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ABSTRACT

This report presents final results of the Geochemistry Research Project conducted at the Center for
Nuclear Waste Regulatory Analyses (CNWRA) for the Nuclear Regulatory Commission (NRC) Office
of Nuclear Regulatory Research. The study focused on experimental determinations and theoretical
interpretations of fundamental thermodynamic and kinetic properties of minerals and reactions that
characterize geochemical processes at the proposed nuclear waste repository site at Yucca Mountain and
that could affect the capacity of the site to isolate nuclear waste. Technical results are presented in three
major sections covering (i) cation exchange studies on clinoptilolite, (ii) kinetic and solubility studies on
analcime and Na-clinoptilolite, and (iii) conceptual and numerical geochemical modeling of natural and
repository systems. Experimental studies were designed to advance knowledge of the fundamental
properties of the zeolite minerals clinoptilolite and analcime through controlled tests at 25 °C, and to
interpret the data in the context of the geochemical system at Yucca Mountain. Cation exchange equilibria
were determined for clinoptilolite and binary solutions of Na® with K*, Ca?*, and Sr2* at several
solution concentrations. Results were interpreted using a Margules solid solution model for clinoptilolite
coupled with a Pitzer activity coefficient model for aqueous solutions. Experimental data for analcime
and clinoptilolite dissolution rates were interpreted using postulated rate mechanisms, and corresponding
rate constants were determined. Dissolution rate data for analcime can be rationalized by alternate
mechanisms which invoke either the presence of ultrareactive material or rate dependence on aqueous
aluminum. Reversed solubility determinations were interpreted to obtain equilibrium constants for
dissolution reactions and standard state Gibbs free energies of formation of the minerals. The measured
solubility of analcime differs significantly from values based on thermodynamic data reported in the
literature. A provisional equilibrium constant for the Na-clinoptilolite dissolution reaction is comparable
to an estimated value reported in the literature and employed in reaction-path modeling in this report.
Derived thermodynamic properties permit evaluations of waters from the Yucca Mountain environment.
In some circumstances, zeolite compositions can be used to determine coexisting water compositions.
Limited chemical analyses indicate that the natural groundwaters appear to be at equilibrium with
analcime. Employing principles of thermodynamics, reaction kinetics, mass transfer, and mass transport,
computational models were developed using EQ3/6 to explore the evolution of the natural geochemical
system, and the geochemical processes that are likely to occur under repository. conditions. The natural
system model for Yucca Mountain was based on interpretations of geochemical data from the site. Models
for dissolution of volcanic glass in water with a calcium-enriched initial composition, coupled with growth
of secondary clinoptilolite and smectite, provide reasonable representations of observed groundwater and
clinoptilolite compositions at Yucca Mountain. Reaction-path models of the heated repository system and
for a boiling groundwater solution predict feldspar dissolution; precipitation of calcite, clinoptilolite, and
smectite, and evolution of solution compositions toward increased sodium bicarbonate concentrations and
pH. When vaporization is 95- to 99.6-percent complete the model solution becomes dominated by mixed
sodium bicarbonate and sodium carbonate at pH>9. All initial project objectives were substantially
achieved. The understanding gained will be useful in resolution of key technical uncertainties related to
repository licensing that have been identified by the NRC.
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EXECUTIVE SUMMARY

This report presents final results of the Geochemistry Research Project conducted at the Center for
Nuclear Waste Regulatory Analyses (CNWRA) for the Nuclear Regulatory Commission (NRC) Office
of Nuclear Regulatory Research. The study focused on experimental determinations and theoretical
interpretations of fundamental thermodynamic and kinetic properties of minerals and reactions that
characterize geochemical processes at the proposed nuclear waste repository site at Yucca Mountain and
that could affect the capacity of the site to isolate nuclear waste. Following a brief introduction giving
the programmatic context of the research and a list of project objectives, technical results are presented
in three major sections covering (i) cation exchange studies on clinoptilolite, (ii) kinetic and solubility
studies on analcime and Na-clinoptilolite, and (iii) conceptual and numerical geochemical modeling of
natural and repository systems. A concluding section summarizes the manner in which each of the initial
project objectives was addressed and the relations between research results and regulatory requirements
identified by the NRC.

The presence of zeolite minerals has been widely cited as a favorable characteristic with regard to
isolation of nuclear wastes at Yucca Mountain. Generally this class of minerals possesses a large potential
for ion exchange. Hence their widespread occurrence at Yucca Mountain may constitute a barrier to
radionuclide migration. In addition, zeolites are the dominant product of natural geochemical alteration
of the rocks at Yucca Mountain. Understanding this alteration process provides an indication of changes
to the Yucca Mountain system that may occur as a consequence of repository-induced thermal loading
and fluid circulation. Furthermore, groundwater chemistry would have a fundamental influence on
repository performance through impacts on container and waste form alteration and radionuclide solubility
and speciation. Interactions with zeolites are likely to provide an important control on groundwater
chemistry, and zeolite chemistry may yield indications of the chemical properties of groundwater in the
natural system. ‘

The objective of original experimental studies was to advance knowledge of the fundamental properties
of the zeolite minerals clinoptilolite and analcime through controlled experimentation at 25 °C, and to
interpret the data in the context of the geochemical system at Yucca Mountain. Experiments were
designed and conducted to measure cation exchange equilibria between clinoptilolite and binary solutions
of Nat with K¥, Ca?*, and Sr2* at a variety of total solution concentrations. Results of ion exchange
experiments and interpretations demonstrate that a solid solution model for zeolite minerals based on a
Margules-type of thermodynamic formulation, coupled with an activity coefficient model for aqueous
solutions (e.g., Pitzer model), can successfully describe and predict ion exchange equilibria between
aqueous solutions and clinoptilolite over a wide range of solution composition and concentration, at least
for binary ion exchange reactions. The model also permits prediction of groundwater cationic
compositions based on compositions of zeolites that equilibrated with the solutions, at least for systems
that are close to binary (two-cation) mixtures.

Experimental data show that analcime dissolution and growth are approximately stoichiometric in
experimental solutions with elevated pH and Na™ concentrations. Mass transfer data indicate that no solid
phases other than analcime influenced analcime dissolution and growth experiments at aqueous SiO,
concentrations less than approximately 4 ppm. However, attempts to precipitate analcime from
supersaturated solutions at SiO, concentration of approximately 30 ppm apparently led to precipitation
of a mineral other than analcime with lower solubility.
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The dissolution rate data for analcime cannot be rationalized using a fixed preaffinity rate constant. Two
dissolution mechanisms were hypothesized to account for this result, and both provide reasonable
regressions of the mass transfer rate data. The variably reactive materials hypothesis invokes the presence
of a significant mass of material that reacts rapidly and dissolves completely. Its rate of dissolution
decreases as its mass and surface area decrease. The bulk material is hypothesized to react in parallel with
the ultrareactive material but accords to a much smaller rate constant. In the aluminate-dependent reaction
hypothesis the reaction rate is presumed to be inversely proportional to the square of the AI(OH),~
activity. Existing data do not permit a selection among these models or other possibie mechanisms that
would decrease reaction rate under conditions that are far from equilibrium.

The equilibrium solubility of analcime was closely approached from both undersaturation and
supersaturation. Interpretation of the aqueous solution data permits extraction of the equilibrium constant
and standard state Gibbs free energy for the analcime dissolution reaction. The standard state Gibbs free
energy of formation of analcime can also be extracted using established properties for the aqueous
species. However, this value depends strongly on the stoichiometry adopted for the equilibrated analcime.
The equilibrium solubility of analcime obtained in this study differs significantly from values based on
thermodynamic data reported in the literature.

Release of Si in Na-clinoptilolite dissolution studies follows a systematic pattern of decreasing rate with
increasing solution concentration and approach to equilibrium. The time-dependent data can be
rationalized using a conventional dissolution rate equation. Release of Al, however, is orders of
magnitude less than that of Si, indicating incongruent dissolution.

Attempts to determine the solubility of Na-clinoptilolite were complicated by precipitation of an
unidentified, low-solubility, Al-bearing 'phase in the experiments, as indicated by mass transfer relations
and thermodynamic interpretation of the data. Nevertheless, the data were interpreted as providing a
reversal of the equilibrium state. A provisional equilibrium constant and corresponding standard Gibbs
free energy for the dissolution reaction were extracted from the data, adopting plausible assumptions
about the composition of the equilibrated clinoptilolite. Within limits of reasonable uncertainty, the value
of the equilibrium constant is equivalent to one based on theoretical estimates of the properties of Na-
clinoptilolite reported in the literature and employed in reaction-path modeling in this report.

Natural groundwater chemical data from the vicinity of Yucca Mountain and from Oasis Valley were
interpreted thermodynamically. Solutions have aqueous silica activities that vary over a small range at
a value greater than that corresponding to mutual equilibration of analcime and Na-clinoptilolite. Limited
groundwater chemical analyses that include data for aluminum indicate that the natural waters appear to
be at equilibrium with analcime using thermodynamic data derived in this study. However, the natural
waters are supersaturated with respect to the provisional Na-clinoptilolite solubility and with respect to
the solubility of analcime based on thermodynamic data reported in the literature.

Conceptual and numerical modeling of the environment of the proposed repository at Yucca Mountain
provides insights into geochemical processes of significance to repository performance. Modeling also
provides predictions of the evolution of the geochemical environment through the period of repository
perturbations and regulatory concern. A general description of the geochemical system at Yucca Mountain
was developed based on literature review to identify geochemical processes that are important in the
evolution of this system. This framework was used to develop the conceptual basis for quantitative
reaction-path models for the natural Yucca Mountain system and the heated repository system. Employing
principles of thermodynamics, reaction kinetics, mass transfer, and mass transport, computational models
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were developed using EQ3/6 to explore the evolution of the natural geochemical system and the
geochemical processes that are likely to occur under repository conditions.

The dominant geochemical process at Yucca Mountain is alteration of volcanic glass to clinoptilolite and,
with increasing depth, to analcime. Several lines of evidence indicate that altered rocks at Yucca
Mountain are enriched in calcium derived from the ground surface and transported to depth in infiltrating
groundwater. Calcite is an occasional secondary mineral, occurring notably in fractures and as coatings
near the ground surface. Young calcite with isotopic characteristics similar to soil-zone calcite occurs at
depth in the unsaturated zone. Unaltered Paintbrush Tuff from Yucca Mountain generally contains less
than 1 percent CaO by weight, whereas rocks that have been partially altered to zeolites and/or clays
typically contain CaO at 3 to 4 percent. The large differences in calcium concentrations indicate that it
is added to the altered rocks from an external source. In general, alteration minerals, notably zeolites,
are enriched in calcium at higher positions in the volcanic section above the water table, and become
richer in potassium and sodium with depth. Similar relations are observed for other alkaline earth metals,
including magnesium and strontium. Variations in groundwater compositions also support a mechanism
of alkaline earth metasomatism.

A numerical mass-transfer model for the genesis and evolution of groundwater and alteration minerals
like those at Yucca Mountain consists of irreversible dissolution of alkali feldspar, as a chemical analog
of volcanic glass in a silica-buffered system, in water with a calcium enriched initial composition, coupled
with reversible growth of a secondary stable or metastable solid phase assemblage. Dominant secondary
minerals in the upper diagenetic levels of Yucca Mountain are clinoptilolite and smectite. This set of
minerals precipitates in the model when solutions are calculated to be saturated with respect to them.
After calibration, the natural system reaction-path model reasonably represents observed ranges and
relative variations of major groundwater components of the saturated zone tuffaceous aquifer at Yucca
Mountain. Computed clinoptilolite compositions also correspond well to those observed at Yucca
Mountain. The absence of calcite precipitation is consistent with its sparse occurrence in tuffs at Yucca
Mountain, and general undersaturation with respect to calcite of the saturated zone tuffaceous aquifer
groundwaters at Yucca Mountain. Smectites in the unsaturated zone at Yucca Mountain are commonly
rich in sodium, which is also consistent with model results.

Two likely changes to the mineralogical system at Yucca Mountain due to repository heating would be
precipitation of calcite and partial alteration of glass or feldspars to secondary minerals such as zeolites.
Transient calcite precipitation due to heating may occur over widespread areas of the mountain over long
time periods. Alteration of volcanic glass is the dominant diagenetic process that has occurred naturally
at Yucca Mountain, and additional alteration is likely to be provoked by heating and heat-induced fluid
circulation. Mineralogical changes would in turn have potential effects on fluid flow and retardation of
radionuclide migration as well as on water chemistry.

Reaction-path models of the heated repository system, and for a boiling groundwater solution, illustrate
plausible variations in gas, water, and rock geochemistry that could affect container and waste form
performance and radionuclide migration in a repository at Yucca Mountain. Initial conditions for the
heated repository model were based on results of the natural system model. Temperature and CO,
fugacity variations as a function of time were imposed on the modeled geochemical system at a point
above the repository horizon. Dominant model predictions include feldspar dissolution, precipitation of
calcite, clinoptilolite and smectite, and evolution of solution compositions toward increased sodium
bicarbonate concentrations and pH. Alternate computations showed that model results for the heated
repository system are somewhat sensitive to reaction rate parameters and strongly sensitive to CO,
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pressures which influence pH and reaction rates. A reaction-path model for vaporization of water in the
heated repository indicates precipitation of calcite, clinoptilolite, and cristobalite. Changes in aqueous
solution composition are relatively small until over 80 percent of the water is vaporized. Dramatic
changes occur between 95- and 99.6-percent evaporation, as the solution becomes dominated by mixed
sodium bicarbonate and sodium carbonate at pH > 9.

All initial project objectives have been substantially achieved through an integrated and multifaceted
approach of original experimentation, theoretical interpretation of experimental and field data, and
geochemical system modeling. An improved understanding has been developed of the properties of
minerals and reactions that characterize natural alteration processes at the proposed nuclear waste
repository site at Yucca Mountain and that could affect the capacity of the site to isolate nuclear waste.
This understanding will be useful in resolution of key technical uncertainties (KTUs) related to repository
licensing that have been identified by the NRC.
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FOREWORD

This technical report was prepared by the Center for Nuclear Waste Regulatory Analyses JCN B6666)
under its Geochemistry Research Project with the Waste Management Branch in the Office of Nuclear
Regulatory Research. The report presents the project’s final results, focusing on experimental
determinations and theoretical interpretations of fundamental thermodynamic and chemical properties of
minerals and reactions that characterize geochemical processes at the proposed high-level radioactive
waste (HLW) site at Yucca Mountain, NV, and could affect the capacity of the site to isolate HLW.

NUREG/CR-6288 is not a substitute for NRC regulations, and compliance is not required. The
approaches and/or methods described in the NUREG/CR are provided for information only. Publication
of this report does not necessarily constitute NRC approval of or agreement with the information
contained herein. ‘
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1 INTRODUCTION

The Nuclear Regulatory Commission (NRC) is mandated by the Nuclear Waste Policy Act (NWPA), as
amended, to review the U.S. Department of Energy’s (DOE) license application to construct and operate
a mined geologic repository for the disposal of high-level radioactive waste (HLW), to conduct a licensing
hearing, and to make a construction authorization decision. Relevant to this mission, the NRC HLW
program undertakes independent research to develop the licensing tools and technical bases necessary to
judge the adequacy of the DOE license application, to ensure a sufficient understanding of the basic
physical processes that occur or may occur at the proposed geologic repository, and to maintain an
independent, but limited, confirmatory research capability.

The regulatory requirements set forth in Title 10 Part 60 of the Code of Federal Regulations (10 CFR
Part 60) require the geologic setting of a HLW repository to exhibit an appropriate combination of
geochemical conditions to provide determination of reasonable assurance of isolation of the waste. At
present, Yucca Mountain, Nevada, is being investigated as a possible site for a HLW repository.
Information on the geochemistry of the proposed site is important in many areas of the HLW program,
such as site characterization, performance assessment, and design. For example, geochemical conditions
and processes may significantly affect the performance of both the natural and engineered components
of the multiple barrier system for waste containment and isolation. Groundwater interactions with the
waste form, waste package, and surrounding rocks may influence the release rates of radionuclides from
the waste form and engineered barriers. The long-term stability of seals, backfills, and other underground
facility components are affected by geochemical processes. Furthermore, migration of radionuclides as
dissolved constituents or particulates/colloids in groundwater or in the gas phase is strongly affected by
the chemical characteristics of the geologic system and by geochemical processes such as sorption,
dissolution/precipitation, and ion exchange reactions. Thus, understanding the geochemistry of the
geologic system is fundamentally important in evaluating the suitability of Yucca Mountain, Nevada, as
a HLW repository.

In support of the NRC HLW program, the Center for Nuclear Waste Regulatory Analyses (CNWRA)
has conducted research activities during the period 1988 to 1994, as part of the NRC-funded
Geochemistry Research Project. The general objectives of the project were to:

¢ Understand the ambient geochemical conditions and processes at the proposed HLW
repository site

¢ Understand the geochemical conditions and processes affecting the transport of radionuclides
through the geologic setting and the release of radionuclides to the accessible environment

¢ Understand the geochemical conditions and processes which may affect the performance of
the waste packages and engineered barrier system and therefore affect the radionuclide
source term

e Recognize and evaluate issues and uncertainties in predictive geochemical models used in
assessment of the performance of the proposed HLW repository in regard to isolation of the

waste




Information derived from the Geochemistry Research Project will aid in identifying and resolving
technical issues and uncertainties associated with the NRC licensing of the proposed repository. The goal
of the project was to develop the technical knowledge base and to perform investigations which will give
the CNWRA the capabilities to support the NRC provision of appropriate, timely prelicensing guidance
to the DOE, and to support the NRC in evaluation of geochemical information presented in the DOE
licensing submittals. These capabilities will enable the NRC to regulate and make licensing decisions from
an appropriately informed technical position concerning the disposal of HLW, as dictated by the NWPA.

The Geochemistry Research Project was initiated with both experimental and modeling tasks and the
following specific objectives were identified at the outset of the project.

¢ Establish similarities and differences between chemical compositions of water in the
unsaturated zone in the tuff, and water in nearby similar rocks that are fully saturated

Establish a reference chemical composition (or range of compositions) for water in
unsaturated, fractured rock that can be used to constrain the initial solvent composition in
experimental work, and in corrosion studies performed in the CNWRA Integrated Waste
Package Research Project

Assess potential effects of open-system CO, behavior on the chemical composition of fluids
and solids in unsaturated, fractured tuff

Identify and characterize solid phases in the tuff that may control groundwater chemistry
and/or radionuclide mobility

Evaluate conceptual models of the geochemical evolution of water in the unsaturated,
fractured tuffs at the repository candidate site from prior to waste emplacement through
operation, closure, and post-emplacement time

Develop a theoretically based understanding of relevant gas-water-rock reactions, and the
capacity to make predictions of the evolution of the geochemical systems of concern

Interpret and evaluate experimental and field data from studies of gas-water-rock
interactions, including those conducted for and by the DOE HLW program

Identify key geochemical parameters for which data are either lacking or inadequate and for
which experimental studies are necessary

Develop constraints of initial conditions, time periods, water-rock ratios, fluid and gas
compositions, etc., in order to support and direct experimental activities in this project and
research in other CNWRA projects such as natural analog and waste package performance
studies

Directly measure key parameters for characteriiing the relevant geochemical systems and
their evolution for which necessary data are either lacking or of insufficient accuracy-

Support and validate the geochemical modeling described in the modeling task
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e Provide an experimental database with which to independently judge the geochemical work
by the DOE on HLW isolation

These objectives have been addressed through an integrated, multifaceted research project focusing on
the fundamental properties of major mineralogical constituents and the processes of geochemical alteration
at Yucca Mountain. In particular, the presence of zeolite minerals has been widely cited as a favorable
characteristic with regard to isolation of nuclear wastes at Yucca Mountain. Generally this class of
minerals possesses a large potential for ion exchange. Hence their widespread occurrence at Yucca
Mountain may constitute a barrier to radionuclide migration. In addition, zeolites are the dominant
product of natural geochemical alteration of the rocks at Yucca Mountain. Understanding this alteration
process provides an indication of changes to the Yucca Mountain system that may occur as a consequence
of repository-induced thermal loading and fluid circulation. Furthermore, groundwater chemistry would
have a fundamental influence on repository performance through impacts on container and waste form
alteration, and radionuclide solubility and speciation. Interactions with zeolites are likely to provide an
important control on groundwater chemistry, and zeolite chemistry may yield indications of the chemical
properties of groundwater in the natural system. Despite these basic geochemical issues with regard to
HLW disposal at Yucca Mountain, the fundamental properties of the primary zeolite minerals at Yucca
Mountain remained poorly understood at the outset of this project. Geochemical modeling studies focused
on development of multicomponent system models calibrated on mineral, water, and gas chemistry from
the site and extrapolated to predict the geochemical evolution of the nonisothermal repository system over
thousands of years. Geochemical modeling of the repository system provides a necessary basis for
assessments of waste package and waste form alteration processes, radioelement solubilities and
speciation, and retardation of radionuclide migration. Nevertheless, quantitative representations of the
genesis of mineral aiteration at Yucca Mountain had received limited development, and theoretically based
predictive models were lacking for gas-water-rock interactions in the natural and potential repository
systems at Yucca Mountain. These basic technical issues were addressed in an effort to achieve the
objectives of the project.

This report presents major technical results and information derived from the Geochemistry Research
Project in three sections. Section 2 presents original experimental and thermodynamic modeling studies
on ion-exchange reactions between aqueous solutions and the zeolite mineral clinoptilolite. Section 3
presents new experimental and modeling results on the dissolution kinetics and solubility of analcime and
clinoptilolite. Section 4 presents conceptual and numerical models for the natural geochemical
environment at Yucca Mountain. Numerical geochemical models are then extended to provide predictions
of the behavior of the gas-water-rock system at Yucca Mountain under potential repository conditions.
The final section (Section 5) addresses the results of the research project from the perspective of the NRC
regulatory concerns and needs. Also in Section 5 is a discussion of the manner in which each of the
specific objectives established at the inception of the project was addressed in this research project.

Intermediate results of the project have been published in NRC and CNWRA research progress reports,
peer-reviewed publications, and conference proceedings [Pabalan and Murphy (1990); Patrick (1990
a,b,c; 1991 a,b,c,d; and 1993 a,b); Sagar (1993 a,b); Murphy et al. (1992), Murphy (1994); Pabalan
(1991, 1994); Pabalan and Bertetti (1994); and Murphy et al. (1994)']. Additional papers are in
preparation. Nevertheless, this document is basically self-contained.

lMurphy, W.M., R.T. Pabalan, J.D. Prikryl, and C.J. Goulet. 1994. Reaction kinetics and thermodynamics
of aqueous dissolution and growth of analcime and clinoptilolite at 25 °C. Submitted to American Journal of
Science.
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2 ION-EXCHANGE EXPERIMENTS BETWEEN
CLINOPTILOLITE AND AQUEOUS SOLUTIONS OF
Na*, K*, Ca’*, AND Sr2* 1

Zeolite minerals are recognized as some of the most important authigenic silicates in altered pyroclastic
and volcaniclastic rocks (Surdam, 1977; Hay, 1977, 1978; Mumpton, 1978; Surdam and
Sheppard, 1978). These are mostly formed by reaction of pore waters with volcanic glass, and by
alteration of pre-existing feldspars, feldspathoids, poorly-crystalline clays, and biogenic silica (Hay, 1978;
Mumpton, 1978; Tschernich, 1992). Because of their well-known ion-exchange properties and favorable
selectivities toward alkali and alkaline earth radionuclides such as °Cs, 13/Cs, and %Sr (Ames, 1964
a,b), the potential siting of a geologic repository for HLW at Yucca Mountain, Nevada, which is
underlain by diagenetically-altered, zeolite-rich rhyolitic tuffs (Broxton et al., 1986, 1987), has focused
attention on the possible importance of zeolite minerals such as clinoptilolite, heulandite, and mordenite
as barriers to radionuclide migration from the repository horizon to the accessible environment. Measured
compositions of zeolite minerals at Yucca Mountain show lateral and vertical variations, for example, Na-
K-bearing and increasingly Na-rich with depth on the western side and Ca-K-bearing and increasingly Ca-
rich with depth on the eastern side of Yucca Mountain (Broxton et al., 1986, 1987). Because ion-
exchange properties of zeolites depend on factors including solid and aqueous phase compositions as well
as aqueous solution concentrations, spatial variations in zeolite composition that have been observed at
Yucca Mountain and natural or repository-induced changes in groundwater chemistry may influence the
effectiveness of zeolite minerals as agents for retardation of radionuclide migration.

In addition, because the characteristic three-dimensional pore system and large pore apertures of zeolites
allow relatively easy exchange of certain cations between aqueous solutions and intracrystalline exchange
sites, groundwater chemistry can be altered by ion-exchange interactions with zeolite minerals. For
example, a study by Sturchio et al. (1989) demonstrated that ion-exchange interactions between thermal
waters and zeolites controlled the distribution of 2°Ra and Ba in the Yellowstone hydrothermal
environment. White et al. (1980) showed that groundwater compositions at Rainier Mesa, which is
located 50 km north-northeast of Yucca Mountain, became enriched in Na and depleted in Ca and Mg
after passing through alteration zones containing zeolites and smectites. Also, the observed systematic
compositional variations in zeolite minerals at Yucca Mountain have been attributed partly to
ion-exchange interactions with groundwater (Broxton et al., 1987). The alteration of groundwater
chemistry by interactions with zeolite minerals can potentially affect the stability of engineered materials
in the near field and the transport/retardation of radionuclides in the far-field environments of the

proposed repository.

Furthermore, uncertainties exist in determining groundwater chemistries in the vadose zone at Yucca
Mountain due to problems inherent in current techniques used to sample pore waters from unsaturated
media (Yang et al., 1988; Edmunds et al., 1992; Peters et al., 1992; Puchelt and Bergfeldt, 1992). It may
be possible to reduce these uncertainties by investigating groundwater/zeolite equilibria through
ion-exchange experiments coupled with thermodynamic modeling. Through these studies, it may be
possible to calculate groundwater compositions based on chemical analysis of coexisting zeolite phases.

IParts of this chapter have been published in Pabalan (1991, 1994) and Pabalan and Bertetti (1994).
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To provide a thermodynamic basis for understanding zeolite-water interactions in geologic systems,
lon-exchange experiments were conducted between the zeolite mineral clinoptilolite and aqueous solutions
of Na*, K+, Ca?*, and Sr2™. Clinoptilolite was selected for study because it is the predominant zeolite
mineral present in altered pyroclastic and volcaniclastic rocks (Mumpton, 1978; Mumpton and
Ommsby, 197 8), particularly those present at Yucca Mountain, Nevada (Broxton et al., 1986, 1987). Na™,
K*, and Ca?* are commonly the major cationic constltuents of groundwater, mcludmg those at Yucca
Mountain (Ogard and Kerrisk, 1984), whereas Sr (t;,=29.1 yr) is an important fission product
(Kerrisk, 1985) whose potential release to the environment, particularly at t <300 yr after disposal, poses
a serious health risk due to its high fission yield and mobility in aqueous systems Although some data
on ion-exchange between clinoptilolite and aqueous solutions of Na*, K*, Ca?*, and Sr2* are available
(Ames, 1964 a,b; White, 1988), these were derived for single—solutlon concentrauons only. In addition,
the experiments of White (1988) indicated nonreversibility for exchanges involving Na*/K* and
Na*/Ca?*; hence, equilibrium thermodynanncs were not applied to these data.

The present study was designed to investigate the effects on the exchange equilibrium of changes in total
solution concentration, relative concentrations of exchangeable cations in solution, and anionic
composition. Another goal was to test the use of an empirical Margules thermodynamic formulation for
zeolite solid solutions for describing and predicting ion-exchange equilibria. Because the Margules
formulation can be easily extended to ternary and more complicated systems, it may be useful for
modeling ion-exchange equilibria in multicomponent geochemical systems such as that of Yucca
Mountain, Nevada. :

2.1 EXPERIMENTAL PROTOCOL

2.1.1 Materials Characterization and Pretreatment

Although clinoptilolite is a common mineral in volcanic-sedimentary rocks, its occurrence in
macrocrystalline form is rare (Gottardi and Galli, 1985; Tschernich, 1992). Therefore, ion-exchange
studies on clinoptilolite typically used specimens of clinoptilolite-rich zeolitic tuffs. In this study,
zeolitized tuffs from six localities were initially characterized by x-ray diffraction (XRD), petrographic
analysis, and scanning electron microscopy (SEM). Specimens from four localities, namely: (i) Hector,
California; (ii) Barstow, California; (iii) Death Valley Junction, California; and (iv) Castle Creek, Idaho,
were obtained from Minerals Research Company. Additional specimens from Tilden, Texas, and
Buckhorn, Grant County, New Mexico, were obtained from Zeotech Corporation. The samples from
different localities contained differing amounts of clinoptilolite, which is mostly well-crystallized and has
replaced the glass in poorly welded tuffs. The clinoptilolite, however, is very fine-grained, and well-
formed crystals on the order of 10 to 30 um in length occur only in vugs or in voids previously occupied
by glass shards. Other phases identified in the specimens are mordenite, quartz, smectite, 1lhte
plagioclase, K-feldspar, gypsum, dolomite, calcite, halite, and unaltered volcanic glass.

The samples from Death Valley Junction, California, contained the fewest impurities and were
selected for use in preparing purified clinoptilolite for the ion-exchange experiments. Powdered material
was prepared by first using a rock hammer to break the as-received samples into pieces less than
one-third of an inch in diameter. These small pieces were then ground in a Spex #8000 Mixer/Mill using
a tungsten carbide vial and sieved using a Ro-Tap sieve shaker and 8-in.-diameter stainless-steel sieves
into five size ranges: (i) 35-100 mesh (500-150 um), (ii) 100-200 mesh (150-75 pm), (iii) 200~325 mesh




(75-45 pm), (iv) 325-450 mesh (45-32 pm), and (v) <450 mesh (<32 um). Sieving was repeated
several times to minimize the retention of grains of a particular size with grains in a larger size range.

Using the 100-200 mesh-size fraction, the material was first treated with 1 N sodium acetate
buffer (pH adjusted to 5) to dissolve any carbonate minerals. Other mineral impurities were then
separated from clinoptilolite by density separation using heavy liquid mixtures of tetrabromoethane and
NN-dimethyl formamide (Hutchison, 1974). The 100-200 mesh-size fraction was found to provide good
separation between clinoptilolite and other solid phases. The clinoptilolite was washed several times with
acetone with the aid of an ultrasonic cleaner, and was rinsed with deionized water. Subsequently, iron
oxide minerals were dissolved using a sodium dithionite-citrate-bicarbonate mixture (Mehra and

- Jackson, 1960).

Near homoionic Na-clinoptilolite was generated by treating 40-g batches of the purified material
with 400 ml of 3-m NaCl solution in 500-ml polypropylene bottles. The bottles were continuously
agitated in a constant-temperature shaker water bath maintained at 90 °C for about 2 wk. The NaCl
solution was replaced every 2 days. The clinoptilolite powders thus treated were washed several times
with deionized water at 90 °C to eliminate excess NaCl, dried in an oven at about 65 °C, and then
equilibrated with water vapor over saturated NaCl solution in a desiccator until constant mass was attained
(~10 days). This last step was necessary to provide a constant zeolite water content prior to both
chemical analysis and initiation of ion-exchange experiments. No secondary mineral phases were observed
to have formed during pretreatment as determined by SEM and XRD.

Subsequent to lithium metaborate fusion and dissolution in an HCI/HNO; matrix, the
compositions of the original (untreated), the purified, and the Na-form clinoptilolite samples were
analyzed by inductively-coupled plasma (ICP) emission spectrometry. The results are given in Table 2-1.
The water content of Na-clinoptilolite was determined by weighing three samples in self-sealing quartz
crucibles before and after heatmg at 900 °C for 2 hr. The resulting weight percent of H,O is
15.2140.18. The chemical formula of the Na-chnoptllohte sample calculated from the analytical data
COlTeSpondS to (Nal 804K0 123)((:80 003Mg0 035)(A11 947Feo 044)(8110 002T10 004)02407 43H20 based on
24 oxygens per unit cell. For comparison, the idealized formula for the sodium-endmember. of
clinoptilolite is Na,Al,Si;70,4°8H,0.

The cation exchange capacity (CEC) of Na-clinoptilolite was derived from the zeolite analysis
given in Table 2-1. The calculation of CEC is based on the following assumptions: (i) negligible mineral
impurities are present in the sample; (ii) AP* and Fe>* substitute for Si** in the tetrahedral site and
result in a negatively charged structure and (iii) this negative charge is balanced by alkali and alkaline
earth ions such as Na™, K"’, Ca , and Mg?* in intracrystalline cation exchange sites. An additional
assumption is that the K*, Ca2* and Mg2™ present in the Na-clinoptilolite are in inaccessible exchange
sites and do not participate m the ion-exchange process. This last assumption seems reasonable
considering the Na-clinoptilolite was generated by reacting the purified clinoptilolite with NaCl solutions
at 90 °C for 2 wk, whereas the ion-exchange experiments were conducted at 25 °C. Thus, CEC is equal
to the moles of (A13"' +Fe3+) per gram of zeolite less the equivalents of (K* +Ca?™* +Mg2+) per gram,
or 2.0410.02 meq/g. Alternatively, the CEC is equal to the equivalents of Na* per gram of zeolite or
2.05+0.01 meq/g, which is equal to the former value within analytical uncertainty. The value of 2.04
meq/g was used in the following calculations.
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Table 2-1. Results of ICP analysis of clinoptilolite samples*, the Na-form was used in the ion-
exchange experiments ‘

o ——
—

Weight Percent
Purified

Component

67.26 69.13 68.28

+0.36 +0.34 +0.57
ALO, 11.10 11.38 11.28 ﬂ
+0.12 +0.06 +0.09
TiO, 0.10 . 0.06 0.04
+0.00 +0.03 +0.03
Fe,0, 0.84 0.47 0.40
~ £0.01 +0.01 +0.02 "
MgO 0.36 0.27 0.16
+0.01 +0.02 +0.03

0.09
+0.02

3.47 4.83 6.36
+0.08 +0.02 +0.04

K,0 3.51 2.77 0.66
+0.06 +0.05 +0.05

87.37 89.00 87.20
+0.03 +0.42 +0.66

*Standard deviations are based on analysis of 2, 4, and 6 samples, respectively, of untreated,
purified, and Na-exchanged clinoptilolite. Measured strontium concentrations are 16944,
58+4, and 8+2 ppm Sr for the untreated, purified, and Na-form clinoptilolite, respectively.

0.02
+0.01

0.73
+£0.04

TOTAL

2.1.2 Ion-Exchange Experiments

Experiments were conducted at 25 °C for the binary systems K*-Na*, Ca?*-Na*, and
Sr2*-Na* by equilibrating weighed amounts of Na-clinoptilolite with a series of solutions containing the
two competing cations at different equivalent concentration ratios, but at a constant normality equal to
0.005, 0.05, or 0.50 N (eq/L). Aqueous mixtures of K¥-Na*, Ca2*-Na*, and Sr>*-Na* at 0.50 N and
with equivalent cationic mole fractions of K+, Ca?*, or Sr** equal t0 0.1, 0.2, ..., 1.0, were prepared
by mass from reagent-grade KCl, NaCl, CaCl,+2H,0, or SrCly»6H,0. The 0.05- and 0.005-N solutions
were prepared by ten-factor dilutions of the 0.50- and 0.05-N mixtures, respectively. The normality of
the 0.5-N chloride solutions was checked by gravimetric titration with AgNO;. A separate set of 0.05-N
K*-Na* and Ca?*-Na* aqueous solutions was also prepared from reagent-grade KNO;, NaNOj;, and
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Ca(NO;),+4H,0. Experiments using these nitrate solutions serve to check for possible effects of anionic
composition on the ion-exchange equilibria.

The masses of clinoptilolite powder used in the experiments ranged from 0.03 to 1.8 g, and
solution volumes ranged from 5 to 250 ml. The zeolite-mass to solution-volume ratios and the aqueous
mixture compositions used in the experiments were designed to yield significant differences in the initial
and final concentrations of the cations in solution and a relatively evenly-spaced distribution of points
along the ion-exchange isotherm. The clinoptilolite + solution mixtures were contained in 5- to 250-ml
capped polypropylene bottles that were agitated and thermostatted at 25 °C in a shaker water bath for at
least 1 wk. Kinetics tests indi¢ated that ion-exchange equilibrium is closely approached in about 2 to
3 days. After equilibrium was established, aliquots of the reference and experimental solutions were taken
and analyzed for Na*, K*, Ca?*, or Sr2*. Several isotherm points were reversed by adding to the
remaining solutions known volumes of an aqueous mixture of equal total normality but with a higher
proportion of Na*. In addition, known volumes of aqueous mixtures with higher proportions of K,
Ca?*, or Sr2* were added to some of the other remaining solutions to check the reproducibility of the
isotherms. The new mixtures were reequilibrated for about a week, then samples were taken for Na*,
K*, Ca?*, or Sr** analysis.

