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ABSTRACT

The near field of the proposed repository at Yucca Mountain comprises the parts of the repository that will
be affected by waste emplacement in a manner that affects performance of the repository with regard to
waste isolation. Many processes of importance will occur in the near field that are coupled in a complex
manner. This report presents a review of hypotheses on the evolution of the near-field environment,
primarily gleaned from the literature. An effort is made to evaluate the set of processes and the
envirornental parameters that may have important impacts on performance. Major uncertainties are
identified, and recommendations are made for studies to address these uncertainties. The following issues
are addressed specifically: thermal-hydrologic effects, hydrothermal-chemical effects, radiolysis effects on
radionuclide mobilization, thermal-mechanical effects, cementitious materials, corrosion of container
materials, waste form alteration products, microbiological effects, and near-field transport processes.
Recommendations provided concern the following issues: effects of heterogeneity on fluid flow, validity
of predictive geochemical models, effects of radiolysis on aqueous chemistry, rock mass stability affected
by transient thermal loading, thermal effects on the properties of cementitious materials. aqueous chemistry
contacting containers and waste forms, properties of secondary alteration products of engineered barriers
and waste forms, microbial characterization and conditions for microbial activity, and thermal effects on
radionuclide transport phenomena such as sorption and colloid formation.
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1 INTRODUCTION

1.1 OBJECTIVES

The objective of this report is to identify processes that can affect the near-field environment in
the proposed high-level nuclear waste (HLW) repository at Yucca Mountain (YM) and provide
recommendations for further investigations of those processes considered to be important to the
performance of engineered barrier system (EBS) and to radionuclide transport in the near-field.

The term near-field environment is defined as that portion of the repository where physical and
chemical properties are altered by the repository construction operations and radioactive waste
emplacement to the extent that the changes affect the performance of the geologic repository (Wilder,
1993a). It may be considered synonymous with the term disturbed zone defined in the Code of Federal
Regulations, Title 10, Part 60, Section 2 (10 CFR 60.2). The spatial extent of the near-field environment
can vary depending upon the specific process that is considered in an evaluation of performance. For
example, the near-field environment can extend to a considerable distance from the EBS when transport
of radionuclides and fluid flow are considered, whereas the processes of importance to spent fuel alteration
may occur in a much smaller region.

The expected near-field environmental processes for the proposed YM repository and their effects
on performance were reviewed previously (Glassley, 1986; Murphy, 1991; Wilder, 1993a;b). However,
these previous evaluations were focused on the older Site Characterization Plan (SCP) design of the EBS
involving borehole emplacement of a thin (12.5 mm), single-walled container [U.S. Department of Energy
(DOE), 1988) and on a limited range of thermal loading. Over the last year, a new waste package design,
described in the Advanced Conceptual Design (ACD), has been developed involving thick (120 mm),
multiple-wall containers (U.S. Department of Energy, 1994). The emplacement geometry has also changed
from a vertical, borehole concept to a horizontal, drift concept. Also, the thermal loading strategy has
evolved considerably. Processes affecting the near-field environment and repository performance have to
be considered in light of the changes in the EBS design and thermal loading strategy designs. For
example, the effect of gamma radiolysis on corrosion of container materials has become unimportant
because of the shielding provided by the thick overpacks. On the other hand, the effects of corrosion of
the outer overpack on the corrosion of inner overpack must be considered in the new design. Similarly,
the large volume of Fe containing material is expected to affect the radionuclide transport processes
through generation of colloids and secondary oxidized Fe phases. The heterogeneities in the host rock
(permeability, porosity, mineral distribution, etc.) also contribute to the variabilities in the near-field
environment at different distance scales. The higher thermal load expected in the new design may extend
the spatial scale of the near-field environment. The present report focuses on the ACD concept in
evaluating processes affecting the near-field environment Baseline conditions prior to repository
construction and waste emplacement have been described extensively in previous reports (U.S. Department
of Energy, 1988; Younker et al., 1992; Wilder, 1993a;b).

1.2 WASTE ISOLATION STRATEGY

DOE (1995) has advanced eleven hypotheses as starting points for a successful demonstration
of waste containment and isolation (Rickertsen et al., 1996). These hypotheses can be grouped in five
general areas:
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* The seepage rates of groundwater into the emplacement drifts will be low.

* Complete containment of waste can be maintained by waste packages under repository
conditions for thousands of years.

* Mobilization rates of waste in breached waste packages are low.

* Engineered barriers limit the transport of radionuclides to the host rock.

* Concentrations of radionuclides are strongly diluted during transport and mixing in the
saturated zone of the natural barriers.

