bento-
nite, Soudek et al. (1984) observed that the diffusion rate of Cs was
enhanced over its rate in bulk solution by a mechanism the authors de-
scribe as surface diffusion. In contrast, compaction of the bentonite led
to a reduction in the transport rate of C1 ions, probably because of
strong Donnan ion exclusion (Bressler, 1973).

Measurements of electrical conductivity versus temperature show sur-
face diffusion becomes more important than volume diffusion with increas-
ing temperature (Olhoeft, 1980; Ucok, 1979). Similar measurements also
show surface diffusion to become more important with decreasing salinity
of pore water (Hunter and Wright, 1971; Ucok, 1979; Waxman and Smits,
1968). This surface versus volume diffusivity process could be termed a
process of coupled temperature, chemistry and texture (or pore morphol-
ogy). Surface diffusivity and other processes are also modified by coup-
led chemical reactions, particularly inorganic processes modified by or-
ganic processes (de Silva and Toth, 1964; Anderson et al., 1982). Organic
chemical processes can modify inorganic chemical transport by chelating
and complexing the inorganics into forms that are more water soluble or by
directly interfering with adsorption processes that would otherwise take
the inorganics out of solution by cation exchange.

Johns (1979, 1982) has reviewed the catalytic activity of clays in
petroleum maturation and diagenesis in sedimentary rocks. Such could be
called a coupled process as it involves migration (transport) of petroleum-
generating fluids near clay surfaces which catalyze chemical reactions to
produce petroleum. The use of surfactants and other chemical modifiers in
enhanced oil recovery (EOR) operations is another example of coupled pro-
cesses. Most chemicals added during EOR are used to modify surface proper-
ties of clays to alter reservoir-rock permeability and fluid flow, allow-
ing greater mobility of the petroleum (Donaldson and Chilingarian, 1985).

THERMAL COUPLING

Thermal coupling has already been mentioned in all of the other sections
as temperature is required to specify the physical and chemical state of
most properties. Temperature also couples directly, as in the Peltier
thermoelectric effect in thermocouples. However, most thermal coupling

8



occurs due to a temperature gradient (as in the Soret effect) or to

changes in temperature (as in stresses induced 
by thermal expansion).

Thermomechanical coupling is a major consideration 
in numerous geologi-

cal situations. For example, thermomechanical effects are major considera-

tions in compressed air energy storage (Gnirk et al., 1979), in-situ coal

gasification (Advani and Lin, 1976; Smith and Smoot, 1981), geothermal

energy (Demuth and Harlow, 1980; and Nayfeh et al., 1975), liquid natural

gas storage (Lindblom, 1977), oil shale retorting (Galloway, 1979; Chan

and Cook, 1979), weapons research (Nilson, 1981), and radioactive waste

isolation (Werme, 1986; Noorishad et al., 1984; Hart and St. John, 1986;

Heuze, 1983; Callahan, 1981; Gnirk and McClain, 1980).

Multiple couplings have been investigated for problems 
related to the

isolation of radioactive waste (Hart and St. John, 
1986; Tsang, 1987; Chan

et al., 1985; Tsang and Mangold, 1984; Noorishad et al., 1984; Gnirk et

al., 1980; Callahan and Gnirk, 1979). Most of these problems have been

concerned with thermal-mechanical-hydraulic couplings.

In a geologic radioactive waste repository, the waste heats the sur-

rounding rock, creating a temperature gradient and thermal stresses from

thermal expansion of the rock and the fluids in the pores. Mechanical

stresses are induced when openings are made in the rock, 
primarily affect-

ing a shell around the opening, about one or two opening-diameters into

the rock mass. However, the effect of thermal stresses penetrates further

into the rock mass and depends upon (among other factors) the thermal con-

ductivity and thermal expansion coefficient of 
the rock mass. The coupled

effect of these mechanical and thermal stresses 
is to increase the overall

hydraulic conductivity of the rock mass. This is due to the fact that al-

though the stress increase will tend to decrease the permeability in the

volume of the heated rock, the compensatory decrease 
in stress outside the

heated volume will increase permeability (Cook, 1985). These thermome-

chanical-coupling effects have been studied in the laboratory on cores

(Reda, 1985), by large scale testing in simulated environments (Cramer et

al., 1983), and by in-situ testing at depth (Birgersson and Neretnieks,

1982). Mathematical modeling is also being performed using simplified

assumptions to unravel the coupling of the various inter-related physical

and chemical phenomena expected or observed around 
radioactive waste repos-

itories (Noorishad et al., 1984; Hinton et al., 1981; Swift and Burton,

1984; Heuze et al., 1985; Elsworth and Goodman, 1985; Chan et al., 1985;

Hart and St. John, 1986; Whitaker, 1986; Lewis et al., 1986).

The effect of rock mass heating on the travel time for fluids through

rock is of critical importance in assessing the performance of geologic

repositories. The Nuclear Regulatory Commission has published a draft

Technical Position on the disturbed zone around a geologic repository.

The disturbed zone is created by a coupling of thermal and mechanical

stresses, and hence an understanding of this complexity is important to

defining the extent of the disturbed zone.

An interesting and complex coupled phenomenon in radioactive waste

isolation involves that of brine movement in salt deposits. The first

significant evidence of brine movement occurred during the Project Salt

Vault field demonstration (Bradshaw and McClain, 
1971). The first labora-

tory and theoretical studies (Anthony and Cline, 
1971) revealed that brine
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inclusions migrate up the thermal gradient toward the heat source estab-
lishing a thermal-chemical coupling. In some instances, however, gas-
liquid inclusions can migrate down the temperature gradient (Pigford,
1982). Later, intragranular brine migration caused by Soret-Dufour ther-
mal-diffusion effects was coupled with pressure-driven brine existing in
the interconnected porosity (Ratigan, 1984) to further explain brine move-
ment.

At present, the mechanical coupling to the Darcian flow components is
thought to be important (Olander, 1982). The porosity associated with
grain boundaries and microcracks affects the salt permeability and the
ability to store intergranular water. Therefore, the impact of salt-
stress and microcrack healing under stress should have a strong influence
on brine movement. However, this influence is presently unquantified and
represents a contemporary research area. This topic has been investigated
and documented in draft at a recent workshop conducted by the Salt Reposi-
tory Project at the University of California, Berkeley in 1985.

MECHANICAL COUPLING

The mechanical behavior of rock has been studied in the laboratory and
in the field for decades (Jaeger and Cook, 1969). Coupled processes in
geomechanics were recently summarized by Cook (1985). Fluid conductivity
of fractures is dependent upon the effective stress normal to the fracture
plane and is therefore affected by the pore fluid pressure within it. Un-
der some conditions, shear displacement between the two surfaces may re-
sult in major changes in the geometry of the void, and hence conductivity
(Senseny et al., 1983). The effective normal stress across fractures is
expected to change as a result of the redistribution of stresses around ex-
cavations, thermally induced stresses, and pore pressures (Cook, 1985).

Thermomechanical coupling is often described by the theory of thermo-
elasticity (Boley and Weiner, 1960; Nowacki, 1962; Fung, 1965). For most
applications, the uncoupled, quasi-static theory of thermoelasticity is
used and is described by the Duhamel-Neumann law (Sokolnikoff, 1956) which
couples the mechanical and thermal fields in a material. This form of the
theory degenerates the problem into separate problems of heat transfer and
thermoelasticity forming a one-way coupling. Inherent in this decoupling
are the assumptions that the mechanical coupling term in the energy equa-
tion and the inertia term in the equation of motion can be omitted. These
two assumptions mean that the temperature change in an elastic material is
small because of adiabatic straining and that the stress changes caused by
acceleration of a body during heating are negligible. Fortunately, these
two assumptions are acceptable for most geological applications without
introducing significant errors.

The near-field around an excavation consists of loosened rock that is
stabilized with supports. This loosened rock zone can be reliably mea-
sured with instrumentation, and several researchers have established the
extent of this zone in various rock types. However, the extent of the
near-field lying between the loosened rock zone and the undisturbed rock
is difficult to quantify since mechanical-thermal-hydraulic coupling is
involved.
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Mechanical coupling through the piezoelectric effect is also postu-

lated to cause electrical charge accumulation and effects sometimes called

earthquake *lights" (Corwin and Morrison, 1977; Fitterman, 1978; Lockner

et al., 1983, 1985). The piezoelectric effect also produces electromag-

netic emissions from crushing rock (Nitsan, 1977) that has been exploited

for exploration and mine safety (Sobolev et al., 1984).

Acoustic energy passing through water-saturated porous rocks moves

fluid in cracks, hydraulically converting propagating elastic energy into

thermal energy (Jones, 1986). This appears as an inelastic loss mechanism

to absorb acoustic energy. As it involves the coupling of mechanical elas-

tic forces to fluid flows, it is a coupled process.

The mechanical movement of charged particles produces a coupled pro-

cess from the electrokinetic effect called sedimentation potential--Dorn

effect (Davies and Rideal, 1963). The settling of clay particles in dril-

ling muds produces a sedimentation-potential that biases wireline logging

measurements of electrical properties.

HYDRAULIC COUPLING

The presence of water produces alteration (Fyfe et al., 1978), hydrolytic

weakening (Ishido and Nishizawa, 1984), stress corrosion cracking (Wieder-

horn, 1967; Cerepanov, 1981), and changes in rock strength (Colback and

Wiid, 1965; Street and Wang, 1966; Simpson and Fergus, 1968; Dunning and

Huf, 1983). Elevated temperatures may produce water (and other volatiles)

from the thermal decomposition of hydrated minerals (Fyfe et al., 1978).

The presence of the freed water of decomposition would produce some

changes while the movement of the water from the location of the dehydrat-

ing minerals in response to other forces (osmotic, chemical, electrical..)

would produce other changes. The addition of water to otherwise dry sys-

tems, particularly at elevated temperatures, produces accelerated weather-

ing and alteration of the mineralogy to hydrous phases such as amphiboles,

clays and zeolites. These changes are frequently accompanied by volume

changes in the minerals, due to changes in bulk density from the anhydrous

to hydrous phase, and corresponding increases in stress in the surrounding

unaltered rock. Hydrous minerals growing inside pre-existing porosity can

significantly decrease the pore sizes and rock permeability.

Certain soils are known to swell under wet conditions and shrink under

dry conditions. These soils generally contain a significant fraction of

clay minerals (see also Chemical Coupling above). This hydromechanical

coupling and consequent volume change can severely damage structures, pave-

ments, pipelines, and foundations (Winterkorn, 1975). As a result, the

study of expansive soils has become a significant subsection of geotechni-

cal engineering, with its own series of international conferences (College

Station, 1965, 1969; Haifa, 1973; Denver, 1980). Expansive clays have

been identified as causing more property damage in the United States than

other more obvious natural hazards such as floods, earthquakes, and hurri-

canes. The annual cost of repairs due to expansive clays is estimated to

be greater than $7 billion (Civil Engineering, 1986).
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The movement of water causes streaming potentials through electro-
kinetic effects (discussed above), and can cause erosion, piping, and
hydraulic fracturing (Sherard and Decker, 1977; Zoback and Haimson, 1983)
which are also strongly influenced by the state of stress and chemistry in
the soil or rock. Movement of water may also result in the triggering of
earthquakes from pressurization of wells and filling of reservoirs (Healy
et al., 1968; Raleigh et al., 1964, 1968; Simpson, 1986).

When chemical concentration gradients exist across semi-permeable clay
or shale beds, the membrane (semi-permeable barrier) will restrict the
motion of charged particles but allow the movement of neutral particles
across the barrier. When there is a salinity difference across such a bar-
rier, chemical osmosis will drive water molecules across the barrier from
low to high salinity (Letey and Kemper, 1969; Kharaka and Berry, 1973;
Marine, 1981; Graf, 1982; Fritz, 1986). In the case where clay or zeolite
packing material surrounds nuclear or other waste material, osmotic pres-
sure may lead to hydraulic gradients either towards or away from the waste
depending on the salinity differences of groundwaters at the waste and in
the surrounding country rock (and in the thermal gradient) (Hanshaw, 1972;
Greenberg et al., 1973; Apps et al., 1982; Carnahan, 1985).