Analyses for Na*, K*, or Ca?* were done using Orion ion-selective electrodes (ISE) and an
Orion 920A pH/mV/ISE/°C meter. Some samples were also taken for atomic absorption (AA) analysis
using a Perkin-Elmer Model 3100 AA analyzer, the results of which agreed very well with the ISE
analysis. Sr2* concentrations in solution were determined by liquid scintillation analysis (Cerenkov
counting) of 99S1/°%Y using a Packard Tri-Carb Model 1900TR liquid scintillation analyzer (LSA) after
secular equilibrium had been reached between %St and Y in the aqueous samples. Overall uncertainties
in the measured concentrations of Na*, K+, and Ca®™ are estimated to be +2, +3, and +4 percent,
respectively, based on the reproducibility of replicate analyses and reported uncertainty in the standard
solutions. Uncertainties in Sr“* concentrations are estimated to be + 1 percent based on the LSA counting

error.
2.2 THERMODYNAMIC MODEL

The theoretical treatment of zeolite ion-exchange equilibria has been discussed in a number of
publications (Helfferich, 1962; Howery and Thomas, 1965; Barrer and Klinowski, 1972, 1974, 1979,
Barrer et al., 1973; Dyer et al., 1981; Fletcher et al., 1984). For a binary exchange reaction involving

cations A*" and B™", the equilibrium reaction may be written as
Z,+ zg+ _
zg A™" + z,BL, =2z,B™® + z,AL - @D

where z, + and zg+ are the valences of the respective ions, and L is defined as a portion of zeolite
framework holding unit negative charge. The usual thermodynamic equilibrium constant, K, for this
reaction is given by

K = @) /[(2) ()] @2

where a represents activities of the aqueous species and a represents activities of the zeolite components.
The zeolite may be considered as a solid solution of two components AL, and BL,

2-5




(Ekedahl et al., 1950; Freeman, 1961; Barrer and Klinowski, 1977), where LzA is the amount of anionic
framework associated with an A" jon and carrying anionic charge z,- and L,, is this amount of
framework associated with B“®” and carrying anionic charge zg-. The number of moles of ALZA and
BL,, are then respectively equal to the total number of moles n, and ny of ions A% and B®" in the

zeolite, and solid phase compositions can be described in terms of cationic mole fractions of AA" and

B™" in the zeolite

X, = 0,/(0,+ By); Xy = Dy/(D,+ By) @3)

A convenient standard state for each solid phase component is the appropriate homoionié zeolite
component in equilibrium with a solution with aH,o =] (Gaines and Thomas, 1953; Sposito, 1981). Then

the criterion for ideal behavior in the zeolite solid solution is that a; =)-(i for all )’g For the aqueous
electrolyte solution, the standard state adopted is a hypothetical, one-molar solution referenced to infinite
dilution. Equation (2-2) may be expanded to give

K = [(Rfpaa] / [RaP (e [ 1 @ ova 1 (] 9

or

K = K, [(EJ7/6)™F K, = () =Ma) [ Za) M) [(ra) ") @
where K, is the Vanselow corrected selectivity coefficient (Vanselow, 1932; Townsend, 1986), and M,

and Mg, are the molarities of A®A" and B®" in the aqueous phase. The quantities y , and y, are single-
ion activity coefficients for the aqueous ions, and f, and fy are activity coefficients for the zeolite

components. The ratio [(‘yB) A (va) z"] is therefore a nonideality correction for the aqueous solution phase,
whereas [(f A) %8/ (fB)zA] is a correction for nonideal behavior in the zeolite phase.

The evaluation of K, f,, and fg from experimental data results from an appropriate integration
of the Gibbs-Duhem relation (Argersinger et al., 1950). Together with Eq. (2-5), the Gibbs-Duhem

equation gives the following expressions for calculating zeolite phase activity coefficients and the value
of K

. |
mK = [InK, dE,) | (2-6)
0
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1
nf®=--E, K, + [lK, dE,) 2-7)
: -

and
B,

i =B, b K, - [ K, &, es

where l--?.A and 1-?:3 are the equivalent cationic fractions of A"A" and B®", respectively, in the zeolite
phase defined as

E, =z,n,/(zyn,+ zghg); By = zgnp/(z,n,+ zgng) | (2-9)
Equivalent cationic fractions in the aqueous solution can be defined similarly as
E, =z,n,/(z,n,+ zgng); By = zgng/(z,n, + anB) _ - @10

where n, and ng are the number of moles of Azf‘+ and B™3", respectively, in the aqueous solution. Note
that although K is defined in terms of )—Q , Egs. (2-6), (2-7), and (2-8) also require values of the charge
fraction 1_2.. The relationship between i: and 1_5‘.. is shown by

» = Ealz)[Eniza) + Balze)s Xs = (Eolzs)l[Ealzs) + [Bafzs)] 1D

The standard free energy of the exchange reaction represented by (2-1) is given by
AG® = -RT n K @12)

where R is the gas constant and T is temperature (K), and, per equivalent of exchange, the standard free
energy is

AG® = AG°/(zAzB) 8 (2-13)

The above thermodynamic formulations are valid under conditions where imbibition of neutral
electrolyte is negligible, which for zeolites is at solution concentrations approximately <1.0 m
(Dyer et al.,, 1981). An additional condition is that the overall contribution made by water activity
changes in the zeolite are insignificant. Barrer and Klinowski (1974) demonstrated that the water activity
terms are not significant for most cases of ion-exchange equilibria. However, for ion-exchange reactions
involving concentrated electrolyte solutions, the Gibbs-Duhem equation and the thermodynamic
relationships derived from it can be expanded to include terms for the effects of sorbed or unblbed solvent
and of imbibed salts (Gaines and Thomas, 1953).




It is apparent from Eqgs. (2-4) to (2-13) that equilibrium constants, Gibbs energies of exchange
reactions, and zeolite phase activity coefficients evaluated from isotherm data depend on the values used
for aqueous phase activity coefficients. Ion-exchange studies by Fletcher and Townsend (1985)
demonstrated the importance of correctly evaluating aqueous solution activity coefficients for accurate
interpretation of exchange equilibria, particularly on studies with mixed background anions. In principle,
¥ ’s, which account for nonideal behavior in the aqueous solution, can be calculated from well-established
electrolyte solution theories (Bronsted, 1922 a,b; Guggenheim, 1935; Scatchard, 1936, 1968;
Glueckauf, 1949; Pitzer, 1973, 1987, 1991). Because it would be useful to investigate multicomponent
exchange reactions over wide ranges of concentration and temperature, the ion-interaction model
developed by Pitzer (1973, 1987, 1991) was used here to calculate single-ion activity coefficients of the
aqueous speciesz. This model has the advantage of having a large database of parameters at 25 °C and
above, and demonstrated success in applications to multicomponent systems over wide ranges of solution
compositions, concentrations, and temperatures (Clegg and Whitfield, 1991; Pabalan and Pitzer, 1991).
For details on the ion-interaction model, the papers by Pitzer (1973, 1987, 1991) and the references cited
therein should be consulted.

Nonideal behavior in the zeolite phase is reflected in the activity coefficients f, and fg.
However, there is no generally accepted activity coefficient model for exchangeable ions or solid -
solutions. Commonly used models are based on general equations for the molar excess Gibbs energy (g°*)
of mixing (Grant and Sparks, 1989), which may be defined as

n —-—
gRT=-Y X, In f, @-14)
i=1

A thermodynamic model that has been found useful for both solid and liquid solutions is the Margules
formulation. For a two-component system, the Margules model [also referred to as a subregular solution
model (Hardy, 1953; Grover, 1977; Ganguly and Saxena, 1987)] describes g®* as

gRT = X,X; (XoW, + X, W) (2-15)

where W, and Wy are empirical parameters that are functions only of temperature and pressure.

Representation of solid phase nonideality in terms of a g°* model such as Eq. (2-15) makes
convenient the calculation of zeolite solid solution and ion-exchange properties over the whole range of
zeolite composition and the prediction of ion-exchange equilibria, which will be demonstrated in a

2The ion-interaction activity coefficient model uses a molal (moles/kg H,0) concentration scale, whereas the
solution concentrations in this study are in normal {(equivalents/liter solution) or molar (moles/liter solution) units.
The relationship between molarity- and molality-based mean activity coefficients (y . »g and v, ,, respectively) is
given by: v m = ¥4 M - M/(m-p,), where p,, is the density of water. At the highest jonic strength used in this
study (I=0.75 for 0.5 N CaCl, solution), this correction amounts to less than 0.8 percent, which affects derived
ion-exchange thermodynamic parameters by amounts which are small relative to errors introduced by analytical
uncertainties. For convenience, molal activity coefficients were not converted to a molar basis, but were assigned
uncertainties of +3 percent for the purpose of error propagation.
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following section. Using the Gibbs-Duhem equation and Egs. (2-14) and (2-15), In f, and In fg can be
expressed in terms of W, and Wy by

In f, = X3[W,+2X,(Wp-W,)in £5=X;[Wy +2X (W, -W,)| @16

Similar expressions can be derived for systems with three or more components (Ganguly and
Saxena, 1987; Grant and Sparks, 1989). The Vanselow sclectivity coefficient, K, for the reaction
represented by (2-1) can then be calculated from

K, =1nK +z, X} [Wg +2X, (W, -Wy) |-z, X} [W, +2X, (W5-W,) | @17

K can be derived either by using Eq. (2-6) or by nonlinear regression of Eq. (2-17) to isotherm data
(Grant and Sparks, 1989). If the zeolite phase behaves ideally, fy =fz=1 and g™ =0 for all values of )—(A

(and X;), and K=K,.
23 ION-EXCHANGE RESULTS AND DISCUSSION

The measured initial and final concentrations of Na*, K*, Ca?*, or S©?* of the experimental
solutions from the forward experiments are given in Tables 2-2 to 2-10. Also tabulated are the zeolite
masses and solution volumes used in the experiments. Results of these binary ion-exchange experiments
can be represented conveniently by ion-exchange isotherms, which are plots of the equilibrium fraction
of an exchanging ion in solution versus the equilibrium fraction of that same ion in the zeolite at constant
temperature and total solution concentration. The isotherm is usually plotted in terms of the equivalent
cationic fraction of the ion in solution [Eq. (2-10)] against that in the solid [Eq. (2-9)] (Dyer et al., 1981).

Values of Eg, Eg, Eq,, Eca, B, and Eg, were calculated from the zeolite mass (W, grams), the
solution volume (V, liters), and the initial (i) and final (f) molar concentrations (M, moles/liter solution)
of K*, Ca?*, or Sr2* given in Tables 2-2 to 2-10 using the equation

E, =z, M,; - M, )JV/(W « CEC); E, = z,M, ,/ TN (2-18)

wrl;ere TN is the total cation normality of the aqueous phase and the subscript A refers to K*, Ca?
S +

In most ion-exchange studies the initial and final solution concentrations of only one of the
competing cations are measured For example, both Ames (1964 a,b) and White (1988) measured only
the solution concentrations of 2?Na in their study of K*-Na* and Ca2*-Na™ jon-exchange equilibria.
However, recent investigators have emphasized the need to analyze for each exchanging ion when
constructing exchange isotherms (Townsend, 1986) because small errors in the analysis of an ion can
cause large errors in the calculated isotherm points, particularly at the extremes of the isotherm plot. This
is made clearer in the uncertainty analys1s of isotherm data discussed in Appendix A. In this study,
therefore, solution concentrations of Na* were analyzed in addition to those of K™, Ca?*, and s+,

The Na™ data permitted values of EK, Eg, Ec., Ec,, Es:’ and Eg, to be independently calculated from
the equation




Table 2-2. Experimental data for ion-exchange between clinoptilolite and 0.5 N NaCl/KCl

solutions
Initial Solution Final Solution
Concentration Concentration
Volume Mx1073) Mx1073)
Mass Zeolite Solution
Na* K* Na* K*
| 48.6 499 2.98
|2 0.6143 10 452 48.6 490 6.15 |
I{s 0.4031 10 452 48.6 486 129 |
4 0.2259 10 452 48.6 475 2.4
5 0.4801 10 401 97.3 460 38.0
0.3960 10 401 97.3 453 434 |
" 7 0.3518 10 401 97.3 448 49.0
©0.2306 10 401 97.3 431 64.3
9 0.4737 10 349 148 420 77.0
10 0.3686 10 349 148 403 93.0
1 0.2991 10 349 148 395 99.4
12 0.4606 10 300 197 376 123
13 0.2794 10 300 197 349 149
l 14 0.4067 10 252 242 321 175
15 0.5295 10 202 203 295 196
16 0.5150 10 151 336 243 241
17 0.7517 10 52.1 448 197 300 |
18 0.7354 10 0.0 494 141 346
370
398
a57_|




Table 2-3. Experimental data for ion-exchange between clinoptilolite and 0.05 N NaCVK(Cl

solutions
Initial Solution Final Solution
Concentration Concentration
Mx1073) Mx1073)
" Nat K* Nat
1 0.2592 25 452 5.09 492 0.248
2 0.1535 25 45.2 5.09 493 0.618
3 0.1007 25 45.2 5.09 49.3 1.15
4 0.1695 25 30.0 9.97 47.6 2.21 "
II 5 0.2160 25 34.8 14.9 46.0 3.64 "
6 0.1891 25 34.8 14.9 45.7 4.68
7 0.1760 25 34.8 14.9 44.8 5.01
8 0.1398 25 34.8 14.9 43.2 6.50
| 9° 0.1972 25 30.1 19.8 42.1 7.75 ||
!10 0.1691 25 30.1 19.8 409 9.19 "
11 0.1495 25 30.1 19.8 39.8 9.94
12 0.1151 25 30.1 19.8 37.6 12.3
13 0.1396 25 25.1 25.2 34.7 15.1
14 0.1693 25 20.2 29.4 31.9 18.2
15 0.1897 25 15.0 34.0 29.1 20.9
16 0.1932 25 10.1 "39.0 24.7 23.9
17 0.1880 25 4.94 440 19.5 29.0
18  0.1837 25 0.0 49.7 14.5 35.2 <|'
19 0.1518 25 0.0 49.7 12.1 373 “
20 '0.1199 25 0.0 49.7 9.70 39.8 "
lbl 0.0587 25 0.0 49.7 4.89 422 "
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Table 2-4. Experimental data for ion-exchange between clinoptilolite and 0.005 N NaClI/KCl
solutions

Initial Solution Final Solution
Concentration Concentration

Mx1073) Mx1073)

Na*t Kt Na¥




Table 2-5. Experimental data for ion-exchange between clinoptilolite and 0.5 N NaCl/CaCl,

solutions
o | Initial Solution
, Concentration
~ Mass Volume Mx107%)
Sample Zeolite Solution
No. () @Lx1073) Na* Ca’*
1 1.5359 5 452 2.8
2 1.8430 5 396 479 | 480 123 |
3 1.3441 5 396 479 465 166 |
4 0.8639 5 396 47.9 458 23.7
5 1.2801 5 358 72.1 447 30.2
6 1.3072 5 358 72.1 428 349 |
7 0.7680 5 358 72.1 422 40.2 Il
8 0.9599 5 306 96.3 388 52.1
" 9 0.6399 5 306 96.3 372 60.6
10 0.7946 5 251 122 | 346 76.1
11 0.6876 5 203 146 297 97.1
12 0.5984 5 153 174 247 124 ||
13 0.5240 5 102 196 197 147 ||
14 0.3677 5 102 196 167 161
15 0.4653 5 51.3 224 151 174
" 16 0.3292 5 51.3 224 124 186
17 0.4191 5 0.0 252 101 203 ||
18 0.3377 5 0.0 252 85.6 208 |
19 0.4911 10 0.0 252 65.2 211
20 0.3439 10 0.0 252 48.7 223
21 0.2209 10 0.0 252 34.1 233
2 | 0.1459 0 | 00 252 23.8 238

2-13




Table 2-6. Experimental data for ion-exchange between clinoptilolite and 0.05 N NaCl/CaCl,

solutions
} Initial Solution Final Solution
Concentration - Concentration
Mass Volume Mx1073) Mx10~3)
Sample Zeolite Solution
No. ©® @x107%) | Nat | ca¥* | Nat Ca*t |
T 0.2446 25 | 448 236 | 492 0.484 II
2 0.1492 25 44.8 2.36 48.7 0.898 |
3 0.2879 25 40.0 4.87 47.4 1.40
4 0.2034 25 40.0 4.87 46.1 2.04
5 0.1555 25 40.0 4.87 452 2.54
6 0.2057 25 35.2 7.39 41.3 3.84
7 0.2559 25 30.3 9.76 40.0 5.06
8 0.1800 25 30.3 9.76 374 6.21
f 9 0.2304 25 254 12.0 35.2 7.36
10 0.2174 25 20.3 14.6 30.0 9.63
11 0.2022 25 15.2 17.3 25.2 12.2
12 0.1465 25 15.2 17.3 22.6 13.5
| 13 0.1858 25 10.2 20.3 20.0 14.6
14 0.2321 25 5.09 22.6 17.4 16.0
15 0.2541 25 0.0 254 15.2 | 17.3
16 0.1999 25 0.0 254 12.6 18.6
17 0.1516 25 0.0 254 10.0 20.06
18 0.2136 50 0.0 254 7.39 215
19 0.1356 50 0.0 254 522 229
20 0.0640 | 50 0.0 254 2.61 23.8 |
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Table 2-7. Experimental data for ion-exchange between clinoptilolite and 0.005 N NaCl/CaCl,

solutions
[ Initial Solution Final Solution
Concentration Concentration
Volume Mx1073) Mx1073)
Sample Mass Zeolite | Solution
No. @ @Lx107%) | Na* Ca2* | Na* CaZ*
1 0.1453 50 350 | 0760 | 494 | o
2 0.0916 50 345 | 0760 | 489 | o i
3 0.1008 50 300 | o1 | 465 | 0145
4 0.0802 50 3.00 1.01 4.70 0.180
I s 0.0940 50 251 126 | 455 | 0245
6 0.0806 50 251 | 126 | 435 | 0.328
h 0.0803 50 200 | 153 | 413 [ o447 |
B 0.0711 50 200 | 153 | 397 | 0.5
B 0.0902 50 149 | 177 | 393 | o536 'l
10 0.0800 50 1499 | 177 | 3m | oe2
11 0.0914 50 0983 | 202 | 360 | 0695 |
12 0.0798 50 0983 | 202 | 334 | os;
13 0.0862 50 0484 | 2271 | 306 | 0797 ll
14 0.0759 50 0484 | 227 | 28 1.07
|15 00822 50 00 | 248 [ 2 121 |
16 0.0624 50 0.0 248 | 203 146 |
17 0.1055 100 0.0 248 | 175 159 |
18 | 0.0888 100 0.0 248 | 150 1.70
19 0.0712 100 0.0 248 | 124 1.81
20 0.0555 100 | 00 248 | 0966 | 1.99
21 0.0992 250 0.0 248 | 07163 | 210
2 0.0640 250 00 | 248 | 04724 | 225
23 0.0308 250 0.0 248 | o239 | 233
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Table 2-8. Experimental data for ion-exchange between clinoptilolite and 0.5 N NaCl/SrCl,
solutions

Initial Solution
Concentration
Mx1073)

Na* Sr2*
10 125
10
10
10
10
10
10
10
10
10
10
10
10 0.0
10 0.0
25 0.0
25 0.0
25 0.0

100 0.0
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Table 2-9. Experimental data for ion-exchange between clinoptilolite and 0.05 N NaCl/SrCl,

solutions
Initi:l—Solution Final Solution
Concentration Concentration
_ Mass Volume Mx1073) Mx1073)
Sample Zeolite Solution
No. © wLx1073 Na* st Na* S+ I
— e
0.3102 25 45.7 2.50 50.2 0.188
0.1659 25 457 | 250 | 494 0419 |
0.1032 25 45.7 2.50 48.8 0.906 "
0.2321 25 40.6 5.00 47.7 1.16
0.1519 25 40.6 5.00 46.5 2.14 H
0.1941 25 35.5 750 |- 43.6 3.43
0.2186 25 30.4 10.00 40.4 5.04 II
0.2658 25 254 12.5 37.9 6.19
0.2809 25 20.3 15.0 34.2 7.92
0.3182 25 15.3 17.5 31.5 9.37
0.2756 25 10.3 20.0 - 25.7 12.5
0.3035 25 5.09 22.5 22.4 14.1
0.2867 25 0.0 25.0 17.1 16.3 l|
0.2005 25 0.0 25.0 12.7 187
0.3088 50 0.0 25.0 9.96 20.3
0.2407 50 0.0 25.0 8.22 21.2
0.1893 50 0.0 25.0 6.39 21.9
0.1269 50 0.0 25.0 4.52 22.8

2-17




Table 2-10. Experimental data for jon-exchange between clinoptilolite and 0.005 N NaCl/SrCl,

‘solutions
Initial Solution Final Solution
Concentration Concentration
Mass Volume Mx1073) Mx1073)
Sample Zeolite Solution
No. © @Lx1073%) | Nat S Na* S+
1 0.0957 | - - 50 4.524 0.251 | 5.133 0.001
2 0.1023 100 4.524 0251 | 5.089 0.006
3 0.1621 100 4.015 0.502 | 5.046 0.008
I 4 0.1061 100 4.015 0.502 | 5.002 0.039
ﬂ 5 0.1363 100 3.493 0.753 | 4.959 0.050
[ 6 0.1520 100 3.006 1.004 | 4.872 0.090
7 0.1746 100 2.492 1.255 | 4.785 0.148
8 0.1532 100 2.492 1255 | 4.611 0.239
9 0.1628 100 2.001 1.495 | 4.345 0.375
10 0.1727 | 100 1.514 1.746 | 4.076 0.488
11 0.1831 | ' 100 1.000 1.997 | 3.789 0.638
12 0.1821 100 0.496 2248 | 3.371 0.843
| 13 0.1704 | 100 0.0 | 2499 | 2.736 1.134
F4 0.1478 100 0.0 2499 | 2.431 1.289
15 0.1280 100 0.0 2.499 | 2.127 1.445 ]l
Il 16 0.1011 100 0.0 2.499 | 1.69 1.634 “
| 17 00729 | 100 0.0 | 2499 | 1266 | 1.887
II 18 0.1124 250 0.0 2.499 | 0.779 2085 |
|| 19 0.0574 250 0.0 2.499 | 0.418 2.306
20 0.0303 250 0.0 | 2499 | 0226 2.412
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E, = zp(Mg, - Mp)V/(W « CEC); E, = 1 - zM,, / TN 2-19)
where the subscript B refers to Na™.

The isotherm data for the NaCI/KCl, NaCl/CaCl,, and NaCl/SrCl, mixtures are plotted in
Figures 2-1, 2-2, and 2-3, respectively. In these figures, the circles are equivalent cationic fractions
calculated from either the K*, Ca?*, or Sr2* analytical data, whereas the squares are equivalent cationic
fractions calculated from the Na* analytical resuits. Isotherm points calculated using the two methods
generally agree with each other within experimental uncertainty. Error bars, which were calculated using
equations given in Appendix A, are shown for some isotherm points (for clarity not all error bars are
indicated). The open symbols in these figures represent forward isotherm data, whereas solid symbols
represent reversed isotherm data. For clarity of the figures, data on reproducibility of the isotherms are
not plotted. The symbols are numbered to identify corresponding points from the forward and reverse
experiments. These data indicate that ion-exchange reactions between clinoptilolite and aqueous solutions
of Na*/K*, Na*/Ca?*, and Na*/Sr?* are reversible.

The results shown in Figures 2-2 and 2-3 indicate a strong dependence of isotherm shape on
total solution concentrations for the systems Ca?*-Na* and Sr2*-Na*, which involve ion-exchange
between a monovalent and a divalent cation. On the other hand this dependence is small for K*-Na*
ion-exchange, which involves two monovalent cations. The strong dependence of isotherm shapes on
solution concentration for heterovalent ion-exchange reactions is a consequence of the law of mass action
for isotherms plotted in terms of equivalent cationic mole fractions. This is discussed in detail by
Barrer and Klinowski (1974) and Sposito (1981). Figures 2-2 and 2-3 illustrate that with increasing
dilution clinoptilolite exhibits increasing preference (“selectivity”) for the cation of higher charge. This
‘behavior, commonly referred to as “concentration-valency effect”, gives rise to isotherms that become
more rectangular and selective to the ion of higher charge with increasing dilution for ion-exchange
reactions where z, # zg. It illustrates the reason Ca?* can be removed from dilute aqueous solutions
by synthetic ion-exchangers such as water softeners, whereas an exhausted exchanger in Ca?* form can
be regenerated into Na* form with concentrated NaCl solution.

It is possible to predict ion-exchange equilibria for a wide range of phase compositions and
aqueous concentrations based on thermodynamic parameters derived from a single experimental isotherm.
These predictions rest on the assumption that the ratio of activity coefficients for the zeolite components

 varies little as the total concentration of the aqueous phase changes. It is also assumed that the effects of
water activity changes and salt imbibition are negligible. The only requirement is that aqueous solution
activity coefficients can be calculated by some thermodynamic means. To evaluate the use of the
Margules model to describe and predict ion-exchange equilibria between clinoptilolite and aqueous

solutions, Eq. (2-17) was fit to values of In K|, versus }_g, derived from the 0.5-N isotherm data. In a

manner analogous to that used in calculating the isotherm points, one set of In K, versus )’g values was
calculated from the K+, Ca?*, or Sr?* analytical data and another set from the Na* data using the
respective equations .

K, = {RJ[IN-2M )P 1 -X o) v ] @2
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HaCVKCl sofution concesmration = 0.005 N
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Figure 2-1. Isotherms for ion-exchange at 25 °C between clinoptilolite and NaCl/KCl aqueous
mixtures at total solution concentrations of (a) 0.5, (b) 0.05, and (c) 0.005 N. Circles and squares
represent isotherm points calculated from solution concentrations of K* and Na®, respectively.
Open and solid symbols are isotherm data from forward and reverse experiments, respectively.
Numbers identify corresponding points from the two experiments. Error bars for some points are
indicated. The curve in Figure 2-1(a) was fit to the 0.5-N isotherm data using a Margules solid
solution model. The curves in Figures 2-1(b) and 2-1(c) represent isotherm points predicted using
a Margules solid solution model with parameters derived from the 0.5-N isotherm data.
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Figure 2-2. Isotherms for ion-exchange at 25 °C between clinoptilolite and NaCl/CaCl, aqueous
mixtures at total solution concentrations of (a) 0.5, (b) 0.05, and (c) 0.005 N. Circles and squares
represent isotherm points calculated from solution concentrations of Ca?* and Na*, respectively.
Open and solid symbols are isotherm data from forward and reverse experiments, respectively.
Numbers identify corresponding points from the two experiments. Error bars for some points are
indicated. The curve in Figure 2-2(a) was fit to the 0.5-N isotherm data using a Margules solid
solution model. The curves in Figures 2-2(b) and 2-2(c) represent isotherm points predicted using
a Margules solid solution model with parameters derived from the 0.5-N isotherm data.
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Figure 2-3. Isotherms for ion-exchange at 25 °C between clinoptilolite and NaCl/SrCl, aqueous
mixtures at total solution concentrations of (a) 0.5, (b) 0.05, and (c) 0.005 N. Circles and squares
represent isotherm points calculated from solution concentrations of Sr?* and Na*, respectively.
Open and solid symbols are isotherm data from forward and reverse experiments, respectively.
Numbers identify corresponding points from the two experiments. Error bars for some points are
indicated. The curve in Figure 2-3(a) was fit to the 0.5-N isotherm data using a Margules solid
solution model. The curves in Figures 2-3(b) and 2-3(c) represent isotherm points predicted using
a Margules solid solution model with parameters derived from the 0.5-N isotherm data.
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K, = [1-Xp"Mp™| {EZ™“[(TN-zMp) f2,]} [rp)™ [(x )] @2

where subscript A represents K+, Ca?*, or Sr>* and subscript B represents Na™*. 'Aqueous activity
coefficients were calculated using the ion-interaction model and the parameters listed in Table 2-11.

Values of In K, versus )—(, for the NaCl/KCl, NaCl/CaCl,, and NaCl/SrCl, mixtures are plotted in

Figures 2-4, 2-5, and 2-6, respectively, where the circles represent values calculated either from the K*,
Ca?™*, or Sr2* analysis and the squares represent values derived from the Na* data. In the regression
In K, was weighted inversely to the square of its estimated overall uncertainty (see Appendix A).

Regression of Eq. (2-17) to the 0.5-N NaCI/KCl data resulted in values of Wy, and W equal
to —1.41£0.12 and —0.99+0.11, respectively. Values of Wy, and W, equal to —1.22+0.30 and
—2.6710.07, respectively, were derived from the 0.5-N NaCl/CaCl, data. Regression of the 0.5-N
NaCl/StCl, data resulted in values of Wy, and Wg, equal to —2.73+0.36 and —3.37+0.09,
respectively. Excess Gibbs energies (g°*) and zeolite component activity coefficients calculated from these
parameters and Egs. (2-15) and (2-16) are plotted in Figures 2-7 and 2-8, respectively. For reaction (2-1)
where A and B correspond to K* and Na™, respectively, the In K derived by fitting Eq. (2-17) to
isotherm data is equal to 3.22+0.03; the corresponding value of AG® is ~7,980+80 J/mol. Where A
and B correspond to Ca?* and Na™*, respectively, the derived In K and AG® for reaction (2-1) are
—1.65+0.08 and 4,090+200 J/mol. For reaction (2-1) where A and B correspond to Sr** and Na*¥,
respectively, the derived In K and AG® are —0.891+0.095 and 2,210+240 J/mol. The derived
parameters are summarized in Table 2-12.

From the known values of the equilibrium constant, K, and the Margules parameter, W;, values

of K, can be calculated for a given zeolite composition, X;, using Eq. (2-17). If the total solution
normality is known and aqueous activity coefficients can be calculated, then the composition of the
aqueous solution in equilibrium with the zeolite can be solved from Eq. (2-5). The curves in
Figures 2-1a, 2-2a, and 2-3a represent 0.5-N isotherm values calculated from the parameters given
previously. The curves in Figures 2-1b, 2-1c, 2-2b, 2-2c, 2-3b, and 2-3c represent predicted isotherms
at 0.05 or 0.005-N solution concentration calculated using the parameters derived from the 0.5-N data.
As shown in these figures, there is very good agreement between experimental values and those calculated
using the Margules model. Ca?*-Na* and Sr?*-Na* isotherms calculated using the Margules model for
aqueous concentrations from 0.0005 to 1.0 N are plotted in Figure 2-9, which also illustrates the strong
dependence of isotherm shape on solution concentration for heterovalent exchange reactions.

Although the use of monoanionic electrolyte solution is adequate for thermodynamic
characterization of ion-exchange phenomena (Fletcher and Townsend, 1985), ion-exchange reactions that
occur in geochemical systems involve aqueous solutions with variable anionic species. As an initial test
of the possible effect of anionic composition on ion-exchange equilibria, isotherm experiments were also
conducted in this study using 0.05-N mixtures of NaNO3/KNO; and NaNO3/Ca(NOs),. The results of
these experiments are plotted in Figures 2-10 and 2-11. The solid curves in these figures represent
isotherms predicted using Margules parameters derived previously from data in C1™ systems, and using
v ’s calculated for NaNO5/KNO; or NaNO,;/Ca(NO3), solutions. A comparison of Figures 2-1b and 2-2b
with Figures 2-10 and 2-11 indicates that for exchanges involving Na*/K* or Na*/Ca?* solutions and
clinoptilolite, the isotherm for systems with Cl~ as the aqueous anion is essentially identical to that for
systems with NO; ™ as the anion. Fletcher and Townsend (1985) similarly observed that the isotherm for
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Table 2-11. Ion-interaction parameters used in this study to calculate aqueous activity
coefficients using the Pitzer equations*

Il Single Electrolyte Parameters ' II

O g ct ]
00765 | 02664 | 0.00127
0.04835 0.2122 —~0.00084
0.3159 1.614 —0.00034
0.2858 1.6673 | ~0.00130

0.0068 0.1783 -0.00072 »
~0.0816 00494 0.00660

0.2108 1.409 ~0.02014 |

Mixture parameters v |

ONa,K = —0.012 ONa,Ca = 0.07 BN, 5 = 0.051
Ynakc = —0.0018 YNakNog = —0.0012 Yy g = —0.0021
'I'Na,Ca,Cl = —0.007 ¢Na,Cq, NO3 = —-0.007

*Values were taken from Pitzer (1991), except for Oy, cpr ¥Na sr.C1» 304 ¥Na Ca NO4- Values
of Oy, 5; and Y, r ¢ Were taken from Reardon and Armstrong (1987), and the value of

¥Na,Ca,NO; i based on the NaNO; +Ca(NO3), solution activity coefficient data of Smith
et al (1993).

ion-exchange between zeolite X and NaNO3;/Ca(NOj), solutions is indistinguishable from that for
1on-exchange mvolvmg NaClO4/Ca(C104)2 solutions. Their study indicated that the solution act1v1ty ratios
for Nat and Ca?* ions in Egs. (2-4) and (2-5) are not very much different for NO;~ and ClO,~
solutions. This is also apparently the case for the CI~ and NO;™ solutions of Nat/K* and Na*/Ca**
used in this study. However, ion-exchange data on zeolite X and Na*/Cd?* solutions showed that the
activity coefficient ratios in C1~, NO3; ™, and mixed C1~/NO; ™ matrix are sufficiently different to result
in different isotherms for different anionic compositions (Fletcher and Townsend, 1985). In cases such
as this, failure to use correct mixed electrolyte solution activity coefficients would lead to a serious error
in derived K and AG® for the ion-exchange reaction, particularly for ternary or more complicated ion-
exchange reactions (Fletcher and Townsend, 1981, 1983).

Equilibrium constants derived from this study are different from those determmed by

Ames (1964 a,b), who gives In K values of 2.54, —0.161, and 0.255 for the K*-Na*, Ca?*-Na*, and

Sr2*-Na™ systems, respectively, based on his experiments at a total solution concentration of 1.0 N. The
differences are largely due to his use of a different activity coefficient model for the aqueous solution,

and partly due to his use of a different clinoptilolite material. A reevaluation of his isotherm data using
the Pitzer equations for aqueous activity coefficients yields In K’s for K*-Na*, Ca2*-Na*, and Sr?+-
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Figure 2-4. Vanselow corrected selectivity coefficient versus zeolite composition calculated from the
0.5-N NaCI/KCl isotherm data given in Table 2-2. Circles and squares were calculated from K* and
Na™ data, respectively. Error bars are indicated for some isotherm points. The curve was calculated
using a Margules model, the parameters of which were derived by fitting to data represented by the
symbols. .
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Xca

Figure 2-5. Vanselow corrected selectivity coefficient versus zeolite composition calculated from the
0.5-N NaCl/CaCl, isotherm data given in Table 2-5. Circles and squares were calculated from Ca?*
and Na*t data, respectively. Error bars are indicated for some isotherm points. The curve was
calculated using a Margules model, the parameters of which were derived by fitting to data
represented by the symbols. '
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Figure 2-6. Vanselow corrected selectivity coefficient versus zeolite composition calculated from the
0.5-N NaCl/SrCl, isotherm data given in Table 2-8. Circles and squares were calculated from S+
and Na' data, respectively. Error bars are indicated for some isotherm points. The curve was
calculated using a Margules model, the parameters of which were derived by fitting to data
represented by the symbols.
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Figure 2-7. Excess Gibbs enmergy of mixing for (K*, Na‘*), (Ca’*, Na*) and (Sr**, Na‘)

clinoptilolite solid solutions calculated using Margules parameters derived from the 0.5-N isotherm
data
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Figure 2-8. Activity coefficients for zeolite components of (K*, Na*), (Ca’*, Na*) and (Sr2*, Na*)
clinoptilolite solid solutions (solid, long dashed, and short dashed lines, respectlvely) calculated usmg
Margules parameters derived from the 0.5-N isotherm data
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Table 2-12. Thermodynamic parameters for ion-exchange reactions represented by Eq. (2-1)
derived from 0.5N data

“ AZA* BZB* In K AG°(J/mol) W, Wg ||
K*/Na* 3.22+.03 —17,980+80 -0.99+0.11 —1.4140.12
Ca>*/Na* —-1.65+.08 4,090+200 —2.67+0.07 -1.22+0.30
Sr2*/Na* —0.891+.095 2,210+240 —3.37+0.09 —2.7340.36 ||

Nat equal to 3.0, —1.69, and —1.04, respectively, which are very close to values determined in this
study. The recalculated AG® values for exchanges involving K*-Na*, Ca?*-Na*, and Sr?*-Na* are
-17,510, 4,190, and 2,590 J/mol, respectively.

24  SOLUTION COMPOSITIONS CALCULATED FROM ZEOLITE
ANALYSIS

Little information is available on the groundwater chemistry for the hydrologically unsaturated
zone of Yucca Mountain, Nevada. Although some efforts have been made to extract aqueous solutions
by high-pressure triaxial compression of rock samples taken from the vadose zone of Yucca Mountain
(Yang et al., 1988; Peters et al., 1992; see Section 4.2.4), there are large variabilities in the chemical
composition of solutions derived using this technique. Aqueous samples have also been extracted from
unsaturated soils and sands by ultracentrifugation techniques (Edmunds et al., 1992; Pucheit and
Bergfeldt, 1992). It is uncertain whether compositions of water extracted from rock pores by
ultracentrifugation or by high-pressure squeezing methods accurately represent the compositions of in situ
water. Water extracted in these manners are likely to have compositions different from those of in situ
water due to several possible processes (Peters et al., 1992): (i) dilution of pore solutions by water
desorbed from hydrated minerals like zeolites and clays, (ii) dissolution reactions due to increased mineral
solubility and/or higher carbon dioxide concentration at higher pressures, (iii) membrane filtration by
clays and zeo}ites, and (iv) ion-exchange with the zeolites and clays.