These hypotheses are articulated in the DOE total system performance assessment report

(U.S. Department of Energy, 1995) somewhat differently, but involve: (i) low ambient flux; (ii) robust

waste package; (iii) limited mobilization of radionuclides; (iv) robust EBS and possible diffusion barriers;

(v) slow migration through the geosphere, and (vi) substantial dilution in the saturated zone. It is

anticipated that the waste isolation demonstration strategy and the associated hypotheses may be revised

in the future. However, the key issues addressed by these hypotheses, i.e., complete containment and low

mobilization and transport. are not expected to change significantly. Knowledge of near-field environment

is critical to the verification of these hypotheses. This report examines these broad hypotheses and goes

beyond them to examine hypotheses for specific near-field interactions that may affect repository

performance.

Various processes affecting the near-field environment are reviewed in Sections 2 through 10.

The environmental Darameters of most importance to the demonstration of waste isolation and repository

performance are reviewed briefly in Section 11. The report concludes with recommendations for further

investigation of some of the near-field processes.

2 THERMAL-HYDROLOGIC EFFECTS

2.1 PAST WORK

Thermal-hydrologic effects in a partially saturated HLW repository include: flow of liquid water,

water vapor, and air in response to pressure gradients; binary diffusion of air and water vapor; conductive

and convective heat transfer, phase changes between liquid and gaseous states including boiling; capillary

and adsorption forces on water; and gravity-driven flow. The extent that heat produced from radioactive

decay of HLW can mobilize water contained in the partially saturated environment of YM, thereby

affecting corrosion of waste canisters and release and transport of radionuclides, is a question of primary
concern to repository performance.

A number of investigators have modeled the thermal-hydrologic regime at YM including Tsang

and Pruess (1987), Pruess et al. (1990a;b), Buscheck and Nitao (1992; 1993b), Pruess and Tsang (1994),

Lichtner and Walton (1994X, and Lingineni et al. (1995) using variants of the TOUGH code developed

by Pruess and his colleagues (Pruess, 1987; Nitao, 1989). Because of the highly fractured nature of the

host rock, it is typically assumed that local thermodynamic equilibrium prevails between vapor and liquid

phases contained in the matrix and fractures, enabling representation of the rock fabric by the equivalent
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continuum model (ECM) with equivalent bulk permeability and porosity. In most studies, each
stratigraphic layer is considered to have homogeneous material properties.

In most model calculations to date, one- or two-dimensional representations of the waste
repository are employed. A common repository-scale model is based on radial symmetry with the
repository represented by a circular disk with a uniform heat load. Consequently, the detailed behavior
around individual waste packages is not described with such models. Thus, mountain-scale motion of fluid
phases may be addressed with repository-scale models, but the very-near-field environment of an
individual waste package is not described well in these particular models.

Buscheck and Nitao (1992; 1993a;b) have proposed the extended dry concept, in which high heat
loads dry out the region surrounding the repository horizon. These authors argue that hundreds of
thousands of years are required under sufficiently high heat loads for the repository to return to ambient
conditions that existed before the thermal perturbation produced by the waste. The water driven off from
the vicinity oi he repository condenses in cooler regions both above and below the repository horizon.
Above the repository, the condensate forms a zone with liquid saturation levels approaching and achieving
unity. Pruess and Tsang (1994) challenged the extended dry concept from the point of view of flow of
water along fast pathways and argued that water could reach the repository from the condensate zone lying
above the repository horizon. Although the condensate zone is not in direct contact with the waste, water
may flow downward, driven by gravity and capillary forces, and could come in contact with the waste.
Such a situation could substantially reduce the time of wetting of the waste container. Fractures represent
the most likely fast pathways; however, matrix heterogeneity presumably also creates fast pathways.
Recently, Buscheck et al. (1996) have proposed that the spacing between drifts be increased to allow the
condensate to flow between drifts and bypass the waste.

According to the work of Lichtner and Walton (1994), rewetting of the repository horizon begins
after approximately 2,000 yr for a heat load of 114 kW/acre, the highest case considered. In accordance
with Buscheck and Nitao (1992; 1993b), several hundred thousand years are required to bring the
repository back to its original ambient conditions. In comparison, with a heat load of 57 kW/acre the
repository never completely desiccates, but still requires tens of thousands of years to return to ambient
conditions. Thus, the rewetting process is slow. Even small amounts of water, however, may be conducive
to corrosion of waste packages.