12



DISCUSSION

This report has briefly introduced the interdisciplinary scope of coupled
processes and a few of their impacts on rock mechanics problems. Owing to
the interdisciplinary nature of coupled processes, research investigations
are very difficult, and compounded by their complex occurrence in nature.
Only the simplest pairs of coupled processes have been adequately studied,
and generally these have been selected for their technological utility
(such as thermocouples). Many of the most interesting problems in coupled
processes are not simple pairs, such as the multiple couples occurring in
transport of wastes through soils and fractured rock systems. A few labor-
atories in the United States are studying triple systems such as thermo-
mechanically driven hydraulic flow through fractured rock. None are study-
ing the most complex systems where thermal, mechanical, hydraulic, electri-
cal, and chemical forces and fluxes are all coupled. To complicate these
systems still further, many terrestrial processes such as waste migration,
uranium sedimentary roll front deposition, and petroleum maturation also
include the coupled effects of biological activity.

13



BIBLIOGRAPHY

Advani, S.H. and T.Y. Lin. 1976. Structural and Mechanics Simulations
Associated With Underground Coal Gasification (MERC/CR-76/1).
Morgantown: West Virginia Univ., Dept. of Mech. Engineering and Mech.
93 pp.

Aitchison, G.D. 1965. Moisture Equilibria and Moisture Changes in
Soils Beneath Covered Areas. Australia: Butterworth.

Althaus, V.E. 1967. oElectrokinetic Potentials in South Louisiana
Tertiary Sediments." Log Anal. 8:29-34.

Amell, A.R., and D. Langmuir. 1978. Factors Influencing the Solution
Rate of Uranium Dixoide under Conditions Applicable to In-Situ
Leaching (Contract No. HO 272019). Twin Cities, MN: U.S. Bureau of
Mines. 124 pp.

American Society of Civil Engineers. 1969. Proceedings, 2nd Interna-
tional Conference on Expansive Clay Soils. College Station: Texas
A&M Univ. Press. 494 pp.

American Society of Civil Engineers. 1973. Proceedings, 3rd Interna-
tional Research and Engineering Conference on Expansive Clay Soils.
Israel: Jerusalem Academic Press.

Anderson, D., K.W. Brown, and J. Green. 1982. *Effect of Organic Fluids
on the Permeability of Clay Soil Liners." pp. 179-190 in Proceed-
ings, 8th Annual Research Symposium (600/9-82-002). Washington,
D.C.: Envir. Prot. Agency.

Anderson, L.A., and G.R. Johnson. 1976. 'Application of Self-Potential
Method to Geothermal Exploration in Long Valley, California.,
J. Geophys. Res. 81:1927-1982.

Anderson, O.L., and P.C. Grew. 1977. 'Stress Corrosion Theory of Crack
Propagation With Applications to Physics.' Rev. Geophys. Space Phys.
15:77-104.

Anderson, T.N., and H. Eyring. 1970. Principles of Electrokinetics.
pp. 247-344 in Physical Chemistry: An Advanced Treatise., Vol.
IXA/Electrochemistry, H. Eyring, D. Henderson and W. Jost, eds. New
York: Academic.

Anthony T.R., and H.E. Cline. 1971. 'Thermal Migration of Liquid Drop-
lets Through Solids.' J. Applied Physics 42:3380.

Apps, J.A., C.L. Carnahan, P.C. Lichter, M.C. Michel, D. Perry, R.J.
Silva, 0. Weres, and A.F. White. 1982. Status of Geochemical Prob-
lems Relating to the Burial of High-Level Radioactive Waste (Report
LBL-15103). Berkeley, Calif.: Lawrence Berkeley Lab. 380 pp.

14



Arnorsson, S., S. Sigurdsson, and H. Svavarsson. 1982. 'The Chemistry

of Geothermal Waters in Iceland. I. Calculation of Aqueous Speciation

from 0 to 370 Degrees C.u Geochim. Cosmochim. Acta 46:1513-1532.

Arulanandan, K. 1969. 'Hydraulic and Electrical Flows in Clay.' Clays

and Clay Minerals 17:63-76.

Atchuta, R.D., and H.V. Ram Babu. 1982. 'Quantitative Interpretation of

Self-Potential Anomalies Due to Two-Dimensional Sheetlike Bodies.'

Geophys. 48:1659-1664.

Avogadro, A., and G. de Marsily. 1983. 'Scientific Basis for Nuclear

Waste Management' VII pp. 495-505 in Proceedings, Materials Research

Society Symposium, vol. 26. New York: Elsevier Science Publishing Co.

Ayatollahi, M.J., J. Noorishad, and P.A. Witherspoon. 1983. uStress-

Fluid Flow Analysis in Fractured Rock Masses.' ASCE J. Eng. Mech.

Div. 1:1-13.

Baca, R.G., J.B. Case, and J.G. Patricio. 1980. 'Coupled Geomechanical/

Hydrological Modeling--An Overview of BWIP Studies.' pp. 70-80 in

Workshop on Thermomechanical Hydrochemical Modelling for a Hardrock

Repository (LBL-11204). Berkeley, Calif.: Lawrence Berkeley Lab.

Baer, J. 1972. Dynamics of Fluids in Porous Media. New York:

American Elsevier. 764 pp.

Banerjee, S. and V. Vitayasupakorn. 1984. 'Appraisal of Electro-Osmotic

Oedometer Tests.' ASCE J. Geotech. Eng. 110:1007-1023.

Becker, A., and W.M. Telford. 1965. 'Spontaneous Polarization Studies."

Geophys. Prosp. 12:173-188.

Bernstein, F., and C. Scala. 1959. 'Some Aspects of the Streaming

Potential and the Electrochemical SP in Shales. Petr. Trans. AIME

216:465-468.
Berry, F.A.F. 1959. Hydrodynamics and Geochemistry of the Jurassic and

Cretaceous Systems in the San Juan Basin, Northwestern New Mexico and

Southwestern Colorado (Ph.D. thesis). Stanford, Calif.: Stanford

University, Dept. of Geology. 192 pp.

Berry, F.A.F. 1969. Relative Factors Influencing Membrane Filtration.'

Chem. Geol. 4:295-301.

Berry, F.A.F. 1973. 'High Fluid Potentials in California Coast Ranges

and Their Tectonic Significance.' AAPG Bull. 57:1219-1249.

Bhattacharya, B.B., and N. Roy. 1981. 'A Note on the Use of a Nomogram

for Self-Potential Anomalies.' Geophys. Prosp. 29:102-107.

Biot, M.A. 1956. 'Theory of Propagation of Elastic Waves in a Fluid-

Saturated Porous Solid. I. Low-Frequency Range.' J. Acoustical Soc.

Am. 28:168-178.
Birgersson, L., and I. Neretnieks. 1982. Diffusion in the Matrix of

Granitic Rock. Field Test in the Stripa Mine (Tek Rap. 83-39).

Stockholm, Sweden: SKBF KBS. 37 pp.

Bjerrum, L., J. Moum, and 0. Eide. 1967. Application of Electro-Osmosis

to a Foundation Problem in Norwegian Quick Clay.' Geotechnique 17:

214-235.
Black, A.P., F.B. Birkner, and J.J. Morgan. 1966. 'The Effect of

Polymer Adsorption on the Electrokinetic Stability of Dilute Clay

Suspensions.' J. Colloid Interface Sci. 21:626-648.

15



Boley, B.A., and J.H. Weiner. 1960. Theory of Thermal Stresses. New
York: John Wiley and Sons, Inc. 586 pp.

Bolt, G.E. 1956. 'Physico-Chemical Analysis of the Compressibility of
Pure Clays.* Geotech. 6:86-93.

Bolt, G.E., and P.R. Groenevelt. 1969. "Coupling Phenomena as a Possible
Cause for Non-Darcian Behavior of Water in Soil.- Bull. IASH 2
(14):17-26.

Bolt, G.H., and R.D. Miller. 1958. "Calculation of Total and Component
Potentials of Water in Soil." Am. Geophys. Union Trans. 39:917-928.

Bradshaw, R.L., and C.W. McClain, eds. 1971. Project Salt Vault--A
Demonstration of the Disposal of High-Activity Solidified Wastes in
Underground Salt Mines (ORNL-4555). Tenn.: Oak Ridge Nat. Lab.
360 pp.

Bredehoeft, J.E., C.P. Blyth, W.A. White, and G.B. Maxey. 1963. NA
Possible Mechanism for the Concentration of Brines in Subsurface
Formations.' AAPG Bull. 47:257-269.

Bredehoeft, J.D., C.E. Devzil, and P.C.D. Milly. 1983. Regional Flow
in the Dakota Aquifer--A Study of the Role of Confining Layers (WS
2237). Reston, VA: U.S. Geological Survey. 45 pp.

Bredehoeft, J.D., W.A. White, and G.B. Maxey. 1964. "Reply [to dis-
cussion by Rittenhouse]--Possible Mechanism for Concentration of
Brines in Subsurface Formations.' AAPB Bull. 48:236-238.

Bredehoeft, J.D., and B.B. Hanshaw. 1968. 'On the Maintenance of Anom-
alous Fluid Pressures. I. Thick Sedimentary Sequences." Geol. Soc.
Am. Bull. 79:1097-1106.

Bressler, E. 1973. "Anion Exclusion and Coupling Effects in Nonsteady
Transport through Unsaturated Soils. I. Theory." Soil Sci. Soc. Am.
Proc. 37:663-666.

Bressler, E., and A. Laufer. 1973. 'Anion Exclusion and Coupling Effects
in Nonsteady Transport through Unsaturated Soils. II. Laboratory and
Numberical Experiments." Soil Sci. Soc. Am. Proc. 38:213-218.

Browne, P.R.L. 1978. "Hydrothermal Alternation in Active Geothermal
Fields." Ann. Rev. Earth and Planetary Sci. 6:229-250.

Buchanan, S.J., ed. 1965. Engineering Effects of Moisture Changes in
Soils (Proceedings, International Res. and Eng. Conf. on Expansive
Clay Soils). College Station: Texas A&M Press. 363 pp.

Bull, H.B., and R.A. Gortner. 1932. wElectrokinetic Potentials, X, the
Effect of Particle Size on the Potential." J. Phys. Chem.
36:111-119.

Burr, S.V. 1982. A Guide to Prospecting by the Self-Potential Method
(Misc. Paper 99). Toronto: Ontario Geological Survey. 15 pp.

Cairns-Smith, A.G. 1985. 'The First Organisms.' Sci. Am. 252 (6):
90-100.

Callahan, G.D. 1981. Inelastic Thermomechanical Analysis of a Generic
Bedded Salt Repository (ONWI-125). Columbus, Oh.: Battelle Memorial
Institute, Office of Nuclear Waste Isolation. 173 pp.

Callahan, G.D., and P. Gnirk. 1979. *Thermomechanical Modeling for
Repositories in Geologic Media." pp. 34-36 in Proceedings, Nat.
Waste Term. Stor. Program Info. Mtg. (ONWI-62). Columbus, Ohio:
Battelle Memorial Inst.

16



Carnahan, C.L. 1985. 'Simulation of Chemically Reactive Solute Transport
Under Conditions of Changing Temperature." pp. 18-20 in Proceedings,
Inter. Symp. on Coupled Proc. Affecting the Perf. of a Nuc. Waste
Repos. Berkeley, Calif.: Lawrence Berkeley Lab.

Carpenter, A.B. 1978. 'Origin and Chemical Evolution of Brines in Sedi-
mentary Basins.' Oklahoma Geological Survey Circular 79:66-70.

Carpenter, A.B., and J.C. Miller. 1969. 'Geochemistry of Saline Sub-
surface Water, Salin County [Missouri].' Chem. Geol. 4:135-167.

Carpenter, A.B., and M.L. Trout. 1978. 'Geochemistry of Bromide-Rich
Brines of the Dead Sea and Southern Arkansas.' Oklahoma Geological
Survey Circular 79:78-88.