The thermodynamic model for ion-exchange equilibria discussed in Section 2.2 may provide a
foundation for reducing uncertainties associated with groundwater compositions in the unsaturated
stratigraphic horizons of Yucca Mountain, Nevada. Using the thermodynamic model, it may be possible
to constrain the water cation chemistry based on composition data on natural zeolites, such as those
derived by electron microprobe techniques. Such studies may provide useful information on past flow and
transport and on the aqueous chemistry of groundwater in the unsaturated zone of Yucca Mountain.

In this section, the possibility of calculating solution cationic compositions based on chemical
data on zeolite minerals is investigated. Initially, relatively well-constrained zeolite and aqueous solution
data derived from laboratory ion-exchange equilibrium experiments presented in Section 2.3 are used.
Following these best case calculations, cationic compositions are predicted for saturated zone Yucca
Mountain groundwaters based on reported chemical data for clinoptilolite minerals and are compared with
measured values.
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Figure 2-9. Isotherms for ion-exchange at 25 °C between clinoptilolite and aqueous mixtures of (a)
NaCl/CaCl, and (b) NaCl/SrCl, for solution concentrations of 0.0005 to 1.0 N calculated using a
Margules solid solution model with parameters derived from the 0.5-N isotherm data
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Figure 2-10. Isotherms for ion-exchange at 25 °C between clinoptilolite and 0.05-N NaNO,;/KNO;
aqueous mixtures. Circles and squares represent isotherm points calculated from solution
concentrations of K* and Na¥, respectively. The curve represents isotherm points predicted using
a Margules solid solution model with parameters derived from the 0.5-N NaClI/KCl isotherm data.
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Figure 2-11. Isotherms for ion-exchange at 25 °C between clinoptilolite and 0.05-N NaNO,;/Ca(NO,),
aqueous mixtures. Circles and squares represent isotherm points calculated from solution
concentrations of Ca?* and Na*, respectively. The curve represents isotherm points predicted using
a Margules solid solution model with parameters derived from the 0.5-N NaCl/CaCl, isotherm data.
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2.4.1 Equations for Calculating Solution Compositions from Zeolite Data

The ratio of the aqueous activities of two cations, A" and B™®’, participating in an
ion-exchange reaction such as that represented by reaction (2-1) can be written as

o) @)™ = [Maf (v (M) = K (XX O

Substituting Eq. (2-17) for K, and writing the zeolite composition in terms of X , only, the aqueous
activity ratio can be represented in terms of the equilibrium constant, K, for the binary exchange reaction
and the Margules parameters, W, and Wy, for the zeolite solid solution

(s (an) = {1-Xu 1K)} |
expllak + z,(R, V[ Wy + 2(1-K)(W, Wy @
- z(1-X,f W, + 2R JWa-W,))

Since the total normality of a binary aqueous solution, TN, can be calculated from
TN =z, M, + 2z, M (2-24)

the ratio of the molarities of A™" and B™" can be written in terms of the molarity of either A *" only

or Bz" only. Thus,
Mg)™* / ()™ = [TN - 2,M,)/z,[* /(M)
ol RN (VRS

For binary ion-exchange reactions involving monovalent cations, (z A = Zg = 1), one can derive from
Eq. (2-25) expressions for M, and My that are fairly simple:

M, = TN/(1 + k) My = TN - M, (2-26)

(2-25)

where

k = [foaf fea) v tvs"] @

For exchange reactions where z, = 2 and z, = 1, the solution compositions can be solved by making
use of a quadratic equation

M, = (—b i\/b2—4ac)/2a; M; = TN - 2M, (2-28)

where
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= [-4TN) - k]/4; and ¢ = (TN/2)? (2-29)

Using Egs. (2-23) to (2-29), together with the equilibrium constants and Margules parameters
derived from the jon-exchange experiments, values of M, and My can be calculated if the value of TN
is known ot can be estimated by independent means. A value of TN is required not only as input into

Egs. (2-26) and (2-28), but also in calculating the aqueous activity coefficient ratios, (¥ A)"’/ (yB)’A. For
a specific value of TN, a range of values corresponding to the activity coefficient ratios for solutions of

almost pure A™" to almost pure B™®" can be calculated. The aqueous activity coefficient ratios do not
change very much for a particular TN. For example, for a NaCl/CaCl, solution at TN=0.5-N,

(‘ym.)zl(y&z.) changes by only 6.1 percent, from 1.913 to 2.030, for solutions with M, . : M,2. ranging
from 0.49495:0.002525 to 0.00504:0.24748. The change in activity coefficient ratios for different
solution compositions is smaller for lower total normalities and also for solutions containing homovalent
cations only (e.g., Nat/K™). Thus, although aqueous activity coefficient ratios are required to calculate
solution compositions from zeolite data, one can use a value corresponding to that of a solution of median

composition (e.g., equal normalities of A™" and B™®"). For dilute solutions typical of Yucca Mountain
groundwaters (ionic strength = 0.003 molal), it may be sufficient to use an activity coefficient ratio equal
to one and still get reasonable predictions of solution compositions (see Section 2.4.3).

2.4.2 Measured Solution Compositions versus Values Predlcted from Zeolite Data:
Laboratory Ion-Exchange Data : ;

Laboratory ion-exchange experiments conducted in this study provide useful data for evaluating
the predictive model discussed in Section 2.4.1. Table 2-13 presents the chemical compositions of
clinoptilolite powders that were equilibrated with the Na*/K* or Na*/Ca?* solutions. The data for the
NaCl-KCl and NaCl-CaCl, mixtures at 0.05 and 0.5-N are for zeolites recovered at the end of the
reversibility/reproducibility experiments, whereas the data for the NaNO3;-KNO; and NaNO5-Ca(NO3),
mixtures were recovered at the end of the forward experiments. These clinoptilolite powders were
recovered using standard filtration methods. However, to avoid altering the clinoptilolite compositions,
the zeolites were washed only with the solutions with which they equilibrated. This is particularly
important for the Nat/Ca?* system because, due to the concentration-valency effect discussed in
Section 2.3, zeolite compositions may change significantly if the solids were contacted with deionized
water. The compositions presented in Table 2-13 were derived by ICP methods. Because of the very
small amounts of zeolite powder used in the ion-exchange experiments, no duplicate samples were
analyzed. For example, only about 0.1 g or less of the clinoptilolite powders from the 0.05-N
experiments were available for the ICP analysis, instead of the minimum 0.2 to 0.5 g typically used in
the procedure.

Table 2-14 and Figure 2-12 compare the molarities of Na* and K™ predicted from the measured
zeolite composition versus those measured with the ISEs. Table 2-15 and Figure 2-13 compare the
predicted versus measured Na* and Ca?* solution concentrations. The cationic mole fractions of Na*
and K in the zeolite from the Na*/K* ion-exchange experiments were normalized to the molar amounts
of Na and K only, whereas the zeolite mole fractions of Na* and Ca2* from the Na*/Ca?* experiments
were normalized to the molar amounts of Na and Ca only. This assumes that the small amounts of Ca?*
and Mg?* present in the zeolite did not participate in the exchange process for the Na*/K™* system, and
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Figure 2-12. Comparison of measured K+ and Na* solution molarities versus values predicted from
measured clinoptilolite Na and K content. Error bars in predicted K* and Na* molarities were
propagated assuming + 10 percent errors in measured K,0 and Na,O weight percent of the zeolite.
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Figure 2-13. Comparison of measured Ca?* and Na* solution molarities versus values predicted
from measured clinoptilolite Na and Ca content. Error bars in predicted Ca?* and Na* molarities
were propagated assuming +10 percent errors in measured CaO and Na,O weight percent of the
zeolite.




K* and Mg?* did not participate in the exchange for the Na*/Ca?* mixture. This is justified by the
zeolite compositions given in Table 2-13 which show that, within analytical uncertainty, the MgO and
Ca0 contents of all zeolites from the Nat/K™* ion-exchange experiments are the same and are equal to
the MgO and CaO contents of the ongmal Na-clinoptilolite (Table 2-1). Likewise, the K,0 and MgO
contents of the zeolites from the Na*/Ca?* experiments and of the Na-clinoptilolite are the same.

The uncertainties in molarities of Na*, K*, and Ca?* predicted from zeolite analytical data
were propagated assuming + 10 percent error in measured weight percent of Na,0, K,0, and CaO, but
neglecting the regression errors for In K, W,, and Wy. The results listed in Tables 2-14 and 2-15, and
illustrated in Figures 2-12 and 2-13 show that the predicted solution compositions agree very well with
measured values, mostly within analytical uncertainty, and demonstrate that it is possible to predict with
confidence the cationic composijtion of an aqueous solution based on chemical analysis of zeolites with
which it equilibrated, at least for simple two-cation systems for which the solution normality is well
known.

The predicted molarities were calculated usmg Egs. (2-23) to (2-29) and values of In K, W,,
and Wp derived from the Na*/K* and Na*/Ca?* ion-exchange experiments. Based on the Pitzer

equations and the parameters listed in Table 2-11, values for ¥y, +/yz+ equal to 1.05 and 1.008 were

used for the Na*/K* mixtures at 0.5 and 0.05 N, respectively. For Na*/Ca?* solutions, (Yy, )’/ (Yca?")
equal to 1.97 and 1.49 were used at total normalities of 0.5 and 0.05, respectively. For many natural
aqueous systems, uncertainties are present with respect to the total concentration of the solution; thus,
accurate values of activity ratios cannot be calculated. In some cases, especially when solutions are dilute,
it may be useful to assume a value equal to 1.0 for the activity coefficient ratios. Table 2-16 compares
predicted solution compositions that were calculated either using activity coefficient ratios for the correct
solution concentrations (0.5 or 0.05 N) or using activity coefficient ratios equal to 1.0. The results in
Table 2-16 indicate that for aqueous solutions consisting only of monovalent cations, the solution
compositions predicted using either activity coefficient ratio value do not differ very much. On the other
hand, for aqueous solutions involving heterovalent cations, significant differences occur between predicted
solution compositions. However, these differences become smaller at lower solution concentrations. For
example, at solution normalities equal to 0.05 N, compositions predicted using activity coefficient ratios
equal to 1.0 are reasonably close to values calculated using more accurate values. Thus, for typical Yucca
Mountain groundwaters with an ionic strength of = 0.003 m, a value of 1.0 for the activity coefficient
ratio is a relatively good approximation.

2.4.3 Yucca Mountain Groundwater Compositions Predicted
from Zeolite Analytical Data

The examples presented in Tables 2-14 and 2-15 are ideal case examples since the exchange
reactions are known to be binary in nature, total normalities of the solutions are known, and aqueous
activity coefficient ratios can be calculated with good certainty. To test the application of the predictive
model to more complex mixtures, zeolite and groundwater chemistry data from Yucca Mountain were
used. It should be noted that this test is only preliminary because the equilibrium constants and Margules
parameters used in the calculations strictly apply only to the binary exchange reactions. Additional
experimental data on ternary mixtures are needed to better constrain the calculations. Nevertheless, it is
interesting to determine whether reasonable predictions of cationic compositions of multicomponent
groundwaters can be made using only parameters derived for binary systems.
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Abundant water and mineral chemistry data have been collected from the hydrologically
saturated zone of Yucca Mountain, Nevada. However, as reflected in the literature, there has been little
attempt to correlate the chemistry of coexisting waters and minerals. An effort has been made previously
to identify sets of mineral and water chemistry data from the same location at Yucca Mountain and to
examine the data for correlations that may represent equilibrium controls (Pabalan and Murphy, 1990).
That effort identified several combinations of water and clinoptilolite chemistry data from tuffaceous units
at Yucca Mountain that possibly represent samples from spatially correlated sources. Two integrated
water samples from well UE-25b#1, with producing zones at the 810- to 825-m and 860- to 875-m depths
in the upper Bullfrog Member of the Crater Flat Tuff and the 480- to 650-m zone encompassing the
Calico Hills Tuff and the Prow Pass Member of the Crater Flat Tuff (Lahoud et al., 1984; Benson et al.,
1983), and an interval sample from the 863- to 875-m depth may be spatially correlated to two
clinoptilolite samples taken at the 863.2- and 877.5-m depths of the same well. The integrated water
sample from the J-13 well, with a producing zone in the lower Topopah Spring Member of the Paintbrush
Tuff [approximately 282- to 450-m depth, (Benson et al., 1983)], is spatially correlated to three
clinoptilolite specimens at the 406.9-, 433.1-, and 444.1-m depths, and to one clinoptilolite sample from
a fracture at 432.8-m depth. The water from the producing zone in the Crater Flat Tuff (600- to 900-m
depth) in well USW H-4 (Whitfield et al., 1985; Benson et al., 1983) is correlated to a clinoptilolite from
the 603.5-m depth. Thus a total of seven clinoptilolite drillhole samples can be spatially correlated with
groundwater samples from the same hole and approximately the same depth.

Table 2-17 lists these seven samples together with the average and standard deviation of several
analyses. The zeolite data were taken from Appendix F of Broxton et al. (1986), except the zeolite
analyses for the J-13 fracture sample that were taken from Carlos (1989). Water chemistry data were
taken from Benson et al. (1983) [the same data excluding Li* and Sr2* also tabulated in Kerrisk (1987)].
In cases where two or more groundwater specimens are possibly spatially correlated with one zeolite
sample, the range in measured K+, Ca?*, and Na* molarities are listed in the table. Also listed in
Table 2-17 are the predicted and measured K*, Ca?*, and Na* molarities of Yucca Mountain
groundwater samples. The predicted concentrations were calculated from the zeolite data in a manner
similar to that described in Section 2.4.2. The total solution concentration of the Yucca Mountain
groundwaters tabulated by Benson et al. (1983) ranges from about 0.0025 to 0.0042 N (mean=0.0031;
standard deviation=0.0006). To simplify the calculations presented here, a value for TN equal to 0.003
was used and activity coefficient ratios were assumed to be 1.0. Because the predictions used parameters
derived from binary Na*/K* and Na*/Ca?* ion-exchange data, nonunique values of Na* molarities
were calculated from the thermodynamic model. Thus, two sets of predicted Nat molarities, one
calculated using the Na*/K+ and the other using the Na*/Ca?* parameters, are listed in the table. The
uncertainties in predicted molarities were propagated from the standard deviations of the zeolite
composition.

The results show that there is good agreement between measured groundwater compositions and
those predicted from zeolite data using thermodynamic models that account for nonideal behavior in the
zeolite phases. Predicted Nat concentrations are all within a factor of two of the measured values,
whereas predicted K* and Ca?* are mostly within a factor of three of measured concentrations. Only
one predicted value substantially disagreed with the measured value: the calculated Ca?* concentration
of USW-H4 water is 2.7x10~7 M, whereas the measured value is 4.24 X10~* M. However, for the
same water sample the calculated and measured Nat concentrations are in excellent agreement
(2.9%1073 M versus 3.2x 103 M, respectively). The cause of the disagreement between calculated and
measured Ca?™ is not clear. One possibility is uncertainty in analytical data; of the seventeen well water
data tabulated by Benson et al. (1983), the USW H-4 composition showed the highest charge imbalance
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(0.35 meg/L versus an average of 0.12+0.09 meq/L). Another possibility is that the USW H-4 water
sample, which was an integrated sample taken from 600- to 900-m depth, does not represent a
composition in equilibrium with the zeolite at 603.5-m depth.

It is interesting to note that Na™ molarities calculated using Na*/K* binary system parameters
are very close (within 3-7 percent) to values derived using Na*/Ca?* parameters for cases where the
Mg content of the zeolite is negligible. On the other hand, where significant amounts of Mg are present
in the zeolite, agreement between Na* molarities calculated using different binary parameters are not as
good. This may indicate that for a ternary system (e.g., Na*/K*/Ca?*), ion-exchange equilibria may
be reasonably calculated using parameters derived from binary systems alone; however, for quaternary
and more complex mixtures (e.g., Na*/K*/Ca?2*/Mg2?"), additional parameters are likely required.
These additional parameters can be easily incorporated into the Margules thermodynamic formulation.

2.5 CONCLUSIONS

Thermodynamic models are important in providing quantitative understanding of ion-exchange
interactions between groundwater and zeolite minerals that commonly occur in altered pyroclastic and
volcaniclastic rocks, such as those present underneath the proposed HLW repository at Yucca Mountain,
Nevada. The results of this study demonstrate that a solid solution model for zeolites based on a Margules
formulation, coupled with an activity coefficient model for aqueous solutions (e.g., Pitzer model), can
successfully describe and predict ion-exchange equilibria between aqueous solutions and the zeolite
mineral clinoptilolite over a wide range of solution composition and concentration, at least for binary ion-
exchange reactions. Because the Margules formulation can be easily extended to ternary and more
complicated systems, this type of thermodynamic treatment may provide a foundation for modeling ion-
exchange equilibria in multicomponent geochemical systems. Using thermodynamic models such as that
developed in this study, it may be possible to take into account spatial variations in zeolite composition
and natural or repository-induced changes in groundwater chemistry to guantitatively model the transport
and retardation of alkali and alkaline earth radionuclides such as '3°Cs, 137Cs, and %0Sr, that are
important fission products present in HLW.

Furthermore, uncertainties exist in determining groundwater chemistries in the vadose zone of
Yucca Mountain due to problems inherent in current techniques for sampling pore waters from
unsaturated media. The results of this study show that cationic compositions of aqueous solutions can be
predicted very well based only on the composition of zeolites that equilibrated with the solutions and
known values for :solution normality, at least for binary (two-cation) mixtures. Reasonable predictions
can also be obtained for dilute, multicomponent solutions typical of Yucca Mountain groundwaters, using
thermodynamic parameters derived from binary systems. However, it is apparent from this study that
experimental data on ternary mixtures are needed to better constrain the thermodynamic model and its
application to multicomponent aqueous systems.
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3 REACTION KINETICS AND THERMODYNAMICS OF
DISSOLUTION AND GROWTH OF ANALCIME AND
CLINOPTILOLITE AT 25 °C

3.1 INTRODUCTION

Primary volcanic glass in the natural system at Yucca Mountain is partially altered to
clinoptilolite and analcime (see Section 4.2 for a general discussion of mineralogical alteration at Yucca
Mountain). These minerals are particularly significant to performance of the proposed geologic repository
for nuclear waste because their sorptive characteristics may enhance retardation of radionuclide transport
and because their interactions with groundwater could affect its chemistry. In turn, groundwater chemistry
would affect waste package and waste form performance, and radioelement speciation and solubility.
Despite their significance, the fundamental thermodynamic and Kinetic parameters required for predictive
modeling and interpretations of chemical interactions among clinoptilolite, analcime, and groundwater
are poorly known. The objective of research reported in this section is to advance knowledge of the
fundamental properties of these minerals through controlled experimentation, and to interpret the data in
the context of the geochemical system at Yucca Mountain. In particular, experiments have been designed
and conducted to measure rates and elucidate mechanisms of dissolution and growth of analcime and
clinoptilolite. The solubilities of these minerals have been measured, and standard state Gibbs free
energies of formation have been derived from the solubility data. The data for clinoptilolite can be
combined with ion-exchange data reported in Section 2 of this report to derive standard state Gibbs free
energies for binary solid solutions. Derived thermodynamic properties permit evaluations of the state of
equilibrium with respect to analcime and clinoptilolite of waters from the Yucca Mountain environment.
Also, derived thermodynamic data can be used to evaluate estimated properties for multicomponent
clinoptilolite used in modeling studies reported in Section 4.

An idealized reaction between Na-clinoptilolite and analcime can be written

Na,ALSi, 0,,*8H,0 = 2NaAlSi,0,-H,0 + 68i0, + 6H,0

(-1
Na-clinoptilolite analcime a :I.“ E ous
silica

which indicates that equilibrium between these minerals depends on the concentration of aqueous silica.
This observation is consistent with the general coexistence of clinoptilolite with metastable cristobalite
and opal CT and absence of cristobalite in the diagenetic zone characterized by analcime at Yucca
Mountain (Broxton et al., 1987; see Section 4.2). Recognizing aqueous silica as a possible controlling
variable, an experimental strategy was devised to explore the dissolution, precipitation, and aqueous
solubilities of analcime and a sodium form of clinoptilolite, and their mutual equilibrium corresponding
generally to reaction (3-1). Preliminary computations of experimental conditions using EQ3/6 Version
7.1 with DATA0.COM.R16 (Wolery and Daveler, 1992)! indicated that complications associated with
variations in aqueous solution composition and precipitation of other phases could be limited by

1See Appendix C for a discussion of the EQ3/6 aqueous speciation and reaction path modeling
software and data:
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conducting experiments in a mixed 0.1 molal sodium chloride and 0.01 molal sodium bicarbonate solution
equilibrated at 25 °C with atmospheric CO, (Murphy, 1991). Aqueous solutions of this design maintain
nearly constant pH near 9 and nearly constant sodium, chloride, and bicarbonate concentrations during
the course of reactions with analcime and/or clinoptilolite. At pH near 9 aqueous aluminum is dominated
by tetrahedral AI(OH),~, which limits possible precipitation of dioctahedral clay minerals with aluminum
in octahedral coordination.

3.2 REVIEW OF ANALCIME THERMODYNAMICS AND DISSOLUTION

The occurrence of analcime in a variety of geologic environments has stimulated several studies
of its stability and thermodynamic properties. Data for analcime have been derived by three general
methods: calorimetry, hydrothermal phase equilibrium determinations, and low-temperature solubility
experiments. Evaluation of these data is complicated by variations in the chemical compositions of test
specimens. The Si to Al ratio and H,O content of natural analcime commonly differ from the ideal
stoichiometry. Analcime samples collected from Yucca Mountain are enriched in Si relative to the ideal
stoichiometry. Analyzed compositions of Yucca Mountain samples (Broxton et al., 1987) generally yield
stoichiometries ranging from (NaAl)g ¢Siy {OgenH,0 to (NaAl)y 77Sij 130¢°nH,0, and most analyses
cluster around (NaAl)g g5Siy 1504°nH,0O, where n represents the number of H,O per formula unit. Even
small variations in mineral composition can lead to large differences in derived thermodynamic properties,
which is illustrated for analcime in Section 3.6.

3.2.1 Calorimetric Data

Robie et al. (1978) summarized calorimetrically determined standard entropy (S°), standard
enthalpy of formation (AH;"), and standard Gibbs free energy of formation (AG;°) for analcime derived
from King (1955), Kelly and King (1961), and Barany (1962) (Table 3-1). (Standard state properties of
formation are relative to the elements.) The Robie et al. (1978) compilation includes a revised
interpretation of the Barany (1962) data for analcime which accounts for a correction in the value for the
standard enthalpy of formation of gibbsite, in accord with data reported in Hemingway and Robie (1977).
Although the ideal analcime chemical formula is given in the Robie et al. (1978) report, samples used
in experiments to generate the data probably deviated from this composition as noted by Johnson et al.
(1982).

Johnson et al. (1982) made calorimetric measurements of the properties of analcime including
the standard heat capacity (Cp°) (Table 3-1). The mineral composition was analyzed and interpreted as
(NaAl)g g¢Siy 04Og*H,O. Johnson et al. (1982) reported that their analcime samples and other test
materials closely corresponded to those used in the experimental studies that provided data for the
compilations by Robie et al. (1978) and Helgeson et al. (1978). Johnson et al. (1982) used their values
for the standard Gibbs free energy and heat capacity for analcime, together with data from Helgeson and
Kirkham (1974), Walther and Helgeson (1977), and Helgeson et al. (1978) for the properties of H,O,
aqueous SiO,, and albite, to show that the analcime calorimetric data are compatible (within limits of
uncertainty) with the experimental phase equilibrium data used by Helgeson et al. (1978) to derive
analcime properties. Analcime properties in the EQ3/6 composite database (see Appendix C) are derived
from the data of Johnson et al. (1982).




Table 3-1. Standard state thermodynamic properties of analcime at 25 °C and 1 bar

Se AH;° AGy° Cp°
J/K -mole kJ/mole kJ/mole J/K -mole Reference
234.43 —3,309.839 —3,091.730 _ Robie et al.
+2.51 +3.598 +3.682 (1978)
234.30 —3,306.165 —3,088.200 212.13 Helgeson et al.
(1978)
226.75 -3,296.9 -3,077.2 211.53 Johnson et al. }
+0.23 +3.3 +3.3 +0.21 (1982)
_ —-3,298.4 _ _ Johnson et al. p
+2.6 (1982)*
—_ —_ -3,085.4 — This study

ll *Reinterpretation of data from Barany (1962)

3.2.2 Hydrothermal Phase Equilibrium Data

Helgeson et al. (1978) compiled thermodynamic properties for analcime (Table 3-1) as part of
their comprehensive development of an internally consistent database for minerals. The data were derived
primarily from phase equilibrium experiments at elevated temperatures and pressures, but data also
depend on experimental and estimated heat capacities and entropies. The Helgeson et al. (1978) values
for analcime are compatible with reported hydrothermal phase equilibria for reactions between analcime
and albite, and among analcime, nepheline, and albite. However, they are incompatible with published
data for equilibria among analcime, quartz, and albite. Helgeson et al. (1978) attributed this discrepancy
to major solid solution (excess silica) in the analcime samples used in the analcime-albite-quartz
experiments. The analcime data embedded in the program SUPCRT92 (Johnson et al., 1992a) are based
on those reported by Helgeson et al. (1978).

3.2.3 Solubility Data

Caullet et al. (1980) reported data for the dissolution of synthetic analcime in 0.02, 0.10, and
0.50 molar NaOH solutions at 25, 60, and 80 °C. Based on their reported analytical data, the
composition of the analcime was Nay gg4Al; 026Si; 9340g°1.076H,0. However, in their thermodynamic
analysis, Caullet et al. (1980) assumed the composition NaAlSi; 94Os gg, Which has the analytical Al/Si
ratio but misrepresents the sodium analysis and neglects the water content. Aqueous solution data were
collected after periods of 1 and 2 mo of reaction in nine separate experiments. Measured increases in Si
and Al concentrations between 1 and 2 mo fail to demonstrate that equilibrium was achieved in the
experiments. Therefore, the thermodynamic data derived by Caullet et al. (1980) from these experiments
are unreliable. Furthermore, ambiguities with regard to the bulk chemical compositions of the aqueous
solutions and aqueous speciation make analyses of the solubility data untenable. However, the relative
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release of aluminum and silicon in the Caullet et al. (1980) experiments corresponds well to the ideal
(1 Al to 2 Si) stoichiometric relations (Figure 3-1).

3.2.4 Dissolution Reaction and Aqueous Species

The dissolution reaction for analcime of generalized stoichiometry can be written
(NaAl)lﬂt Siz—xOG .nHZO -
(1+x)Na " +(1+x) Al(OH), +(2-x)SiO, + [n-2(1 +x)JH,0

(3-2)

where n and x are coefficients expressing compositional variations. Thermodynamic interpretation of
solubility data requires knowledge of the activities of the aqueous species in this reaction, which depend
on the bulk solution composition and speciation. Equilibrium calculations with EQ3 (Wolery and
Daveler, 1992; see Appendix C) for the dilute, basic sodium bicarbonate solutions in the kinetic and
solubility studies reported in this section indicate that important aqueous species in addition to those in
reaction (3-2) are: HCO; ™, CO32', NaHCO;, NaHSiO3, HSiO; ™, H*, and OH™. Aqueous species of
lesser importance are NaCO;~ and NaCl. The EQ3 data for most of these species are derived from
SUPCRT92 (Johnson et al., 1992a) which provides a recently updated compilation of internally consistent
standard-state thermodynamic data for minerals and aqueous species derived largely from solubility
studies and empirical correlations. In addition, data for NaHCO; and NaCO;™ are taken from Wagman
et al. (1982).

3.3 REVIEW OF THE THERMODYNAMIC PROPERTIES OF
CLINOPTILOLITE AT 25 °C

Calorimetrically measured thermodynamic properties of two natural, multicomponent
clinoptilolites are summarized in Table 3-2. Hemingway and Robie (1984) reported calorimetric data for
natural clinoptilolite from Lake Tecopa, Inyo County, California, with the composition
(Nay 56K0.08Cay 50Mg; 93) (Alg 7Feq 3)Sip9045922H,0. Johnson et al. (1991) reported heat capacity and
heat of solution measurements and derived thermodynamic data for clinoptilolite from Malheur County,
Oregon. The composition of the clinoptilolite used in their study is (Na ¢54Kg 543)
(Cag 761M80.124B2,0625T0.036MN0.002)(Al3 450 Fep.0175114.533)036°10-922H,0. Johnson et al. (1991,
1992) used silicalite as the Si-containing reference material and (silicalite+hydrofluoric acid) as the
reference reaction for the calorimetric measurements, instead of the generally used «-quartz and
(a-quartz+hydrofluoric acid) reaction. To reference their values of AH° and AG;° for clinoptilolite to
a-quartz, 3.51 kJ/mol should be added for each Si atom in the empirical formula of the zeolite.
- Furthermore, Johnson et al. (1991, 1992) used a new value of AH;® for AI(OH); (gibbsite) in their
thermochemical cycle calculation of the AH® and AG;° of the Oregon clinoptilolite and other zeolites.
If consistency with AH;° and AG;° of minerals tabulated in databases such as EQ3/6 is desired, a
correction of 1.8 kJ/mol for each Al atom in the formula should also be added to the values of Johnson
and others (1991, 1992). '
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Figure 3-1. Concentrations of Al and Si in the analcime dissolution experiment reported by Caullet

et al. (1980). The initial period of reaction is illustrated in A, and complete data are shown in B.
Lines have a slope of 0.5 corresponding to the Al to Si ratio in idealized analcime.
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Table 3-2. Standard state thermodynamic properties of clinoptilolite at 25 °C and 1 bar

“ Sol AHfo AGfo v Cpo
J/K -mole ‘ kJ/lpole kJ/mole J/K -mole Reference

2,872.3 — — Hemingway and
+9.0 298653 | Robie (1984)2

1,483.1 —20,645.0 ~19,078.4 1,537.4 Johnson et al.
+13.5 +3.1 (1991)3

— -20,587.7 -19,021.2 — Johnson et al.
(1991)34

Johnson et al.
(1991)*3 ﬁ

— — —12,708.0 — This study’ u

1 Reported as S° - S°(0 K) because of unknown configurational disorder.
2 Based on 72 structural oxygens.

3 Based on 36 structural oxygens.

4 Adjusted for a-quartz and AI(OH); reference states (see text).

3 Based on 24 structural oxygens.

| -

_ ~13,725.1 “nsso | _

— e —
e — —

3.4 SAMPLE CHARACTERIZATION AND PREPARATION

3.4.1 Analcime

Analcime samples were obtained from Ward’s Natural Science Establishment, Inc. These
samples are from Mt. St. Hilaire, Quebec, where analcime occurs in coarsely crystalline, late magmatic-
stage pegmatites in nepheline syenites. The as-received samples consisted of analcime crystals about 1
to 6 cm in diameter intergrown with accessory K-feldspar, hornblende, and muscovite. Samples were
broken into pieces less than 0.5 cm in diameter with a hammer. Essentially pure analcime crystals were
separated by hand-picking. Purified samples were crushed and ground in a mortar and pestle, and sieved
into four size ranges using a Ro-Tap sieve shaker and 8-in.-diameter stainless steel sieves. The size ranges
were: (i) 200-230 mesh (75-63 pm), (ii) 230-325 mesh (63-45 um), (iii) 325-450 mesh (45-32 um),
and (iv) 450-630 mesh (32-20 um). Sieving was repeated several times to minimize retention of analcime
grains of a particular size with grains in the larger size range. Analcime powders in the first three size
ranges were used in dissolution/precipitation kinetics experiments, and analcime in the 450-630 mesh size
fraction was used in equilibrium solubility experiments.

XRD analysis of the less than 450 mesh size powder samples was done using a Siemens D-500
x-ray diffractometer and Siemens Kristalloflex 800 x-ray generator to verify that the mineral sample was
analcime. A comparison of the pattern with the Joint Committee on Powder Diffraction, Standards
(JCPDS) mineral powder diffraction file (#19-1180) confirmed that the sample is analcime. No diffraction
peaks for other minerals were observed.
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All samples were cleaned ultrasonically several times in ultrapure (> 17 megaohm resistivity)
water to remove fine surface particles. A comparison of SEM photomicrographs of analcime powder
before and after ultrasonic cleaning is shown in Figures 3-2A and 3-2B. These images indicate that
ultrasonic cleaning removed most of the fine material from the analcime surfaces. A SEM
photomicrograph of analcime grains after reaction with NaCl-NaHCO; solutions in the ACDTIIA
experiment is shown in Figure 3-2C.

Surface areas of ultrasonically cleaned analcime powders were determined using both nitrogen
and argon gas adsorption methods. Average surface areas calculated using the Brunauer-Emmett-Teller
(BET) model are 0.11+0.01, 0.12+0.02, and 0.16+0.04 m?/g for analcime powders in the 200-230,
230-325 and 325-450 mesh size fraction, respectively, where uncertainties represent one standard
deviation in duplicate analyses.

The chemical composition of five analcime powder samples from various size fractions was
determined by ICP emission spectrometry subsequent to lithium metaborate fusion and dissolution in an
HCI/HNO; matrix. The water content of three unreacted and two reacted analcime samples was
determined by measuring their weight before and’ after heating at 900 °C for 2 hr. Results of the chemical
analyses are given in Table 3-3.

These chemical analyses were converted to a molar basis by dividing the analytical oxide masses
by the oxide molecular weight and normalizing the resulting molar oxide quantities to 6 structural
oxygens (excluding oxygen associated with H,O). The resulting compositions are shown in Figure 3-3
to illustrate the relation between tetrahedral Al (+Fe) and higher coordination Na (+K+2Ca+2Mg)
cations as a function of Si (+Ti). The analcime structure accommodates coupled substitution of NaAl for
Si, which is illustrated by the line plotted in Figure 3-3. The data reveal some scatter around this line,
which is probably an indication of sample heterogeneity as well as analytical error. An intermediate value-
was selected for the purposes of data interpretation, which can be represented by the formula
Na; gpAl; 51 9306, Or Na/Si = Al/Si = 0.515 on a molar basis. Trace quantities of other elements are
neglected in this formula. The water analysis for reacted samples shown in Table 3-3, when converted
to a molar basis, yields the structurally correct value of 1 H,O per 6 structural oxygens.

3.4.2 Clinoptilolite

The clinoptilolite material used in the dissolution experiments is the Na form (100-200 mesh
size) clinoptilolite also used in the ion-exchange experiments. A description of its characterization and
preparation is given in Section 2 of this report. Its chemical formula, calculated from the ICP analysis
and based on 24 oxygens per unit cell, is (Na 1.804K 0_123) (Ca 0_003Mg 0'035) (Al 1.947Fe 0_044) (Sl 10.002
Tig oo4) Oz4¢7.43H,0. For comparison, the idealized formula for the sodium endmember of
clinoptilolite is N32A128110024'8H20.

3.4.3 Initial Solutions

Dissolution experiments were conducted by reacting weighed amounts of analcime and/or
clinoptilolite powder with 0.1 molal NaCl-0.01 molal NaHCO; solutions continuously equilibrated with
atmospheric CO, at 25 °C. For the dissolution/precipitation kinetics experiments, 1,000 ml of NaCl-
NaHCOj; solutions were used, whereas 250 ml were used for the equilibrium solubility experiments.
Before adding the solid to the NaCl-NaHCOj solutions, the aqueous solutions were pre-equilibrated with
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Figure 3-2. Scanning electron photomicrographs of analcime powder: before (A) and after (B)
ultrasonic cleaning, and after reaction with NaCl-NaHCO; solutions in the ACDTIIA experiment

(C). Note extensive but selective etch pitting in the reacted samples.
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Table 3-3. Analcime chemical analyses (weight percent)

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
(<325 mesh) | (<325 mesh) |(200-230 mesh)|(450-630 mesh)|(230-325 mesh)
54.36 54.11 54.70 53.77 54.70
23.79 23.20° 24.54 2329 24.38
0.01 0.01 0.00 0.00 0.00
0.04 0.02 0.04 0.11 0.04
0.06 0.06 0.02 0.03 0.02
0.00 0.00 0.00 0.01 0.00
14.60 14.00 14.50 14.47 ' 14.20 ll
0.02 0.05 0.02 0.01 0.04
7.89 7.89 7.89 7.89 7.89
8.17 8.17 8.17 8.17 8.17
100.78 99.36 101.71 99.58 101.27
1 Average of 3 analyses (+0.12) for H,O for ultrasonically cleaned (unreacted) analcime.
2 Duplicate analyses of two samples recovered from the ASE4 solubility experiment

(see Section 3.6).
| 3 Totals based on chemical analyses and H,O contents for unreacted samples.

atmosphenc CO, for several days until constant pH values were achieved. The analcime and/or
clinoptilolite powder and aqueous solutions were reacted in 500- or 1,000-ml polypropylene bottles which
were maintained at 25.040.1 °C and kept under agitation using a constant temperature water bath. To
keep the experimental systems open to atmospheric CO,, the bottles were covered with a porous material

(Kimwipes).
3.4.4 Analytical Procedure

The extent of reaction was followed by taking 35- to 50-ml aqueous samples, which were passed
through 0.2-micron syringe filters, and analyzing SiO, and Al concentrations using a Milton Roy 1201
UV-Vis spectrophotometer. Al was analyzed using the Eriochrome Cyanine R Method [Method 3500-Al
D, (APHA, 1989)]. SiO, was measured by the Molybdosilicate Method or the Heteropoly Blue Method
[Methods 4500-Si D and 4500-Si E, respectively (APHA, 1989)], depending on the expected SiO,
concentration. The use of glassware in the analysis of 8102 was avoided because of demonstrated silica
contamination in preliminary tests. The pH and Na* concentrations were analyzed using Orion ion
selective electrodes. The pH electrode was calibrated using commercially available pH buffers (pH 7.00
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Figure 3-3: Structural interpretation of analcime chemical analyses. Moles of Al (+Fe) and Na
(+K+2Ca+2Mg) per 6 moles of structural O are plotted as a function of moles of Si (+ Ti) per 6
moles of structural O. The line denotes NaAl for Si substitution. The solid circle represents an
intermediate value adopted in the interpretation of dissolution, precipitation, and solubility
experimental data.

L

and 9.00); differences in liquid junction potential between these buffers and the experimental solutions
were neglected. The Na* ion selective electrode was calibrated using commercially available Na*
standards; an ionic strength adjustor (4 M NH,Cl + 4 M NH,OH) was added to these standards and to
the experimental samples prior to analysis. Sample aliquots were not replaced with fresh solutions to
avoid discontinuities in the evolution of the solution composition and to facilitate data interpretation.
Therefore, each bottle was weighed before and after each sample was taken to record evaporation losses
and changes in the mass of the solutions. Analcime and clinoptilolite dissolution and growth experiments
are listed in Table 34, and characteristics of individual experiments and analytical data are given in
Appendix B.

3.5 ANALCIME DISSOLUTION MECHANISM AND RATE

3.5.1 Mass Transfer Relations

Mecnanistic and kinetic interpretation of the dissolution and growth data require knowledge of
mass transfer (i.e., moles of Si and Al released or precipitated) as a function of time and solution
chemistry. The net release to the aqueous solution in a dissolution or precipitation experiment is given
by




Table 3-4. Summary of analcime and clinoptilolite experimental studies

m
Subject and Objective Test Name* “
Mechanism and rate of analcime dissolution and analcime | ACDTIA (B) ACDTIIA (C) "
solubility ACDTHIA (D)
Analcime dissolution reaction solubility limit ; ASE1 (E) ASE2 (E)
ASE3 (E) ASE4 (E)
Analcime dissolution reaction solubility limit ASEAIl (E) ASEA2 (E)
-ASEA3 (E)
u Analcime precipitation reaction solubility limit RACDTIA (F) RACDTHIA (F)
Analcime precipitation reaction solubility limit RASH1 (G) RASH2 (G)
RASH3 (G) RASH4 (G)
Analcime-clinoptilolite mutual equilibrium ACDTIB (H) ACDTIIB (I)
: ACDTIIB (J)
Mechanism and rate of clinoptilolite dissolution and CDVSEI1 (K) CDVSE2 (K)
clinoptilolite solubility CDVSE3 (K) CDVSE4 (K)
Clinoptilolite precipitation reaction solubility limit RCDV1 (L) RCDV2 (L) l ,
RCDV3 (L) RCDV4 (L)
*Letters in parentheses refer to data tables in Appendix B; experimental conditions are
summarized in Appendix B, Table A.

nm(ts) = m,(fs)W(ts) + nw(ts) - my(t )W(t) (3-3)

where nyp(t) stands for the net number of moles of a particular component, I (e.g., Si or Al), released
to solution (which is negative for net precipitation) at the time of sampling, t;, m,(t) denotes the total
molality of I at time t, m,;(t ) represents the molality of I at the time of initiation of the experiment, t,, W (t))

stands for the mass of the solvent in the reaction vessel prior to sampling at time t,. The number of moles
of component I extracted in all solution samples removed from the reaction vessel at all times t, prior

to time t; (n; g) is given by

nig(t) = 3 myt,)Wg(t,) 349
<t

where Wit ) represents the mass of solvent extracted in the sample taken at time t,. Measurements of
experimental solution masses before and after extraction of each solution sample provide values of W and
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- Wg permitting the effects of variations in solution mass due to sampling and evaporation to be explicitly
accounted in calculations of cumulative mass transfer. Differences between solution and solvent masses
are negligible for the dilute solutions in these experiments.

Data reported in Appendix B Tables B, C, and D were used in Eqs. (3-3) and (3-4) to calculate
values for the cumulative release of Si and Al in analcime dissolution experiments of the ACDT A series.
Results are illustrated in the mass release and stoichiometry plots in Figures 3-4 and 3-5. Because of the
variable solution mass, cumulative moles released corresponding to each sampling time and analytical
measurement depend on measured concentrations for all earlier experimental times. Spurious analytical
data can therefore adversely influence calculated values of the total mass released for all subsequent times.
To minimize this effect, interpolated concentrations were used in place of a few apparently spurious
analytical values to calculate solute masses extracted during sampling. However, the analytical values for
concentrations were used in calculations of mass released at each time.

The slopes of the trends of mass release versus time illustrated in Figure 3-4 correspond to rates
of reaction, which were rapid at the outset (represented by lines in Figure 34 for ACDTIA and
ACDTIIA) and slow at the conclusion of the experiments. This is interpreted to be a consequence of the
variation of reaction rate with the approach to equilibrium. Upward trailing values for the final
experimental times may be a consequence of experimental inaccuracies that are magnified in the
calculations of moles released as the remaining solution volume in each reaction vessel becomes small,
and the effects of evaporation and solution sample extraction are relatively large. A possibility exists that
evaporation can lead to supersaturation of solutions with respect to analcime at extended times in
experiments of this design. However, continual net release of Si and Al and the solubility limit evaluated
in Section 3.6 indicate that supersaturation was not achieved in the ACDT series experiments.

The data in Figure 3-5 give a strong indication that release of Si and Al from analcime was
generally stoichiometric. This result is in accord with the data from Caullet et al. (1980) shown in
Figure 3-1. The slopes of lines drawn through the data in Figure 3-5 correspond to the ratio of Al to Si
in the adopted formula (Na; gAl; 5511 ¢s06°H,O). The positive intercepts of these lines on the Al axes
indicate initial rapid preferential release of Al. This release is likely to be an indication of a change of
the surface chemistry of the analcime in contact with the alkaline solution (i.e., silica enrichment). Small
increases in the moles of Si released relative to Al released in the final samples of the ACDT series of
experiments are indicated by final data points falling consistently below the lines in Figure 3-5. Terminal
excess Si release compensates for initial excess Al release resulting in net release that is close to
stoichiometric.

- The data in Figure 3-5 also suggest that secondary phases did not precipitate, even though the
solutions are calculated to be supersaturated with respect to a number of Al-rich minerals. Al
concentrations and moles of Al released both increased continuously, even for the final samples. Absence
of secondary phase formation is also supported by SEM examinations of the reacted grains from
experiment ACDTIIA which revealed no observable secondary products but showed that many analcime
grains developed etch pits (Figure 3-2C). Etch pits are a common characteristic of selective dissolution
in areas of excess energy such as crystal defects.

Although variations in sodium concentration were small in the dissolution and solubility
experiments, the sodium concentration increased by both evaporation of H,O and dissolution of analcime.
Mass transfer analysis permits calculation of the evolution of sodium concentrations, which are required
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Figure 3-4. Moles of Al (triangles) and Si (circles) released as a function of time in ACDT A series
analcime dissolution experiments. Lines in figures for the ACDTIA and ACDTIIA experiments
indicate initial rates of Si and Al release (see text).
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in kinetic and thermodynamic interpretations. The total number of moles of sodium (ny, 7) corresponding

to the sum of the amount in the initial solution (nyy, ;) plus sodium released by dissolution of analcime
can be represented by

Dyt = Dy + (1 + %) & (3-5)

where § stands for the number of moles of analcime dissolved and x represents the stoichiometric
coefficient defined in reaction (3-2). The value of Dy, ¢ is a function of time in the experiments because
the reaction progress variable, £, varies with time. The number of moles of sodium in solution (ny, 5)
equals the total moles of sodium defined in Eq. (3-5) minus the moles of sodium extracted in solution
samples (ny, ), i.€.,
DNas = Dot ~ Dnap (3-6)

The amount of sodium removed in samples taken prior to time t is given by Eq. (3-4) written for Na
where the concentration (molality) of sodium (my,) is simply given by

my, = Dy,/ ano (3-7)

Substituting Eqs. (3-4) and (3-5) in Eq. (3-6), and the resulting equation in Eq. (3-7) gives an expression
for the sodium molality

my, = [ng; + 1 +x)E -é; mNa(tp)WE(tp)] / Wy o 3-8
(]

Sodium concentrations in the ACDT A series experiments can be calculated as a function of time with
Eq. (3-8) using data from Appendix B (Tables B, C, and D) and values of £ as a function of time, which
can be derived from integration of a rate equation for analcime dissolution (see Section 3.5.1) or
calculated based on release of Si or Al. Values of Na molality calculated by this method are shown by
the solid line in Figure 3-6 for experiment ACDTIA and compared to experimental measurements of
sodium concentration made by ISE (Appendix B, Table B). Comparison of measured and calculated
values indicates that the calculations provide more accurate representations of the sodium concentration
for the purposes of kinetic and thermodynamic interpretations. Chloride concentrations also increased in
the experimental solutions due to evaporation, and chloride concentrations were calculated using
analogous equations with no input from mineral dissolution. In general, mineral dissolution and/or growth
had negligible effects on the sodium concentrations in the experiments compared to evaporation.

3.5.2 Kinetic Analysis
A general rate equation for mineral dissolution can be written as (Aagaard and Helgeson, 1982)

S - ks Ia* A-@QK)™) 69)
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Figure 3-6. Na molality in the ACDTIA analcime dissolution experiment. Circle symbols represent
analytical measurements using a sodium ion specific electrode. The curve illustrates calculated
values based on initial conditions, reaction progress, and variable solution mass. Errors in the curve
are relatively small because it depends primarily on accurate gravimetric analyses with water mass
interpolated between measurements. Uncertainties in reaction progress have an insignificant effect
on the calculated sodium concentration. Estimated error in experimental measurements is shown
by vertical lines.

where £ stands for the number of moles of dissolved reactant (i.e., the reaction progress variable), t

represents time, s denotes the surface area of the reactant, IIh:" represents the product of activities of
. i .

aqueous species i (e.g., H”, Al(OH); ) that affect the reaction rate independently of their effects on the
state of disequilibrium, K stands for the equilibrium constant for the dissolution reaction, and Q denotes

the activity product for this reaction. For elementary reactions, the factor ¢ in Eq. (3-9) is related to the
activated complex stoichiometry by transition state theory. However, it may also be regarded as an
empirical coefficient. For interpretations of analcime dissolution rates the value of o was fixed at one.

Reasonable fits can also be obtained using values of o other than 1; however, discrimination between
the interpretations is unwarranted given available data. For convenience, the rate constant, k, can be
combined with other factors to define the preaffinity factor, k*,

k* = ks Ia," | (3-10)
i

The activity product for the general analcime dissolution reaction is given by
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Q = [y )y op)]" P (ag)* (-11)

where ay, ., 850, and a ALOH); stand for the thermodynamic activities of the subscripted aqueous species,
X is a parameter representing deviation of the analcime from ideal stoichiometry, and analcime and H,0
are assumed to be in their standard states with unit activity. For a reaction at equilibrium, K=Q. By
definition, for each species i

a, = m,y, (3-12)

1
where m, and v, represent the molality and activity coefficient of species i.

Kinetic interpretation of the analcime mass transfer data was facilitated by development of a
computer code that permits calculations of reaction progress as a function of time by numerically
integrating the dissolution rate equation. The code requires an experiment-specific database to account
for variable water masses resulting from solution sampling and evaporation. Rate equations are integrated
in a stepwise manner for successive small intervals of reaction progress to obtain increments of elapsed
time. Between successive steps, values for the solvent mass and the moles of dissolved species in solution
are corrected, if necessary, for water sample extraction. Water mass and sodium molality are also
stepwise corrected for evaporation by distributing the net evaporation linearly with time between water
mass measurements. The number of moles of Si and Al released is calculated as a function of computed
cumulative time by summing the moles in solution and the moles extracted in solution samples. The initial
Al concentration in the mass transfer model can be set to a finite value to mimic the initial preferential
Al release observed in the experiments. EQ3 aqueous speciation calculations indicated that activity
coefficients and distributions of elements among aqueous species varied negligibly, and constant values
were employed in the mass transfer model.

Dissolution data from ACDT A series experiments were similar, so the kinetic analysis is based
primarily on data from experiment ACDTIA. The initial dissolution rate of analcime corresponds to the
slope of a line regressed through the Si release data at the beginning of the experiment, divided by the
number of moles of Si per mole of analcime (1.98), which equals 4 X 10~12 moles/s. Lines approximating
Si and Al release corresponding to this initial rate of release are shown in Figure 3-4(A). During this
initial period of reaction, the system was far from equilibrium with regard to reaction (3-2), and Q/K in
Eq. (3-9) was close to zero. The chemical affinity for the dissolution reaction [A= -RTIn(Q/K)]
diminished to 8675 J/mole at 3,200 hr in experiment ACDTIA. At this state of undersaturation the
theoretical impact of affinity on the net reaction rate is less than 3 percent. The initial rate, therefore,
equals the preaffinity factor k* in Eq. (3-10). The surface area specific initial rate of reaction under
conditions that are far from equilibrium is commonly interpreted as an apparent rate constant (e.g.,
Murphy and Helgeson, 1989). Dividing the initial rate determined for experiment ACDTIA by the
specific surface area (1,100 cm?/g) and the mass of material (3.75 g) yields an initial surface area specific
dissolution rate of 10~1% moles/cm?/s. This value was used together with appropriate surface areas,
sample masses, and stoichiometric coefficients to calculate initial moles of Si and Al released per time
in the ACDTIIA and ACDTIHA experiments. Correspondence to the ACDTIIA data is good and
indicated by lines in Figure 3-4 for initial Si and Al release. Correspondence with the ACDTIIA data
is not good, partially due to the high and relatively uncertain specific surface area determined for the fine
grain size material used in this experiment (Section 3.4.1). The experimentally determined initial rate of
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analcime dissolution corresponds well to that estimated by Brady and Walther (1989), which is 10~154
moles/cm?/s at pH 9.

Assuming k* equal to 4 10~12 moles/s is constant throughout the experiment, its use in Eq.
(3-10) substituted in Eq. (3-9) to calculate moles released at later stages of reaction progress provides a
poor correspondence between calculated and experimental results. The constant value of k* leads to
calculation of excessive mass transfer in early stages of reaction. Discovery of this effect was a fortuitous
consequence of the reduction in water mass during the experiment. Because of significantly decreasing
water mass, solution concentrations in the experiments grew at an increasing rate with time even though
the surface reaction rate diminished as equilibrium was approached. Extrapolation of the rate derived
from the initial stage of reaction leads to predictions of a large mass transfer to large masses of dilute
solution early in the experiment. This result is inconsistent with the experimental results. The important
observation with regard to reaction kinetics is that reaction rates diminished significantly for conditions
that were relatively far from equilibrium. Two alternate mechanisms have been postulated and tested to
account for these results. These are called the variably reactive materials hypothesis and the aqueous
- aluminate dependence hypothesis.

3.5.2.1 Variably Reactive Materials Hypothesis

Sample preparation, for example, grinding the original analcime crystal to powder, generates
reactive surface materials with large corresponding values of k*, which are incompletely removed by
ultrasonic cleaning (e.g., Holdren and Berner, 1979). Extra-reactive material may consist of fine particles
and edges and corners and defects (e.g., dislocations) at the surface induced by grinding. SEM images
of reacted grains show that rounding of edges occurred in dissolution experiments (e.g., Figure 3-2C).
This material would have reacted quickly and possibly to completion in the early stages of the
experiment. Later stages of reaction would have been dominated by materials characterized by a smaller
value of k*. If this hypothesis is correct, application of the value of k* extracted from the initial reaction
rate data throughout the experiment (or, notably, also to reactions in nature) would be inappropriate.

To examine the hypothesis that material of variable reactivity contributed to the experimental
results for analcime dissolution, mass transfer data have been regressed assuming two distinct types of
material existed and that they reacted simultaneously. One material is assumed to have a higher reactivity
and limited mass (1073 g). The ultrareactive material is postulated to dissolve completely in the initial
stages of the experiment according to a relation for diminishing surface area for identical grains (Helgeson
et al., 1984). The second material is assumed to have a lower reactivity and a constant preaffinity factor
for the duration of the experiment. A reasonable data regression is illustrated in Figure 3-7, where the
curve was calculated by stepwise integration of two expressions of Eq. (3-9) combined with Eq. (3-10)
using ¢ =1. For the less reactive material, k* was set to 1.98x 10~ 13 moles/s. The value for k* for the
more reactive material was taken initially to be 4x 1012 moles/s, and it decreased to zero as the extra
reactive material dissolved completely and its surface area went to zero. The value for the equilibrium
constant in Eq. (3-9) was based on results of the analcime solubility analysis given in Section 3.6.
Activities of the aqueous species in the rate equation were calculated based on the initial conditions for
water mass and species concentrations, calculated mass released due to analcime dissolution, solute and
solvent extraction due to sampling and evaporation, and activity coefficients and aqueous species
distributions from thermodynamic modeling of the equilibrium solution properties using EQ3. The
relatively poor fit of the data for Al release shown in Figure 3-7 is largely a consequence of the
inaccurate representation in the model of the deviation from stoichiometric dissolution of analcime
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Figure 3-7. Calculated moles of Si (circles) and Al (triangles) released based on analytical data from
experiment ACDTIA. Curves,are computed by numerical integration of rate Eq. (3-9) assuming an
initial instantaneous nonstoichiometric release of Al and two sources of material, one that is highly
reactive and limited in mass, and the other with lower reactivity and constant surface area.

observed in the experiments. A small quantity of 10~¢ moles of Al was assumed in the model to be
released instantaneously at the outset of the reaction. This initial condition accounts reasonably well for
the preferential release of Al that occurred in the first 50 hr of the experiment. At the end of the
experiment, the cumulative release of Al relative to Si tended to approach the stoichiometric ratio in the
reactant anaicime (Figure 3-5). This effect was neglected in the model, which resulted in the
overestimation of Al at long times provided by the model calculations. Nevertheless, the resulting curves
give a reasonable fit to the experimental data for Si and Al release.

3.5.2.2 Aluminate Dependence Hypothesis

Recent experimental studies have shown that dissolution rates of the aluminosilicate minerals
albite and kaolinite are inversely related to the aqueous aluminum ion concentration under conditions that
are relatively far from equilibrium (Chou and Wollast, 1985; Devidal et al., 1992; Oelkers et al., 1994).
A similar mechanism could provide an interpretation for the data for analcime dissolution at pH 9. Rate
dependence on dissolved aluminum was examined in regressions of the rate data using postulated rate
expressions that involve an aluminate ion-activity dependence. Reasonable data regressions have been
obtained using




-2 (3-13)

ni
IIa '=a .
; 3 AI(CH),

Curves for Si and Al release were generated from numerical integration of the analcime dissolution rate
equation [Eq. (3-9)] with substitution of Eq. (3-13). For this regression, the parameter ks was adjusted
to 1.3x 1023 moles/s to obtain a good fit to the data (Figure 3-8).

The alternate kinetic models each provide reasonable interpretations of the experimental data.
Nevertheless, each has its limitations. Validity of the model that adopts the premise of multiple materials
with different reactivity could be tested by subjecting reacted analcime to a fresh solution. Rate
dependence on the inverse square of the aluminate ion activity could be tested in steady-state, flow-
through experiments in which the aluminum concentration could be varied. Each of these models is
clearly a simplification, and other models and mechanisms could be postulated. For example, the silica
activity also increased in the experimental solutions. The rate data could probably be rationalized by
assuming a rate dependence on the aqueous silica activity, or on both aluminate and silica activities,
independently of their effects 6n the degree of disequilibrium. Nevertheless, some mechanisms appear
to be ruled out. Attempts at regressions using a rate equation similar to Eq. (3-9), but with the aluminate
ion-activity to the —1 power, gave poor fits to the data. Also, one essential and significant conclusion
is that the preaffinity factor in the rate equation under conditions that are far from equilibrium cannot be
reasonably extrapolated to more advanced conditions of reaction progress and near-equilibrium conditions
in the absence of other mechanisms. This observation provides a possible rationale for the commonly
observed discrepancy between laboratory determined rate constants and those evaluated from mass balance
relations in systems undergoing natural weathering (e.g., Velbel, 1991; Brantley, 1992). Neglect of
inverse rate dependence on aluminum concentrations would lead to overestimations of rates in models for
natural systems.

3.6 ANALCIME SOLUBILITY

The ACDT A series experiments were permitted to react until solution compositions approached
equilibrium as indicated by a slow rate of release. In addition, separate sets of experiments were
conducted with solid mass-to-solution ratios about five times greater (Appendix B, Table A) to test
analcime solubility limits. Analcime solubility was approached by dissolution in undersaturated solutions
in the ASE and ASE A scries experiments, and solubility was approached by precipitation from
supersaturated solutions in RACDT and RASH series experiments (Table 3-4). Initial conditions for
dissolution experiments were the same as for the kinetics experiments described in Section 3.4.3. Initial
conditions for precipitation experiments RACDT were close to estimated solubility limits. To confirm that
precipitation occurred in the RACDT series experiments, moles of Si and Al precipitated were calculated
using Eq. (3-3), taking into account the depletion of solution mass and solute removal in samples
(Figure 3-9). The data confirm precipitation of both species. Rapid initial decrease in reaction rate and
effective arrest of precipitation for a period of 10,000 hr or more at the end of the experiments indicate
close approach to chemical equilibrium. The relative amounts of Al and Si precipitated in the RACDT
series experiments correspond closely to the ratio of these species in the unreacted analcime
(Figure 3-10). However, within the uncertainty of the data, precipitation could be either slightly richer
in silica (e.g., as in the idealized analcime stoichiometry, NaAlSi,O0¢*H,0), or more likely poorer in
silica than the unreacted material.
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Figure 3-8. Calculated moles of Si (circles) and Al (triangles) released based on analytical data from
experiment ACDTIA. Curves are computed by numerical integration of rate Eq. (3-9) assuming an
initial instantaneous nonstoichiometric release of Al and a reaction mechanism in which the reaction
rate is inversely proportional to the square of the aqueous AI(OH),™ activity.

Equilibrium distributions of aqueous species were computed from aqueous solution analyses with
EQ3. Analytical measurements were used to constrain total Si and Al concentrations and pH. Total Na
concentrations were calculated based on initial solution compositions corrected for concentration of Na
due to evaporation. The bicarbonate content of the solutions was calculated by adjusting its value to
achieve electroneutrality in the speciated solutions. Calculated equilibrium fugacities of CO, were similar
and close to atmospheric values which provides a check of the accuracy of the data and interpretation.
Thermodynamic activities of aqueous species obtained in the speciation computations illustrate reaction
paths taken by the solid-solution mixtures when plotted on logarithmic activity diagrams. Analcime
solubility is conveniently illustrated in the coordinates of Figure 3-11. Equilibrium between analcime and
aqueous species according to the reaction

Na, Al 511 6506 H,0 + 1.04H,0 = (3-14)
1.02Na* + 1.02A1(OH), + 1.98SiO,

is described by the law of mass action, which can be written as
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K = (a'Na *) l.m(amom;)l.m(aswz)l.% (3-15)

where K denotes the equilibrium constant for the reaction, and HyO and the nonstoichiometric analcime
are assumed to be in standard states with unit activities. Eq. (3-15) can be rewritten as

198

log| (ax,+)(Baomy;)| = mlog(asmz) + ﬁlog K (3-16)

which is the equation for analcime solubility in the coordinates of Figure 3-11. The line in Figure 3-11
has been drawn between the data derived from analcime dissolution and precipitation experiments, and
corresponds to Eq. (3-16). The value of log K for reaction (3-14) consistent with this line is —14.67. The
narrowly defined experimental reversibility illustrated in Figure 3-11 indicates that uncertainty associated
with disequilibrium is approximately +0.2 in the value of log K, which corresponds to the range of
potential y-intercepts of lines drawn between the forward and reverse data in Figure 3-11.

Final solution compositions in dissolution experiments ASEl1 and ASEA 1-3 fall to the
supersaturated side of the equilibrium curve in Figure 3-11 because of evaporative concentration of the
solutions. Supersaturation is confirmed by decreasing Si and Al concentrations in ASE1 during the last
interval between sample extractions (which was 9 mo). Si and Al concentrations increased in the last
interval of the ASEA experiments (which was 14 mo). However, in all cases, the final increases in
concentration were less than those that would be a consequence of evaporation alone, confirming net
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Figure 3-11. Logarithmic activity diagram illustrating experimental reversal of the analcime
solubility limit. Symbols represent solution properties derived from ACDT, ASE, and ASEA series
analcime dissolution experiments (solid circles, open circles, and solid squares, respectively) and
RACDT series analcime precipitation experiments (open triangles). The line drawn between these
sets of data represents analcime solubility and has a slope corresponding to the negative Si to Al (or
Na) ratio in the reactant analcime (1.98/1.02). Solutions exceeded the solubility limit at the end of
some dissolution experiments because of evaporation (see text).

precipitation. Therefore, equilibrium with analcime was approached both by dissolution and precipitation,
successively in these experiments.

In the RASH series experiments, an attempt was made to precipitate analcime from a
supersaturated solution at a higher silica concentration than in the RACDT series experiments to provide
an additional constraint on analcime solubility. Data are summarized in Appendix B Table G. Moles of
Si and Al precipitated in these experiments, calculated using Eq. (3-3), are illustrated in Figure 3-10. In
contrast to the RACDT series experiments, these data show that the ratio of Si to Al precipitated was
approximately 5. This ratio indicates that the precipitate in these experiments was not uniquely analcime
of a typical stoichiometry. EQ3 computations of aqueous speciation in these experiments indicate that the
aqueous silica activity was close to that of cristobalite. However, cristobalite nucleation and growth under
low-temperature conditions are slow (e.g., Rimstidt and Barnes, 1980). Also, aqueous Al(OH),~
activities evolved to values below those compatible with the extrapolation of the reversed analcime
solubility determination, precluding equilibrium with both cristobalite and analcime. It seems likely that
at the higher silica concentrations of the RASH experiments, a higher silica phase (e.g., clinoptilolite)
possibly together with another aluminum-bearing phase precipitated. A process of this type apparently
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occurred in experimental studies of clinoptilolite dissolution and growth (see Section 3.7). Therefore,
reasonable constraints on analcime solubility cannot be derived from the RASH series data.

Aluminum hydrolysis can be expressed as
Al’* + 4H,0 = Al(OH), + 4H" G-17)

The equilibrium constant for this reaction at 25 °C is 10722-1477 according to the DATA0.COM.R16
database associated with EQ3/6 and SUPCRT92 (Wolery and Daveler, 1992; Johnson et al., 1992a).
Subtracting reaction (3-17) (multiplied by 1.02) from reaction (3-14) yields

Na, ,Al, ,51, 4;0,°H, 0 + 4.08H" =

(3-18)
1.02Na* + LO2AI% + 1.98Si0, + 3.04H,0

The base ten logarithm of the equilibrium constant for reaction (3-18) is given by
—14.67—(1.02) X(—22.1477)=17.92. Standard-state Gibbs free energies of formation in kilojoules per
mole for the aqueous species in reaction (3-18) at 25 °C calculated with SUPCRT92 (Johnson et al.,
1992a) are —261.9, —482.7, —833.4, —237.2, and 0.0 for Na*, AP*, S§iO,, H,0, and H™,
respectively. Standard-state free energies are related to the equilibrium constant for reaction (3-18) by

-RThK,, = AG,, = 102AG, . + 1L02AG, ;.

-] ° ] o (3-19)

+ 1‘98AGSi02 + 3‘04AGH20 - 4.08AGH, - AGAnalcime
where R and T stand for the gas constant and absolute temperature, AG® 5, stands for the standard Gibbs
free energy for reaction (3-18), and AG;° denotes standard Gibbs free energies of formation for the
subscripted species. Using the standard state data, Eq. (3-19) can be solved for the standard Gibbs free
energy of formation for analcime, which is —3,085.4 kJ/mole. This value compares favorably with values
reported in the literature (Table 3-1). However, it depends critically on evaluation of the precise analcime
stoichiometry.

The composition of analcime with which solutions approached or achieved equilibrium in the
experimental studies may differ from the bulk composition of the starting material. Equilibration of the
aqueous solution may in effect occur with a limited mass of material near mineral grain surfaces. Data
for the relative net release or precipitation of Si and Al in the experiments used to establish analcime
solubility are generally sufficient to confirm analcime dissolution and growth. However, these data are
insufficiently accurate to identify the precise composition of the analcime. Small variations in composition
have little effect on derived equilibrium constants. For example, in dilute solutions with H,O activities
close to one, the equilibrium constant is effectively independent of the number of H,O in the mineral
structure. Small variations in the Al/Si ratio also have negligible effects on derived equilibrium constants.
Analcime solubility data were interpreted assuming the analcime to have the composition
Na; ppAl} 2Si; 9g0¢*H,0, which is based on analytical data for the bulk mineral (Table 3-3). This
slightly nonstoichiometric form was taken to be the standard state for derivation of the equilibrium
constant for the dissolution reaction and the standard state Gibbs free energy of formation of analcime.
The solubility data shown in Figure 3-10 could be interpreted altematlvely using the nominal
stoichiometric form and the dissolution reaction




NaAlSi,0,H,0 + H,0 = Na*+Al(OH), +2SiO, (3-20)

The slope of the solubility limit based on this reaction would differ slightly from that shown in
Figure 3-11. However, the equilibrium constant consistent with the equilibrium reversal and reaction
(3-20) is 1071455 in contrast to the value of 10™14-67 derived using the aluminum-rich stoichiometry.
This is a small difference. Similarly, the standard state Gibbs free energy of the dissolution reaction
derived from the reversal illustrated in Figure 3-10 differs only between 8,374 J/mole and 8,362 J/mole
for the slightly Al-rich and nominal stoichiometric forms [reactions (3-14) and (3-20), respectively].
However, primarily because of the different number of atoms in the alternate mineral formulas, the
derived standard state Gibbs free energy of formation for analcimes of the two stoichiometries derived
from the same solubility data differ by over 5 kJ/mole between —3,085.4 kJ/mole (Section 3.6) and
—3,080.1 kJ/mole for the slightly Al-rich and nominal stoichiometric forms, respectively.

Derived thermodynamic properties also depend on properties of all major aqueous species
involved in aqueous speciation computations to determine thermodynamic activities. For example the
database employed for computations in this section [DATA0.COM.R16 of Wolery and Daveler (1992)]
includes data for the aqueous complex NaHSiO5 which indicate that it is fairly stable in the Na-rich and
pH 9 solutions of the experiments. The base ten logarithm of equilibrium constant for the reaction

NaHSiO, + H* = Na* + SiO, + H,0 (3-21)

is 8.304 at 25 °C. Data for this reaction are derived from SUPCRT92 (Johnson et al., 1992a) and are
based primarily on correlations of properties among similar species. Uncertainty in this equilibrium
constant is unestablished. If the stability of this complex has been overestimated, then extrapolation of
the derived properties of analcime for interpretations of data may be jeopardized for conditions that are
different than those of the experiments (e.g., conditions of lower pH and Na concentration).

3.7  CLINOPTILOLITE DISSOLUTION AND GROWTH

Bulk chemical analyses indicate that the purified sodium-exchanged clinoptilolite composition
can be represented as (Naj gg4K.123) (Ca g 003M8¢.035) (Al 947F€ g 044) (Sij0.002
Tig goq) Oo4 ¢ 7.43H,0. Grouping divalent cations (times 2) together with monovalent cations, the
clinoptilolite formula can be expressed in terms of cations of equivalent charge as
M®, 1M, o0 TV 0060,4¢7.43 H,0. With the exception of the water content, which is likely to
be variable and dependent on humidity, this stoichiometry corresponds almost identically, and certainly
within experimental uncertainty, to the idealized silica-rich clinoptilolite formula which can be written
for the sodium end member as Na,Al,Si;30,4°8H,0.

Clinoptilolite dissolution in the standard initial NaCl-NaHCO; solution was examined in the
CDVSE series of experiments. Elemental release in these experiments was calculated using Eq. (3-3).
Release of Si followed a trend of decreasing rate of reaction, corresponding to the variation in the slope
of the curve in Figure 3-12A. This result is consistent with a close approach to equilibrium. Calculated
moles of release of Al (Figure 3-12B), based on aqueous solution data, are approximately three orders
of magnitude lower than the release of Si, although the Si/Al atomic ratio in the primary clinoptilolite
is approximately 5. An initial period of net Al release is followed by a net decrease in Al release. Net
Al decrease begins at approximately the time that Si release effectively stops (and clinoptilolite
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Figure 3-12. Moles of Si (A) and Al (B) released in CDVSE series clinoptilolite dissolution
experiments as a function of time. Al release is roughly three orders of magnitude less than Si
release indicating incongruent dissolution. The curve in A was generated by integration of rate
Eq. (3-9). '
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equilibrium is inferred to be closely approached). The large discrepancy between the amounts of release
of Siand Al and the eventual decrease in Al release indicates that clinoptilolite dissolution is incongruent
and a secondary unidentified Al phase precipitated in the experiments. Other processes that could
contribute to this effect are selective leaching of Si or contamination of the clinoptilolite with silica (e.g.,
amorphous silica), which is preferentially released. No attempt was made to calculate solubility products
for potential unknown aluminous phases because final Al concentrations were below analytical detection
limits (Appendix B, Tables K and L).

The Na-exchanged clinoptilolite starting material contains appreciable potassium and calcium.
However, these species would occur at negligibly small concentrations in the experimental systems
relative to sodium, which is a major aqueous component at 0.11 molal and greater. It can be reasonably
assumed that equilibrium between clinoptilolite and the experimental solutions would involve a sodium
endmember clinoptilolite phase, with negligible amounts of potassium and calcium corresponding to their
trace concentrations in solution. Similarly the preponderance of aluminum over iron in the starting
material suggests that iron can also be neglected in determining solubility relations. The water activity
in the experiments is close to 1; EQ3 speciations for the most evaporated solutions in the clinoptilolite
solubility studies indicate a water activity of 0.996. Therefore, the water content of the clinoptilolite
would not affect the equilibrium constant for the dissolution reaction (although it would affect the value
of the standard state Gibbs free energy derived from the equilibrium constant). These considerations,
together with the ideal structural formula determined for the starting clinoptilolite, justify provisional use
of the idealized sodium endmember stoichiometry for interpretation of the data, which is
N32A128i10024'8H20.

Although the data for release of Si from clinoptilolite (Figure 3-12A) are not definitive with
respect to reaction mechanism, the systematic variation in Si release rate suggests that the general rate
equation (Eq. 3-9) may be appropriate for modeling clinoptilolite dissolution kinetics. The curve in
Figure 3-12A was generated by a regression of the Si release data using a numerical integration of
Eq.(3-9) for the reaction

Na,ALSi, 0,,+8H,0 = 2Na*+ 2A1(OH), + 108i0, + 4H,0 (3-22)
for which

Q = (B Baxom;) Bsio)"” (3-23)

For the regression, the values for the Al(OH), ™ molality were interpolated between analytical points, and
aqueous Na* molality was calculated by mass balance accounting for initial conditions in the experiments,
evaporation, solute extraction due to sampling, and Na* release from clinoptilolite in proportion to Si
[e.g., Eq. (3-8)]. Activity coefficients and relative distributions of species of the same component (which
remained constant) were based on an extended Debye-Huckel algorithm and calculated in EQ3 speciations
for the aqueous solutions. The value of the equilibrium constant used in the regression is based on the
provisional clinoptilolite solubility measurement described in Section 3.8. A constant value of
k* = 7.2x10~13 moles/s in Eq. (3-10) substituted in Eq. (3-9) with 0=20 yields the good fit to the data
shown in Figure 3-12A. The net release of Al does not correspond to the same expression presumably
because of precipitation of another aluminum phase. The large value of o is related to the clinoptilolite
formula adopted. If reaction (3-22) were written for clinoptilolite containing one Si, the same kinetic

regression of the Si release data would be obtained using a value of ¢=2.
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Clinoptilolite growth from a supersaturated solution was conducted in RCDV series experiments.
Based on experience from the CDVSE and ACDT series clinoptilolite dissolution experiments, initial
solutions were prepared to contain 30 ppm SiO, and 200 ppb Al. In these experiments Al concentrations
dropped precipitously to near the analytical detection limit at approximately 1 ppb. Using Eq. (3-3), Si
was calculated initially to be precipitated as Al was precipitated, but when Al reached very low levels,
net release of Si was observed (Figure 3-13). Apparently, precipitation of a secondary aluminum phase
was a dominant feature of these experiments which precludes a reasonable interpretation of the
clinoptilolite growth rate from these data. The mass of the secondary phase was necessarily small because
of the small amount of aluminum; and no secondary phases were observed in SEM examinations. EQ3
computations show final solutions in these experiments to be close to saturation with respect to the zeolite
natrolite (NayAl,Si;0,¢°2H,0) which could be the secondary phase.