Cartwright, K. 1974. wTracing Shallow Groundwater Systems by Soil
Temperatures." Water Resources Res. 120:847-855.

Casagrande, L. 1949. 'Electro-Osmosis in Soils.* Geotechnique 1:
1959-1977.

Casagrande, L. 1952. 'Electro-Osmosis Stabilization of Soils.'
J. Boston Soc. of Civil Eng. 39:51-83.

Casagrande, L. 1959. 'Review of Past and Current Work on Electro-Osmotic
Stabilization of Soils.' Harvard Soil Mechanics Series (SM Pub. No.
45).

Casagrande, L., R.W. Loughney, and M.A.J. Matich. 1961. 'Electro-Osmotic
Stabilization of a High Slope in Loose Saturated Silt.' pp. 451-561
in Proceedings, 5th Inter. Conf. on Soil Mech. and Found. Eng., v.
2. Paris: Dunod.

Castro. G., and S.J. Poulos. 1977. 'Factors Affecting Liquefaction and
Cyclic Mobility.' ASCE J. Geotech. Engr. Div. 103:501-506.

Catts, J.G., and D. Langmuir. 1986. wAdsporption of Cu, Pb and Zn onto
Birnessite (MnO 2).' J. Applied Geochem. 21:1096-1104.

Cederberg. G.A., R.L. Street, and J.D. Leckie. 1985. 'A Groundwater
Mass Transport and Equilibrium Model for Multicomponent Systems.0
Water Resource Res. 21:1096-1104.

Chan, T., and N.G.W.Cook. 1979. Calculated Thermally Induced Displace-
ments and Stresses for Heater Experiments at Stripa, Sweden
(LBL-7061). Berkeley, Calif: Lawrence Berkeley Laboratory.

Chan, T., V. Guvanesan, and J.A. Keith-Reid. 1985. 'Numerical Modeling
of Coupled Thermo-Rydro-Mechanical Processes in Nuclear Fuel Waste
Disposal.' in Proceedings, Intern. Symp. on Coupled Proc. Affecting
the Perf. of a Nuc. Waste Repos. Berkeley, Calif.: Lawrence Berkeley
Laboratory, Earth Sciences Div. (in print).

Chatham, J.R., R.B. Wanty, and D. Langmuir. 1981. Groundwater Prospect-
ing for Sandstone-Type Uranium Deposits--The Merits of Mineral-
Solution Equilibria Versus Single Element Tracer Methods (GLO
79-360-E), Washington, D.C.: U.S. Dept. of Energy. 216 pp.

Chenevert, M.E. 1969. 'Adsorptive Pore Pressures of Argillaceous Rocks."
pp. 599-626 in Rock Mechanics--Theory and Practice. New York:
Amer. Ins. of Min. Eng.

Cherepanov, G.P. 1981. 'Stress Corrosion Cracking." pp. 333-410 in Com-
prehensive Treatise of Electrochemistry, vol. 4. New York: Plenum.

Chilingarian, G.V. and P. Vorabutr, eds. 1981. Drilling and Drilling
Fluids. Amsterdam, Elsevier. 767 pp.

17



Civil Engineering. 1986. 'Iowa Engineers Tame Bad Clays.' Civil
Engineering (June) p. 11.

Clark, S.P., ed. 1966. Handbook of Physical Constants (Memoir 97).
Boulder, Colo.: Geological Society of America.

Clayton, R.N., I. Friedman, D.L. Graf, T.K. Mayeda, W.F. Meents, and N.F.
Shimp. 1966. 'The Origin of Saline Formation Waters. I. Isotopic
Composition." J. Geophys. Res. 71:3869-3881.

Clayton, R.N., L.J.P. Muffler, and D.E. White. 1968. wOxygen Isotope
Study of Calcite and Silicates of the River Ranch No. 1 Well, Salton
Sea Geothermal Field, California.' Am. J. Sci. 266:968-979.

Cobble, J.W., R.C. Murray, Jr., P.J. Turner, and K. Chen. 1982. High
Temperature Thermodynamic Data for Species in Aqueous Solution
(NP-2400). San Diego, Calif.: San Diego State University. 197 pp.

Codispoti, L.A., G.E. Frederich, T.T. Packard, H.E. Glover, P.J. Kelly,
R.W. Spinrad, R.T. Barber, J.W. Elkins, B.B. Ward, F. Lipschultz, and
N. Lostaunau. 1986. 'High Nitrite Levels Off Northern Peru--A Signal
of Instability in the Marine Dentrification Rate.' Science 233:
1200-1202.

Colback, P.S.B., and B.L. Wiid. 1965. 'The Influence of Moisture Content
on the Compressive Strength of Rocks." pp. 65-83 in Proceedings, 3rd
Can. Rock Mech. Symp. Montreal: Can. Rock Mech. Assn.

Collins A.G., and C.C. Wright. 1985. 'Enhanced Oil Recovery Injection
Waters.' pp. 151-222 in Enhanced Oil Recovery. I. Fundamentals and
Analyses. New York: Elsevier.

Combarnous, M.A., and S. Bories. 1975. 'Hydrothermal Convection in
Saturated Porous Media.' Adv. in Hydroscience 10:232-307.

Commission of the European Communities. 1982. Admissible Thermal Loading
in Geological Formations, Consequences on Radioactive Waste Disposal
Methods (Report EUR 8179, 4 volumes). Luxembourg: Commission of the
European Communities. 1554 pp.

Committee on Earthquake Engineering. 1985. Liquefaction of Soils During
Earthquakes. Washington, D.C.: National Academy Press. 240 pp.

Cook, N.G.W. 1976. 'Seismicity Associated with Mining.' Eng. Geol.
10:99-122.

Cook, N.G.W. 1985. 'Coupled Processes in Geomechanics.' in Proceed-
ings, Intern. Symp. on Coupled Proc. Affecting the Perf. of a Nucl.
Waste Repos. Berkeley: Lawrence Berkeley Lab, Earth Sciences Div.
(in print).

Cook, N.G.W., and L.R. Myer. 1981. 'Thermomechanical Studies in Granite
at Stripa, Sweden.' in Advances in the Science and Technology of the
Management of High Level Nuclear Waste. Columbus, Ohio: Battelle
Memorial Inst.

Coplen, T.B., and B.B. Hanshaw. 1973. *Ultrafiltration by a Compacted
Clay Membrane. I. Oxygen and Hydrogen Isotopic Fractionation.'
Geochim. Cosmochim. Acta 37:2295-2310.

Corry, C.E. 1985. 'Spontaneous Polarization Associated With Porphyry
Sulfide Mineralization.' Geophysics 50:1020-1034.

Corwin, R.F., G.T. DeMoully, R.S. Harding, Jr., and H.F. Morrison. 1981.
"Interpretation of Self-Potential Survey Results from the East Mesa
Geothermal Field, California.' J. Geophys. Res. 86:1841-1848.

18



Corwin, R.F. and D.B. Hoover. 1979. 'The Self-Potential Method in Geo-
thermal Exploration.* Geophysics 44:226-245.

Corwin, R.F. and H.F. Morrison. 1977. 'Self-Potential Variations
Preceding Earthquakes in Central California.' GRL 4:171-174.

Costin, L.S., and J.J. Mecholsky. 1983. *Time Dependent Crack Growth
and Failure in Brittle Rock.' pp. 385-394 in Rock Mechanics--
Theory-Experiment-Practice (Proceedings, 24th U.S. Symposium on Rock
Mechanics). College Station: Texas A&M University.

Craig, H. 1966. Isotopic Composition and Origin of the Red Sea and
Salton Sea Geothermal Brines." Science 154:1544-1547.

Cramer, M.L., J.P. Cunningham, and K. Kim. 1983. 'Rock Mass Deformation
Properties from a Large Scale Block Test." Bull. Assoc. Eng. Geol.
21:47-54.

Crausse, P., G. Bacon, and S. Bories. 1981. 'Fundamental Study of
Coupled Heat and Mass Tranfer in Porous Media.' J. Heat Mass
Transfer 24:991-1004.

Criss, C.M., and J.W. Cobble. 1964. Thermodynamic Properties of High
Temperature Aqueous Solutions. IV. Entropies of the Ions up to 200
and the Correspondence Principle.' Am. Chem. Soc. J. 86:5385-5393.

Davies, J.T., and E.K. Rideal. 1963. Interfacial Phenomena. New
York: Academic Press. 480 pp.

Davis, J.A., P.O. James, and J.O. Leckie. 1978. wSurface Ionization and
Complexation at the Oxide/Water Interface.' J. Colloid Interface
Sci. 63:480-499.

De Witte, L. 1948. 'A New Method of Interpretation of Self-Potential
Data.' Geophys. 13:600-608.

DeGroot, S.R. and P. Mazur. 1962. Non-Equilibrium Thermodynamics.
Amsterdam: North-Holland Pub. Co. 510 pp.

DeSilva, J.A. and S.J. Toth. 1964. 'Cation Exchange Reactions, Electro-
kinetic and Viscometric Behavior of Clay-Organic Complexes.' Soil
Sci. 97:63-73.

Delhomme, J.P. 1978. *Kriging in the Hydrosciences.' Adv. in Water
Resources 1:251-266.

Demuth, R.B. and F.H. Harlow. 1980. Geothermal Energy Enhancement by
Thermal Fracture (LA-8428). Los Alamos, NM: Los Alamos Nat. Lab.
70 pp.

Derjaguin, B.V., and S.S. Dukhin. 1974. 'Nonequilibrium Double Layer
and Electrokinetic Phenomena.' pp. 273-336 in Surface and Colloid
Sciences (volume 7). New York: Wiley.

Dey, T.N. 1986. 'Permeability and Electrical Conductivity Changes due
to Hydrostatic Stress Cycling of Berea and Muddy J. Sandstone.'
J. Geophys. Res. 91:763-766.

DiNitto, R.G. 1983. 'Evaluation of Various Geotechnical and Geophysical
Techniques for Site Characterization Studies Relative to Planned
Remedial Action Measures.' pp. 130-134 in Proceedings, Management of
Uncontrolled Hazardous Waste Sites. Silver Spring, MD: HMCRI.

Dickey, P.A. 1969. 'Increasing Concentration of Subsurface Brines with
Depth.' Chem. Geol. 4:361-370.

Dmoska, R. 1977. 'Electromechanical Phenomena Associated With Earth-
quakes.' Geophys. Surv. 3:157-174.

Donaldson, E.C. and G.V. Chilingarian, eds. 1985. Enhanced Oil
Recovery--Fundamentals and Analysis. New York: Elsevier. 357 pp.

19



Duguid, J.O. 1979. 'Hydrologic Transport of Radionuclides from Low-
Level Waste Burial Grounds.' pp. 1119-1139 in Management of Low
Level Radioactive Waste (Volume 2). New York: Pergamon Press.

Dukhin, S.S. 1974. Development of Notions as to the Mechanism of
Electrokinetic Phenomena and the Structure of the Colloid Micelle.'
pp. 1-48 in Surface and Colloid Science (Volume 7). New York:
Wiley.

Dukhin, S.S., and B.V. Derjaguin. 1974. Equilibrium Double Layer and
Electrokinetic Phenomena.' pp. 49-272 in Surface and Colloid
Sciences (Volume 7). New York: Wiley.

Dunning J.D. and W.L. Huf. 1983. 'The Effects of Aqueous Chemical
Environments on Crack and Hydraulic Fracture Propagation and
Morphologies.' J. Geophys. Res. 88:6491-6499.

Edelstein, N., J. Bucher, R. Silva, and H. Nitsche. 1982. Thermodynamic
Properties of Chemical Species in Nuclear Waste (LBL-14325).
Berkeley, Calif.: Lawrence Berkeley Lab. 125 pp.

Eide, 0 and A. Eggstad. 1963. Foundation Conditions for the New Head-
quarters Building of the Norwegian Telecommunications Administration
(No. 55). Oslo, Norway: Norwegian Geotechnical Institute.