3.8 CLINOPTILOLITE SOLUBILITY

Equilibrium aqueous speciations for solutions in clinoptilolite dissolution and growth
experiments were calculated with EQ3 using analytical values for Al and Si concentrations, analytical pH
(Appendix B), and sodium and chloride concentrations calculated using equations accounting for
concentration changes due to evaporation and dissolution [e.g., Eq. (3-8)]. Precipitation of a secondary
aluminum phase and uncertainty in the composition of the clinoptilolite complicate determination of its
solubility. Furthermore, evaporation in the experiments can drive initially undersaturated solutions in
dissolution experiments to states of supersaturation. In contrast, precipitation of a secondary aluminum
phase can drive initially supersaturated solutions in precipitation experiments to states of undersaturation
with respect to clinoptilolite. Nevertheless, a provisional solubility that depends on a few crucial
assumptions has been determined.

The time-dependent data illustrated in Figure 3-12A and the associated kinetic interpretation
suggest a close approach to a relatively stable equilibrium state. Although the number of moles of Si
released remains nearly constant over the period from 7,500 to 14,000 hr, the Si concentrations increase
markedly during this period due to evaporation (Appendix B Table K). The increase in Si concentration
is slightly less than that due purely to evaporation indicating that solutions attained states of
supersaturation due to evaporation and that clinoptilolite precipitated. Continuously increasing Si (and Na)
concentrations are nevertheless compatible with maintenance of a state close to equilibrium because of
decreasing concentrations of Al.

In contrast, calculated release of Si in the clinoptilolite precipitation experiments (RCDV series;
Figure 3-13) is initially negative and subsequently positive. Clinoptilolite is the only source of silica in
the experiments. Therefore, net release of silica indicates dissolution of clinoptilolite and undersaturation
of the aqueous solution with respect to clinoptilolite in the period after 1,000 hr of reaction. In contrast
to the CDVSE series dissolution experiments, silica concentrations increased in the nominal precipitation
experiments at a rate that was slightly greater than that due purely to evaporation, which is also consistent
with clinoptilolite dissolution.

Ironically, equilibrium with clinoptilolite seems to have been finally approached from
supersaturation in the dissolution experiments and from undersaturation in the precipitation experiments.
This result appears to be confirmed by calculations of the ion-activity product Q for the provisional
dissolution reaction which is defined in Eq. (3-23). Values of the logarithm of Q calculated for solutions
in the CDVSE and RCDV series experiments using activities from aqueous speciation computations with
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Figure 3-13. Net moles of Si and Al released in RCDV series clinoptilolite precipitation experiments
as a function of time. Net precipitation is indicated by negative values and dissolution by positive
values. Initially, Al precipitated rapidly followed by a long period of slow precipitation. Si
precipitated initially, but then was released indicating clinoptilolite dissolution.

EQ3 are shown in Figure 3-14 as a function of elapsed time in the experiments. For the dissolution
experiments (CDVSE series), the ion-activity product increases to a value that remains approximately
constant after 7,000 hr, corresponding to the period of minimal change in net moles of silica released
illustrated in Figure 3-12A. For the precipitation experiments (RCDV series), the ion-activity product
decreases to values somewhat lower than the maximum values from the CDVSE series experiments.
These combined data appear to indicate the determination of a reverse reversal of the equilibrium state.
The logarithm of the provisional equilibrium constant for the dissolution reaction corresponds to the
horizontal line in Figure 3-14 and equals —51. Within reasonable limits of uncertainty, this value is
equivalent to the value generated by combining the estimated properties of clinoptilolite of Kerrisk (1983)
with aqueous solution species properties consistent with the EQ3/6 database, which is approximately —52.
The latter value is used in modeling studies reported in Section 4 of this report.

Subtracting two times reaction (3-17) from reaction (3-22) expresses the provisional dissolution
reaction in terms of A’*. The logarithm of the provisional equilibrium constant for the resulting reaction
is —51-2%(—22.1477)=—6.705. This value can be related to the standard Gibbs free energy of
formation of ClinOptﬂOlite (AG° Clinoptilolite) by ’
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Figure 3-14. Ion-activity product for clinoptilolite dissolution and precipitation reactions derived
from CDVSE and RCDYV series experimental results as a function of time. The line is drawn as a
provisional equilibrium constant for the reaction.

AG, = -RTIn(10767%)

T

= 2AG,. + 2AG,,. + 10AGgq + 12AGg, - 8AG,. (3-24)
—AGChn‘ opﬁlolite

where symbols are defined as in Eq. (3-19). Using the data given after reaction (3-18), Eq. (3-24) can
be solved for the provisional value of AG® cypoprilolites Which is —12,708 ki/mole.

The EQ3/6 database DATA0.COM.R16 contains a value for the equilibrium constant for
dissolution of a Na-rich clinoptilolite. This value is based on calorimetric data from Johnson et al. (1991)
for a natural multicomponent specimen (see Section 3.3) and ion-exchange data from the literature and
estimated (Viani and Bruton, 1992). This Na-exchanged clinoptilolite has a formula,
Na, ,o,AL, ,Fep 01751s, 533056° 10.922H,0. Because the clinoptilolite contains ferric iron, its calculated
solubility based on calorimetric data can be compared with the interpretation of experimental solubility
data of this study only with additional approximations. Equilibrium with hematite provides a conservative
lower limit for the total iron concentration in natural, low-temperature aqueous systems. Assuming
equilibrium with hematite, EQ3 computations indicate that solutions in the clinoptilolite dissolution and
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precipitation studies that fall on the provisional equilibrium curve in Figure 3-14 would contain iron at
1.13X10712 molal and would be supersaturated with respect to the Na-(Fe)-clinoptilolite by
approximately 46 kJ/mole. Higher iron concentrations would lead to even greater calculated
supersaturations. It seems highly unlikely that a trace amount of iron substituting for Al in clinoptilolite
would increase its stability by this amount. This apparent inconsistency between the experimental
clinoptilolite dissolution and precipitation data reported in this study and the Na-clinoptilolite
thermodynamic properties in the EQ3/6 database suggests significant uncertainty in the appropriate
propetties for clinoptilolite to be used in modeling water-rock interactions at Yucca Mountain.

3.9 EQUILIBRATION OF ANALCIME AND CLINOPTILOLITE

Equilibration of analcime, clinoptilolite, and a NaCl-NaHCOj solution was attempted in ACDT
B series experiments. Analcime was first reacted with the standard initial solution, then clinoptilolite was
added to the reaction vessel. In preliminary experimental design computations with EQ3/6, aqueous silica
was predicted to rise continuously to a value defining analcime-clinoptilolite equilibrium according to
reaction (3-1) (Murphy, 1991). '

Experimental data for successive analcime dissolutionand analcime-clinoptilote-solution reaction
can be interpreted using mass balance relations given in Egs. (3-3) and (3-4). Results of net Si and Al
release are shown in Figure 3-15. Analcime dissolution is initially similar to that observed in the ACDT
A series experiments. On addition of clinoptilolite to the analcime-solution mixture in the ACDT B series
tests after 5,640 hr of reaction, Si concentrations sharply increased and Al concentrations decreased. This
is consistent with simultaneous clinoptilolite dissolution and analcime precipitation. However, growth of
analcime under these conditions conflicts with the measurement of analcime solubility. The Si release and
Al precipitation data are consistent with clinoptilolite dissolution and precipitation of another secondary
Al-bearing product of lower solubility than analcime. EQ3 computations suggest that aqueous solutions
evolved to states of metastable supersaturation with respect to Al phases during initial analcime
dissolution. On addition of clinoptilolite to the system, the clinoptilolite crystals, or a silica-depleted
residual clinoptilolite substrate, may have provided for nucleation of the secondary product. As in the
RCDV series experiments, final solutions in the ACDT B series experiments are close to equilibrium with
natrolite according to EQ3 speciation computations. Natrolite could be the secondary Al phase in these
experiments.

Aqueous solution data from a subset of the analcime and clinoptilolite experiments are plotted
in Figure 3-16 along with the solubility limits of analcime and Na-clinoptilolite derived from these data
as described in Sections 3.6 and 3.8. The intersection of the analcime and clinoptilolite solubility limits
represents the predicted point of their mutual equilibrium. Results of the independent analcime plus
clinoptilolite experiments (ACDT B series) clearly follow a trend to near this point. The precipitous drop
in Al concentration at the end of these experiments drives the final solutions away from the predicted
analcime-clinoptilolite equilibration point. This result is consistent with ultimate precipitation of a less
soluble aluminous phase. The postulated ultimate supersaturation of solutions in the clinoptilolite
dissolution (CDVSE series) experiments and undersaturation of solutions in clinoptilolite precipitation
(RCDV series) experiments is also apparent from the distribution of data from these experiments in
Figure 3-16 relative to the provisional Na-clinoptilolite solubility limit.
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Figure 3-15. Moles of Si and Al released in ACDT B series experiments as a function of time.
Analcime dissolved during the first 5,640 hr. Then clinoptilolite was added to the reaction vessel.
It dissolved and a secondary Al-bearing phase precipitated.

3.10 GROUNDWATER IN THE VICINITY OF YUCCA MOUNTAIN

Most analyses of groundwater chemistry from the vicinity of Yucca Mountain do not include
data for aluminum. Exceptions comprise water analyses reported by Young (1972) for wells J-11, J-12,
and J-13, by Daniels et al. (1982) for wells UE25b-1, UE29a-2, H1-4000, and J-13 from the saturated-
zone tuffaceous aquifer in the vicinity of Yucca Mountain, and by White (1979) for the Oasis Valley area
northwest of Yucca Mountain. Equilibrium aqueous speciation computations were performed with EQ3
using these chemical analyses. The bicarbonate concentrations for the aqueous speciation calculations were
based on charge balance in the solutions, and analytical data were used to constrain total concentrations
of other species and pH. Calculated bicarbonate values are reasonably consistent with analytical data
(e.g., for alkalinity). Results of these speciation calculations are plotted as open squares (Yucca Mountain
data) and open circles (Oasis Valley data) in Figures 3-17 and 3-18. ’

Data for waters from Yucca Mountain and Oasis Valley show small variations in the aqueous
silica activity (Figure 3-17). Silica activities are near 103, and generally lie between the cristobalite and
amorphous silica solubilities at 25 °C to 40 °C (which is the general range of the groundwater
temperatures) based on data from EQ3/6. This trend and the difference between the silica activities in the
natural solutions and that consistent with clinoptilolite-analcime equilibrium suggest that silica activities
are buffered naturally by metastable equilibrium with a silica phase (e.g., leached volcanic glass or opal)
and not by clinoptilolite-analcime equilibrium. Values for the product of the Na* and AKOH),™ ion
activities in the Yucca Mountain and Oasis Valley waters are mainly between 10~% and 10~°, which is
a fairly restricted relative and absolate variation. In the coordinates of Figure 3-17, the groundwater data
center near the intersection of the natural silica buffer concentration and the experimental analcime
solubility limit. This result indicates that analcime may provide a control on water compositions in the
tuffaceous aquifers.
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Figure 3-16. Interpretation of analcime and clinoptilolite dissolution and precipitation experiments
in logarithmic activity coordinates. Arrows mimic the evolution of solution compositions in
individual series of experiments. Line A corresponds to the reversed analcime solubility limit based
on aqueogus solution data (circles, squares, and open triangles; symbols as in Figure 3-10) and the
stoichiometry of the starting material. Line Na-C is the provisional Na-clinoptilolite solubility limit
based on data from dissolution and precipitation experiments (crosses and solid triangles,
respectively) and the idealized stoichiometry for clinoptilolite. Barred x’s represent experimental
aqueous solutions reacted with both analcime and clinoptilolite.

Lines H and J in Figure 3-17 are analcime solubility limits calculated using published
thermodynamic data for analcime (Table 3-1) and mineral stoichiometries adopted by Helgeson et al.
(1978) and Johnson et al. (1982), respectively. Helgeson et al. (1978) adopted the nominal analcime
stoichiometry NaAlSi,Og4*H,O, and Johnson et al. (1982) adopted a silica rich stoichiometry based on
analytical data; Nag ggAlj 9¢Siy 04Og*H0. Solubility limits derived from the literature data are
significantly smaller than those based on the present study and incompatible with the experimental data.

An additional test of analcime equilibrium control of groundwater compositions is provided in
an activity diagram showing relations between Na* and Al(OH), ™ activities at 25 °C (Figure 3-18). To
plot analcime solubility limits in the coordinates of this figure, the aqueous silica activity was fixed at
1073, which corresponds to the apparent natural buffer in the Yucca Mountain area tuffaceous aquifer
system (Figure 3-17). Thermodynamic interpretations of groundwater data from near Yucca Mountain
and Qasis Valley are plotted in Figure 3-18 as open squares and circles, respectively. Analcime solubility
based on the equilibrium constant adduced above is plotted in this figure as line A. The trend of the
groundwater data and their magnitudes closely follow the line, suggesting that the natural water
chemistries are controlled by equilibrium with analcime. Some deviation of the groundwater data from
the plotted analcime solubility line would be expected even if there were no uncertainty in the analyses
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Figure 3-17. Logarithmic activity diagram representing natural groundwater chemistry from the
vicinity of Yucca Mountain (open squares) and Oasis Valley (open circles) in relation to solubility
limits for analcime and clinoptilolite at 25 °C. Line A represents the analcime solubility limit based
on data from this study. Lines labeled H and J are analcime solubility limits based on
thermodynamic data reported by Helgeson et al. (1978) and Johnson et al. (1982), respectively. Line
Na-C is based on the provisional Na-clinoptilolite solubility determination in this study.
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Figure 3-18. Logarithmic activity diagram representing natural groundwater chemistry from the
vicinity of Yucca Mountain (open squares) and Oasis Valley (open circles) in relation to mineral
solubility limits at 25 °C. Line A represents the analcime solubility limit based on data from this
study. Lines labeled H and J are analcime solubility limits based on data reported by Helgeson et
al. (1978) and Johnson et al. (1982), respectively. Line Na-C is based on the provisional Na-
clinoptilolite solubility determination in this study. Lines LA and G represent solubility limits of low
albite and gibbsite, respectively, based on data from Helgeson et al. (1978) and Johnson et al.
(1992a). Solubility limits are based on log agg, = —3. Groundwater data can be compared to the
plotted solubility limits of aluminosilicates only to the extent that their aqueous silica activities are
reasonably approximated by this value.




of water from the field and all the waters were in equilibrium with analcime. The aqueous silica activities

in the groundwaters were not all equal to 103 (though they were all close), and the temperatures of the

waters were not all 25 °C (though they were all close). However, the solubility limits plotted as lines in

Figure 3-18 are based on these conditions. Also, variable Al/Si ratios of analcimes would lead to small -
variations in equilibrium solubility limits (see Section 3.6). Analcimes at Yucca Mountain tend to be

relatively silica rich (Broxton et al., 1987).

Analcime has been identified at depth in core from boreholes J-13 and UE25b#1 (and many
others for which aqueous aluminum values are unavailable), but not in core from borehole J-12 (Bish and
Chipera, 1989). Other minerals that could play a role in control of groundwater chemistry include low
albite and gibbsite whose solubilities are also plotted in Figure 3-18 as lines LA and G, respectively,
based on data from the EQ3/6 database DATA0.COM.R16. Clinoplilolite at Yucca Mountain occurs as
a solid solution of several components in addition to Na (especially K and Ca). For these natural
conditions the activity of the Na component would be less than one, and the solubility limits for
multicomponent clinoptilolite would plot at lower levels in Figure 3-18. The natural groundwaters appear
to be supersaturated to a greater degree with respect to multicomponent clinoptilolite than with respect
to the pure Na form. The equilibrium aqueous speciations at field temperatures indicated the natural
groundwaters represented in Figure 3-18 are all 50 to 100 kJ/mole supersaturated with respect to the Na
(~Fe) clinoptilolite of the EQ3/6 database.

3.11 SUMMARY OF CONCLUSIONS

Analcime and clinoptilolite are critical diagenetic minerals in the Yucca Mountain environment.
Several series of low-temperature (25 °C), long-term (up to 2.6 yr) batch-type dissolution and
precipitation experiments have been designed, conducted, and interpreted to examine interactions between
analcime, Na-clinoptilolite, and aqueous solutions. Preliminary experimental design facilitated data
interpretation by limiting the number of important components, by establishing agueous solution
compositions that limited the potential for secondary phase formation, and by providing for relatively
stable chemical conditions in the experiments. Experiments were conducted in 0.1 molal NaCl-0.01 molal
NaHCOj solutions continuously equilibrated with atmospheric CO,, which maintained pH close to 9.

Small changes in Na and Cl concentrations as a consequence of evaporation were calculated
from initial conditions and measurements of water mass as a function of time. Mass transfer of Si and
Al among solid and aqueous phases was determined from measurements of Si and Al concentrations as
a function of time taking account of solutes removed in solution samples and evaporative concentration.

Analcime dissolution and growth were approximately stoichiometric in the experiments. A slight
initial excess Al release in dissolution experiments was compensated as equilibrium was approached by
a slight excess Al precipitation. Mass transfer data indicate that no solid phases other than analcime
influenced analcime dissolution and growth experiments at aqueous Si concentrations less than
approximately 4 ppm. However, attempts to precipitate analcime from supersaturated solutions at Si
concentration of approximately 30 ppm apparently led to precipitation of a mineral other than analcime
with lower solubility.

The rate of release of Si and Al in analcime dissolution studies decreased systematically with
increasing Si and Al concentrations and the approach to equilibrium. However, the dissolution rate data
cannot be rationalized using a constant preaffinity factor based on the initial rate of release under
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conditions that are far from equilibrium. The dissolution rate in the experiments decreased significantly
with increasing reaction progress and increasing Si and Al concentrations even under conditions that were
far from equilibrium. Two dissolution mechanisms have been hypothesized to account for this result, and
both provide reasonable regressions of the mass transfer rate data. The variably reactive materials
hypothesis invokes the presence of a significant mass of high-reactivity material (e.g., ultrafine particles
and damaged surface material such as structural defects) that reacts rapidly and dissolves completely. Its
rate of dissolution decreases as its mass and surface area decrease. The bulk material is hypothesized to
react in parallel with the ultrareactive material but accords to a much smaller preaffinity rate constant.
In the aluminate-dependent reaction hypothesis the reaction rate is presumed to depend on the activity of
the dominant aqueous Al species, AI(OH),~. Rate data are reasonably regressed assuming that the
preaffinity factor is inversely proportional to the square of the AI(OH),™ activity. Existing data do not
permit a selection among these models or other possible mechanisms that would decrease reaction rate
under conditions that are far from equilibrium. '

A point of controversy in recent literature has been an apparent discrepancy between dissolution
rate parameters deduced from laboratory studies and those evaluated by mass transfer modeling of natural
systems. Experimentally determined rate constants seem to be consistently in excess of field deduced rate
constants by an order of magnitude or more (e.g., Velbel 1991; Brantley, 1992). Laboratory dissolution
studies are commonly conducted under conditions that are far from equilibrium. The analysis of
dissolution data collected under conditions that are both far from and near to equilibrium illustrates the
potential for misapplication of laboratory data to natural phenomena. The analysis also provides a possible
rationale for discrepancies between experimentally determined and field deduced mass transfer rate
constants.

The equilibrium solubility of analcime has been closely approached from both undersaturation

and supersaturation (i.e., reversed). In several long-term experiments, initially undersaturated solutions
were driven to states of supersaturation by evaporative concentration. Evaluations of net precipitation of
Si and Al in the last stages of these experiments confirmed precipitation. Interpretation of the aqueous
solution data using EQ3 (Wolery and Daveler, 1992) permits extraction of the equilibrium constant and
standard state Gibbs free energy for the analcime dissolution reaction. The standard state Gibbs free
energy of formation of analcime can also be extracted using established properties for the aqueous
species. However, this value depends fairly strongly on the stoichiometry adopted for the equilibrated
analcime. Small variations in the mineral composition (e.g., the Na and Al to Si ratio) are reflected by
fairly large differences in the standard state Gibbs free energy of formation of the analcime derived from
the solubility: measurements. The equilibrium solubility of analcime obtained in this study differs
significantly from values based on thermodynamic data reported in the literature.

Release of Si in Na-clinoptilolite dissolution studies follows a systematic pattern of decreasing
rate with increasing solution concentration and approach to equilibrium. The time-dependent data can be
rationalized using a conventional dissolution rate equation. Release of Al, however, is orders of
magnitude less than that of Si indicating incongruent dissolution.

Attempts to determine the solubility of Na-clinoptilolite were complicated by precipitation of
an unidentified, low-solubility, Al-bearing phase in the experiments, as indicated by mass transfer
relations and thermodynamic interpretation of the data. Furthermore, solutions in clinoptilolite dissolution
experiments evolved to states of supersaturation due to evaporative concentration, and solutions in
clinoptilolite precipitation experiments evolved to states of undersaturation due to precipitation of the low-
solubility phase(s). Nevertheless, the data have been interpreted to provide an ironic reverse reversal of
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‘the equilibrium state. A provisional equilibrium constant and corresponding standard Gibbs free energy
for the dissolution reaction have been extracted from the data, adopting plausible assumptions about the
composition of the equilibrated clinoptilolite. Within limits of reasonable uncertainty, this value is
equivalent to one based on theoretical estimates of the properties of Na-clinoptilolite by Kerrisk (1983)
and employed in reaction-path modeling in Section 4 of this report.

Simultaneous equilibration of analcime and Na-clinoptilolite with an aqueous solution generated
solution compositions that evolved toward the theoretical equilibration point for these two minerals as
determined from thermodynamic data extracted in the solubility studies. However, eventual precipitation
of an unidentified, low-solubility, Al-bearing phase also complicated interpretation of these data.

Natural groundwater chemical data from the vicinity of Yucca Mountain and from Oasis Valley
have been interpreted thermodynamically. The solutions have aqueous silica activities that vary over a
small range suggesting buffering by mineral-solution equilibrium. The value of aqueous silica activity is
greater than that determined for mutual equilibration of analcime and Na-clinoptilolite. The magnitude
and trend of the natural water chemistry data correspond closely to analcime equilibrium using
thermodynamic data derived in this study. However, the natural waters are supersaturated with respect
to the provisional Na-clinoptilolite solubility and with respect to the solubility of analcime based on
thermodynamic data reported in the literature.
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4 CONCEPTUAL AND NUMERICAL GEOCHEMICAL
MODELING OF THE ENVIRONMENT OF THE PROPOSED
NUCLEAR WASTE REPOSITORY AT YUCCA MOUNTAIN

41  INTRODUCTION

Yucca Mountain in southern Nevada was selected by the government of the United States to be
studied as a potential site for geologic disposal of HLW. The geochemistry of Yucca Mountain could
impact performance of a nuclear waste repository through effects on containment (e.g., corrosion of
engineered containers), waste form behavior (e.g., dissolution and alteration of spent nuclear fuel and
vitrified nuclear waste), and transport of wastes (e.g., aqueous speciation and distribution of radioactive
species among solid, liquid, and gas phases and solid surfaces, and effects of dissolution and precipitation
on fluid flow). Conceptual and numerical modeling of the environment of the proposed repository at
Yucca Mountain can provide insights into geochemical processes of significance to repository
performance. Modeling can also aid predictions of the evolution of the geochemical environment through
the period of repository perturbations and regulatory concern. The first objective of this section is to
provide a general description of the geochemical system at Yucca Mountain based on literature review
and to identify geochemical processes that are important in the evolution of this system. This framework
is then used to develop the conceptual basis for quantitative reaction-path models for the natural Yucca
Mountain system and the heated repository system. Employing principles of thermodynamics, reaction
kinetics, mass transfer, and mass transport, computational models are developed to explore the evolution,
the natural geochemical system, and the geochemical processes that are likely to occur under repository
conditions.

The natural system at Yucca Mountain consists structurally of silicic volcanic strata that are
variably bedded, welded, and fractured. Mineralogically the rocks are variably vitric, devitrified to an
alkali feldspar and silica mineral assemblage, and diagenetically altered mainly to zeolite minerals
(Broxton et al; 1987; Bish and Chipera, 1989). Groundwater at the site is dilute and its chemistry is
dominated by sodium bicarbonate in the saturated zone where it is relatively well analyzed (McKinley
et al., 1991). However, limited data indicate that pore waters from the unsaturated zone are somewhat
more concentrated and enriched particularly in calcium, chloride, and sulfate (Yang et al., 1988; Yang,
1992). The groundwater table is at a depth of 500 to 700 m below the ground surface under Yucca
Mountain. The proposed repository horizon is 200 to 300 m above the saturated zone in the lower densely
welded zone of the Topopah Spring Tuff member of the Paintbrush Tuff (U.S. Department of Energy,
1988). The matrix porosity of the rocks varies widely with degree of welding and alteration from as low
as 1 percent to over 50 percent, but it is generally in the range of 20 to 35 percent for bedded and
zeolitized tuffs and 5 to 20 percent for welded tuffs (Nelson and Anderson, 1992). Fractures are abundant
in welded units, but uncommon in bedded rocks. Above the water table, the matrix porosity is commonly
60 to 90 percent saturated with water in welded units, and 20 to 50 percent saturated with water in
bedded units (A. Flint, written communication, 1992). The unsaturated porosity is filled with atmospheric
air with excess CO, (Thorstenson et al., 1990). Although extensive data on the geochemistry of the Yucca
Mountain system have been collected, subsurface data (e.g., mineralogy, mineral chemistry, groundwater
chemistry, and gas chemistry) are presently based on samples from few drill holes, and water chemistry
data from the unsaturated zone are particularly sparse.




Introduction of radioactive wastes and engineering materials in Yucca Mountain would have
extensive and complicated impacts on the geochemical system. The temperature of the near field may
increase to over 200 °C. Major effects would be due to thermally induced water and gas flow, changes
in mineral stabilities, accelerated reaction rates at elevated temperatures, and contamination of the system
with engineering materials and chemical components derived from nuclear waste forms. Complexity in
the repository system stems notably from coupled thermal-hydrological-chemical effects, transience of
the thermal regime, reaction kinetics resulting in characteristic times for important chemical reactions that
range from seconds to millennia, system heterogeneity, and the numerous important chemical species of
the system, many with poorly or incompletely known properties. These complexities must be considered
in developing realistic models for the geochemical system at Yucca Mountain.

4.2 SUMMARY OF THE NATURAL GEOCHEMICAL SYSTEM AT YUCCA
MOUNTAIN

4.2.1 Bulk Rock Geochemistry and Mineralogy

Typical bulk rock compositions from Yucca Mountain are given in Table 4-1. The rocks are
rhyolitic zoning upward to quartz latitic in composition, rich in silica, alumina, and alkali metals (Lipman
et al., 1966). Alkali feldspars and silica minerals (cristobalite, tridymite, and quartz) constitute the
dominant primary mineralogy of devitrified tuffs (Bish and Chipera, 1989). The bulk composition of
unaltered rocks can be reasonably approximated (to greater than 97 percent) by two components,
approximately 1 mole of alkali feldspar with the composition Or;3AbssAng, and 2 moles of a silica phase.

Mineralogical characterization of the rocks (Bish and Chipera (1989) and petrographic
interpretation (Broxton et al., 1989) reveal general patterns of mineral occurrences. Margins of individual
volcanic units were quenched to glass on eruption while the insulated flow interiors mostly devitrified.
Subsequently, glassy units have been partially to completely altered to secondary minerals. Four vertically
disposed diagenetic zones have been described at Yucca Mountain based on the degree and nature of
alteration (Smyth, 1982; Broxton et al., 1987). The top zone (zone I) retains unaltered glass with minor
clay minerals, zeolites, and opal. In zone II, glass is completely replaced by clinoptilolite and sometimes
mordenite with lesser opal, potassium feldspar, clay, and quartz. In zone III, the alteration assemblage
is dominated by anaicime with lesser potassium feldspar and quartz, and minor caicite and clay. Zone IV,
which occurs in the lowest members of the volcanic strata, contains the mineralogy of zone III but with
analcime replaced by albite. Data from Bish and Chipera (1989) indicate that cristobalite is generally
abundant in devitrified rocks associated with diagenetic zones 1 and II, but is absent in the lower zones.
Conversely, kaolinite occurs only below the mineralogic discontinuity between zones II and III.

Zone 1II of Broxton et al. (1987) generally straddles the water table at Yucca Mountain and
largely occupies a position between the proposed repository horizon and the water table. The geochemical
characteristics and evolution of this zone are of particular significance because this zone occurs along a
path of possible radionuclide migration. Zeolite minerals, notably clinoptilolite, which is the dominant
alteration mineral in zone II, are widely cited as a favorable condition for radioactive waste disposal at
the Yucca Mountain site because of their high ion exchange capacities (U.S. Department of Energy,
1988). It is also likely that as the first alteration product of volcanic glass, zeolites would play an
important role in controlling groundwater chemistry that may interact with engineered repository
components or released radionuclides.
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Broxton et al. (1986) report extensive chemical analytical data for clinoptilolites from Yucca
Mountain determined by microprobe analyses. In general, clinoptilolites are relatively rich in silica
(Si/Al = 4 to 5 on an atomic basis) and have a wide variety of alkali and alkaline earth contents, which
are generally correlated with their geographic distribution (Broxton et al., 1986, 1987). Clinoptilolites
near the surface from zone I are rich in calcium (and magnesium). In zones II and HI, clinoptilolites tend
to vary from sodium and potassium rich varieties in the west to calcium (and magnesium) varieties in the
east. In potassium rich rocks in the northern part of Yucca Mountain, clinoptilolites are rich in potassium,
but also trend from relatively calcium (and magnesium) rich varieties nearer the ground surface to
potassmm rich varieties at depth.

Clay minerals tend to occur in all stratigraphic and diagenetic zones, but in relatively small
quantities. Based on XRD data, clay minerals in rocks above the water table at Yucca Mountain are
randomly interstratified illite/smectite with less than 25-percent illite (Bish, 1989). The potassium content
and the illite fraction of the interstratified clays tend to increase with depth. However, in the unsaturated
zone, the sodium and calcium components of the smectites predominate (Bish, 1989).

Calcite also occurs locally both above and below the water table at Yucca Mountain and is
prevalent in caliche near the ground surface and in fracture fillings. It is generally the most recently
precipitated mineral at Yucca Mountain, with sample ages predominantly between 26,000 and 310,000 yr
(Szabo and Kyser, 1990). Stable isotope and trace element compositions of calcites generally denote a
distinction between those below the water table and those above it (Whelan and Stuckless, 1992;
Vaniman, 1993). Unsaturated zone calcites generally have chemical characteristics similar to those in
soil-zone caliche at Yucca Mountain (Whelan and Stuckless, 1992).

Fracture mineralogy differs from bulk rock mineralogy (Carlos et al., 1991). Tridymite occurs
in early fractures related to lithophysal cavities and is increasingly replaced by cristobalite or quartz with
depth. Manganese oxides with nonlithophysal quartz and later mordenite are common coating planar
cooling fractures. Zeolites, mordenite, heulandite/clinoptilolite, and stellerite are dominant in later
forming fractures. Smectite and calcite occur commonly in fractures as late forming minerals in variable
amounts (Carlos et al., 1991). Whereas mordenite and euhedral heulandite are common fracture minerals
in the Topopah Spring Tuff above the water table, mordenite is rare and heulandite is absent from
fractures in this member below the water table taken from borehole J-13 (Carlos, 1989).

4.2.2 Origin of Alteration at Yucca Mountain

Studies of natural mineral assemblages at Yucca Mountain are likely to provide the most realistic
indications of alteration that may develop due to repository heating and fluid circulation. The notion of
Yucca Mountain as a “self analog” is well established (Levy, 1993; Bish and Aronson, 1993). Hypotheses
for the origin of major mineral alteration features at Yucca Mountain generally invoke three types of
mechanisms: (i) geothermal alteration at elevated temperatures shortly following or coincident with
Timber Mountain Caldera volcanic activity, (ii) low-temperature weathering and diagenesis under
conditions similar to those that exist at present, and (iii) repeated hydrothermal inundation.

Hydrothermal activity is indicated by clay diagenetic relations supported by fluid inclusion data
in the northern region of Yucca Mountain, particularly in samples taken from depths greater than 1,000 m
in drill hole USW G-2 (Bish, 1989; Bish and Aronson, 1993). However, hydrothermal effects are not
evident in rocks within approximately 1,000 m of the surface in USW G-2 and are subtly expressed at
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even greater depths in areas to the south. Based on potassium-argon dating of illite and smectite, a
hydrothermal alteration event is likely to have occurred 10 to 11.5 ma at the time of Timber Mountain
Caldera volcanic activity (Bish, 1989; Bish and Aronson, 1993).

Hydrothermal formation of zeolites, clays, and silica phases occurs along fractures in zones of
transition between devitrified and vitric rocks in the lower densely welded Topopah Spring Tuff at Yucca
Mountain (Levy and O’Neil, 1989). Textural and mineralogical relations and oxygen isotope
geothermometry for these materials indicate that alteration occurred contemporaneously with cooling of
the primary volcanic deposits. Concretionary structures and breccia dikes at the ground surface in the
vicinity of Yucca Mountain were also interpreted by Levy (1991) to have formed by water infiltrating
into still hot volcanic deposits. In contrast, J.S. Szymanski! contends that these and similar deposits are
a consequence of repeated injections of hydrothermal solutions into the unsaturated zone at Yucca
Mountain and even to the ground surface.

Systematic diagenetic transitions (e.g., transitions from glass to clinoptilolite to analcime) occur
in borchole USW G-2 where hydrothermal activity is evident at depth and are also apparent in other
borehole samples showing no sign of hydrothermalism. Normal diagenesis does not require hydrothermal
alteration, and may be occurring slowly at present. Coexistence of lower temperature, randomly
interstratified illite/smectite with higher temperature, more ordered clays of hydrothermal genesis,
indicates that clay formation continued after the end of the hydrothermal event recorded in samples from
borehole USW G-2 (Bish and Aronson, 1993).

Levy and O’Neil (1989) and Levy (1991) concluded that most zeolitization, particularly in
nonwelded tuffs, occurred early in the history of Yucca Mountain under ambient diagenetic conditions
below the groundwater table. Evidence from textures of precipitated minerals indicates tilting of volcanic
strata following primary zeolitization. The deformation is proposed to have occurred prior to 11.6 ma,
establishing a minimum age limit for most zeolitization.

Mineralogic variations at Yucca Mountain may be related to the variation of silica content of
groundwater under ambient conditions (Kerrisk, 1983; Duffy, 1993). Metastable glass, opal, tridymite,
and cristobalite disappear with depth, indicating a decrease in aqueous silica activity. Lithophysal
tridymite, which is preserved in fractures in the Topopah Springs member from boreholes J-13 and USW
G-4 above the water table, is absent in fractures in this member from the J-13 well where it is below the
water table (Carlos, 1989). Disappearance of metastable silica phases is correlated with the transition in
dominant alteration mineralogy from clinoptilolite to analcime, which also corresponds to a decrease in
silica activity (Kerrisk, 1983; Bish and Aronson, 1993).

Several lines of evidence indicate that altered rocks at Yucca Mountain are enriched in calcium
derived from the ground surface and transported to depth in infiltrating groundwater. Calcite is an
occasional secondary mineral, occurring notably in fractures and as coatings near the surface where a
substantial caliche layer is developed (Vaniman et al., 1984). Young calcite with isotopic characteristics
similar to soil-zone calcite occurs at depth in the unsaturated zone. Unaltered Paintbrush Tuff from Yucca
Mountain generally contains less than 1 percent CaO by weight, whereas rocks that have been partially

1Jerry S. Szymanski, “The Origin and History of Alternation and Carbonatization of the Yucca Mountain
Ignimbrites.” U.S. Department of Energy, DOE Nevada Field Office, Yucca Mountain Site Characterization Pro;ect
Office; Las Vegas, Nevada, April 1992.
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aitered to zeolites and/or clays typically contain CaO at 3 to 4 percent (Broxton et al., 1986; see
Table 4-1). Although the altered rocks may have silica depletions of 10 to 20 percent, and alumina
enrichments of up to 30 percent suggesting limited preferential leaching, the large differences in calcium
concentrations indicate that it is added to the altered rocks from an external source. In general, alteration
minerals, notably zeolites, are enriched in calcium at higher positions in the volcanic section above the
water table, and become richer in potassium and sodium with depth. Similar relations are observed for
other alkaline earth metals, magnesium and strontium. Variations in groundwater chemical compositions
also support a mechanism of alkaline earth metasomatism (Section 4.2.5.8).

4.2.3 Gas Chemistry

Analyses of gases collected from the vadose zone at Yucca Mountain at depths up to 140 m
show them to be indistinguishable from atmospheric air with regard to major components (78 percent N,
21 percent O,, and approximately 1 percent Ar). However, the CO, content is elevated typically at 0.1
to 0.13 percent, and CH, is depleted with little to none present, relative to atmospheric values
(Thorstenson et al., 1990). For reference, the CO, content of air is approximately 0.03 percent. The CO,
contents of gases calculated to be at equilibrium with saturated zone well waters from tuffaceous aquifers
generally range from 0.13 to 1.4 percent (Kerrisk, 1987). Hence, the maximum CO, content of the
unsaturated zone gas phase corresponds approximately to the minimum CO, content calculated for gases
in equilibrium with saturated zone waters. This observation suggests that degassing of saturated zone
water could provide CO, to the unsaturated zone. The relatively light carbon isotopic character of the gas
at Yucca Mountain (e.g., 813c normally between -15 and -23 PDB [Thorstenson et al. (1990); Yang
et al. (1993)] indicates a biogenic origin for the carbon. Ground gas that escapes from borehole UZ6S
and gas collected from shallow “neutron holes” on Yucca Mountain have 14¢ contents generally in excess
of 100-percent modern carbon (pmc) indicating that the carbon is derived dominantly from testing of
nuclear devices (Thorstenson et al., 1990). However, gas collected from depths up to 350 m in borehole
UZ1 have progressively lower 14C activities with depth (Yang et al., 1993) indicating that the carbon
becomes progressively older with depth.

Because of the generally large liquid saturation in the natural vadose zone, the ground gas would
be expected to be close to chemical saturation with water at ambient temperatures. For repository
conditions at and within the boiling point isotherm surrounding the waste packages, the large amount of
water in the mountain would tend to drive the gas composition toward pure H,O vapor. Large-scale gas
convection or binary diffusion of air and water vapor would tend to disrupt this regime.

4.2.4 Hydrochemical Characteristics

Waters contained in tuffaceous rocks at and near Yucca Mountain have chemical compositions
formulated primarily by interactions with soil-zone materials, silicic tuffaceous rocks, and Paleozoic
carbonate rocks that underlie the tuffs. Groundwater taken from saturated zone tuffaceous aquifers in the
Yucca Mountain area have compositions that are uniformly dilute (e.g., generally less than 400 mg/1 total
dissolved salts), rich in sodium (with lesser potassium and caicium), bicarbonate, and silica, oxidizing
(except at depth), and intermediate in pH (e.g., 7 to 8) (Ogard and Kerrisk, 1984; Kerrisk, 1987
McKinley et al., 1991). Kerrisk (1987) summarized and interpreted water chemistry from a subset of
wells that tap the saturated zone and identified 15 wells from “Yucca Mountain and vicinity.” Water
chemistry data from this set of wells have been adopted in this study as representative of the saturated
tuffaceous aquifer at Yucca Mountain. However, water from well UE-25p#1 was excluded from the set
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because this well taps water from the Paleozoic carbonate aquifer and was collected at 44 to 56 °C.
Locations of boreholes are shown in Figure 4-1, and water chemistry data from the Yucca Mountain
vicinity are illustrated in Figure 4-2 (A through L).

Variations in water chemistry in the saturated zone are significant and geographically dependent.
Notably, the Ca content of tuffaceous aquifer waters is relatively low to the west of the Ghost Dance
Fault (which divides the proposed repository area) and higher to the east of this fault, leading to
corresponding variations in the Na to Ca ratio (Kerrisk, 1987). Gravity and borehole data indicate that
the depth to Paleozoic carbonate rocks increases from east to west under Yucca Mountain (Snyder and
Carr, 1984) which could contribute to the variation in Ca content of the saturated zone tuffaceous aquifer
waters. Deeper, saturated zone waters that have apparently reacted with rocks containing abundant
carbonate minerals (e.g., those from regional aquifers in carbonate rocks underlying the tuffs) have a
chemical composition that is substantially different from the tuffaceous aquifer waters notably having
higher calcium and carbonate and lower sulfate and chloride concentrations (Winograd and Thordarson,
1975). Water has been extracted from the Topopah Spring Tuff (the proposed host rock for the
repository) from well J-13 where this stratum dips below the water table. The chemical composition of
J-13 well water has been adopted as a reference composition in Yucca Mountain Project studies (U.S.
Department of Energy, 1988).

Although analogous processes have affected water chemistry in the saturated tuffaceous aquifers
and in the unsaturated zone at Yucca Mountain, they are not strictly from the same source, and their
environments are different. The dominant recharge area for saturated zone water under Yucca Mountain
is probably at higher elevations to the north such as Pahute Mesa (Winograd and Thordarson, 1975). In
contrast, the unsaturated zone waters must have a more local meteoric source. Unlike the saturated zone
groundwaters, the chemistry of vadose zone water is continuously affected by interactions with the gas
phase (e.g., evaporation/condensation of H,O and exchange with gaseous CO,). Because of these
hydrologic differences, the composition of the ambient groundwater in the unsaturated zone may differ
substantially from the saturated zone water chemistry, including that from the J-13 well.

Chemical data for pore water samples extracted by triaxial compression of core samples from
unsaturated zone rocks at Yucca Mountain have been reported by Yang and coworkers (Yang et al.,
1988; Yang, 1992; Peters et al., 1992). These data show wide variability and suggest substantial chemical
differences from saturated zone tuffaceous aquifer waters (Figure 4-2). In part this may be due to the
formidable technical difficulties associated with collection and preservation of unaltered samples of
partially saturated rock and extraction of pristine water samples.

An additional set of unsaturated zone groundwater chemistry data is available from Rainier Mesa
(Benson, 1976; White et al., 1980), which is approximately 30 km north of Yucca Mountain in a similar
geologic setting but at higher elevation with greater rainfall and groundwater recharge. Pore water
samples were extracted from core samples taken from Rainier Mesa by centrifugation (for unzeolitized,
friable, vitric Paintbrush Tuff samples) or by triaxial compression (primarily for zeolitized beds). Fracture
waters were collected from perched water flowing into tunnels from the zeolitized Tunnel Beds (White
et al., 1980). Interstitial (pore) waters are notably higher in calcium, chloride, and sulfate than fracture
waters. Pore waters from the vadose zone at Rainier Mesa reported by White et al. (1980) have lower
bicarbonate to chloride plus sulfate ratios than saturated zone waters from the vicinity of Yucca Mountain.
Pore waters from Rainier Mesa also have lower equilibrium CO, pressures for a given pH than fracture
waters at Rainier Mesa or saturated zone well waters from the vicinity of Yucca Mountain (Kerrisk,
1987). Chemical differences between unsaturated and saturated zone waters at Yucca Mountain are
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Figure 4-1. Locations of wells in the vicinity of Yucca Mountain for which water chemistry is
regarded as characteristic of the saturated zone tuffaceous aquifer. Topography is represented by
contours of 100-ft intervals. Yucca Mountain is located in the center of the figure.
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Figure 4-2. Comparison of water chemistry from the saturated zone tuffaceous aquifer in the
vicinity of Yucca Mountain highlighting J-13 well water (Kerrisk, 1987) from unsaturated zone core
samples from Yucca Mountain (Yang et al., 1988; Yang, 1992; Peters et al., 1992); from interstices
(pores) in unsaturated zone core samples from Rainier Mesa; and from saturated fractures above
the water table at Rainier Mesa (White et al., 1980). Na, K, Mg, Si, Cl, HCO,™, and pH are
plotted as a function of Ca in A through G, respectively; SO,2 is plotted as a function of Cl in H;
and Cl, HCO;~, SO, and pH are plotted as a function of Na in I through L, respectively. Lines
in E and J have slopes of one for reference.
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analogous to differences at Rainier Mesa between pore waters from unsaturated tuffs and waters from
saturated fractures above the water table. Chemical similarities between the fracture water at Rainier Mesa
and saturated zone groundwater at Yucca Mountain suggest that the latter is recharged by fracture flow
through unsaturated tuffs.

4.2.5 Aqueous Geochemistry in the Saturated and Unsaturated Zones

Water in the partially saturated zone at Yucca Mountain is of particular concern because the
proposed repository is to be located above the water table. However, water is difficult to sample there
and few data are available. In contrast, water chemistry data are available from a variety of boreholes
in the vicinity of Yucca Mountain which tap the saturated tuffaceous aquifer. A summary of
characteristics and constraints on individual properties of saturated and unsaturated zone waters is
provided in this section. Inferences are drawn from mineralogical data, gas composition data, and water
chemistry data from both the saturated and unsaturated zones at Yucca Mountain, and from the
unsaturated zone at Rainier Mesa. Likely thermodynamic, kinetic, and mass transfer controls on
gas-water-rock interactions and water chemistry are identified. Also, qualitative scenarios for repository
evolution are examined for their implications for the consequent evolution of unsaturated zone
groundwater properties. Relations among dissolved species discussed in the following sections are
illustrated in Figure 4-2. Ca is a useful component for comparison in these figures because it varies over
a large range of concentrations.

4.2.5.1 Orxidation State

The dominant control on the oxidation state in the vadose zone is the gas phase which provides
abundant oxygen. Few reducing agents exist in the natural system. Petrographic analyses of Yucca
Mountain tuff indicate that ferrous iron is significant only in primary glass in small concentrations (Bish
and Vaniman,-1985), and that ferrous iron is isolated from water (Caporuscio and Vaniman, 1985). Bish
and Vaniman (1985) speculate that accelerated alteration of glass during athermal pulse could oxidize
this iron. However, its quantity is so small that this would have a negligible effect on the oxidation state
of the system. Analyses of saturated zone groundwater from near the static water table show oxidizing
conditions (Kerrisk, 1987). Reducing groundwaters have been extracted from depth in the saturated zone
(Ogard and Kerrisk, 1984), but they are unlikely to affect the unsaturated zone or the repository system.

Metallic waste containers and spent nuclear fuel represent an enormous reducing potential and
would generate local reducing conditions. The spatial disposition, intensity, and evolution of reducing
plumes which could emanate from waste packages would be a function of corrosion and spent fuel
oxidation rates and transport rates of oxidants and reductants (notably oxygen, water, and hydrogen).
Reducing plumes and released radionuclides may ultimately migrate by similar mechanisms, raising the
possibility of radionuclide transport under locally reducing conditions, particularly in the near field.

42.52 pH

The measured pH of groundwater from the saturated zone in the vicinity of Yucca Mountain
is generally between 6.5 and 8.5, and J-13 well water has a pH of approximately 7 (McKinley et al.,
1991). Water extracted from unsaturated rock from Yucca Mountain by triaxial compression has pH
measured in the range of 6.5 to 7.8 (Yang et al., 1988; Yang, 1992). Measurements of pH for pore water
and fracture water from the unsaturated zone at Rainier Mesa are also in this range (White et al., 1980).
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Aqueous carbonate equilibria provide a primary control on pH. Repository heating and consequent
exsolution of dissolved CO, and accelerated silicate hydrolysis would cause the pH of unsaturated zone
solutions to increase (Arthur and Murphy, 1989; see Section 4.7.3). Also, interactions of groundwater
with cementitious construction materials (e.g., grout) could cause pH to increase to high values (e.g.,
Reardon, 1992). :

4.2.5.3 CO, and Bicarbonate

The dominant aqueous carbonate species is HCO3™ throughout the pH range for natural waters
at Yucca Mountain, and aqueous carbonate speciation is a weak function of temperature below 100 °C.
Bicarbonate concentrations in saturated zone waters in the vicinity of Yucca Mountain vary within a
relatively narrow range from approximately 2 x 103 to 5x 10~3 molal, but most waters contain between
2%1073 and 3x1073 molal bicarbonate as the dominant anion (McKinley et al., 1991). Similar
bicarbonate concentrations characterize water samples from the unsaturated zone at Rainier Mesa.
However, some Rainier Mesa water analyses indicate significantly lower bicarbonate contents down to
0.5x1073 to 1x 1073 molal particularly in interstitial waters (White et al., 1980). Averaged values for
bicarbonate from unsaturated zone waters at Yucca Mountain range from 1x 1073 to 2.5% 10~3 molal
(Peters et al., 1992).

Saturated zone groundwaters in the vicinity of Yucca Mountain groundwaters are calculated
generally to be undersaturated with respect to calcite (Kerrisk, 1987). Water infiltrating to the vadose
zone is likely to encounter secondary calcite mineralization in the caliche (soil) zone, and to leave that
zone in a state close to equilibrium with respect to calcite. Calcite solubility according to the reaction

CaCoO, + CO, = 2 HCO; + Ca? @1

together with the CO, partial pressure and a constraint on the Ca?* content, offers a reasonable upper
limit to carbonate concentrations in the unsaturated zone.

A strong positive correlation between sodium and bicarbonate among all tuffaceous
groundwaters from Yucca Mountain and vicinity [Figure 4-2(J)] is consistent with traditional views of
groundwater evolution. Dissolution of primary sodium aluminosilicates liberates Na*, and consumes
carbonic acid forming bicarbomllte.

An important contribution to water chemistry at Yucca Mountain is CO, derived primarily from
soil-zone biological processes such as root respiration. Rainwater saturated with respect to atmospheric
CO, at a partial pressure of approximately 10733 bar has a bicarbonate content of approximately
107> molal and a pH of approximately 5. In contrast, groundwaters from tuffaceous aquifers in the
vicinity of Yucca Mountain have chemistries consistent with 102 to 10~3 bar of CO, pressure, which
is significantly greater than the atmospheric value (Kerrisk, 1987). Vadose zone gases in the upper 140 m
at Yucca Mountain contain CO, in excess of atmospheric values (Thorstenson et al., 1990), corresponding
to approximately 1029 bar of CO, pressure.

It seems likely that unsaturated zone water readily exchanges carbon isotopes with the gas phase.
Because mobility of the ground gas may be greater than that of water in the vadose zone, and because
gas phase diffusion of CO, is relatively rapid, carbon in the gas may be younger than the water. Under
these conditions, the apparent 14C age of water that has interacted with the gas would be less than its true
age. Alternatively, if CO, in the unsaturated zone is derived by degassing of underlying saturated zone
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waters, the apparent 14C age could reflect the age and history of these waters including their interactions
with older carbonate-bearing rocks. Unsaturated zone groundwaters taken from approximately a 100-m
depth in UE-25 UZ#4, and UE-25 UZ#5 wells on the east side of Yucca Mountain yield apparent l4c
ages of 1,000 and 4,900 yr, respectively (Yang, 1992). Notably, gas collected from a 100-m depth in
USW UZ-1 at the crest of Yucca Mountain contains 70-percent modern carbon (Yang et al., 1993), which
corresponds to an apparent age of 2,950 yr. Murphy (1994) has shown that gas phase diffusion of
14C0, coupled with gas-water carbonate equilibrium could reasonably account for the observed !4C
distribution in'the gas phase at Yucca Mountain in the absence of net fluid advection.

4.2.5.4 Chloride and Sulfate

Groundwater from saturated zone tuffaceous aquifers in the vicinity of Yucca Mountain contains
up to 0.5% 10~3 molal chloride and sulfate [Figure 4-2(H)]. A rough correlation between saturated zone
sulfate and chloride concentrations corresponds to a molar ratio of 0.82 (Kerrisk, 1987). Data for water
extracted from unsaturated tuff (Yang et al., 1988; Yang, 1992) show a similar correlation between
sulfate and chloride, with a somewhat lower molar ratio of approximately 0.6. However, sulfate and
chloride concentrations from unsaturated zone water samples range from approximately the maximum
values measured for the saturated zone at Yucca Mountain up to approximately 2x 103 molal sulfate
and 3%1073 molal chloride. Fracture waters at Rainier Mesa (White et al., 1980) have chloride
concentrations similar to saturated zone waters at Yucca Mountain, but lower sulfate to chloride ratios

[Figure 4-2(H)].

Interstitial waters at Rainier Mesa have greater chloride and sulfate concentrations (and greater
ratios of these species to bicarbonate) than fracture waters collected within the same depth intervals
(White et al., 1980). Nevertheless, chloride and sulfate from pore waters at Rainier Mesa are generally
less than values obtained from ynsaturated rocks at Yucca Mountain. Increased concentrations in pore
waters in the unsaturated zone could be accomplished by occasional volatilization of CO, and H,O from
the interstitial water, with associated concentration of the soluble anions. During periods of recharge,
fractures could be flooded with relatively dilute, CO,-charged water descending from the soil-zone.
According to this interpretation, unsaturated zone pore waters may be substantially older than waters in
saturated fractures above and below the water table. Higher soluble anion concentrations in Yucca
Mountain pore waters than in Rainier Mesa pore waters may indicate that the process of evaporative
concentration is more advanced at Yucca Mountain where rainfall and presumably recharge is
significantly lower. The high solubilities of chloride and sulfate salts in contrast to silicates and carbonate
minerals suggests that, as waters evaporate extensively due to repository heating, their chemistries would
become dominated by chloride and sulfate rather than bicarbonate as in the natural system.

4.2.5.5 Fluoride

Fluoride tends to increase with increasing Nat and HCO;~, ranging from 5x107° to
3x1074 molal in saturated zone waters (Kerrisk, 1987). Saturated zone waters range up to chemical
saturation with respect to fluorite, which has been observed in fractures at Yucca Mountain (Bish and
Vaniman, 1985). Together with constraints on calcium, fluorite saturation may provide a reasonable upper

2Murphy, W.M. (1994). Contributions of thermodynamic and mass transport modeling to evaluation of
groundwater flow and groundwater travel time at Yucca Mountain, Nevada. Materials Research Society Symposium
Proceedings. In Review.
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limit to fluoride concentrations in groundwater at Yucca Mountain. The chlorine content of the tuffaceous
rocks at Yucca Mountain is low (approximately 500 ppm) and the molar fluorine-to-chlorine ratio in
unaltered tuffs is approximately 10 (Kerrisk, 1987). In contrast, chloride is the second most abundant
anion in groundwaters from the tuffaceous aquifer, where its molality usually exceeds the fluoride
molality. Enrichment of groundwater in chloride relative to fluoride suggests an external source of
chlorine, although it may also be due to preferential incorporation of fluoride in secondary minerals such
as zeolites, clays, and apatite. An external source of chloride is likely to be aerosol or dust halite derived
from seawater or the numerous playas in the region and deposited at the surface of the mountain.

4.2.5.6 Nitrate

The nitrate content of saturated groundwater in the vicinity of Yucca Mountain ranges up to
3%10~4 molal (Kerrisk, 1987). Nitrite as well as nitrate has been observed in reducing water from depth
at Yucca Mountain (Ogard and Kerrisk, 1984), but nitrite is unlikely under ambient oxidizing conditions
in the unsaturated zone. The nitrate/nitrite couple may be significant in characterizing the redox state of
the system where it tends toward reducing conditions, because reduction of carbonate and sulfate is
kinetically slow, and because the concentrations and buffering capacities of aqueous iron and manganese
are minimal. Nitrate is a major product of radiolysis in air, and could become significant in the radiation
field of a repository at Yucca Mountain. Hypothetically, condensation of nitric acid generated by
radiolysis along with early cohdensation of small volumes of water on cooling containers (or other
materials including rocks) could generate relatively concentrated nitric acid solutions. Decomposition of
nitrate could lead to persistence of oxidizing conditions in some circumstances, e.g., below the water
table.

4.2.5.7 Silica

Aqueous silica contents of saturated zone waters in the Yucca Mountain vicinity vary in a
narrow range from about 0.6x1073 to 1.3x1073 molal. At these concentrations, the water is in the
range of cristobalite to amorphous silica saturation (e.g., Kerrisk, 1987). Similar silica contents are
typical of waters from both interstitial and fracture waters from above the water table in Rainier Mesa,
although some samples from Rainier Mesa range to slightly higher concentrations (White et al., 1980).
In contrast, the silica contents of water extracted from cores from the unsaturated zone at Yucca Mountain
vary over a narrow but elevated range from 1.3%1073 to 1.7x10~3 molal (Yang et al., 1988; Yang,
1992).

Low-temperature waters, including those at Yucca Mountain, are commonly supersaturated with
respect to quartz (the stable silica polymorph at low temperature and pressure) because of its slow
nucleation and growth rates. The more soluble silica phases, cristobalite and opal, are common silica
minerals at Yucca Mountain particularly above the water table and in diagenetic zones I and II, whereas,
quartz is common below the water table (Carlos, 1985; Bish and Chipera, 1989). Generation of aqueous
silica activities in excess of cristobalite saturation requires dissolution of silica-bearing phases such as
feldspars or glass. With conservation of aluminum, dissolution of feldspars and growth of clay minerals
results in a net release of silica. However, dissolution of feldspars coupled with precipitation of
clinoptilolite, which generally has a higher silica to alumina ratio, would result in removal of silica from
solution. Feldspar alteration to clinoptilolite is unlikely to generate the high silica concentrations in Yucca
Mountain groundwaters. In contrast, the silica to alumina ratio in rhyolite glass exceeds that in
clinoptilolite. Alteration of glass is a likely mechanism for generation of secondary clinoptilolite and
elevated aqueous silica activities as concluded by other researchers (White et al., 1980). This conclusion
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is supported by petrographic evidence indicating that clinoptilolite forms predominantly by alteration of
thyolitic glass at Yucca Mountain. However, feldspar alteration to clay minerals is another possible
mechanism. : :

Alteration of clinoptilolite to analcime is a critical process at Yucca Mountain and is related
closely to the aqueous silica content of groundwater. Experimental studies of relations between these
minerals are presented in Section 3 of this report. A reaction between idealized mineral components can
be written as

Na,ALSi ;0,,8H,0 = 2NaAlSi,0,<H,0 + 6SiO, + 6H,0

4-2)
Na-clinoptilolite Na-analcime I, ) us
silica

Na and Al are conserved in mineral phases in this reaction, and equilibrium in dilute solutions at a
constant temperature depends only on the concentration of aqueous silica. Control of the relative stability
of clinoptilolite and analcime at Yucca Mountain by aqueous silica activity is indicated by the correlation
of cristobalite and/or opal with clinoptilolite in shallower rocks, and the absence of cristobalite with
analcime in deeper rocks (Kerrisk, 1983; Bish and Chipera, 1989; Duffy, 1993). However, the data
presented in Section 3 of this report indicate that reaction (4-2) does not generally control aqueous silica
activities.

Equilibrium for reaction (4-2) shifts to the right, that is, to higher silica activities, with
increasing temperature primarily because it is a dehydration reaction. With increasing temperature, if the
equilibrium silica activity for reaction (4-2) exceeds the value of the aqueous system, then Na-
clinoptilolite becomes unstable relative to analcime and aqueous silica. For example, higher temperatures
may activate growth of quartz leading to reduced silica activities and destabilization of clinoptilolite. In
nature, clinoptilolite frequently replaces volcanic glass, and subsequently analcime replaces clinoptilolite
with increasing depth (and temperature) (Hay and Sheppard, 1977). On this basis, Smyth (1982)
recommended limiting repository temperatures at Yucca Mountain below 85 °C to protect favorable
clinoptilolite. Preliminary reaction-path models analogous to those in Section 4.7 show the feasibility of
destabilization of clinoptilolite at repository temperatures below 50 °C under hypothetical conditions of
rapid, open-system volatilization of CO, and corresponding increase in pH, and kinetic growth of quartz
(Murphy, 1991). Bish and Aronson (1993) speculate, however, that the abundance of glass and opal in
the unsaturated zone and the limited duration of repository heating would preclude important reductions
of aqueous silica concentrations at Yucca Mountain. In contrast, Glassley (1994) concluded from kinetic
considerations that time would be sufficient in the environment of a repository at Yucca Mountain for
most of the system to reach equilibrium with respect to quartz. This basic issue has not been resolved.

4.2.5.8 Major Cations: Na, K, Ca, Mg

Major dissolved cations are derived from dissolution of volcanic glass and minerals and are
controlled to some extent by precipitation and ion exchange reactions among secondary minerals such as
zeolites, clays, and calcite. Relations between the major exchangeable cation chemistry of zeolites and
water at Yucca Mountain are analyzed in Section 2 of this report. Dissolution of soil-zone materials, for
example, carbonate minerals, is also an important source for some groundwater species, notably alkaline
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earths and possibly chioride. In the saturated zone of tuffaceous aquifers near Yucca Mountain, Na*
ranges from 2 X 1073 to 5X 10~3 molal and varies in proportion to total carbonate [Figure 4-2(J)]; Ca?*
ranges up to 5X 10™% molal and tends to decrease with increasing Na* and pH [Figure 4-2(A) and (G)];
Mg?* is generally less than 1x10~4 molal; and K™ is generally less than 1.5x 104 molal. Interstitial
waters from the Paintbrush Tuff at depths between 100 and 200 m taken from core U12T3 at Rainier
Mesa have Na* contents that range from 1x 103 t02x1073 molal, K* between 2x10~% and 4 x 104
molal, Ca?* from 51073 to 6 x10™% molal, and Mg?* from 1x10~* to 3 10™* molal (White et al.,
1980). Mg2* and Ca?* concentrations in water from the unsaturated zone at Rainier Mesa decrease
systematically with depth, which is correlated with a decrease in C1™ and an increase in HCO; ™ with
depth (Benson, 1976; White et al., 1980). The pattern of decreasing alkaline earth cation concentrations
with depth was attributed by White et al. (1980) to progressive formation of calcium containing
montmorillonite and clinoptilolite. The relations between chloride and bicarbonate could reflect greater
evaporation of pore waters retained closer to the ground surface (see Section 4.2.5.4).

In unsaturated zone pore water at Yucca Mountain, Ca?* ranges from 1x1073 to nearly
4x1073 molal, and Mg?* ranges from 2x10™% to almost 1x10~3 molal (Yang et al., 1988; Yang,
1992). Both of these species, which show a strong positive correlation in the unsaturated zone waters,
are significantly more concentrated there than in saturated zone waters at Yucca Mountain [Figure
4-2(C)). In contrast, Na* ranges from 1X 1073 to 3x10~3 molal in the unsaturated zone (Y ang et al.,
1988; Yang, 1992), which is typical of saturated zone water. Ca2* dominates over Na*t in about half
the unsaturated zone waters analyzed from Yucca Mountain [Figure 4-2(A)]. Potassium is also elevated
in unsaturated waters from Yucca Mountain relative to the saturated zone, ranging from 1x10™4 to
4x10™4 molal (Y ang et al., 1988; Yang, 1992), and shows a rough correlation with calcium.

Geologic and geochemical data indicate that Ca?*, Mg?*, and possibly C1~ in Yucca Mountain
groundwaters are derived partially or dominantly from sources other than the tuffs. The source of cat
is likely to be the prevalent near-surface caliche zone at Yucca Mountain, which is rich in calcite
(CaCOs). A likely origin of the calcium near the surface is widespread exposures of Paleozoic rocks in
the region, some of which are dominantly or partially calcite and/or dolomite [CaMg(CO3),]. Dust
particles derived from carbonates and other exposed rocks can be transported by wind and deposited on
the ground surface elsewhere. Aeolean deposited calcium carbonate dust would rapidly dissolve in
meteoric water. Dissolved calcium bicarbonate would be transported into and through the soil-zone by
infiltrating water generating caliche, which is characteristic of the soil-zone at Yucca Mountain. Water
that enters the deeper vadose zone from the soil-zone would be expected to be saturated with respect to
calcite. Magnesium is also low in unaltered tuffs of Yucca Mountain and enriched by several times in
altered tuffs (Table 4-1), and may be supplied similarly by dissolution of dolomite deposited at the
surface. The concept of recharge waters initially enriched with calcium and magnesium is supported by
data showing that calcium and magnesium concentrations generally decrease with depth in waters
extracted from core taken in the unsaturated zone at Rainier Mesa (White et al., 1980). Introduction of
calcium from the ground surface is also consistent with generally decreasing calcium contents of
secondary clinoptilolite with depth at Yucca Mountain (Broxton et al., 1986). Also, the relatively large
range of calcium contents of the natural groundwaters from the vicinity of Yucca Mountain is consistent
with varying amounts of input from different sources. However, these sources could also include water
from the Paleozoic carbonate aquifer underlying tuffaceous rocks at Yucca Mountain.
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4.2.5.9 Minor Components: Al, Fe, Sr, Mn

Young (1972) and Daniels et al. (1982) provide data for minor aqueous species from a subset
of wells in the vicinity of Yucca Mountain that tap saturated zone water, and Yang et al. (1988) report
data for a few minor species in water squeezed from rocks from the unsaturated zone at Yucca Mountain.
Data for aluminum, iron, strontium, and manganese are of particular interest. Measured aluminum
concentrations in saturated zone groundwaters are in the range of 0.6x107% to 5x10~6 molal, and
appear to be compatible with the solubility of analcime (see Section 3 of this report).

Iron concentrations range from 0.2x1076 to 4x10~% molal in saturated zone waters and
similarly from 0.1x1076 to 2x 1076 molal in unsaturated zone waters. Iron concentrations are critical
to evaluating reported thermodynamic data for clinoptilolite (see Section 3.10 of this report). The
solubility of iron increases by orders of magnitude in reducing conditions, which could occur locally
around metallic waste packages, and waste packages could be a source of iron. A common alteration
product of metallic iron is magnetite, which may provide local constraints on iron concentrations in the
near field. :

Strontium concentrations in saturated zone groundwaters have been measured at 0.3x1076 to
1.2x 10~ molal and at significantly higher values from 6 X107 to 17x 10~ molal in unsaturated zone
waters. Also, like calcium and magnesium, altered rocks at Yucca Mountain are enriched in strontium.
For example, unaltered vitrophyre of the Topopah Spring Tuff from borehole USW G-1 contains less than
760 ppm Sr, whereas smectite- and zeolite-rich vitrophyric rock taken less than 10 m higher in the section
contains 1,650 ppm Sr (Broxton et al., 1986). These differences are analogous to those of other alkaline
earth cations, calcium and magnesium, and indicate similar external sources for strontium.

Measured manganese concentrations in oxidizing saturated zone waters at Yucca Mountain range
over at least two orders of magnitude up to about 4 X 10~ molal. In unsaturated zone waters from Yucca
Mountain, manganese concentrations also vary by an order of magnitude or more up to 1.3 x10¢ molal.
Manganese concentrations are probably limited by the solubility of secondary manganese oxides, which
have widespread occurrences and great variability at Yucca Mountain. The distribution of manganese
oxide minerals depends in part on their disposition relative to the water table. Only rancieite and
lithiophorite have been observed above the water table, and aurorite, pyrolusite, todorokite, and
cryptomelane occur only below the water table (Carlos et al., 1993).

4.2.6 Construction of a Quantitative Geochemical Model for the Natural System

The general summary of the geochemical system at Yucca Mountain presented in preceding
sections provides a basis for development of simplified scenarios for dominant gas-water-rock interactions
that may be implemented in quantitative, and to some extent predictive, reaction-path models.
Geochemical models for repository systems possess a degree of validity only when shown to be
compatible with data from site characterization. Therefore, modeling of the ambient geochemical and
mineralogical system at a site is a prerequisite for valid simulations of repository-induced perturbations
to the system. ’ '

A reaction-path simulation of the evolution of groundwater and mineral chemistry at Yucca
Mountain requires a conceptual model for the initial water chemistry and the set of reactions that affect
the system. Previously reported conceptual and numerical models for groundwater and mineral chemistry
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at Yucca Mountain and similar environments (Benson, 1976; White et al., 1980; Kerrisk, 1983;
Murphy, 1994) have generally invoked dissolution of primary unstable materials such as volcanic glass,
and growth of products such as smectite and zeolite as basic controls. This framework is adopted in the
present study with the additional recognition that interactions between source water (i.e., rainfall) and
caliche and/or dust deposited at the ground surface have an important effect.

To facilitate comparisons of model results with the saturated zone groundwater compositions,
which are relatively well characterized, the model is constructed to constrain several aspects of water
chemistry to be similar to analyzed waters from the saturated zone in the vicinity of Yucca Mountain.
Initial water chemistry is fixed in the model to contain 2 X 10~4 molal NaCl to yield a chloride content
typical of tuffaceous groundwaters in the vicinity of Yucca Mountain. The CO, pressure is buffered at
1022 bar throughout the reaction-path simulation. Saturated zone groundwaters have CO, fugacities
close to this value. All groundwater samples analyzed from tuffaceous aquifers contain elevated silica
concentrations and appear to be buffered at approximately 8 X 104 molal aqueous silica. Water chemistry
in the natural system model is fixed at this value, and solutions are assumed to maintain metastable
supersaturation with respect to silica polymorphs of lower solubility. The initial water is also taken to be
saturated with calcite providing an external source of calcium to the system.

For simplicity, only dominant elements and those required for dominant water-rock reactions
are included in the model. These are sodium, potassium, calcium, aluminum, silicon, carbon, chlorine,
hydrogen, and oxygen. Magnesium, iron, manganese, fluorine, nitrogen, and other components are
eliminated, and no oxidation-reduction reactions are included in the model. A temperature of 30 °C was
selected because it corresponds closely to water at depth in the vadose zone and near the top of the
saturated zone. Using these constraints, an equilibrium model for the initial aqueous solution can be
computed with EQ3 (Wolery and Daveler, 1992; see Appendix C). This computation yields a model
solution with Ca?* and HCO;™ contents of 1.3X 1073 and 2.55x10~3 molal, respectively, at a pH of
7.42. These appear to be realistic values for solutions exiting the soil-zone.

The primary solid reactant in the model is taken to have the composition of an intermediate
alkali feldspar with the composition Nay 44K, 56A1SiqOg. Together with silica, this feldspar closely
represents the bulk composition of the primary rock at Yucca Mountain. Therefore, from the standpoint
of chemical mass transfer, dissolution of this phase in a solution buffered with silica is comparable to
dissolution of primary volcanic glass. Feldspar dissolution kinetics do not give a fair representation of
glass alteration rates. Although the model as constructed gives a fairly good representation of mass
transfer due to glass alteration, no kinetic interpretation is given for the natural system model.

The mass transfer model for the genesis and evolution of groundwaters like those at Yucca
Mountain consists of irreversible dissolution of the alkali feldspar analog of volcanic glass in water with
the initial composition described previously, coupled with reversible growth of a secondary stable or
metastable solid phase assemblage. Dominant secondary minerals in the upper diagenetic levels of Yucca
Mountain are clinoptilolite, mordenite, and smectite. Calcite also occurs in many horizons. Uncertainty
in thermodynamic data does not permit a reasonable distinction to be made between clinoptilolite and
mordenite for modeling purposes. Therefore, clinoptilolite and mordenite can be considered equivalent
in the model. This set of minerals is permitted to precipitate in the model when solutions are calculated
to be saturated with respect to them. Chemical formulas of all minerals included in the model are given
in Table 4-2. Reaction-path computations were performed using the EQ3/6 software package (Wolery and
Daveler, 1992; see Appendix C).
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Table 4-2. Reactants and products in reaction-path models

Alkali Feldspar ~ 0.54 KAISi;Oq + Clinoptilolite CaAl,Si;(0,4°8H,0

0.46 NaAlSi308 N32A128i10024‘8H20
K2Alei10024°8H20
Cristobalite Sio,
(beated repository model only) Smectite Naj 33A1, 338i3 ¢7010(0H),
Ko 33A1 33813 70,0(0H),
Cay, 165Al2 33813 67010(0H),

Calcite CaCO,

Uncertainties in thermodynamic and kinetic properties, variations in stoichiometries of secondary
clinoptilolite and smectite, and limitations of solid solution modeling capabilities in EQ6 require several
assumptions and approximations to be invoked in the model. Theoretically-based estimates for standard
state properties of endmember smectites are taken from the EQ3/6 database (Wolery and Daveler, 1992).
For clinoptilolite, theoretical estimates from Kerrisk (1983) are employed with one exception. Preliminary
studies using the estimated data showed the modeled secondary clinoptilolite to be unrealistically
dominated by the potassium component. Therefore, the equilibrium constant for the dissolution reaction
for this component was increased by a factor of 10 relative to the value estimated by Kerrisk (1983). With
this modification, the range of compositions of secondary clinoptilolites computed in the model
corresponds reasonably to that observed at Yucca Mountain. Smectite and clinoptilolite are represented
as ideal three component solid solutions of endmember components in the model. Given uncertainties in
the standard state properties of these minerals, the suite of other model uncertainties and approximations,
and the small excess energies of mixing (see Section 2 of this report), this approximation is justified.
Therefore, in the set of models presented in this section, data for the ternary clinoptilolite are not fully
compatible with data generated in Section 2 of this report for binary solid solutions. Nevertheless, the
value for Na-clinoptilolite estimated by Kerrisk (1983) and used in the models is consistent with the
provisional value for Na-clinoptilolite solubility as reported in Section 3.8 of this report. Refinement of
models for clinoptilolite solutions of three or more components to incorporate data from binary exchange
reactions is an apparent area for future research (e.g., Viani and Bruton, 1992).

Lack of understanding of detailed reaction mechanisms and kinetic data prompts an additional
assumption that secondary minerals maintain continuous equilibrium with aqueous solutions. Although
it is apparent from natural mineral heterogeneities that ideal equilibrium conditions are not attained in the
natural system, this approximation is commonly invoked and accepted in modeling water-rock
interactions. It tends to be justified, in the natural system model for Yucca Mountain, by the long time
periods available for equilibration, the slow alteration rates of primary phases, and the large surface areas
of fine grained secondary minerals. Continuous homogeneous equilibrium within the aqueous phase and
between gas and aqueous phases is also assumed in the model, which is a good assumption given the
rapidity of the relevant reactions and the absence of important oxidation-reduction processes in the natural
inorganic system.
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4.2.7 Natural System Model Results

Modeled evolution of the system as a function of reaction progress primarily involves variations
in the compositions of the aqueous solution and continuous formation of secondary clinoptilolite in
response to dissolution of feldspar. The solution remains slightly undersaturated with respect to calcite.
At very advanced stages of reaction the solution becomes saturated with a smectite solid solution that
precipitates along with clinoptilolite.