Elrick, D.E., D.E. Smiles, N. Baumgartner, and P.E. Groenevelt. 1976.
'Coupling Phenomena in Saturated Homo-Ionic Montmorillonite. I.
Experimental.' Soil Sci. Soc. J. 40:490-491.

Elsworth, D. and R.E. Goodman. 1985. wHydromechanical Modeling of
Fractured Rock Masses Using Coupled Numerical Schemes.' pp. 18-20 in
Proceedings, International Symposium on Coupled Processes Affecting
the Performance of a Nuclear Waste Repository. Berkeley, Calif.:
Lawrence Berkeley Lab.

Esrig, M.I. 1964. Report of Feasibility Study of Electro-Kinetic
Process for Stabilization of Soils for Military Mobility Purposes
(Res. Rep. No. 1). Ithaca, NY: Cornell Univ., Sch. of Civil and Env.
Eng. 60 pp.

Esrig, M.I. and J.P. Gemeinhardt. 1967. 'Electrokinetic Stabilization of
Illitic Clay.' ASCE J. Soil Mech. and Found. Div. 93(SM3):109-128.

Felmy, A.R., A.E. Resienauer, J.M. Zachara, and G.W.Gee. 1983.
MININR--A Geochemical Computer Program for Inclusion in Water Flow
Models--An Application Study (PNL-4921). Richland, Wash.: Pacific
Northwest Laboratory. 25 pp.

Fertl, W.E. 1976. Abnormal Formation Pressures. New York: Elsevier
Science Publishing Co. 382 pp.

Fetzer, C.A. 1967. 'Electro-Osmotic Stabilization of West Branch Dam.'
ASCE J. Soil Mech. and Found. Div. 93(SM4):85-106.

Fitterman, D.V. 1978. 'Electrokinetic and Magnetic Anomalies Associated
with Dilatant Regions in a Layered Earth.' J. Geophys. Res.
83:5923-5928.

Fitterman, D.V. 1979. 'Calculations of Self-Potential Anomalies near
Vertical Contacts.' Geophys. 44:195-205.

Fitterman D.V. 1984. 'Thermoelectrical Self-Potential Anomalies and
Their Relationship to the Solid Angle Subtended by the Source
Region.* Geophys. 49:165-170.

20



Fleming. R.W., G.S. Spencer and D.C. Banks. 1970. Empirical Study of
Behavior of Clay Shale Slopes (NCG-TR-15). Livermore, Calif.: U.S.
Army Corps of Engineers, Nuclear Cratering Group. 335 pp.

Fournier, R.O., and J.M. Thompson. 1980. "Interpretation of Chemical
Analyses of Waters Collected from Two Wells at Coso, California.,
J. Geophys. Res. 85:2405-2410.

Fowler, W.A., Jr. 1970. 'Pressures, Hydrocarbon Accumulation and
Salinities--Chocolate Bayou Field, Brazoria County, Texas.*
J. Petrol. Tech. 22:411-423.

Freeze, R.A. and J.A. Cherry. 1979. Groundwater. Englewood Cliffs,
NJ: Prentice-Hall, Inc. 604 pp.

Fritz, P., J.F. Barker, and J.E. Gale. 1979. Geochemistry and Isotope
Hydrology of Groundwaters in the Stripa Granite--Results and
Preliminary Interpretation (LBL-8285/SAC-12). Berkeley, Calif.:
Lawrence Berkeley Lab. 141 pp.

Fritz, S.J. 1986. 'Ideality of Clay Membranes in Osmotic Processes--A
Review." Clay and Clay Min. 34:214-223.

Fritz, S.J., and I.W. Marine. 1983. 'Experimental Support for a
Predictive Model of Clay Membranes.' Geochim. Cosmochim. Acta
47:1515-1522.

Fung, Y.C. 1965. Foundation of Solid Mechanics. Englewood Cliffs,
NJ: Prentice-Hall, Inc. 525 pp.

Fyfe, W.S., N.J. Price and A.B. Thompson. 1978. Fluids in the Earth's
Crust. New York: Elsevier. 383 pp.

Galloway, T.R. 1979. Challenge of Efficiently Retorting Very Nonuniform
Beds of Oil Shale Rubble (CONF-790405-9). Livermore, Calif.:
Lawrence Livermore Lab.

Gangi, A.F. 1978. 'Variation of Whole and Fractured Rock Permeability
with Confining Pressure. Int. J. Rock Mech. Min. Sci. 15:249-257.

Gay, S.P. 1967. 'A 1800 Millivolt Self-Potential Anomaly Near
Hualgayoc, Peru." Geophys. Prosp. 15:136-345.

Gnirk, P.F., T. Brandshaug, G.D. Callahan and J.L. Ratigan. 1979.
Numerical Studies of Compensated CAES Caverns in Hard Rock' in
Proceedings, 1979 Mech. and Magnetic Energy Storage Contractor's
Review Mtg (Conf-790754). Washington, D.C.: U.S. Dept. of Energy. -

Gnirk, P.F., G.D. Callahan and J.L. Ratigan. 1980. 'Numerical Modeling
of Radioactive Waste Repositories. preprint 80-104 in Proceedings,
ASCE Spring Convention. New York: Amer. Soc. of Civil Eng.

Gnirk, P.F. and W.C. McClain. 1980. 'An Overview of Geologic Disposal of
Radioactive Wastes.' pp. 865-872 in Proceedings, Int. Symp. on
Subsurface Space, Rockstore 80, v. 2. New York: Pergamon Press.

Graf, D.F. 1982. 'Chemical Osmosis, Reverse Chemical Osmosis and Origin
of Subsurface Brines.' Geochim. Cosmochin. Acta. 46:1431-1448.

Graf, D.F., I. Friedman, and W.F. Meents. 1965. The Origin of Saline
Formation Waters. II. Isotopic Fractionation by Shale Micropore
Systems (circular 393). Springfield: Illinois Geological Survey.

Graf, D.F., W.F. Meents, I. Friedman, and N.F. Shimp. 1966. The Origin
of Saline Formation Waters. III. Calcium Chloride Waters (circular
397). Springfield: Illinois Geological Survey.

Graf, D.F., and D.E. Anderson. 1981. 'Geochemical Inputs for Hydrologic
Models of Deep-Lying Sedimentary Unites--Loss of Mineral Hydration
Water." J. Hydrology 54:297-314.

21



Graf, D.F. and D.E. Anderson. 1981. 'Fundamental Aspects of Electro-
Osmosis in Soils.' ASCE J. Soil Mech. and Found. Div. 93
(SM6):209-236.

Grandstaff, D.E. 1976. OA Kinetic Study of the Dissolution of
Uraninite.* Econ. Geol. 71:1493-1506.

Gray, D.E. and J.K. Mitchell. 1967. "Fundamental Aspects of Electro-
Osmosis in Soils.* ASCE J. Soil Mech. and Found. Div. 93
(SM6):209-236.

Greenberg, J.A., J.K. Mitchell and P.A. Witherspoon. 1973. "Coupled Salt
and Water Flows in a Ground Water Basin." J. Geophys. Res.
78:6341-6353.

Groenevelt, P.H., and G.H. Bolt. 1969. wNon-Equilibrium Thermodynamics
of the Soil-water System." J. Hydrology 7:358-388.

Groenevelt, P.H., and D.E. Elrick. 1976. "Coupling Phenomena in
Saturated Homo-Ionic Montmorillonite. II. Theoretical. Soil Sci.
Soc. Am. J. 40:820-823.

Grove, D.A., and W.W. Wood. 1979. 'Prediction and Field Verification of
Subsurface-Water Quality Changes during Artificial Recharge, Lubbuck,
Texas.' Ground Water 17:250-257.

Hall, D.G. 1980. 'Thermodynamic Approach to the Interpretation of
Electrokinetic Data near the Isoelectric Point.' JCFTBS
76:1254-1267.

Hallenberg, J.K. 1971. 'A Resume of Spontaneous Potential Measurements'
(paper no. H). Trans. 12th Annual SPWLA Logging Symposium. Tulsa,
Okla.: SPWLA.

Hanshaw, B.B. 1972. 'Natural Membrane Phenomena and Subsurface Waste
Emplacement.' Underground Waste Management and Environmental
Implications (Memoir 18). Tulsa: AAPG.

Hanshaw, B.B., and J.D. Bredehoeft. 1968. 'On the Maintenance of
Anomalous Fluid Pressures. II. Source Layer at Depth." Geol. Soc.
Am. Bull. 79:1107-1122.

Hanshaw, B.B., and T.B. Coplen. 1973. 'Ultrafiltration by a Compacted
Clay Membrane. II. Sodium Ion Exclusion at Various Ionic Strengths.'
Geochim. Cosmochim. Acta 37:2311-2327.

Hanshaw, B.B., and G.A. Hill. 1969. 'Geochemistry and Hydrodynamics of
the Paradox Basin Region, Utah, Colorado and New Mexico.' Chem.
Geol. 4:263-294.

Hanshaw, B.B. and E-an Zen. 1965. 'Osmotic Equilibrium and Overthrust
Faulting.' Geologic Soc. of Amer. Bulletin 76:1379-1386.

Hart, R.D., and M.C. St. John. 1986. 'Formulation of a Fully-Coupled
Thermal-Mechanical-Fluid Flow Model for Non-Linear Geologic Systems.
Int. J. Rock Mech., Mining Sci. and Geomech. Abstracts 23:213-224.

Harvie, C.E., and J.H. Weare. 1980. wThe Prediction of Mineral
Solubilities in Natural Waters--the Na-K-Mg-Ca-Cl-SO -H 20 System
from Zero to High Concentration at 25 Degrees C. Geochim.
Cosmochim. Acta 44:981-997.

Haydon, P.R., and D.L. Graf. 1986. 'Studies of Smectite Membrane
Behavior--Temperature Dependence, 20-180 Decgrees C.' Geochim.
Cosmochim. Acta. 44:981-997.

Healy, J.H., W.W. Rubey, D.T. Griggs and C.B. Raleigh. 1968. 'The Denver
Earthquakes." Science 161:1301-1310.

22



Helgeson, H.C., D.H. Kirkham, and G.C. Flowers. 1981. 'Theoretical
Prediction of the Thermodynamic Behavior of Aqueous Electrolytes at
High Pressure and Temperature. IV. Calculation of Activity Coef.,
Osmotic Coef. and Apparent Molal and Stand. and Rel. Partial Molal
Properties to 600 Deg. C and 5Kb.' Am. J. Sci. 281:1240-1516.

Helmholtz, B. 1879. "Studien Uber Electrische Grenzschichten' Annalen
D. Physik 7: 337-382.

Heuze, F.E. 1983. Thermal and Thermomechanical Calculations of Deep-Rock
Nuclear Waste Disposal With the Enhanced SANGRE Code (UCRL-53394).
Livermore, Calif.: Lawrence Livermore Nat. Lab. 41 pp.

Heuze, F.E., R.J. Shaffer and A.R. Ingraffea. 1985. 'A Coupled Model for
Fluid-Driven Fracture' in Proceedings, Intern. Symp. on Coupled
Processes Affecting the Perf. of a Nucl. Waste Repos. Berkeley,
Calif.: Lawrence Berkeley Lab, Earth Sciences Div. (in print).

Hildreth, D. 1970. wElectrokinetic Flow in Fine Capillary Channels.'
J. Phys. Chem. 74:2006-2015.

Hinton, E., P. Bettes and R.W. Lewis. 1981. Proceedings, International
Symposium on Numerical Methods for Coupled Processes. London,
Pinridge Press.

Hodgkinson, D.P., and P.J. Burke. 1979. Assessment of Effects of
Thermally Induced Water Movement on Leakage from a Radioactive Waste
Repository. Paris, France: OECD/NEA.

Holtz, W.G., and J.J. Gibbs. 1956. 'Engineering Properties of Expansive
Clays.' Trans. Am. Soc. Civil Eng. 121:642-677.

Horn, J.M., Jr. 1978. Electrokinetic Properties of Silica, Alumina and
Montmorillonite (Ph.D. thesis). Gainesville: University of
Florida. 152 pp.

Hostettler, J.D. 1984. 'Electrode Electrons, Aqueous Electrons, and
Redox Potentials in Natural Waters.' Am. J. Sci. 284:734-359.

Hsi, C-K.D., and D. Langmuir. 1985. 'Adsorption of Uranyl (IV) onto
Ferric Oxyhydroxides--Application of the Surface Complexation
Site-Binding Model.' Geochim. Cosmochim. Acta 49:1931-1941.

Hulen, J.B. 1978. Geology and Alteration of the Coso Geothermal Area:
Inyo County, California (report IDO/78-1701.6.4.1). Salt Lake City:
University of Utah, Research Institute. 38 pp.

Hunter, R.J. 1966. 'The Interpretation of Electrokinetic Potential.'
J. Colloid. Interface Sci. 22:231-239.

Hunter, R.J. 1981. Zeta Potential in Colloid Science--Principles and
Applications. New York: Academic. 386 pp.

Hunter, R.J., and H.J.L. Wright. 1971. 'The Dependence of Electrokinetic
Potential on Concentration of Electrolyte.' J. Colloid. Interface
Sci. 37:564-580.

Institute of Energy and Earth Resources. 1983. Proceedings of the Fifth
International Conference on Expansive Soils. Adelaide, Australia:
Institute of Energy and Earth Resources. 369 pp.

International Society of Rock Mechanics, Commission on Laboratory Tests.
1979. Suggested Method for Determining Water Content, Porosity,
Density, Adsorption and Related Properties and Swelling and Slake-
Durability Index Properties. Lisbon: Intern. Soc. for Rock. Mech.

Ishido, T., and H. Mizutani. 1981. 'Experimental and Theoretical Basis
of Electrokinetic Phenomena in Rock-Water Systems and its Application
to Geophysics.' J. Geophys. Res. 86:1763-1775.

23



Ishido, T. and 0. Nishizawa. 1984. 'Effects of Zeta Potential on Micro-
crack Growth in Rock Under Relatively Low Uniaxial Compression.'
J. Geophys. Res. 89:4153-4159.

Iwai, K. 1976. Fundamental Studies of Fluid Flow through a Single Frac-ture (PH.D. thesis). Berkeley: University of California. 232 pp.Jaeger, C. 1979. Rock Mechanics and Engineering (2nd ed.). Cambridge,
England: Cambridge University Press. 513 pp.

Jaeger, J.C., and N.G.W. Cook. Fundamentals of Rock Mechanics. London:
Methuen and Co. 585 pp.

Jednacak, J., and V. Pravdic. 1974. "The Electrokinetic Potential ofGlasses in Aqueous Electrolyte Solutions.* J. Colloid. Interface
Sci. 49:16-23.

Jenne, E.A. ed. 1979. Chemical Modeling in Aqueous Systems-Speciation,
Sorption, Solubility and Kinetics (Series 93). Washington, D.C.:Am. Chem. Soc. 914 pp.

Jennings, A.A., D.J. Kirkner, and T.L. Theis. 1982. 'Multicomponent
Equilibrium Chemistry in Groundwater Quality Models.' WaterResources Res. 18:1089-1096.

Johns, W.D. 1979. wClay Mineral Catalysis and Petroleum Generation.'
Ann. Rev. Earth Planet. Sci. 7:183-198.

Johns, W.D. 1982. 'The Role of Clay Mineral Matrix in Petroleum DuringBurial Diagenesis.' pp. 655-664 in Intern. Clay Conf. New York:Elsevier.
Johnson, B. 1983. Modification of Fracture Surfaces by Dissolution.'

pp. 533-545 in Rock Mechanics-Theory-Experiment-Practice
(Proceedings, 24th U.S. Symposium on Rock Mechanics). CollegeStation: Texas A&M University.

Jones, P.H. 1969. Hydrodynamics of Geopressure in the Northern Gulf ofMexico Basin.' J. Petrol. Tech. 21:803-810.
Jones, P.R. 1969. Hydrology of Neogene Deposits in the Northern Gulfof Mexico Basin (Bulletin GT-2). Baton Rouge: Louisiana WaterResources Research Institute.
Jones, T.D. 1986. 'Pore Fluids and Frequency-Dependent Wave Propagation

in Rocks.' Geophysics 51:1954-1966.
Journel, J.A., and C. Huijbrecht. 1978. Mining Geostatistics. NewYork: Academic Press. 600 pp.
Kassiff, G. , and A.B. Sharon. 1971. 'Experimental Relationship Between

Swell Pressure and Suction.' Geotechnique 21:218.
Kassiff, G., M. Livneh, and G. Wiseman. 1969. Pavements on Expansive

Clays. Israel: Jerusalem Academic Press. 218 pp.
Katchalsky, A., and P.F. Curran. 1965. Non-Equilibrium Thermodynamics

in Biophysics. Cambridge, Mass.: Harvard University Press. 248 pp.Kelly, S.F. 1957. 'Spontaneous Polarization Survey on Noranda Mines,Quebec, 1924.' pp. 290-293 in Methods and Case Histories in Mining
Geophysics (Proceedings, 6th Commonwealth Mining and Metallurgy
Congress). Montreal: Can. Inst. of Min.

Kemper, W.D. 1961. 'Movement of Water as Effected by Free Energy andPressure Gradients. II. Experimental Analysis of Porous Systems inwhich Free Energy and Pressure Gradients Act in Opposite Directions.'
Soil Sci. Soc. Am. Proc. 25:260-265.

24



Kemper, W.D., and D.E.L. Maasland. 1964. 'Reduction in Salt Content of
Solution in Passing Through Thin Films Adjacent to Charged Surfaces."
Soil Sci. Soc. Am. Proc. 28:318-323.

Kemper, W.D., and J.P. Quirk. 1972. "Ion Mobilities and Electric Charge
of External Clay Surfaces Inferred from Potential Differences and
Osmotic Flow." Soil Sci. Soc. Am. Proc. 36:426-433.

Kemper, W.D., and J.B. Rollins. 1966. 'Osmotic Efficiency Coefficients
across Compacted Clays." Soil Sci. Soc. Am. Proc. 30:529-534.

Kharaka, Y.K. 1973. 'Retention of Dissolved Constituents of Waste by
Geologic Membranes.' pp. 420-435 in Underground Waste Management and
Artificial Recharge (vol.1). Tulsa, Okla.: AAPG.

Kharaka, Y.K., E. Callender, and W.W. Carothers. 1977. "Geochemistry of
Geopressured Geothermal Waters from the Texas Gulf Coast.- pp. GI-121
to GI-165 in Proceedings, 3rd Geopressured-Geothermal Energy Confer-
ence (vol. 1).

Kharaka, Y.K., and F.A.F. Berry. 1973. 'Simultaneous Flow of Water and
Solutes through Geologic Membranes. I. Experimental Investigation.'
Geochim. Cosmochim. Acta 37:2577-2603.

Kharaka, Y.K., and W.C. Smalley. 1976. 'Flow of Water and Solutes
through Compacted Beds.' AAPG Bull. 60:973-980.

Kharaka, Y.P., and I. Barnes. 1972. SOLMNEQ--Solution-Mineral
Equilibrium Computations (PB215-899). Springfield, Va.: National
Technical Information Service.

Kilty, K.T. 1984. 'On the Origin and Interpretation of Self-Potential
Anomalies.' Geophys. Prosp. 32:51-62.

Kirkner, D.J., A.A. Jennings, and T.L. Theis. 1985. *Multisolute Mass
Transport with Chemical Interaction Kinetics.' J. Hydrology
76:107-117.

Kirkwood, J.C. 1954. 'Transport of Ions through Biological Membranes
from the Stanpoint of Irreversible Thermodynamics.' in Ion Transport
Across Membranes. New York: Academic Press.

Kitahara, A., T. Fujii, and S. Katamo. 1971. 'Dependence of Zeta-
Potential Upon Particle Size and Capillary Radius at Streaming
Potential Study in Nonaqueous Media.' Bull. Chem. Soc. Japan
44:3242-3245.

Komornik, A., and D. David. 1969. 'Prediction of Swelling Pressure of
Clays.' Proceedings, ASCE Soil Mech. and Found. Div 95:209-225.

Krishnaswami, S., W.C. Graustein, K.K. Turekian, and J.F. Gowd. 1982.
'Radium, Thorium and Radioactive Lead Isotopes in Groundwaters--Appli-
cation to the In-situ Determination of Adsorption-Desorption Rate Con-
stants and Retardation Factors.' Water Resource Res. 18:1663-1675.

Krupka, K.M. 1983. Validation of the WATEQ4 Geochemical Model for
Uranium (Report PNL-4333). Richland, Wash.: Battelle Pacific
Northwest Laboratory.

Kudryavtsev, V.S. 1966. 'On the Electrokinetic Potential of Carbonate
Rocks' pp. 36-45 in TR No. 56. Moscow, USSR: Moscov Inst.
Neftekhim. Gazov. Prom.

Lambe, T.W. 1958. 'The Engineering Behavior of Compacted Clay.' ASCE
J. Soil Mech. and Foundation Div. 84:1655-1656.

25



Lambe, T.W. 1961. 'Residual Pore Pressure in Compacted Clay.' pp. 207-
212 in Proceedings, 5th International Conference on Soil Mechanics
and Foundation Engineering (vol. 1). Paris: Dunod.

Landstrom, O., C.-E. Klockars, 0. Persson, E.-L. Tullborg, S.A. Larson, K.
Anderson, B. Allard, and B. Torstenfelt. 1983. Migration Experi-
ments in Studsvik (Tek. Rap. 83-18). Stockholm, Sweden: SKBF KBS.

Langmuir, D. 1978. 'Uranium Solution-Mineral Equilibria at Low Tempera-
tures with Applications to Sedimentary Ore Deposits.' Geochim.
Cosmochim. Acta 42:547-579.

Langmuir, D. 1986. 'Overview of Coupled Processes With Emphasis in
Geochemistry.' Coupled Processes Affecting Perf. of a Nucl. Waste
Repos. Orlando, Fla.: Academic Press (in press).

Langmuir, D., and J.S. Herman. 1980. 'The Mobility of Thorium in
Natural Waters at Low Temperatures.' Geochim. Cosmochim. Acta
44:1753-1766.

Langmuir, D., and J. Mahoney. 1985. Chemical Equilibrium and Kinetics
of Geochemical Processes in Ground Water Studies.' pp. 69-95 in
Hydrogeology, Practical Applications of Ground Water Geochemistry
(Proceedings, 1st Canadian/American Conference). Worthington, OH.:
Nat. Water Well Association.

Langmuir, D., and D.C. Melchior. 1985. wThe Thermodynamics and Geo-
chemistry of Ca, Sr, Ba and Ra Sulfates in Some Deep Brines from the
Palo Duro Basin, Texas.' Geochim. Cosmochim. Acta 49:2423-2432.

Leney, G.W. 1986. 'On 'Spontaneous Polarization Associated with
Porphyry Sulfide Mineralizations' by C.E. Corry with Reply by
Author.' Geophys. 51:1153-1155.

Lerman A. 1978. Geochemical Processes in Water and Sediment Environ-
ments. New York: Wiley-Interscience, John Wiley and Sons, Inc.
481 pp.

Letey, J., and W.D Kemper. 'Movement of Water and Salt a Through Clay-
Water System--Experimental Verification of Onsager Reciprocal
Relation." Soil Sci. Soc. Am. Proc. 33:25-29.

Lewis, R.W., C.E. Marjorana and B.A. Schrefler. 1986. 'A Coupled Finite
Element Model for the Consolidation of Nonisothermal Elastoplastic
Porous Media.' Transport in Porous Media 1:155-178.

Lindberg, R.D., and D.D. Runnells. 1984. 'Ground Water Redox Reactions--
An Analysis of Equilibrium State Applied to Eh Measurements and
Geochemical Modeling.' Sci. 225:925-927.