The absence of calcium in the reactant assemblage requires the initially high aqueous calcium
concentration.to decrease as calcium is incorporated in secondary clinoptilolite. The decrease in aqueous
calcium with increasing reaction progress is a useful monitor to illustrate variations in model aqueous
solution composition (Figures 4-3 and 4-4). The sodium concentration increases progressively with
reaction progress, which is consistent with the general hydrogeological observation that sodium introduced
in natural groundwater systems remains in solution and reflects the “maturity” of groundwater. Modeled
potassium concentrations initially mcrease due to dissolution of alkali feldspar (representing volcanic
glass) to maximum values near 2 X 10~* molal. However, as the aqueous solution becomes depleted in
calcium, secondary clinoptilolite incorporates an increasing amount of potassium, and the aqueous
potassium concentration diminishes. The pH and aqueous silica and bicarbonate concentrations remain
at nearly constant values because of the silica and CO, pressure buffers imposed in the model and because
the dominant reactions of alkali feldspar components and silica to clinoptilolite, for example

2 Nay K, ;AISi,0; +48i0, +8H,0 +K* = K,ALSi(0,8H,0+Na*  (43)

and
2 Nay K, 5AlSi,0, +4Si0, +8H,0 +Ca?" =
CaALSi 0,,*8H,0+Na" +K"

do not consume protons. However, as aqueous calcium drops to low concentrations and aqueous sodium
becomes increasingly concentrated, the solution becomes saturated with a sodium-rich smectite.
Incongruent dissolution of feldspar and precnpltatlon of smectite consumes protons, for example,
according to. the reaction : :

(4-4)

2.33Na, K, ,AlSi,0, +2H* =
Nay 3;AL ;,Si, ,0,,(OH), +0.835Na * + 1.165K * +3.328i0,

4-5)

Initiation of smectite precipitation causes a discontinuity in the trend of evolution of the aqueous solution.
Bicarbonate and pH increase as carbonic acid is consumed.

The reaction-path model reasonably. represents observed ranges and relative variations of major
groundwater components of the saturated zone tuffacequs aquifer at Yucca Mountain (Figures 4-3 and
4-4). Computed clinoptilolite compositions also correspond well to those observed at Yucca Mountain,
particularly for diagenetic zone II in the Topopah Spring basal vitrophyre (Broxton et al., 1987). The
absence of calcite precipitation is consistent with its sparse occurrence in tuffs at Yucca Mountain,
particularly in the Topopah Spring Tuff (Bish and Chipera, 1989), and general undersaturation with

4-24




6e-3 2e-4
(o] o (o)
5e-3 - ‘
E ;->'- 1e-4
- -
« <
a ]
e °
= =
g ¥, 5e-5 9800
1e‘3 1] L] L] ] M E] ¥ ¥ L)
0e+0 1l1e-4 2e-4 3e-4 4e-4 5e-4 0e+0 1e-4 2e-4 3e-4 4e-4 5e-4
Ca MOLALITY Ca MOLALITY
A B
1e-3 - . 5e-3
4 . -O
9e-4 Oo o 4o o
O o] (o]
= ° | E
5 00 z M-L o
S aaf o2 © 3 o =2
o o o = ; 000 oo
= o 2e3{ © o) ® o
- 1 o ‘oo o o
7] o o) 8
Te-4 Tz 103
(o]
6e-d r ’ ’ ; ‘Oes0 : - y '
0e+0 1l1e-4 2e-4 3Je-4 4de-4 5e-4 O0e+0 1e-4 2e-4 3e-4 4e-4 5e-4
Ca MOLALITY Ca MOLALITY
D

Figure 4-3. Isothermal reaction-path model results and analytical solution compositions. Aqueous
concentrations of Na (A), K (B), Si (C), and HCO;™ (D) are shown as functions of the concentration
of Ca. Lines result from the isothermal reaction path model described in the text. Calcium is a
measure of reaction progress, decreasing with increasing reaction in the simulation. Circle symbols
represent groundwater compbsitions from the saturated tuffaceous aquifer at Yucm Mountain;
water from the J-13 well is indicated by solid symbols (Kerrisk, 1987).
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Figure 4-4. Isothermal reaction-path model results. Solution pH (A), moles of secondary minerals
(B), and secondary clinoptilolite (C) are shown as functions of the concentration of Ca. Calcium is
ameasure of reaction progress, decreasing with increasing reaction in the simulation. Circle symbols
(A) represent groundwater compositions from the saturated tuffaceous aquifer at Yucca Mountain;
water from the J-13 well is indicated by a solid symbol (Kerrisk, 1987). Moles of aqueous species
(D) are shown as a function of the moles of dissolved feldspar, which increases with reaction
progress. Lines result from the isothermal reaction path model described in the text. Note that the
x-axis scales differ among the figures.
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respect to calcite of the saturated zone tuffaceous aquifer groundwaters at Yucca Mountain. Smectites in
the unsaturated zone at Yucca Mountain are commonly rich in sodium (Bish, 1989), which is also
consistent with model results.

Some features of the natural geochemical system are only approximately represented by the
model, such as the inverse relation between pH and calcium content of groundwater, and the positive
correlation between aqueous sodiumn and bicarbonate. The model indicates that evolved aqueous solutions
are close to equilibrium with respect to potassium feldspar, kaolinite, pyrophyllite, and mesolite, and
significantly supersaturated with respect to quartz and stilbite. In part, calculated supersaturations with
respect to aluminosilicate minerals may be a consequence of errors in estimated data for clinoptilolite,
which is the aluminum-bearing mineral modeled to be at equilibrium with the solutions. Near-saturation
with respect to potassium feldspar and kaolinite is reasonable as both are secondary mineral products at
Yucca Mountain. Mesolite is an uncommon mineral in silicic tuffaceous rocks so its elimination from the
model is reasonable. Slight saturation with respect to pyrophyllite may be a consequence of inaccurate
thermodynamic data at low temperature for that mineral, which normally forms at elevated temperatures
in metamorphic rocks that are poor in alkali metals. It does not occur in the low-temperature, alkali
metal-rich diagenetic system at Yucca Mountain. Strong supersaturation with respect to stilbite, a zeolite
solid solution of nominal fixed composition in the EQ3/6 database (Ca; 319Nag 136
KO.006A12.818i6.92018'7-33H20)’ may be an indication of lnCOmpatiblllty of tabulated thermodynamlc data
for this mineral with data for other minerals. Stilbite commonly occurs in hydrothermally altered mafic
rocks unlike the silicic rocks at Yucca Mountain. Model waters are undersaturated with respect to
analcime, and calculated aqueous aluminum concentrations are significantly below those measured in the
Yucca Mountain vicinity (see Section 3.10). This' discrepancy also points to uncertainties in
aluminosilicate properties and phase relations in the natural system. Despite good correspondence between
many model results and observations of the natural system, evident areas for model and database
refinements persist.

The design and calibration of the model for the natural geochemical system are strongly based
on site data, including the conceptual basis for the model, the components and phases included in it,
initial conditions, system buffering, and even the thermodynamic properties of secondary clinoptilolite.
Natural open-system behavior is approximated by CO, buffering and the initially elevated calcium
concentration in solution with progressive mass transfer of calcium to secondary minerals. This process
of model calibration contributes to the good correspondence between model results and natural system
data. The model, however, is not intended to be a specific representation of the evolution of any
particular groundwater sample. Neither does the model address the amount, spatial distribution, or timing
of alteration that characterize natural open-system processes. Rather, it is a hypothetical ensemble of
plausible and generally observed geochemical processes that are quantitatively integrated using principles
of reaction-path chemistry and an established thermodynamic database. It can be regarded as a partially
validated, although imperfect, quantitative representation of dominant chemical reactions that characterize
the evolution and status of the natural gas-water-rock system at Yucca Mountain. Its principal utility is
in testing conceptual models for the chemical evolution of the gas-water-rock system, for testing the
applicability of thermodynamic data, and for construction of predictive models that may be useful in
performance assessments for a nuclear waste repository.
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4.3 HEATED REPOSITORY MODEL

4.3.1 Geochemical Scenario for a Heated Repository Environment

. Heating Yucca Mountain by emplacement of radioactive wastes would alter the geochemistry
with important potential impacts on repository performance. Geochemical variations would result notably
from thermohydrological effects on fluid flow, fluid flow effects on mass distribution, and thermodynamic
and chemical kinetic effects on mass transfer among phases. In a heated unsaturated repository, water
would vaporize with elevating temperatures, water vapor would be transported by gas flow, and water
would condense with decreasing temperatures, for example, in cooler areas. Vaporization would continue
to completion in areas where temperatures exceed the boiling point and even at lower temperatures
depending on moisture fluxes. Complete vaporization would result in precipitation of salts and scale. Gas
would flow in response to thermal buoyancy and pressure gradients due to vaporization and condensation,
and as a consequence of multicomponent gaseous diffusion. Liquid water would flow in response to
suction pressure gradients and gravity. Thermodynamic properties of fluid and solid phases vary as a
function of temperature, which would stimulate chemical reactions among components in gas, liquid, and
solid phases. Chemical reaction rates generally increase with increasing temperature and depend strongly
on the presence or absence of water and variations in water chemistry.

The repository environment would differ from most natural geological systems because
variations in temperature would occur on a relatively short time scale relative to metamorphic or major
hydrothermal systems, but on a long scale relative to most volcanic or hypabyssal systems. The near field
would heat rapidly to maximum temperatures and then cool continuously. With increasing distance in the
far field, temperature would increase over progressively longer periods of time to progressively lower
maximum values and then cool slowly. Continual variations in temperature (and fluid fluxes and fluid
compositions and liquid saturation states) would have important consequences for the geochemical system.
Reaction progress for slow chemical reactions would be governed predominantly by chemical kinetics and
would lag behind evolving theoretical equilibrium states. Fast reactions would tend to maintain states
close to transient local equilibrium conditions.

Fluid chemistry would be expected to change readily with changes in thermal conditions because
most reactions among aqueous species and between liquid and gas phases are rapid. Water chemistry
changes would include increases in concentration of dissolved species due to vaporization of water or
dilution due to condensation. Increasing fractionation of CO, into the gas phase with increasing
temperature would lead to increases in pH (Arthur and Murphy, 1989) and variations in mineral
paragenesis (Criscenti and Arthur, 1991). Accelerated dissolution of glass and other minerals would tend
to increase aqueous concentrations of soluble species. Variations in mineral-solution ion exchange
equilibria with temperature, for example, involving zeolites, would be likely to affect dissolved cation
ratios.

Two likely changes to the mineralogical system at Yucca Mountain due to repository heating
would be precipitation of calcite and partial alteration of zones of bedded tuffs composed of glass to
secondary minerals such as zeolites. Calcite precipitation would be motivated by: (i) its retrograde
solubility, (ii) the decreasing solubility of CO, in water with increasing temperature and the consequential
rise in pH, and (iii) concentration of solutions by evaporation. Transient calcite precipitation due to
heating may occur over widespread areas of the mountain over long time periods (Codell and Murphy,
1992). Alteration of volcanic glass is the dominant diagenetic process that has occurred naturally at Yucca
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Mountain, and additional alteration would be likely to be provoked by heating and heat induced fluid
circulation. Other important reactions are also possible, notably dehydration of pre-existing hydrated
minerals, including zeolites, and alteration of more hydrous minerals to less hydrous minerals (e.g.,
alteration of clinoptilolite to analcime plus silica). Also, abundant metastable silica polymorphs in the
natural system (e.g., opal, cristobalite, and tridymite) could alter to more stable phases (e.g., quartz).
Mineralogical changes would in turn have potential effects on fluid flow and retardation of radionuclide
migration as well as on water chemistry.

Recirculating water could cause significant disruption to the mineralogical system and the
hydrologic properties of a heated environment at Yucca Mountain. Major effects are observed in natural
hydrothermal systems, which are, however, generally of much larger scale and duration than anticipated
perturbations at Yucca Mountain. Liquid condensates are likely to be chemically aggressive due to their
distilled and slightly acidic (dilute carbonic acid) character. However, fairly limited reaction with silicate
phases would generate relatively stable dilute solutions characteristic of fresh groundwater systems in
tuffaceous rocks even at somewhat elevated temperatures. Also, complete vaporization of water would
lead to formation of salts and scale. However, desiccation of the system would arrest most mineralogical
transformations because their rates, even at repository temperatures, are negligibly slow in the absence
of water. Detailed analyses of the complex consequences of the coupling of two-phase fluid flow and
chemical reactions are poorly ﬁieveloped at this time, and are beyond the scope of numerical modeling
in this study.

Interactions of natural and engineered materials could also have strong impacts on geochemistry,
particularly in the near field. However, these interactions are also beyond the scope of modeling exercises
in this report, which focuses on theoretical characterization of the natural system and its perturbations
due to thermal loading. ‘ v

4.3.2 Construction of a Geochemical Model for the Heated Repository

Construction of a quantitative model for the evolution of the heated repository requires general
consideration of the complex coupled processes noted in the preceding section, and abstraction of
important processes that can be incorporated feasibly in numerical simulations. The strategy adopted in
this study is to neglect certain processes and to couple others sequentially. The objective of this effort is
to generate simulations that provide insight into the processes that are likely to occur and their possible
impacts on repository performance, and to develop and test components of more comprehensive models
for the repository. Aspects of the problem that require more detailed examination and model and code
development can be identified by this effort.

The following model structures are adopted. The chemical system is simplified to incorporate
only major components of the natural system and essential components of important reactions, using the
natural system model described in Section 4.2.7 as a basis. Engineering materials are assumed not to
impact the system. Detailed consideration is made of the evolution of the gas-water-rock system at one
representative point located 75 m above a hypothetical repository. Temperature is assumed to vary
continuously according to a transient model for conductive heat flow. For SCP design thermal loading
of 57 kW/acre (U.S. Department of Energy, 1988) and heat transfer by conduction, the temperature at
the 75-m point is predicted to rise to approximately 78 °C over a period of 900 yr, and then to decrease
slowly during subsequent millennia (Figure 4-5). Complete vaporization would not be expected at this
point, and the model assumes a constant mass of liquid water. Effects of diffusion of chemical species,
liquid flow, and evaporation/condensation of water are neglected as a simplification.
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Figure 4-5. Model temperature and CO, fugacity at a point 75 m above the repository horizon as
a function of time (Codell and Murphy, 1992). CO, fugacity shown as curve A was used in the
heated repository model; CO, fugacity shown as curve B was used in sensitivity tests (Section 4.3.4).

Gas flow and open-system behavior is manifested in the heated repository model by assuming
that the local CO, fugacity is controlled externally. Variable CO, fugacity is based on results of an
independent gas flow and carbon system geochemical model (Codell and Murphy, 1992). The carbon
system model includes simplified chemistry assumed to maintain local equilibrium. The carbon system
geochemical model is coupled to a schematic model for uniform, vertical gas flow in one dimension,
which was abstracted from results of more detailed thermohydrological modeling. CO, is considered to
be transported in the gas phase and to interact at equilibrium with the local geochemical system. The
carbon systern model predicts complex temporal and spatial variations in CO, pressures and widespread
precipitation and subsequent dissolution of calcite. It also predicts that a pulse of CO,-rich gas is
generated by an initial purge of CO, from the aqueous system in the near field. This pulse rises in the
gas phase at a retarded velocity and eventually exits the system (Codell and Murphy, 1992). At a point
75 m above the repository horizon, the CO, pressure rises initially as the CO, pulse moves through the
point over the first 250 yr. Subsequently, the CO, pressure stabilizes at an elevated level due to the
increased temperature of the repository as shown in curve A of Figure 4-5.

Time- and temperature-dependent CO, buffering is accomplished computationally for the heated
repository model by defining a fictive single-component phase with thermodynamic properties as a
function of temperature that correspond to the CO, fugacities derived from the simple carbon system
model. Forcing the system to maintain continuous equilibrium with the fictive phase buffers the CO,
fugacity at values that vary with time and temperature (see Appendix C). A variation of this EQ6
technique was described previously for systems of constant gas fugacity (Delany and Wolery, 1984).
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Primary reactants in the heated repository model comprise the alkali feldspar of intermediate
composition used in the natural system model and cristobalite, which are close representations of the
natural primary mineralogy in the devitrified Topopah Spring Tuff. Sources of thermodynamic data are
the same as those used for the natural system model. As in the natural system model, clinoptilolite and
smectite solid solutions and calcite are the only secondary minerals permitted to form. The chemical
system in the heated repository system is modeled to respond continuously to perturbations in temperature
and CO, fugacity using EQ6 (Wolery and Daveler, 1992; see Appendix C). Primary minerals dissolve
(or precipitate) irreversibly. Unlike the natural system model in which the aqueous silica concentration
is buffered, cristobalite is also assumed to dissolve irreversibly in the heated repository model. However,
formation of more stable silica polymorphs, for example, quartz, is suppressed. Reactions among aqueous
and gas species and secondary minerals are assumed to be adequately described by relations for local
equilibrium as a function of temperature. Secondary silicates are treated as ideal, homogeneous solid
solutions with compositions that vary in time. The initial water and mineral chemistries and relative
abundances for the nonisothermal model are based on natural system model results illustrated in Figures
4-3 and 4-4 at reaction progress corresponding to 4X 10~3 moles of feldspar dissolved (per kilogram of
water) and an aqueous calcium concentration of 3 X 10~4 molal. System characteristics at this stage of
the model represent a rough average of the range of water compositions illustrated in Figures 4-3 and 44.

Results of the carbon system reaction and transport model (Codell and Murphy, 1992) and the
multicomponent local reaction-path model are linked through the time parameter. Elapsed time is
computed in the EQ6 reaction-path model by integrating rate equations for the rate-limiting steps, which
are irreversible dissolution of feldspar and cristobalite (see Appendix C). Dissolution rate expressions and
kinetic data derived from laboratory experiments were taken from the literature (Table 4-3). Unlike the
natural system model where feldspar and silica were treated as proxies for volcanic glass, the heated
repository model explicitly includes feldspar and cristobalite, which are the dominant minerals in the area
surrounding the repository horizon. The relative dissolution rate constants for cristobalite and feldspar
and the dependence of reaction rates on pH, temperature, and solution composition are likely to be
reasonably represented by the kinetic formulations for conditions that are far from equilibrium. However,
significant uncertainty exists with regard to reactive surface areas in the Yucca Mountain system, reaction
mechanisms, and rate expressions, especially under conditions that are relatively close to equilibrium. For
example, experimentally determined dissolution rate constants are commonly greater than those deduced
from field observations (Brantley, 1992). Hence, relatively small reactive surface areas were selected for
the simulations (Table 4-3). Sensitivity of model results to variations in rate parameters is explored in
Section 4.3.4.

4.3.3 Heated Repository Model Results

Heated repository model results are shown in Figure 4-6. Elevated temperatures promote
feldspar dissolution, and secondary growth of clinoptilolite and smectite. Precipitation of calcite occurs
because of its retrograde solubility and the increase in solution pH. However, the mass of calcite
precipitation is limited by the supply of calcium. The initial increase in CO, pressure causes a transient
decrease in pH from 7.45 to 7.2. The pH then increases over 4,000 yr toward a value of 8 because of
continuous bicarbonate production accompanying incongruent alteration of feldspar to smectite. As the
temperature increases, the solution almost immediately becomes undersaturated with respect to
cristobalite, which thereafter dissolves. The silica concentration reaches a maximum value at about 1,000
yr corresponding approximately to the time the maximum temperature is achieved. The solution remains
close to equilibrium with cristobalite, and almost no cristobalite dissolves. Smectite retains a calcium-rich
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Table 4-3. Rate expressions a’nd parameters

RATE EXPRESSIONS (Helgeson et al., 1984)

ok (mr[1-em()]) gD

(summation over parallel mechanisms)

f_-—-—_——_;
reaction progress variable (moles
E dissolved per kg H,0) n reaction order with respect to
aqueous H*
chemical affinity for
t | time A dissolution reaction
k apparent rate constant R gas constant
s surface area per kg H,O T absolute temperature "
+ « . - .
ag+ aqueous H™ activity AH?T | activation enthalpy
RATE PARAMETERS
Mineral k AH? n 3 Jl
moles kKJ cm?
cm?s mole kgH,O
Alkali Feldspar (Helgeson et al., 1984; Knauss and
Wolery, 1986; Murphy and Helgeson, 1989) 200
Mechanism 1 | 3.00 x 10716 35.3 0.0
Mechanism 2 | 2.51 x 10719 32.1 ~0.4
Cristobalite (based on data for quartz) (Knauss and |
Wolery, 1988; Murphy and Helgeson, 1989) 100
Mechanism 1 1.58 x 10718 75.3 0.0
| Mechanism 2 | 5.01 x 10721 105.8 -0.5
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Figure 4-6. Heated repository model results for the aqueous (A, B, C, D) and mineral systems (E, F)
as a function of time
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composition throughout the simulation. The initial clinoptilolite has an intermediate potassium and calcium
composition, but transforms toward lower calcium contents as calcium is consumed by smectite and
calcite precipitation, and the aqueous solution evolves toward higher ratios of sodium and potassium to
calcium. The aqueous solution becomes mcreasmgly dominated by sodium bicarbonate, the concentration
of which roughly doubles over 4,000 yr, increasing ionic strength to 5.7 X 1073 molal. Simulated volumes
of dissolved and precxpltated minerals correspond to a small fraction of the water-filled porosity.
Approximately 4 cm? of feldspar dissolves per 1,000 cm? of hquld water over 4,000 yr in the simulation,
and is accompamed by precipitation of approximately 2 cm® of clinoptilolite, 1.5 cm3 of smectite, and
0.1 cm?® of calcite. Modeled solutions become supersaturated with the same set of minerals described for
the natural system model in Section 4.2.7: silica minerals, potassium feldspar, stilbite, and mesolite.
However, solutions are calculated to be supersaturated with muscovite rather than pyrophyllite at the
elevated temperatures. Greater uncertainty attends the heated repository model results because they are
relatively unconstrained relative to the natural system model.

4.3.4 Heated Repository Model Sensitivity to Reaction Rates and CO, Pressures

- The product of the rate constant and surface area for feldspar and cristobalite reactions has a
likely uncertainty of at least an order of magnitude. Additional uncertainty stems from an incomplete
understanding of reaction mechanisms, particularly for conditions near equilibrium. Sensitivity of model
results to reaction rate parameters was investigated in alternate heated repository model computations with
the product of rate constants and surface areas increased by a factor of two. The same initial conditions
and temporal evolution of CO, pressure and temperature were employed in both models. Results are
compared to those generated with lower rates in Figure 4-7. Higher reaction rates cause a faster initial
increase in the dominant dissolved species, sodium and bicarbonate, slightly greater potassium and
calcium concentrations and pH, slightly smaller concentrations of aqueous silica, and moderately more
feldspar dissolution and smectite and clinoptilolite precipitation. An increase in reaction rates by a factor
of two does not have a dramatic effect on the geochemical model for the heated repository.

An additional study of model sensitivity shows that model results depend strongly on CO,
pressures. Lower CO, values given by curve B in Figure 4-5 were computed in an alternate simplified
carbon system reaction and transport model with an initial CO, pressure that more closely corresponds
to that measured in the vadose zone at Yucca Mountain (Murphy and Codell, 1993, unpublished resuits).
Using the evolution of CO, pressure, shown as curve B in Figure 4-5, and the doubled products of rate
constants and surface areas, an alternate heated repository model was generated. Initial conditions for this
model were modified slightly to obtain realistic values of pH at the lower CO, pressures. This model
leads to the same general pattern of alteration; however, it produces significantly smaller increases in
sodium and bicarbonate concentrations, higher pH, diminished feldspar dissolution, and reduced growth
of secondary silicate minerals (Figure 4-7).

The sensitivity of the models to simplifications is also indicated by comparison of the relatively
detailed chemical models described previously with the more simplified but related mode! for the carbon
system in the heated repository of Codell and Murphy (1992). In the latter model, all silicate system
reactions are neglected, that is, there is no feldspar dissolution or clinoptilolite and smectite precipitation.
Results from the simplified carbon system model are therefore an indication of the geochemical evolution
in the limit of slow rates in the silicate system. Temperature and CO, fugacity are constrained to be
equivalent in the two models as a.function of time. Results for the two models are generally comparable.
Results of the simplified carbon system model differ most significantly in that the calculated aqueous
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Figure 4-7. Sensitivity of the heated repository model results to reaction rate and CQ, pressure.
Dotted curves are results from the heated repository model based on higher CO, pressures
corresponding to curve A in Figure 4-5 and the results in Figure 4-6. Dashed lines are based on the
same initial conditions and CO, pressures as the heated repository model, but with the products of
rate constants and surface areas double those consistent with data in Table 4-3. Solid lines are based
on a model with similar initial conditions, but with lower CO, pressures corresponding to curve B
in Figure 4-5, and doubled rate parameters. (A) The upper and lower curves of each pair represent
aqueous bicarbonate and total aqueous sodium molalities, respectively. (B) Feldspar dissolution and
smectite precipitation {(moles/kg H,0) are plotted from the origin; pH (scale on right) initially
decreases and than increases.

sodium concentration is constant and, after an initial rise, the pH decreases toward its initial value with
decreasing temperature. In the multicomponent model, the pH increases to somewhat higher values and
continues to rise up to 4,000 yr. Silicate hydrolysis contributes to the additional pH increase. The
maximum amount of calcite precipitated is similar in the two models, limited by the calcium content of
the system. However, calcite continues to precipitate longer in the multicomponent model, in part due
to the continuous increase in pH. Because of these differences, use of CO, pressures generated in the
simplified carbon system model is not fully compatible with the set of carbon plus silicate system
reactions in the heated repository model. The distribution of CO, and aqueous carbon species would be
affected by, reactions in the silicate system.

4.3.5 Geochemical Model for Boiling Evolved Water

Boiling to dryness would occur in a potential repository at Yucca Mountain where temperatures
exceed the boiling point, taking account of vapor pressure lowering due to suction pressures and solution
concentration. Complete vaporization of water is possible even in the absence of boiling, depending on
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moisture fluxes. Vaporization of water could lead to several speculative consequences relevant to
repository performance. Aqueous solutions would become concentrated as vaporization occurs, and
eventually solids such as salts and scale would precipitate. Solutions in a rewetting front would be likely
to dissolve previously precipitated salts and become concentrated in soluble species such as sodium,
chloride, and sulfate. Concentrated solutions could affect container and waste form alteration processes
and radionuclide speciation and distribution. Vapor pressure lowering at equilibrium with salt saturated
solutions could affect moisture distribution. Also, growth of relatively insoluble precipitates such as silica
and calcite in rocks enclosing the repository could affect hydrologic properties or water and gas flow
paths.

The water and mineral chemistry model developed for the natural and heated repository system
can be extended to examine some effects of boiling. The boiling model is based on the following
scenario. After 1,000 yr, the water that has evolved at a point 75 m above the repository horizon is
mobilized and drops on a component of the engineered barrier or natural rock system where the
temperature is 100 °C. This effect is represented in the model by an instantaneous change in the
temperature from approximately 75 °C to 100 °C. As the water boils it is assumed to be unaffected by
reaction with the substrate, but it reacts revers1bly with precipitating secondary phases and with CO, in
the gas phase, which is buffered at 7.2x 1073 bar by contact with the gas phase. Computationally this
model is implemented in EQ6 by progressively removing pure water from the system, such that reaction
progress corresponds to the amount of water removed.

In the simulation, calcite begins immediately to precipitate and is followed by clinoptilolite and
cristobalite after 47 and 57 percent of the water has vaporized, respectively. Changes in solution
composition (Figure 4-8) are small until over 80 percent of water is removed. Dramatic changes occur
between 95- and 99.6-percent evaporation. Ionic strength and pH increase to 1.1 and 9.6, respectively,
at 99.6-percent evaporation, and the solution becomes dominated by mixed sodium bicarbonate and
sodium carbonate. Solution properties beyond this concentration are poorly represented by the extended
Debye-Huckel (b dot) formulation for activity coefficients. This limitation may be overcome eventually
by development of a database of ion interaction parameters for relevant aqueous species and temperatures.
Preliminary computations using an ion interaction model for simplified chemistry indicate precipitation
of calcium and magnesium carbonates, sodium bicarbonate and sulfate, and sodium chloride (halite) with
advanced stages of boiling.

4.4  DISCUSSION OF MODEL APPROXIMATIONS AND UNCERTAINTY

Although model results for the natural system and their correspondence to field data appear
reasonable, numerous simplifications and approximations have been adopted in the models, and important
aspects of the natural and repository systems are incompletely represented. Major model approximations
and uncertainties are summarized in this section to place model results in a fair context, and to indicate
areas where future model developments would be valuable.

The system chemistry has been simplified by elimination of relatively minor species including
magnesium, sulfate, nitrate, and fluoride, and by neglect of oxidation-reduction reactions. Although
calcium is neglected as a reactant in the primary phase assemblage, calcium metasomatism is represented
by the initially high calcium content of the solution in the natural system model. These simplifications
to the chemical system seem unlikely to have major effects on the modeled evolution of the system. The
most significant species that has been neglected may be magnesijum, particularly because this component
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Figure 4-8. Boiling reaction-path model. Solution characteristics are shown as a function of the
fraction of the original H,O that has been volatilized.

is enriched in unsaturated zone groundwater and secondary minerals relative to the saturated zone at
Yucca Mountain (Section 4.2.2). Inclusion of magnesium in the model would tend to stabilize
clinoptilolite and smectite, and would lead to precipitation of a magnesium carbonate mineral in the
boiling model. Although aluminum occurs in small concentrations in the aqueous solutions it is included
in the models because it is a component of aluminosilicate minerals. However, the models fail to give
reasonable representations of the limited aqueous aluminum concentrations measured in the field. Low
model aluminum concentrations result in model solutions that are undersaturated with respect to analcime
in contrast to results shown in Section 3.10.

An important uncertainty involves the suite of secondary mineral phases permitted in the model
and thermodynamic properties of secondary minerals. Thermodynamic properties for smectite and
clinoptilolite adopted in the models are estimated and subject to significant uncertainty. Validity of the
data for clinoptilolite is examined in detail in Sections 2 and 3 of this report. The provisional solubility
measurement for Na-clinoptilolite (Section 3.8) yields thermodynamic properties for this mineral that are
within experimental uncertainty of the estimated value adopted in the reaction-path models of this section.
Ion-exchange data (Section 2) were interpreted for binary systems adopting a set of endmember
components that are not implemented in Version 7.1 of EQ3/6 and employing an alternate model for
aqueous solution activity coefficients. Therefore, the binary system ion-exchange data of Section 2 have
not been employed for the ternary clinoptilolite solution in the system modeling. Rather, data for K-
clinoptilolite have been adjusted to provide model results for aqueous and solid solutions that correspond
closely to these phases as observed at Yucca Mountain.
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Modeled solutions become supersaturated with respect to quartz, potassium feldspar,
pyrophyllite, stilbite, scolectite, plus mesolite and muscovite in the heated repository model, plus dolomite
in the boiling model. Precipitation of these minerals is suppressed in the models on the following basis.
Nucleation and growth kinetics of quartz and potassium feldspar are generally slow at the temperatures
considered (e.g., less than 100 °C). Thermodynamic data for stilbite, scolectite, and mesolite are highly
uncertain, and these minerals are uncommon in nature at Yucca Mountain and in similar systems.
Saturation with respect to pyrophyllite may be a consequence of inaccurate thermodynamic data at low
temperature for that mineral, which normally occurs in metamorphic rocks that are poor in alkali metals.
Muscovite may be regarded as an analog of illite, formation of which could be a reasonable consequence
of heating in the Yucca Mountain system. However, studies of sedimentary diagenesis indicate that
temperatures in excess of 200 °C are generally required prior to illite formation even on geologic time
scales. Dolomite formation is generally inhibited by slow nucleation Kinetics, evidenced by difficulty in
its experimental synthesis.

Suppression of quartz in the natural system model is well justified on the basis of field data
(e.g., Section 4.2.5.7). However, possible formation of quartz and its potential control on silica activities
and secondary mineral stability in the heated repository model has not been addressed in the models. It
has been assumed that the duration of repository heating is too short for significant quartz precipitation.
Speculatively, however, if the heated system would come to equilibrium with quartz as proposed by
Glassley (1994), the lowered aqueous silica activity would have a strong effect on the stability of
clinoptilolite. Effects of kinetic precipitation of quartz and equilibrium precipitation of K-feldspar at
elevated temperatures were examined by Murphy (1991) in a model that included open-system
volatilization of CO,. A transient lowering of the aqueous silica activity occurred due vo quartz growth
and a strong increase in pH. The lowered silica activity resulted in destabilization of clinoptilolite.
Precipitation of K-feldspar reduced the potassium concentration, with the main consequence that
secondary clinoptilolite was richer in calcium than in the model shown previously.

Reaction rate parameters and reaction mechanisms, for example, the functional dependence of
reaction rates on solution chemistry, have been based on theoretical formalism and limited experimental
data, but are nevertheless approximate. The reaction rates of feldspar and cristobalite in the heated
repository models depend on a somewhat arbitrary surface area parameter, and the validity of the rate
expression is particularly uncertain for conditions that are relatively close to equilibrium. Supersaturation
with respect to potassium feldspar may have significance with respect to the dissolution rate of the
primary multicomponent alkali feldspar. Back-reaction of a stable potassium-rich phase by an asymmetric
dissolution mechanism (Murphy and Smith, 1988) could limit or arrest feldspar dissolution. This process
would be incompletely represented by the stoichiometric release and reaction affinity dependence of rate
expressions used in the model. Nevertheless, the feldspar reaction rate is a significant factor in the heated
repository model as the principal couple between temperature (as a function of time) and reaction progress
(as a function of time). For example, the amount of secondary phase formation and the increase in
solution pH depend on the feldspar dissolution rate as illustrated in Section 4.3.4.

Open-system behavior is treated in a simplified fashion in the models. Introduction of calcium
to the system is simulated by initially high calcium concentrations in the natural system model.
Open-system conditions for the gas phase are approximated by CO, buffering, either at a constant value
in the natural system model and boiling model, or at time-dependent values for the heated repository
model. Also, in the boiling model, the system is open with respect to loss of water. However, effects of
liquid flow, diffusion, water condensation, and (except in the boiling model) water evaporation are
neglected.
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An additional uncertainty concerns calibration of the natural system model on water chemistry
from the saturated zone, and applications of the model to processes anticipated for the unsaturated zone.
Differences have been noted between unsaturated zone pore water compositions and saturated zone water
chemistry at Yucca Mountain (Section 4.2.5). However, considerable uncertainty is associated with the
unsaturated zone water chemistry because of sampling difficulties, and because relatively few data are
available. For example, water chemistry tends to vary with the magnitude of the stresses used for pressure
extraction of the water samples (Yang et al., 1988; Yang, 1992), suggesting that experimental artifacts
may be introduced. Complete chemical analyses are generally unavailable because the water sample size
is limited, which precludes tests of charge balance in the analyzed solutions. Also, fracture water from
above the water table at Rainier Mesa is generally similar to saturated zone waters at Yucca Mountain,
and unlike unsaturated zone pore waters either from Rainier Mesa or Yucca Mountain (Section 4.2.5).
Fracture waters have not been sampled and analyzed at Yucca Mountain, although they may have greater
significance than pore waters for repository performance because of the potential for relatively short
fracture water travel times. Chemical similarities between fracture water at Rainier Mesa and saturated
zone groundwater suggest that if fracture water exists at Yucca Mountain, it may resemble saturated zone
water more closely than unsaturated zone pore waters at Yucca Mountain. For these reasons,
reaction-path models have been calibrated and evaluated using better established data from the saturated
zone.

4.5  CONCLUSIONS

Geochemical interactions among solid, liquid, and gas phases at the proposed nuclear waste
repository at Yucca Mountain would affect waste form and container stability, and the transport of
radioelements. Performance assessments rely on geochemical models to provide predictions of the
evolution of repository systems, or at least to provide estimates of bounds on the possible behavior of
these systems. Geochemical models for repository systems possess a degree of validity only when shown
to be compatible with data from site characterization. Therefore, modeling of the ambient geochemical
and mineralogical system at a site is a prerequisite for valid simulations of repository-induced
perturbations to the system. A general description of the geochemical characteristics of Yucca Mountain
was developed based on literature review to identify geochemical processes that are important in the
evolution of this system. This framework was used to develop the conceptual basis for quantitative
reaction-path models for the natural Yucca Mountain system and the heated repository system. Employing
principles of thermodynamics, reaction kinetics, mass transfer, and mass transport, computational models
were developed using EQ3/6 to explore the evolution of the natural geochemical system, and the
geochemical processes that are likely to occur under repository conditions. '

The dominant natural geochemical process at Yucca Mountain is alteration of volcanic glass to
clinoptilolite and, with increasing depth, to analcime. Smectite also forms as a minor alteration product
throughout much of the mountain. Several lines of evidence indicate that altered rocks at Yucca Mountain
are enriched in calcium derived from the ground surface and transported to depth in infiltrating
groundwater. Unaltered Paintbrush Tuff from Yucca Mountain generally contains less than 1 percent CaO
by weight, whereas rocks that have been partially altered to zeolites and/or clays typically contain CaO
at 3 to 4 percent. The large differences in calcium concentrations indicate that it is added to the altered
rocks from an external source. In general, alteration minerals, notably zeolites, are enriched in calcium
at higher positions in the volcdnic section above the water table, and become richer in potassium and
sodium with depth. Similar relations are observed for other alkaline earth metals, magnesium and
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strontium. Variations in groundwater compositions also support a mechanism of alkaline earth
metasomatism.