Lindblom, V.E. 1977. 'Experimental and Analytical Research Related to
LNG Storage in Rock Caverns.' Proceedings, 1st Intern. Symp. for
Storage in Rock Caverns--Rockstore 77. New York: Pergamon Press.

Lockner, D.A., M.J.S. Johnston, and J. D. Byerlee. 1983. 'A Mechanism
for the Generation of Earthquake Lights.' Nature 302:28-33.

Lockner, D.A. and J.D. Byerlee. 1985. 'Complex Resistivity of Fault
Gouge and its Significance for Earthquake Lights and Induced
Polarization.' GRL 12:211-214.

Long, J.C.S. 1983. Investigation of Equivalent Porous Medium Permea-
bility in Networks of Discontinuous Fractures (Ph.D. Thesis) (Report
LBL-16259). Berkeley, Calif.: Lawrence Berkeley Lab.

Lorenz, P.B. 1969. 'Surface Conductance and Electrokinetic Properties
of Kaolinite Beds.' Clays and Clay Minerals 17:223-231.

26



Low, P.F. 1961. Physical Chemistry of Clay-Water Interaction." Adv.
in Agronomy 13:269-327.

Mackey, D.M., P.V. Roberts, and J.A. Cherry. 1985 'Transport of Organic
Contaminants in Ground Water.' Envir. Sci. Tech. 19:384-392.

Madden, T.R. 1983. 'High Sensitivity Monitoring of Resistivity and Self-
Potential Variations in the Holister and Palmdale Areas for Earthquake
Prediction Studies.' pp. 355-358 in Summaries of Technical Reports,
XVII (Open File Report 830918). Reston, VA: U.S. Geol. Survey.

Mandal, T.C., and D.M. Edwards. 1971. OThe Effects of Electrokinetics
Upon Incrustation in Water Wells.' Trans. Soc. Agric. Eng.
14:442-444.

Mangold, D.C., and D.F. Tsang. 1983. 'A Study of Nonisothermal Chemical
Transport in Geothermal Systems by a Three-Dimensional Coupled Thermal
and Hydrologic Model.* Geothermal Resource Council Trans. 7:455-459.

Manheim, F.T., and M.K. Horn. 1968. 'Composition of Deeper Subsurface
Waters Along the Atlantic Continental Margin.' Southeastern Geol.
9:215-236.

Marine, I.W. 1974. 'Geology of Buried Triassic Basin at Savannah River
Plant, South Carolina.' Amer. Assoc. of Pet. Geol. Bull. 58:1825-1837.

Marine, I.W., and S.J. Fritz. 1981. 0Osmotic Head to Explain Anomalous
Hydrostatic Heads.' Water Resources Res. 17:73-82.

Martin, R.T. 1962. 'Adsorbed Water on Clay--A Review.' pp. 28-70 in
Proceedings, 9th National Conference on Clays and Clay Minerals
(vol. 17). New York: Pergamon Press.

Mazor, E. 1976. 'Atmospheric and Radiogenic Noble Gases in Thermal
Waters--Their Potential Application to Prospecting and Steam Pro-
duction Studies.' pp. 793-802 in Development and Use of Geothermal
Resources (Proceedings, 2nd U.N. Symposium on the Devel. and Use of
Geothermal Res.). Washington, D.C.: U.S. Government Printing Office.

McConnell, C.L. 1983. 'Spontaneous Potential Corrections for Ground-
water Salinity Calculations - Carter County, Oklahoma, USA.'
J. Hydrol. 65:367-369.

McKelvey, J.G., and I.H. Milne. 1962. The Flow of Salt Solutions
through Compacted Clay.' pp. 248-259 in Proceedings, 9th National
Conference on Clays and Clay Minerals. New York: Pergamon Press.

Meiser, P. 1962. 'A Method for Quantitative Interpretation of
Self-Potential Measurements.' Geophys. Prosp. 10:203-218.

Miller, C.W. 1982. 'Toward a Comprehensive Model of Chemical Transport
in Porous Media.' Mater. Res. Soc. Symp. Proc. 15:481-488.

Miller, C.W., and L.V. Benson. 1983. 'Simulation of Solute Transport in
a Chemically Reactive Heterogeneous System--Model Development and
Application.' Water Resour. Res. 19:381-391.

Milne, I.H., J.G. McKelvey, and R.P. Trump. 1964. 'Semi-permeability of
Bentonite to Brines.' Amer. Assoc. of Petr. Geol. Bull. 48:103-105.

Mitchell, J.K. 1976. Fundamentals of Soil Behavior. New York: John
Wiley and Sons. 422 pp.

Mitchell, J.K. 1986. Practical Problems from Surprising Soil Behavior,
The 20th Karl Terzaghi Lecture." ASCE J. Geotech. Eng. Div. 112:
259-289.

27



Mitchell, J.K., and R.K. Katti. 1981. "Soil Improvement--State-of-the-
Art Report. pp. 261-317 in Proceedings of 10th Intern. Conf. on Soil
Mechanics and Foundation Engineering. Stockholm.

Mitchell, J.K., J.A. Greenberg, and P.A. Witherspoon. 1973. "Chemico-
Osmotic Effects in Fine Grained Soils.' ASCE J. Soil Mech. Found.
Div. 99 (SM4):307-322.

Molochnikova, F.E., E.I. Silina, and S.G. Mokrushin. 1971. Flocculating
Capacity of Polyacrylamide Flocculating Agents and their Effect on
Electrokinetic Potential.' Kolloid. Zh. 33:248-252.

Moore, D.E., C.A. Morrow and J.D. Byerlee. 1983. "Chemical Reactions
Accompanying Fluid Flow Through Granite Held in a Temperature
Gradient." Geochim. Cosmochi. Acta. 47:445-453.

Morrey, J.R., and C.J. Hostetler. 1984. 'Coupled Geochemical and Solute
Transport Code Development' in Proceedings, Conf. on the Appli. of
Geochem. Models to High-Level Nuclear Waste Repository Assessment
(ORNL/TM-9585). Oak Ridge, Tenn.: Oak Ridge Nat. Lab.

Morrow, C.A., Z. Bo-Chong, and J.D. Byerlee. 1986. "Effective Pressure
Law for Permeability of Westerly Granite Under Cyclic Loading.'
J. Geophys. Res. 91:3870-3876.

Morrow, C.A., L. Shi, and J.D. Byerlee. 1985. 'Permeability of Fault
Gouge Under Confining Pressure and Shear Stress.' J. Geophys. Res.
89:3193-3200.

Mukhin, L.K., A.S. Sergakov, V.V. Schokov, and N.K. Titarenko. 1973.
"Electrokinetic Phenomena and their Effect on Processes Occurring
During Drilling of Wells.' Neft. Gazovaya Prom. 5:15-19.

Muller, A.B. 1985. 'International Chemical Thermodynamic Data Base for
Nuclear Applications." Radioactive Waste Management and the Nuclear
Fuel Cycle v. 6 no. 2:131-141.

Muller, A.B., I. Neretnieks, and D. Langmuir. 1984. 'Conclusions From
an NEA Workshop--The Role of Phenomelogical Sorption Modeling in
Performance Assessment of Radioactive Waste Disposal Systems.' p 10
in Proceedings, 7th Intern. Symp. on the Sci. Basis for Nucl. Waste
Man. Boston, Mass.: Materials Res. Soc.

Murray, R.C., and J.W. Cobble. 1980. 'Chemical Equilbria in Aqueous
System at High Temperatures.' pp. 295-310 in Proceedings,
International Water Conference (IWC-80-25).

Bureau of Yards and Docks. 1962. Design Manual--Soil Mechanics,
Foundations and Earth Structures (NAVDOCKS DM-7). Washington, D.C.:
U.S. Department of the Navy.

Nayfeh, A.H., D.R. Brownell, Jr., and S.K. Garg. 1975. Heat Exchange in
a Fluid Percolating Through Porous Media. Boulder: Colorado Univ.,
Dept. of Mech. Eng. 32 pp.

Neuzil, C.E., and D.W. Pollack. 1983. 'Erosional Unloading and Fluid
Pressure in Hydraulically 'Tight' Rocks.' J. Geol. 9:179-193.

Ney, P. 1973. Zeta-Potentials und Flotierbarkeit von Mineralen. New
York: Springer-Verlag. 214 pp.

Nichols, R.L., and R.L. Herbst. 1967. 'Consolidation Under Electrical-
Pressure Gradients.' ASCE J. Soil. Mech. and Found. Div. 93
(SM5):139-151.

28



Nilson, R.H. 1981. Fluid/Thermal Analysis of Steam-Driven Fracture
Propogation (SAND-81-1638). Albuquerque, NM: Sandia Nat. Lab.

Nitsan, U. 1977. OElectromagnetic Emission Accompanying Fracture-Bearing
Quartz Rocks.' GRL 4:333-336.

Noorishad, J. 1971. Finite-Element Analysis of Rock Mass Behavior
under Coupled Action of Body Forces and External Loads (Ph.D
thesis). Berkeley: Univ. of California.

Noorishad, J., P.A. Witherspoon, and T.L. Brekke. 1971. A Method for
Coupled Stress and Flow Analysis of Fractured Rock Masses (Publ.
71-6). Berkeley: Univ. of California.

Noorishad, J., C.F. Tsang, and P.A. Witherspoon. 1984. 'Coupled Thermal-
Hydraulic-Mechanical Phenomena in Saturated Fractured Porous Rock:
Numerical Approach.0 JGR 89 (B12):10365-10373.

Nordstrom, D.K., et al. 1979. "A Comparison of Computerized Chemical
Models for Equilibrium Calculations in Aqueous Systems.- pp. 856-892
in Chemical Modelling in Aqueous Systems (Symp. Ser. 93.). Amer.
Chem. Soc.

Nordstrom, D.K., and J.W. Ball. 1984. 'Chemical Models, Computer
Programs and Metal Complexation in Natural Waters." pp. 149-164 in
Complexation of Trace Metals in Natural Waters. Boston, Mass.:
Martinus Ninjhoff/Dr. W. Junk Publishers.

Nosal, E. 1982. 'Spontaneous Potential Log Response Expressed as a
Convolution.' Geophys. 47:1335-1337.

Nowacki, W. 1963. Thermoelasticity. Reading, Mass.: Addison-Wesley
Pub. Co., Inc. 628 pp.

Nye, J.F. 1957. Physical Properties of Crystals. Oxford, UK:
Clarendon Press. 322 pp.

O'Bannon, C.E., G.R. Morris, and F.P. Mancic. 1976. 'Electrochemical
Hardening of Expansive Clays.' Trans. Res. Rec. 593:46-50.

Olander, D.R. 1982. 'A Model of Brine Migration and Water Transport in
Rock Salt Supporting a Temperature Gradient.' Nuclear Tech. 58:256

Olhoeft, G.R. 1980. 'Electrical Properties of Rocks.' pp. 257-330 in
Physical Properties of Rocks and Minerals. New York: McGraw-Hill.

Olivier, J.P., and P. Sennett. 1967. 'Electrokinetic Effects in Kaoline-
Water Systems. I. The Measurement of Electrophoretic Mobility.' pp.
345-356 in Proceedings, 15th National Clays and Clay Minerals
Conference.

Olsen, H.W. 1966. 'Darcy's Law in Saturated Kaolinite.' Water
Resources Res. 2:287-295.

Olsen, H.W. 1969. 'Simultaneous Fluxes of Liquid and Charge in Saturated
Kaolinite.' Soil Sci. Soc. Am. Proc. 33:338-344.

Olsen, H.W. 1972. 'Liquid Movement Through Kaolinite Under Hydraulic,
Electric and Osmotic Gradients.' Amer. Assoc. of Petr. Geol. Bull.
56:2022-2028.

Olsen, H.W. 1985. 'Osmosis--A Cause of Apparent Deviations From Darcy's
Law.' Can. Geotech. J. 22:238-241.

Onsager, L. 1931. 'Reciprocal Relations in Irreversible Proceeses.'
Phys. Rev. 38:2265-2279.

Ortoleva, P. 1984. 'Modeling Water-Rock Interactions.' pp. 87-89 in
Proceedings, Conf. on the Appli. of Geochem. Models to High-Level
Nucl. Waste. Repos. Assess (ORNL/TM-9585). Oak Ridge, Tenn.: Oak
Ridge Nat. Lab.

29



Paces, T. 1969. 'Chemical Equilibria and Zoning of Subsurface Water
from Jachymov Ore Deposit, Checkoslovakia.' Geochim. Cosmochim. Acta
33:591-609.

Palen, W.A., and T.N. Narasimhan. 1981. The Roles of Pore Pressure and
Fluid Flow in the Hydraulic Fractures Process (Report W-7405-ENG-48.
Wshington, D.C.: U.S. Dept. of Energy. 197 pp.

Papike, J.J. 1986. Thermally Induced Chemical Migration--A Natural
Analog Approach. Washington, D.C.: U.S. Dept. of Energy. 55 pp.

Parkhurst, D.L., D.C. Thorstenson, and L.N. Plummer. 1980. PHREEQE--A
Computer Program for Geochemical Calculations (Water Res. Invest.
80-96). Denver Colo.: U.S. Geological Survey. 210 pp.

Paul, M.K. 1965. oDirect Interpretation of Self-Potential Anomalies
Caused by Inclined Sheet of Infinite Horizontal Extensions.*
Geophys. 30:418-423.

Pearson, F.J., Jr. 1984. OLinking Flow and Geochemical Models--Status
and Problems of Developing a Fully Coupled Model." The Geochemistry
of High-Level Waste Disposal in Granitic Rocks. AECL/SNRE and CEC.

Petit, C.J., M.H. Hwang, and J.L. Lin. 1986. "The Soret Effect in
Dilute Aqueous Alkaline Earth and Nickel Chloride Solutions.'
J. Thermophys. 7:687-697.

Phillips, F.M. 1983. wChlorine-36 Dating of Saline Sediments--Prelim-
inary Results from Searles Lake, California.' Sci. 222:925-927.

Phillips, S.L., C.A. Phillips, and J. Skeen. 1985. Hydrolysis, Forma-
tion and Ionization Constants at 25 Degrees C and at High Temperature-
High Ionic Strength (LBL-14996). Berkeley, Calif.: Lawrence
Berkeley Laboratory. 390 pp.

Phillips, S.L., and L.F. Sylvester. 1983. 'Use of Balanced-Like-Charges
Approach to Metal-Bicarbonate Reactions.' Inorganic Chem.
22:3848-3851.

Pigford, T.H. 1982. 'Migration of Brine Inclusions in Salt.' Nucl.
Tech. 56:93.

Pilot, G. 1977. 'Methods of Improving the Engineering Properties of Soft
Clay--State-of-the-Art.' in Proceedings, Intern. Symp. on Soft
Clay. Bangkok, Thailand.

Plumley, W.J. 1980. Abnormally High Fluid Pressure--Survey of Some
Basic Principles.' Amer. Assoc. of Petr. Geol. Bull. 64:414-430.

Plummer, L.N., B.F. Jones, and A.H. Trusdell. 1976. WATEQF--A FORTRAN
IV Version of WATEQ--a Computer Program for Calculating Chemical
Equilibrium of Natural Waters (Water Res. Invest. 76013). Denver,
Colo.: U.S. Geological Survey. 66 pp.

Poldini E. 1938. 'Geophysical Explorations by Spontaneous Polarization
Methods.' Mining Mag. 59:347-352.

Pusch, R. 1983. Stability of Deep-Sited Smectite Minerals in Crystal-
line Rock--Chemical Aspects (Tek. Rap. 83-16). Stockholm, Sweden:
SKBF KBS. 98 pp.

Pusch, R. 1983. Use of Clays as Buffers in Radioactive Repositories
(Tek. Rap. 83-46). Stockholm, Sweden: SKBF KBS. 85 pp.

Raleigh, C.B., J.H. Healy, and H.D. Bredehoeft. 1972. 'Faulting and
Crustal Stress at Rangeley, Colorado.' AGU Geophys. Monog.
16:275-284.

30



Raleigh, C.B., J.H. Healy, and H.D. Bredehoeft. 1972. 'An Experiment in
Earthquake Control at Rangely, Colorado.' Science 191:1230-1237.

Ramage, C.S. 1986. 'El Nino.' Sci. Am. 254 (6):76-83.
Rasmuson, A. and I. Neretnieks. 1983. Surface Migration in Sorption

Processes (Tek. Rap. 83-37). Stockholm, Sweden: SBKF KBS 54 pp.
Ratigan, J.L. 1984. 'A Finite Element Formulation for Brine Transport in

Rock Salt. Proc. Int. J. Numerical Anal. Methods in Geomechanics
8:225.

Reda, D.C. 1985. 'Slip-Form Experiments in Welded Tuff; The Knudsen
Diffusion Problem.' in Proceedings, Intern. Symp. on Coupled
Processes Affecting the Perf. of a Nucl. Waste Repos. Berkeley,
Calif.: Lawrence Berkeley Lab, Earth Sciences Div. (in print).

Rimstidt, J.D., and H.L. Barnes. 1980. 'The Kinetics of Silica Water
Reactions.' Geochim. Cosmochim. Acta 44:1683-1699.

Robertson, S.R. 1985. 'Nonlinear Coupled Transient Heat Conduction and
Quasi Electric Current Flow.' pp. 277-296 in Computational
Techniques in Heat Transfer. Swansa, UK: Pineridge Press Ltd.

Robie, R.A. 1978. Thermodynamic Properties of Minerals and Related
Substances at 298.15.K and 1 Bar Pressure and at Higher Temperatures
(Bull. No. 1452). Denver, Colo.: U.S. Geological Survey. 456 pp.

Rubin, J., and R.V. James. 1973. 'Dispersion-Affected Transport of
Reacting Solutes in Saturated Porous Media--Galerkin Method Applied to
Equilibrium-Controlled Exchange in Unidirectional Steady Water Flow."
Water Resources Res. 9:1332-1356.

Rubin, M.B. 1981. Experimental and Theoretical Study of Hydraulic
Fracturing in Impermeable and Permeable Materials (AC21-79MC11597).
Washington, DC: U.S. Dept. of Energy. 113 pp.

Runchal, A.K., and T. Maini. 1980. 'The Impact of a High Level Nuclear
Waste Repository on the Regional Groundwater Flow.' Int. J. Rock
Mech. Min. Sci. 17:259-264.

Sato, M., and H.M. Mooney. 1960. 'The Electrochemical Mechanism of
Sulfide Self-Potentials.w Geophys. 25:226-249.

Saxby, J.D. 1976. 'The Significance of Organic Matter in Ore Genesis.'
pp. 111-133 in Handbook of Strata-Bound and Stratiform Ore Deposits:
Volume 2 Geochemical Studies. New York: Elsevier.

Schlitt, W.J., and D.A. Schock, eds. 1979. In-Situ Uranium Mining and
Ground Water Restoration. Littleton, Colo.: Society of Mining
Engineers of AIME. 137 pp.

Schmidt, B., W.F. Daly, S.W. Bradley, P.R. Squire, and L.C. Hulstrom.
1980. Thermal and Mechanical Properties of Hanford Basalts;
Compilation and Analyses (RHO-BWI-C-90). Richland, Wash.: Rockwell
Hanford Operations. 213 pp.

Schoen, R., and D.E. White. 1965. 'Hydrothermal Alteration in GS-3 and
GS-4 Drill Holes, Main Terrace, Steamboat Springs, Nevada. Econ.
Geol. 60:1411-1421.

Schoen, R., and D.E. White. 1967. 'Hydrothermal Alteration of Basaltic
Andesite and Other Rocks in Drill Hole GS-6, Steamboat Springs,
Nevada.' pp. B110-B119 in Prof. Paper 575-B. Denver, Colo.: U.S.
Geological Survey.

31



Schulz, H.D., and E.J. Reardon. 1983. 'A Combined Mixing Cell/Analytical
Model to Describe Two-Dimensional Reactive Solute Transport for
Unidirectional Groundwater Flow." Water Resources Res. 19:493-502.

Segall, B.A., C.E. O'Bannon, and J.A. Mathias. 1980. wElectro-Osmosis
Chemistry and Water Quality." ASCE J. Geotech. Eng. Div. 106
(GT10):1148-1152.

Senseny, P.E., P.J. Cain, and G.D. Callahan. 1983. 'Influence of
Deformation History on Permeability and Specific Storage of Mesa Verde
Sandstone.' pp. 523-531 in Proceedings, 24th U.S. Symp. on Rock
Mechanics. Short Hills, NJ: Association of Engineering Geologists.

Sharma, M.M., T.F. Yen, G.V. Chilingarian, and E.C. Donaldson. 1985.
'Some Chemical and Physical Problems in Enhanced Oil Recovery Opera-
tions.' pp. 223-250 in Enhanced Oil Recovery, 1. Fundamentals and
Analyses. New York: Elsevier.

Sherard, J.L., and R.S. Decker, eds. 1977 Dispersive Clays, Related
Piping and Erosion in Geotechnical Projects (ASTM STP-623).
Philadelphia, Penn.: Am. Soc. Test. Mater. 486 pp.

Sherwood, P.T. 1962 *Effects of Sulfates on Cement and Lime-Stabilized
Soils.' Hwy. Res. Rd. Bull. 353:98-107.

Sibson, R.H. 1986. 'Earthquakes and Rock Deformation in Crustal Fault
Zones.' Ann. Rev. Earth Planet. Sci. 14:149-175.

Sidle, R.C., A.J. Pearce, and C.L. O'Loughlin. 1985. Hillslope Sta-
bility and Land Use (Water Res. Mono., v. 11). Washington, D.C.: Am.
Geo. Union. 138 pp.

Sigvaldason, G.E., and D.E. White. 1961. 'Hydrothermal Alteration of
Rocks in Two Drill Holes at Steamboat Springs, Washoe County,
Nevada.' pp. 116-122 in Prof. Paper 442-D. Denver, Colo.: U.S.
Geol. Survey.

Sill, W.R. 1982. A Model for the Crosscoupling Parameters of Rocks
(DOE/ID/12079-69). Salt Lake City: Univ. of Utah, Dept. of Geol. and
Geophys. 30 pp.

Sill, W.R. 1983.. 'Self-Potential Modelling from Primary Flows.'
Geophys. 48:76-86.

Silva, R.J., L.V. Benson, A.W. Yee, and G.A. Parks. 1979. Waste Isola-
tion Safety Assessment Program, Task 4--Collection and Generation of
Transport Data: Theoretical and Experimental Evaluation of Waste
Transport in Selected Rocks (LBL-9945). Berkeley, Calif.: Lawrence
Berkeley Lab. 108 pp.

Simpson, D.R., and J.H. Fergus. 1968. 'The Effect of Water on the
Compressive Strength of Diabase.' J. Geophys. Res. 73:6591-6594.

Simpson, D.W. 1986. OTriggered Earthquakes.' Ann. Rev. Earth Planet
14:21-42.

Skagius, K., and I. Neretnieks. 1982. Diffusion in Crystalline Rocks of
Some Sorbing and Nonsorbing Species (Tek. Rap. 82-12). Stockholm,
Sweden: SKBF KBS.

Skagius, K., and I. Neretnieks. 1983. Diffusion Measurements in
Crystalline Rocks (Tek. Rap. 83-15). Stockholm, Sweden: SKBF KBS.

Smith, C.V., Jr. 1967. 'Determination of Filter Media Zeta Potential.*
Proceedings, ASCE J. Sanit. Eng. Div. 93 (SA5):91-107.

32



Smith, P.J., and L.D. Smoot. 1981. Prediction and Measurement of Opti-
mum Operating Conditions for Entrained Coal-Gasification Processes
(Vol. II, User's Manual for a Computer Manual for 1-Dimensional Coal
Combustion or Gasification, 1-DICOG). Provo, Utah: Brigham Young
Univ. 328 pp.

Smoluchowski, M. 1914. Handbuch der Elektrizitat und Magnetismus
Leipzig: J.A. Barth.