Natural groundwaters from the saturated and unsaturated zones span a range of compositions
reflecting extent of reaction progress and (especially in the unsaturated zone) evaporation and
volatilization of CO,. The range of water chemistries and their modifications in the repository system
suggest that a single reference water composition would have limited utility in site characterization,
engineering design, and performance assessment activities.

A numerical mass-transfer model for the genesis and evolution of groundwater and alteration
minerals like those at Yucca Mountain consists of irreversible dissolution of an alkali feldspar, as a
chemical analog of volcanic glass in a silica-buffered system, in water with a calcium enriched initial
composition, coupled with reversible growth of a secondary stable or metastable solid phase assemblage.
Dominant secondary minerals in the upper diagenetic levels of Yucca Mountain are clinoptilolite and
smectite. This set of minerals precipitates in the model when solutions are calculated to be saturated with
respect to them. After calibration the natural system reaction-path model reasonably represents observed
ranges and relative variations of major groundwater components of the saturated zone tuffaceous aquifer
at Yucca Mountain. Computed clinoptilolite compositions also correspond well to those observed at Yucca
Mountain. The absence of calcite precipitation is consistent with its sparse occurrence in tuffs at Yucca
Mountain, and general undersaturation with respect to calcite of the saturated zone tuffaceous aquifer
groundwaters at Yucca Mountain. Smectites in the unsaturated zone at Yucca Mountain are commonly
rich in sodium, which is also consistent with model results.

Two likely changes to the mineralogical system at Yucca Mountain due to repository heating
would be precipitation of calcite and partial alteration of glass or feldspars to secondary minerals such
as zeolites. Transient calcite precipitation due to heating may occur over widespread areas of the
mountain over long time periods. Alteration of volcanic glass is the dominant diagenetic process that has
occurred naturally at Yucca Mountain, and additional alteration is likely to be provoked by heating and
heat-induced fluid circulation. Mineralogical changes would in turn have potential effects on fluid flow
and retardation of radionuclide migration as well as on water chemistry. '

Reaction-path models of the heated repository system, and for a boiling groundwater solution,
illustrate plausible variations in gas, water, and rock geochemistry that could affect container and waste
form performance and radionuclide migration in a repository at Yucca Mountain. Initial conditions for
the heated repository model were based on results of the natural system model. Temperature and CO,
fugacity variations as a function of time were imposed on the modeled geochemical system at a point
above the repository horizon. Dominant model predictions include feldspar dissolution, precipitation of
calcite, clinoptilolite and smectite, and evolution of solution compositions toward increased sodium
bicarbonate concentrations and pH. Alternate computations showed that model results for the heated
repository system are somewhat sensitive to reaction rate parameters. Model resuits are strongly sensitive
to CO, pressures which affect pH and mineral alteration rates. A reaction-path model for vaporization
of water in the heated repository indicates precipitation of calcite, clinoptilolite, and cristobalite. Changes
in aqueous solution composition are relatively small until over 80 percent of water is vaporized. Dramatic
changes occur between 95- and 99.6-percent evaporation, as the solution becomes dominated by mixed
sodium bicarbonate and sodium carbonate at pH > 9.

Approximations adopted in the system modeling include neglect of magnesium and other minor
species, limitation of the secondary phase assemblage to minerals common at Yucca Mountain,
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approximation of ternary clinoptilolite solid solution properties by ideal endmember mixing, use of
generalized rate expressions, estimation of unknown effective surface areas, and neglect of complete
effects of open-system behavior and fluid flow (Section 4.4). Nevertheless, the reaction-path models based
on principles of thermodynamics, reaction kinetics, mass transfer, and mass transport offer
unprecedented, theoretically based, long-term projections of the geochemical evolution of the potential
repository at Yucca Mountain. The natural system model reasonably reflects the ranges and variations
of observed groundwater and mineral chemistiy at Yucca Mountain, which is an important prerequisite
for extrapolations to repository conditions. The models account for unsaturated zone processes particularly
through open-system CO, behavior and CO, buffering. The heated repository model explicitly accounts
for the transience of the thermal regime and its effects on geochemical changes through coupled reaction
kinetics. The models provide indications of significant geochemical variations which would be expected
in a repository at Yucca Mountain, and which could impact repository performance through effects on
containment, waste form behavior, and radionuclide transport.
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5 PROGRAMMATIC CONCLUSIONS

The Geochemistry Research Project was undertaken with broad objectives to address issues related to the
proposed geologic disposal of HLW at Yucca Mountain, Nevada. Specific topics of investigation were
chosen to help resolve technical uncertainties concerning fundamental aspects of the geochemical system
at Yucca Mountain. Experimental studies and data interpretation focused on interactions between aqueous
solutions and the zeolite minerals analcime and clinoptilolite. The abundance of these secondary minerals
‘at Yucca Mountain, their relations in the field, and the relationship between their chemistries and those
of other minerals and of groundwaters suggest that they play a controlling role in water-rock interactions.
In addition, clinoptilolite is widely cited as a natural barrier to radionuclide migration because of its
sorptive characteristics. Thus, knowledge of the fundamental thermodynamic and kinetic properties of
these minerals and their interactions with aqueous solutions is required to make defensible projections of
the evolution of the water-rock system and retardation of radionuclide transport in the Yucca Mountain
repository system. At the inception of this project, major uncertainties existed concerning these
properties. Geochemical modeling studies focused on development of multicomponent system models
calibrated on mineral, water, and gas chemistry from the site and extrapolated to predict the geochemical
evolution of the nonisothermal repository system over thousands of years. Geochemical modeling of the
repository system provides a necessary basis for assessments of waste package and waste form alteration
processes, radioelement solubilities and speciation, and retardation of radionuclide migration.
Nevertheless, only limited attempts previously had been made to use thermodynamic and kinetic reaction-
path modeling to predict the evolution of unsaturated zone gas, groundwater, and mineral chemistry in
a repository at Yucca Mountain. The results presented in Sections 2 to 4 demonstrate that significant
advances have been achieved in these areas as a result of research activities conducted in the
Geochemistry Research Project. Publications documenting this work are referenced in Section 1 of this

report.
51 PROJECT OBJECTIVES AND ACCOMPLISHMENTS

The objectives that were established at the outset of this project were substantially achieved
through an integrated approach comprising literature review, experimental studies, interpretive analyses,
and theoretical modeling. These objectives are reiterated below, including a brief indication of how they
were addressed and references to specific sections of this report and to other products related to this
research project.

¢ Establish similarities and differences between chemical compositions of groundwater in the
hydrologically unsaturated zone of Yucca Mountain tuff and groundwater in nearby,
geochemically similar but hydrologically saturated rocks.

Published data on chemical compositions of groundwaters from saturated and unsaturated
tuffaceous rocks from Yucca Mountain, and from similar tuffaceous rocks from the unsaturated
zone at Rainier Mesa, were compared and examined in Section 4.2.4. Although currently
available data from the unsaturated zone at Yucca Mountain appear to be subject to considerable
uncertainty, important differences between unsaturated and saturated zone groundwaters seem
to exist as discussed in Section 4.2.4. Efforts to directly measure the chemistry of water in
unsaturated rocks using cryoelectron microscopy met with limited success (Birnbaum and
Murphy, 1993).




Establish a reference chemical composition (or range of compositions) for water in
unsaturated fractured rock that can be used to constrain the initial solution composition for
geochemistry experiments and for corrosion studies performed in the CNWRA Integrated
Waste Package Research Project.

Examination of the range of chemical compositions from the saturated and unsaturated zones
at Yucca Mountain (Section 4.2.4) and the possible changes to water chemistry as a
consequence of repository-induced perturbations (Section 4.3) led to the conclusion that a
reference water composition, such as the often used J-13 well water composition, is unlikely
to be a useful concept. A better alternative is to develop thermodynamic models that allow
predictions over a range of geochemical conditions. For example, experimental data on
clinoptilolite/aqueous-solution ion exchange were used to develop a thermodynamic model that
can be used to predict ion exchange equilibria as a function of solution composition and
concentration (Section 2). Water compositions for zeolite dissolution and solubility experiments
were selected to maximize the potential to obtain thermodynamic data (Section 3.1) that can be
extrapolated, based on theoretical principles, for a range of possible geochemical conditions and
water chemistries (Section 3.10). In addition, the approach adopted in the CNWRA Integrated
Waste Package Research Project has been to examine the functional dependence of corrosion
processes on variations in water chemistry (e.g., Sridhar et al., 1993). Nevertheless, the
possible range of water chemistries in the proposed Yucca Mountain repository environment has
been specifically provided through kinetic and thermodynamic modeling of nonisothermal
effects, including boiling and open system variations in CO, pressure for proposed repository
conditions (Section 4.3).

e Assess potential effects of open-system CO, behavior on the chemical composition of fluids
and solids in unsaturated fractured tuff.

The potential effects of open-system CO, behavior on the chemical composition of fluids and
solids in the unsaturated geologic media of Yucca Mountain has been addressed theoretically
for both natural conditions (Section 4.2) and repository conditions (Section 4.3). Volatilization
of CO, due to repository heating has important geochemical consequences, particularly with
regard to pH. These processes have been evaluated from several points of view. One
endmember process is rapid, open-system volatilization with no back reaction (Rayleigh
fractionation). Techniques for computer modeling of Rayleigh fractionation have been developed
in this project (Appendix C) and applied to preliminary scenarios for the potential repository
environment (e.g., Murphy, 1991). An alternative treatment, which may be more realistic, is
based on open-system behavior of CO, in a gas flow system, which would develop due to
thermal perturbations in an unsaturated repository (Codell and Murphy, 1992), together with
local equilibrium between the gas phase and the aqueous phase (Section 4.3).

¢ Identify and characterize solid phases in the tuff that may control groundwater chemistry
and/or radionuclide mobility.

The properties of clinoptilolite, which is widely cited as a solid phase that may control
groundwater chemistry and/or radionuclide mobility at Yucca Mountain, were a principal
objective of several related aspects of this project, including ion exchange experiments (Section
2); dissolution, precipitation, and solubility studies (Sections 3.7 and 3.8); and modeling of
multicomponent variations in a potential repository system (Section 4.3). Experimental studies
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indicate that clinoptilolite would readily incorporate radioactive alkali and alkaline earth metals
(Section 2) and retard their migration in the aqueous phase. Relations between clinoptilolite and
groundwater chemistry were addressed by an evaluation of cation concentrations in potentially
coexisting Yucca Mountain groundwaters and clinoptilolites (Section 2.4.3), and through
modeling of the evolution of coexisting clinoptilolite and groundwater for the natural and
repository systems (Sections 4.2 and 4.3). However, interpretation of solubility data suggests
that groundwaters are metastably supersaturated with respect to clinoptilolite and at equilibrium
with analcime (Section 4.4). A review of mineralogical data for Yucca Mountain and system
modeling exercises also indicate that dissolution of feldspars and/or glass and precipitation of
calcite and smectite are also likely to control groundwater compositions (Section 4.2).

¢ Evaluate conceptual models of the geochemical evolution of water in the unsaturated
fractured tuffs at the repository candidate site from periods prior to waste emplacement
through operation, closure, and post-emplacement.

A variety of conceptual models for the natural geochemical system at Yucca Mountain have
been reported in the literature, notably by researchers of the U.S. Department of Energy. These
models were summarized and expanded as described in Section 4.2. Detailed evaluation of a
conceptual model for the natural system was effected through its implementation in numerical
reaction-path models and through comparison of model results with natural system data
(Sections 4.2.6 and 4.2.7). Conceptual models for the geochemical system under repository
conditions have not been well developed previously. Repository system models presented in
Section 4.3 should provide a basis for evaluation of DOE conceptual models as they are

proposed.

¢ Develop a theoretically based understanding of relevant gés—@atef-rock reactions, and the
capacity to make predictions of the evolution of the geochemical systems of concern.

Theoretically based understanding of gas-water-rock interactions was a dominant theme of this
project, including thermodynamic and kinetic interpretations of ion exchange, dissolution, and
precipitation data (Sections 2 and 3). Predictive capability was develuped for calculations of ion
exchange equilibria (Section 2) and for predictions of geochemical behavior of the potential
repository system (Section 4.3).

¢ Interpret and evaluate experimental and field data from studies of gas-water-rock
interactions, including those conducted for and by the DOE HLW program.

Field geochemical data from the Yucca Mountain area have been extensively reviewed and
interpreted in Section 4, where they have been used to condition system modeling. Field
groundwater and clinoptilolite data have been evaluated in the context of ion exchange
properties generated in this project (Section 2). Also, groundwater data have been examined in
the context of clinoptilolite and analcime solubility (Section 3). Experimental data from the
literature relevant to the thermodynamic properties of analcime and clmoptllohte have been
reviewed in Sections 2, 3, and 4.

¢ Identify and directly measure key parameters for characterizing the relevant geochemical
systems and their evolution for which necessary data are either lacking or of insufficient
accuracy.
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Identification and evaluation of key parameters motivated experimental studies of clinoptilolite
and analcime (Sections 2 and 3). Key parameters measured were binary ion exchange properties
of clinoptilolite in the Na-K, Na-Ca, and Na-Sr systems (Section 2); analcime dissolution
mechanism and rate; analcime solubility; clinoptilolite dissolution mechanism and rate; and
provisional solubility for clinoptilolite (Section 3).

® Develop constraints of initial conditions, time periods, water-rock ratios, fluid and gas
compositions, etc., in order to support and direct experimental activities in this project and
research in other CNWRA projects such as natural analog and waste package performance
studies.

In general, experimental studies were preceded by predictions of expected behavior (e.g.,
Murphy, 1991) using the speciation and reaction-path modeling codes EQ3/6 (Wolery and
Daveler, 1992). Successive experimental studies were calibrated in advance using data from
previous experiments. Geochemical modeling tools developed in this project have also been used
in the interpretation of experimental and field data in other CNWRA projects, including
Integrated Waste Package Experiments (e.g., Murphy, 1991) and Natural Analogs (e.g.,
Murphy and Pearcy, 1992).

e Support and validate the geochemical modeling described in the modeling task.

The provisional Na-clinoptilolite solubility value generated in this project (Section 3.8)
compares favorably with data used in system modeling studies (Section 4). Ion exchange data
(Section 2) have been used to evaluate estimated properties for ternary clinoptilolite solid
solutions in system models (Section 4).

¢ Provide an experimental database with which to independently judge the geochemical work
by the DOE on HLW isolation.

An independent set of data was developed on clinoptilolite ion exchange properties (Section 2),
analcime dissolution mechanism and rate, analcime solubility, clinoptilolite dissolution
mechanism and rate, and provisional solubility for clinoptilolite (Section 3).

PROJECT RESULTS AND NRC REGULATORY NEEDS

As stated in Section 1, the goal of the Geochemistry Research Project was to support the NRC

program relevant to licensing 2a HLW geologic repository. Information developed in the project will be
used to support specific sections of the License Application Review Plan (LARP), particularly the
following regulatory requirement topics (RRTs).

RRT 3.1.3:  Description of Individual Systems and Characteristics of the Site, Geochemical System

RRT 3.2.3.1: Assessment of Compliance with Siting Criteria, Geochemical System, Individual

Favorable Conditions, Nature and Rates of Geochemical Processes

RRT 3.2.3.2: Assessment of Compliance with Siting Criteria, Geochemical System, Individual

Favorable Conditions, Geochemical Conditions
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RRT 3.2.3.3: Assessment of Compliance with Siting Criteria, Geochemical System, Individual
Favorable Conditions, Mineral Assemblages

RRT 3.2.3.4: Assessment of Compliance with Siting Criteria, Geochemical System, Potentially Adverse
Conditions, Groundwater Conditions and the Engineered Barrier System

RRT 3.2.3.5: Assessment of Compliance with Siting Criteria, Geochemical System, Potentially Adverse
Conditions, Geochemical Processes

RRT 3.2.3.6: Assessment of Compliance with Siting Criteria, Geochemical System, Potentially Adverse
Conditions, Not Reducing Groundwater Conditions

RRT 3.2.3.7: Assessment of Compliance with Siting Criteria, Geochemical System, Potentially Adverse
Conditions, Gaseous Radionuclide Movement.

Key Technical Uncertainties (KTUs) with regard to compliance determination for several of the
LARP sections listed above have been initially identified during a recently completed process of
developing Compliance Determination Strategies (CDSs) for the LARP. Many of these KTUs relate to
fundamental geochemical problems associated with gas-water-rock interactions and their effects on
containment, waste form behavior, and radionuclide transport. Notably, LARP Sections 3.2.3.1, 3.2.3.2,
3.2.3.3,3.2.3.4, 3.2.3.5, and 3.2.3.7 have been identified to pose KTUs associated with the geochemical
system. Development of Compliance Determination Methodologies (CDMs) in this area is currently in
progress. Although the Geochemistry Research Project was designed prior to identifying KTUs as main
tools in the NRC regulatory strategy, by focusing on clear issues relating to the gas-water-rock evolution
of the natural and repository systems at Yucca Mountain, the project has produced results that have
contributed significantly to the development of CDSs and to the identification of KTUs. Results of the
project will directly contribute to the development of CDMs and help in the resolution of KTUs. A
summary of major accomplishments of the Geochemistry Research Project is provided below, together
with CDSs with associated KTUs to which the results are most directly related:

¢ Experimental Data
- Clinoptilolite ion exchange isotherms were determined at 25 °C for the Na-K, Na-Ca,
and Na-Sr systems as a function of aqueous solution composition and concentration

(3.2.3.2,3.2.3.5)

- Analcime dissolution rate was measured, and dissolution mechanism was evaluated at
25 °C and pH 9 (3.2.3.1)

- Reversed solubility limit for analcime was determined (3.2.3.4, 3.2.3.5)

- Dissolution rate was measured, and dissolution mechanism was evaluated for clinoptilolite
at 25 °C and pH 9 (3.2.3.1, 3.2.3.5)

- Provisional solubility limit for clinoptilolite was determined (3.2.3.4, 3.2.3.5)

¢ Kinetic and Thermodynamic Parameters
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A Margules thermodynamic model for clinoptilolite solid solutions was developed and
demonstrated to be successful in predicting binary ion exchange equilibria over wide
ranges of solution composition and concentration (3.2.3.2, 3.2.3.5)

The Margules model was shown to be useful in predicting aqueous solution cationic
composition based on zeolite analytical data (3.2.3.2, 3.2.3.5)

Gibbs free energy of mixing parameters for clinoptilolite solid solutions were regressed
from experixnental data (3.2.3.2, 3.2.3.5)

Rate constants and rate laws were determined for amalcime and Na-clinoptilolite
dissolution (3.2.3.1, 3.2.3.5)

Equilibrium constant for the analcime dissolution reaction and standard Gibbs free energy
of formation for analcime were derived from experimental data (3.2.3.4, 3.2.3.5)

Provisional equilibrium constant for the clinoptilolite dissolution reaction and standard
Gibbs free energy of formation for Na-clinoptilolite were derived from experimental data
(3.2.3.4, 3.2.3.5)

Reaction-Path Modeling Capabilities
The EQ3/6 geochemical modeling software and thermodynamic data package were

acquired from the DOE and brought under configuration control (3.2.3.1, 3.2.3.2,
3.2.3.3,3.2.34,3.2.35,3.2.3.7)

Open-system, equilibrium (Rayleigh) gas fractionation modeling capabilities were
implemented in EQ6 (3.2.3.3, 3.2.34, 3.2.3.5, 3.2.3.7)

Nonisothermal, , variable, imposed fugacity modeling was implemented with EQ6
(3.2.3.3,3.2.3.4,3.2.3.5, 3.2.3.7)

System Models

- System models were developed for Yucca Mountain groundwater and mineral chemistry
(3.2.3.1,32.3.2,3.2.34,3.2.35,3.2.3.7)

- System models were developed for nonisothermal, repository-induced chemical variations
at Yucca Mountain (3.2.3.3, 3.2.3.4, 3.2.3.5, 3.2.3.7)

- System models were developed for water and mineral variations during boiling of Yucca
Mountain groundwater (3.2.3.3, 3.2.3.4, 3.2.3.5)

In addition to the research results presented in Sections 2 to 4 and the input to the identification
of KTUs and the development of CDSs, interactions of the principal investigators in the Geochemistry
Project with researchers in other CNWRA research and technical assistance activities have demonstrated
the utility of the research results. Direct relations with other CNWRA research projects include:
acquisition and preparation of materials and design and interpretation of experiments for the Sorption

5-6




Modeling for HLW Performance Assessment Research Project, use of techniques and expertise for
geochemical modeling of aqueous solutions in the Integrated Waste Package Experiments Research
Project, use of modeling techniques for modeling of aqueous uranium chemistry at the Pefia Blanca site
for the Geochemical Analogs Research Project, and application of general knowledge of Yucca Mountain
area geochemistry in development of the Regional Hydrology Research Project. For the Iterative
Performance Assessment, techniques and expertise have been derived from the Geochemistry Research
Project for the computation of solubilities of radionuclide-bearing solids and for the development of
conceptual and simplified numerical models for the carbon system for use in modeling coupled heat flow,
gas flow, and carbon-14 transport. Furthermore, expertise and information developed in the Geochemistry
Research Project have been useful for numerous technical reviews of DOE prelicensing submittals.
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APPENDIX A

ESTIMATED OVERALL UNCERTAINTY IN ISOTHERM DATA




The general equation for normalized uncertainty of an experimental result, r, that is a function
of J variables X;, for example

= Xy XypeX)) (A1)

is given by (Coleman and Steele, 1989)
(U/ef = [Ur)(@/0%,)Ug P + [(Ur)(@/aX,)Ug [ + ... [Ufr)(@/oX)UF (A2)

where U is the uncertainty in the measured variable X. Thus the uncertainties in ]_:".K and Ex (or ﬁ& and
Eg, or Eg, and E_) calculated from the K* (or Ca?* or Sr*) data [Eq. (2-18)] are given by

(VBB = [CuuMas M+ [Vr, /Mo -Muff + (O 1V}

* (Un/WF * U /CEC 3

(Us,/Baf’ = (Uh My + (O /TN =

where the subscript A refers to K*, Ca?*, or Sr2*. The equation for the uncertainties in l:ix (orl—i:&

or Est) calculated from the Na,+ data (Eq. 2-19) is the same as Eq. (A-3), except the molarities are those
for Na*. The uncertainty equation for B, Ec,, or Eg, is slightly different from Eq. (A-4), and is given

(['TlaA’EA)2 = [ZBMB,f/(TN ‘1131"113;)]2 [(UMM/M,3 ,f)z + (Um /TN)z] (A-5)

Note that Eq. (A-3) has terms with concentration differences in the denominator. Where the difference
in initial and final concentration is small the uncertainty in the calculated parameter becomes large.

Therefore, errors in ﬁx E.,or Es: calculated from the K+, Ca?™, or Sr** analysis become large
as EK , ECa, or Es: approach one. On the other hand, errors in EK, ]-ECa, or Es: calculated from the

Nat data become large as EK , E , Or Es: approach zero. This explains why it is important to analyze

the solution concentrations of both cations participating in the exchange reaction when constructing ion
exchange isotherms. In this manner the 1on-exchange isotherm is well-constrained throughout the whole
isotherm range.

Uncertainties in the selectivity coefficient, K,, derived using either K*, Ca?*, or Sr**
analytical data (Eq. 2-20) can be calculated from

A-1




O /K = [ZAUi‘/(l X+ ZBU’-‘AIXA]Z " {Z:U w (TN-2,M,) + ZBUMA/MA]Z
+ [ZAUYB/YB]Z + [ZBUYA/YA]Z A6)

The corresponding uncertainty equation for K, calculated from the Na* data (Eq. 2-21) can be derived
by interchanging coefficients A and B in Eq. (A-6). Also,

Upe = U /K, A7)
and
UiA/iA = (ZA“ZB)UEA/ [(ZA+(ZB—ZA}EA)] + UEA/EA (A-8)

The error bars plotted for some of the isotherm points in the figures were calculated from the
above equations using estimated overall uncertainties in the Na*, K*, Ca?*, and Sr** analytical data
of £2, £3, +4, and +1 percent, respectively, overall relative errors in V and y, of 1 and 3 percent,
respectively, and overall absolute errors in W and CEC of 10™* g and 0.02 meq/g respectively. For
calculation purposes, rounded-off values of TN (0.005, 0.05, or 0.50 N) were used. TN was assigned
an overall uncertainty of +3 percent based on deviations from the measured Na* +K*, Na* +Ca?*, and
Na* +Sr?*normalities.
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APPENDIX C

SUMMARY AND USE OF THE EQ3/6 SOFTWARE PACKAGE




Numerical geochemical models presented in this report were generated with the EQ3/6 computer
software package Version 7.1 operating on the Southwest Research Institute VAX 8700 computer. The
R16.com database associated with the package was used for all thermodynamic data, except for
clinoptilolite as noted in Section 4.6. The codes and databases of the EQ3/6 package are described in
detail by Wolery and Daveler (1992). EQ3 generates models for equilibrium speciation in an aqueous
phase and calculates mineral saturation indices relative to the aqueous solution. EQ6 generates
reaction-path models consisting of a series of equilibrium aqueous speciation states associated with the
evolution of a system undergoing a change such as mineral dissolution and precipitation or evaporation.
Principles of modeling with EQ3/6 are summarized in this section, with an emphasis on techniques used
in generating the models presented in this report.

Equilibrium speciation (or equilibrium distribution of species) is a thermodynamic model for the
properties of an aqueous solution. The fundamental phenomenon is the reversible chemical reaction in
which reactants are continuously forming products and vice versa. The model postulates that all chemical
reactions among aqueous species are at equilibrium. The state of the system can be described by equations
that simultaneously impose mass balance, charge balance, and mass action constraints. Simultaneous
solution of these equations is the basic means of calculating an equilibrium aqueous speciation and the
fundamental function that EQ3 accomplishes.

These principal relations are shown mathematically as:

Mass conservation (for all elements, i):

= Zj: Vij Ty
Charge conservation (for the aqueous phase):
0=% zn
i
Mass action (for all reactions, r, that are at equilibrium):
&=g§‘
where
n, = moles of element i
n = moles of species j
Vi = stoichiometric number of moles of element i in species j
z = electric charge of species j
K, = equilibrium constant for reaction r
a = thermodynamic activity of species j, which is related to the species
concentration
Gy = reaction coefficient for species j in reaction r, which is positive for products
and negative for reactants




The thermodynamic activity is related to the number of moles of a species by the definition

8 = m v; = @ /Wyo),

my = molality of species j (moles of j per kilogram of solvent)
Y = activity coefficient of species j
ano = mass of H,O in kilograms

Activity coefficients are mainly a function of the ionic strength of the solution.

To define the equilibrium state of an aqueous system, one constraint is required for each
independent chemical component. Commonly, this is accomplished by specifying the total number of
moles of the component in 1 kg of the solvent, HyO. Additional means to constrain a component are to
specify a heterogeneous equilibrium, or to specify that a species concentration is to be adjusted to achieve
charge neutrality. For example, the component silica can be constrained by specifying its total molality.
Alternatively, the solution can be specified to be in equilibrium with cristobalite. In the latter case, silica
is constrained by the law of mass action for the reaction

Si0, (cristobalite) = SiO, (aqueous) Ky, = a0,

Once a component is constrained, activities of additional aqueous species containing the component are
related by laws of mass action. For example, if the activities of Na* and HCO;™ have been fixed, then
the activity of the neutral aqueous species NaHCO; can be calculated using the law of mass action for
the reaction

NaHCO, « Na* + HCO; Kyuco, = () (Bc0.)/2nanco,

Knowing the equilibrium aqueous speciation of a solution and the activities of the aqueous
species permits calculation of the saturation state of the solution with respect to various mineral and gas
phases. For each mineral, the saturation index can be represented by Q/K, where Q, represents the
activity product for the mineral dissolution reaction whether or not it is at equilibrium

Q=;¢

and K. stands for the equilibrium constant for the reaction. At equilibrium Q /K, = 1. For undersaturated
solutions Q /K, < 1, and for supersaturated solutions Q /K> 1.




For gas species g, the thermodynamic fugacity is defined by f = X gDy, Where x ; stands for
the fugacity coefficient and Pg denotes the partlal pressure of the gas specws ’Ighe law of mass action for
the reaction between the gas specles and species in the aqueous solution permits calculation of the fugacity
of a gas species that would be in equilibrium with the solution. For example, for the reaction

CO,(gas) +H,O ~ HCO, +H"

The fugacity of CO, is given by
_ 2nco; ®a-

* ago Koo,

If the fugacity of a gas species at equilibrium with an aqueous solution exceeds the fugacity of that gas
specxes in a gas phase in contact with the solution, then there will be a thermodynamlc drive for the gas
species to exsolve from the aqueous solution.

EQ6 goes beyond EQ3 by introducing reaction progress. In a closed system at chemical
equilibrium such as that modeled by EQ3, there is no net reaction progress; all reactions are reversible.
Systems that are not at equilibrium may evolve spontaneously by irreversible reactions to states of lower
free energy. In general, geochemical systems evolve continually, albeit slowly toward an equilibrium
state. Geochemical systems can also evolve as conditions such as temperature change. Other systems
change as fluids of different compositions mix. The sequence of states through which a system evolves
by chemical reactions is called the reaction path. EQ6 can be used to model reaction paths in systems
involving minerals (glasses, rocks, etc.), gases, and aqueous solutions.

Partial equilibrium is a basic conceptual model at the foundation of reaction path modeling with
EQ6. A subset of chemical reactions in a system is assumed to be at equilibrium while other reactions
are out of equilibrium with respect to the equilibrium subset. The irreversible (disequilibrium) reactions
continually progress toward equilibrium with the equilibrium subsystem, altering its state, for example,
by adding mass and changing the governing mass balance relations. As the irreversible reactions progress,
the equilibrium subsystem moves along a reaction path. The partial equilibrium conceptual model can be
illustrated by the irreversible dissolution of a rock into an aqueous solution which is in continuous
homogeneous equilibrium. As mass from the rock is added to the aqueous solution the solution
composition changes, and reactions among the solution species proceed instantaneously:to maintain
continuous equilibrium,

In practice, EQ6 solves a reaction path problem by solving equations describing a series of
sequential partial equilibrium states that are closely spaced along the reaction path. At each step, an
aqueous speciation is calculated for the equilibrium subsystem in the manner that EQ3 would calculate
a static system model. EQ6 keeps track of the mass transfer between phases that are out of equilibrium
and phases that are part of the equilibrium subsystem, including the aqueous phase.

At each step of the reaction path model, the saturation state of the equilibrium aqueous phase

is computed with respect to minerals. If the solution is supersaturated with respect to a mineral it can be
added to the equilibrium subsystem. A mass action relation for the heterogeneous equilibrium between
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the mineral and the aqueous phase is incorporated in the system of equations describing the equilibrium
subsystem. The mass of the new mineral is also included in mass conservation relations. The equilibrium
distribution of aqueous species is recalculated to include precipitation of some mass of the new mineral
at equilibrium with the solution. With progress along the reaction path, this mineral may continue to
precipitate or dissolve, but it always remains at equilibrium with the aqueous solution. If the mass of the
mineral goes to zero, then it is removed from the equilibrium subsystem by removing the relevant mass
action and mass conservation relations. Minerals (glasses, rocks, solutions, etc.) that are part of the
disequilibrium subsystem are referred to as primary phases or reactants. Reaction products generated by
precipitation from the aqueous phase are referred to as secondary phases.

EQ6 computes fluid-centered models; the equilibrium aqueous phase is the reference frame.
Mass transfer is modeled in and out of this aqueous phase. Mass transport equations are not solved by
EQ6. Models can also be calculated for stationary open systems. For example, evaporation can be
modeled by allowing the reactant assemblage to be a negative mass of H,O. The EQ6 reaction path
describes the progressive increases in concentration of the aqueous solution and precipitation of secondary
minerals from it.

An implicit assumption in partial equilibrium reaction path models is that some reactions occur
rapidly (indeed instantaneously) such that they can be considered to be in continuous equilibrium. Other
reactions fail to go to equilibrium because their rates are relatively slow. The slow reactions control the
changes in the system, and are the rate-determining processes. Fortunately for ease of modeling
geochemical systems, some reactions like most homogeneous reactions among aqueous species are fast
relative to other reactions such as mineral dissolution. Reaction path models computed with EQ6 depend
critically on assumptions regarding the relative rates of the various processes included in the model.

If the kinetics of the rate-limiting steps are known (i.e., rate laws and rate constants), then EQ6
can be used to make reaction path calculations as a function of reaction time. The absolute rate of reaction
of each reactant (i.e., moles per second) is calculated at each reaction progress step using the kinetic data.
Mass is transferred to the equilibrium subsystem from each reactant in proportion to its absolute rate. The
elapsed time for the reaction progress step is computed in EQ6 by integrating the rate law over the
amount of mass transferred in the step. For example, a simple rate law for the mineral dissolution
reaction r is given by

_% 10
rater-it— = k'(l E)

where § denotes the reaction progress variable for reaction r, and k, is a parameter that depends on
surface area, temperature solution composition, etc. Elapsed time for a reaction progress step is given
by
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dg
el
& T
Variations in k, and Q over the §, - &, interval are accommodated in EQ6 by fitting a polynomial to

the variation in rate, as a function of §_ and performing the integration over this polynomial (e.g.,
Helgeson and Murphy, 1983).

EQ6 also has the capability to model precipitation (growth) kinetics in a manner similar to
dissolution kinetics. Secondary products that are modeled using precipitation kinetics are treated like
primary reactants in that they are not part of the equilibrium subsystem. The capability for nonisothermal
kinetic modeling is also provided, for which rate parameters are specified functions of temperature.

Adqueous solutions that vaporize rapidly may not maintain continuous equilibrium with gaseous
components in an external reservoir, as they do in the buffered systems of the models presented in this
report. Modifications were performed on an early version of EQ6 to allow simulations of open-system
fractionation of volatile components from a vaporizing aqueous solution. In these computations, gases are
continuously removed from the liquid system in relative amounts controlled by gas-liquid equilibrium,
and no back reaction of the gas with the liquid is permitted. This limiting model for multicomponent
volatilization is equivalent to Rayleigh distillation. Program modifications make use of kinetic coding in
EQ6. Rates of volatilization of gas reactants, for example, H,O and CO,, are specified to be proportional
to their equilibrium fugacities. The proportionality constant is the same for all volatilizing species, hence,
the ratios of gas species in each increment of gas removed from the liquid correspond to the ratios in a
gas phase at equilibrium with the liquid. For instance the rates of CO, and H,O volatilization can be
expressed as

dg dg,.
co, H,0
—2=k f,, and =K fho
dt dt

where k, stands for the volatilization constant, and fe, and fg,0denote fugacities of CO, and Hy0.

Equilibrium, open-system volatilization does not require that k, remain constant in time. However, k,
must have the same value for all volatilizing species at each increment of reaction progress. In practice,
the volatilization constant may be related to the heat flux in the system that provides energy for
vaporization. The primary code modification required to enable open-system, equilibrium volatilization
is to allow pseudo-kinetic volatilization rates to be proportional to equilibrium fugacities. Examples of
the use of ‘a modified version of EQ6 to perform Rayleigh fractionation calculations are given in Pabalan
and Murphy (1990) and Murphy (1991). v

The basic content of the EQ3/6 database is a tabulation of logarithms of equilibrium constants
for reactions between basis species and all other species, including aqueous complexes, minerals, solid
solutions, and gases. One basis species represents each chemical component in the database. Equilibrium
constants are for pressures of 1 bar at temperatures below 100 °C, and for pressures along the steam
saturation curve at temperatures up to 300 °C. The database contains over 1,700 species covering nearly
all of the periodic table including many radioelements. Data come from over 100 references which are
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carefully noted in the database. Many of the data are estimated. Notably, the composite database includes
the well reviewed uranium species database recently compiled by the Nuclear Energy Agency (Grenthe
et al., 1992).

Much of the data in the composite database comes from SUPCRT, which is a program for
calculating standard-state thermodynamic properties of minerals, gases, aqueous species, and reactions
to 5 kb and 1,000 °C (Johnson et al., 1992). An alternate database is provided with the EQ3/6 package
which contains exclusively SUPCRT data.

Data are provided in DATAO (and DATALI) for coefficients in the “b dot” extension of the
Debye-Huckel equation for activity coefficients for aqueous species. This formulation is generally good
for solutions of ionic strength less than 0.5 to 1 molal. Activity coefficients depend on the ionic strength
of the solution, which depends on the equilibrium aqueous speciation. Part of the iterative solution of a
distribution of species problem is to simultaneously solve equations for activity coefficients and ionic
strength, as well as mass conservation, charge conservation, and mass action equations.

Values of log K for each reaction between basis species and all other aqueous species, minerals,
and gases are tabulated for 0.01, 25, 60, 100, 150, 200, 250, and 300 °C in the primary database called
DATAQ. The data processor program EQPT reads these values and fits a polynomial to each set as a
function of temperature. The polynomial coefficients are written to a file called DATA1 which is the
required input for EQ3 and EQ6. EQPT must be run only when a change is made to the primary
database. The equilibrium constants for reactions among species in the database can be modified by a
constant value for particular runs using the EQ3 and EQ6 input decks without modification of the
database. The fictive CO, phase used to buffer CO, fugacity as a function of temperature was entered
in the database for each run with properties characteristic of the run. Because temperature in the heated
repository models increased and then decreased, CO, fugacity was not a unique function of temperature
throughout the simulation. Each heated repository model was compiled from six sequential segments for
which CO, fugacity-temperature relations were unique.
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