Snethen, D., ed. 1980. Proceedings, 4th Intern. Conf. on Expansive
Soils. New York: ASCE, Expansive Soils Res. Council. 917 pp.

Sobolev, G.A., V.M. Demin, V.F. Los, and Y.Y. Maybuk. 1980. *Mechanico-
electrical Radiation of Ore Bodies." Dokl. Akad. Nauk SSSR
252:1353-1355.

Sobolev, G.A., V.M. Demin, V.F. Los, and Y.Y. Maybuk. 1982. Occurrences
of Charges on Polymetal Ores In Situ Caused by the Action of Acoustic
Waves. Dokl. Akad. Nauk SSSR 267:1340-1343.

Sobolev, G.A., V.M. Demin, V.F. Los, and Y.Y. Maybuk. 1982. Study of
the Electromagnetic Radiation of Rocks Containing Semiconductor and
Piezoelectric Minerals." Isv. Akad. Nauk SSSR, Fizika Zemli
11:72-86.

Sobolev, G.A., V.M. Demin, B.B. Narod, and P. Whaite. 1984. OTest of
Piezometric and Pulsed Radio Methods for Quartz Vein and Base-Metal
Sulfides Prospecting at Giant Yellowknife Mine, NWT and Sullivan Mine,
Kimberley, Canada.' Geophysics 49:2178-2185.

Sokolnikov, I.S. 1956. Mathematical Theory of Elasticity. New York:
McGraw-Hill Book Co., Inc. 476 pp.

Soudek, A., F.M. Jahnke, and C.J. Radke. 1984. *Ion Exchange Equilibria
and Diffusion in Engineered Backfill." pp. 172-203 in Nuclear Waste
Geochemistry '83 (NUREG/CP-0052). Washington, D.C.: Nuclear Reg.
Commission.

Sposito, G. 1981. The Thermodynamics of Soil Solutions. New York:
Claredon Press. 223 pp.

Sposito, G. 1984. The Surface Chemistry of Soils. New York: Oxford
University Press. 234 pp.

Street, N., and F.D. Wang. 1966. "Surface Potentials and Rock Strength.'
pp 451-456 in Proceedings, 1st Cong. of the Intern. Soc. for Rock
Mech. Lisbon: National Civil Engineering Laboratory.

Stumm, W., and J.J. Morgan. 1981. Aquatic Chemistry. New York:
Wiley-Interscience. 780 pp.

Swift, R.P., and D.E. Burton. 1984. Numerical Modeling of the Mechanics
of Nonlinear Porous Media Under Dynamic Loading (UCRL-53568).
Livermore, Calif.: Lawrence Livermore Nat. Lab. 34 pp.

Tamez, G.E., and R.C. Flamand. 1959. 'Excavacion con el auxilio de
Electro-Osmosis en la Ciudad de Mexico.' Proceedings, Panamerican
Conference on Soil Mechanics and Foundation Engineering. Mexico.

Tammemagi, H.Y., and H.Y. Chieslar. 1985. Interim Rock Mass Properties
and Conditions for Analysis of a Repository in Crystalline Rock
(BMI/OCRD-18). Columbus, Ohio: Battelle Memorial Institute.

Taylor, S.A., and J.W. Cary. 1964. "Linear Equations for the Simul-
taneous Flow of Matter and Energy in a Continuous Soil System.'
Proceedings, Soil Sci. Soc. Am. 28:167-172.

33



Terzaghi, K. 1968. 'Rock Defects and Loads on Tunnel Supports' pp. 17
-99 in Rock Tunnelling with Steel Support. Youngstown, Ohio:
Commercial Shearing and Stamping.

Theis, T.L., D.J. Kirkner, and A.A. Jennings. 1983. Multi-Solute Sub-
surface Transport Modeling for Energy Solids Wastes (COO-10253-3).
Notre Dame, Ind.: Department of Civil Engineering, Notre Dame
University. 143 pp.

Thornton, E.C., and W.E. Seyfried, Jr. 1983. 'Thermodiffusional Trans-
port in Pelagic Clay--Implications for Nuclear Waste Disposal in
Geolgical Media.' Sci. 220:1156-1158.

Thorstenson, D.C. 1970. 'Equilibrium Distribution of Small Organic
Molecules in Natural Waters.' Geochim. Cosmochim. Acta 34:745-770.

Toth, S.J. 1941. Flocculation and Electrokinetic Behavior of Two
Deaerrated Soil Colloids.' Soil Sci. 53:265-272.

Tsang, C.F. 1987. Proceedings of the International Symposium on Coupled
Processes Associated with Nuclear Waste Repositories. New York:
Academic Press.

Tsang, C.F., and D.C. Mangold. 1984. Panel Report on Coupled Thermo-
mechanical-Hydro-Chemical Processes Associated with a Nuclear Waste
Repository (LBL-18250). Berkeley, Calif.: Lawrence Berkeley Nat.
Lab. 89 pp.

U.S. Bureau of Reclamation. 1974. Earth Manual. Denver, Colo.: U.S.
Dept. of Interior. 810 pp.

Ucok, H. 1979. Temperature Dependence of the Electrical Resistivity of
Aqueous Salt Solutions and Solution-Saturated Porous Rocks (Ph.D.
thesis). Los Angeles: Univ. of So. California. 154 pp.

Ucok, B. 1981. 'A Laboratory Study of the Effect of Temperature
Gradient on the Development of Spontaneous-Potential in Geothermal
Wellbore.' Trans. SPWLA Annual Log. Symp. 22.

Valocchi, A.J., P.V. Roberts, G.A. Parks, and R.L. Street. 1981. 'Simu-
lation of the Transport of Ion-Exchanging Solutes using Laboratory-
Determined Chemical Parameter Values." Ground Water Res.
19:600-607.

Valocchi, A.J., F.L. Street, and P.V. Roberts. 1981. 'Transport of
Ion-Exchanging Solute in Groundwater--Chromatographic Theory and Field
Simulation.' Water Resources Res. 17:1515-1527.

Van Olphen, H. 1977. An Introduction to Clay Colloid Chemistry. New
York: Wiley-Interscience. 318 pp.

Veder, C. 1981. Landslides and Their Stabilization. New York:
Springer Verlag. 247 pp.

Vink, E. 1982. 'Theory of Electrokinetic Phenomena.0 JCFTAR
78:3115-3120.

Vochten, R., and A. Goeminne. 1984. 'Synthesis, Crystallographic Data,
Solubility and Electrokinetic Properties of Meta-zeunerite, Meta-
Kirchheimerite and Nickel-Uranylarsenate.' Phys. Chem. Minerals
11:95-100.

Vochten, R., and J. Pelsmaekers. 1983. 'Synthesis, Solubility, Electro-
kinetic Properties and Refined Crystallographic Data of Sabugalite.'
Phys. Chem. Minerals 9:23-29.

Volarovich, M.P., and G.A. Sobolev. 1969. wDirect Piezoelectric Pros-
pecting of Quartz and Pegmatitic Veins." Geoexpl. 7:241-246.

34



Walsh, M.P., L.W. Lake, and R.S. Schechter. 1982. 'A Description of Chem-
ical Precipitation Mechanisms and their Role in Formation Damage dur-
ing Stimulation by Hydrofloric Acid.' J. Petrol. Tech. 34:2097-2112.

Wan, T.Y., and J.K. Mitchell. 1976. 'Electro-Osmotic Consolidation of
Soils.* ASCE J. Geotech. Div. 102 (GT5):473-491.

Warriner, J.B., and P.A. Taylor. 1982. Modeling of Electrokinesis
(Misc. paper GL-82-13-L: AD A120453). Vicksburg, Miss.: U.S. Army
Waterways Experiment Station. 34 pp.

Waxman, M.H., and L.J.M. Smits. 1968. 'Electrical Conduction in Oil-
Bearing Shaly Sands.' J. Petr. Tech. Trans. AIME 243:107-122.

Waxman, M.H., and E.C. Thomas. 1974. 'Electrical Conductivities in
Shaly Sands; I. The Relation Between Hydrocarbon Saturation and Resis-
tivity Index; II. The Temperature Coefficient of Electrical Conduc-
tivity.' J. Petr. Tech. Trans. AIME 257:213-225.

Weiderhorn, S.M. 1967. 'Influence of Water Vapor on Crack Propagation.'
J. Am. Cer. Soc. 50:407-414.

Weiderhorn, S.M., and L.H. Bolz. 1970. 'Stress Corrosion and Static
Fatigue of Glass.* J. Am. Cer. Soc. 53:543-548.

Werme, L.O., ed. 1985. Proceedings, Workshop on Brine Migration for
the Salt Repository Project (draft). Columbus, Ohio: Battelle,
Office of Nuclear Waste Isol.

Westall, J.C., J.L. Zachary, and F.M.M. Morell. 1976. MINEQL--A Compu-
er Program for the Calculation of Chemical Equilibrium Composition of
Aqueous Systems (Tech. Note No. 18). Cambridge, Mass.: Massachu-
setts Institute of Technology, Department of Civil Engineering.

Whitacker, S. 1986. *Flow in Porous Media III--Deformable Media.'
Transport in Porous Media 1:127-154.

Wilckens, F. 1955. 'The Basis of the Self-Potential Method.' Zeits.
Geophys. 21:25-40.

Winterkorn, H.F. 1975. wSoil Stabilization.' pp. 312-336 in Foundation
Engineering Handbook. New York: Van Nostrand.

Wolery, T.J. 1979. Calculations of Chemical Equilibrium Between
Aqueous Solutions and Minerals--the EQ3/6 Software Package (report
UCRL-52658). Berkeley: Univ. of California.

Wolery, T.J. 1980. Chemical Modeling of Geological Disposal of Nuclear
Waste--Progress Report and a Perspective (report UCRL-52748).
Berkeley: Univ. of California.

Wolery, T.J. 1983. EQ3NR--a Computer Program for Geochemical Aqueous
Speciation-Solubility Calculations--A User's Guide and Documentation
(report UCRL-53414). Berkeley: Univ. of California.

Wood, B.J., and J.V. Walther. 1983. 'Rates of Hydrothermal Reactions.'
Sci. 222:413-415.

Woods, R. 1981. 'Mineral Flotation: Comprehensive Treatise of Electro-
chemistry.' Plenum 2:571-596.

Wooltorton, F.L.D. 1951. 'Movements in the Dessicated Alkaline Soils of
Burma.' Proc. Am. Soc. Civil Eng. 116:433-469.

Wyllie, M.R.J. 1951. 'An Investigation of the Electrokinetic Component
of the Self-Potential Curve.' Trans. AIME 192:1-18.

Yariv. S., and H. Cross. 1979. Geochemistry of Colloid Systems.
Berlin: Springer-Verlag.

35



Young, A., and P.F. Law. 1965. *Osmosis in Argillaceous Rocks." AAPG
Bull. 4:1004-1007.

Yungul, S. 1950. 'Interpretation of Spontaneous Polarization Anomalies
Caused by Speroidal Orebodies.0 Geophys. 15:237-246.

Zablocki, C.J. 1976. OMapping Thermal Anomalies on an Active Volcano by
the Self-Potential Method, Kilaeuea, Hawaii. pp. 1299-1309 in
Proceedings, 2nd U.N. Symposium on Development and Utilization of
Geothermal Resources (vol. 2). Washington, DC: U.S. Dept. of
Energy.

Zaikowski, A., B.J. Kosanke, and N. Hubbard. 1984. 'Scientific Basis
for Radioactive Waste Management. Progress on Radiometric Dating of
Wolfcamp Brines Using HE-4 and AR-40.' Mat. Res. Soc. Symp. Proc.
26:943-940.

Zhukov, A.N. 1974. "Taking Account of the Surface Conductivity in Calcu-
lation of the Electrokinetic Potential. I. The Case of a Conical
Capillary." Kolloid ZE. 36:457-461.

Zoback, M, and B. Haimson, eds. 1983. Hydraulic Fracturing Stress
Measurements (Proceedings of a workshop). Washington, D.C.:
National Academy Press.

36