Enhanced binary diffusion could become an important process for moisture redistribution at
lower heat loads in partially saturated media. Jury and Letey (1979) found that diffusion is enhanced by
factors ranging from 0.9 to 3.8 in soils due to enhanced vapor diffusion. Pruess and Tsang (1994) chose
an average value of 1.8, but this value may not be appropriate to tuff at YM because of the large
differences in tortuosity between soils and tuff. Lichtner and Walton (1994) used the experimental work
of Ali et al. (1994) to estimate the tortuosity of tuff and found a value for the acceleration factor 35 to
1,000 times lower than that used by Pruess and Tsang (1994).

Generally the evolution of the thermal-hydrologic regime can be divided into two temporal
regimes: a heating regime and a cooling regime. During the heating regime, evaporation of liquid water
will take place in the vicinity of the waste package with declining relative humidity at temperatures above
100 0C and increasing water vapor pressure. Drying out the host rock in the vicinity of the waste packages
will cause refluxing of liquid water towards the heat source, due to capillary and gravity effects, and
transport of water vapor away from the heat source. At sufficiently high heat loads, heat pipes driven by
capillary suction may form both above and below the repository, resulting in the counter flow of liquid
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and vapor. Residual water may be present due to the lower vapor pressure of high ionic strength solutions,

and to adsorption and capillary pressure. In cooler regions, well removed from the waste, condensation

will occur, perhaps building perched water zones above and below the repository horizon. Due to the

influence of gravity, the upper condensation zone will be closer to the repository horizon than the lower

zone. Gravity drainage will tend to be towards the repository for the upper zone, while below the

repository horizon, gravity drainage will remove some of the condensate. During the cooling regime,

rewetting of the repository to the conditions existing before the waste was emplaced will begin. The

cooling stage will require up to several hundred thousand years to reestablish the unperturbed ambient

hydrologic regime, assuming natural infiltration to be low (i.e., < 0.2 mm/yr), but localized areas may

approach ambient conditions much sooner.

2.2 LIMITATIONS

Although the overall thermal-hydrologic scenario is plausible for describing the gross behavior

of the repository, there are a number of details that are less clear. The model calculations on which this

general scenario is based all rely on the ECM of the host rock to account for its highly fractured nature.

As one consequence of the requirement of local capillary equilibrium between fractures and matrix, which

is embedded in ECM, flow in fractures is inhibited unless the matrix is essentially completely saturated.

As the matrix typically has orders of magnitude more pore space than the fractures, the bulk continuum

behavior is dominated by the slow-responding matrix rather than the fast-responding fractures.
Accordingly, estimating the movement of water along fast pathways under transient conditions is difficult.

The ECM is most appropriate for examining steady state processes. It is questionable whether

moisture-redistribution processes occurring on time scales of decades to centuries, such as due to thermal

perturbations from the repository, are appropriately captured with the ECM approach. Processes occurring

over periods of days to months, such as pulses of infiltration entering the mountain in fractures, may be

completely misrepresented by ECM models for YM. The time scale for which the ECM approach is

appropriate depends on fracture spacings and apertures and matrix permeability (Pruess et al., 1996).

Primary advantages of the ECM approach include relative computational efficiency and

straightforward implementation. Alternate conceptual models of thermal-hydrologic behavior in fractured

porous media include multiple-continuum approaches as well as discrete-fracture approaches.

Multiple-continuum approaches represent fractures and matrix as two or more separate overlapping

continua, with each continuum having its own characteristic behavior and the various continua able to

exchange mass with the other continua. However, the addition of extra continua adds to the already large

computational burden, and account appropriately for exchange of mass between continua is poorly

understood. The discrete-fracture approach seeks to explicitly account for all significant fractures within

the flow model, thereby explicitly accommodating mass exchange. From a theoretical standpoint, the

discrete-fracture approach is appealing, despite uncertainties in appropriate representations of flow in

fractures; however, from a practical standpoint, discrete-fracture models can only be applied to small

volumes, perhaps as large as the drift scale, due to the computational burden resulting from the small

nodal spacing associated with discretizing the fractures. Also, characterization of discrete fractures is

impractical on a large scale.

Failure scenarios of greatest concern require contact of the waste package by liquid water. A goal

of repository design must be to limit gas and liquid phase transport of radionuclides to the accessible

environment. The principal source of water to the waste package is through fracture flow and consists of:
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(i) Infiltrating water
(ii) Condensate drainage under boiling conditions
(iii) Condensate drainage under sub-boiling conditions

Characterizing the flow in fractures when the fractures are not in equilibrium with the matrix
is critically important. Another problem is the possible focusing effect of large fractures in channeling
groundwater flow, which may allow some waste packages to remain dry while inundating others.

The ability to calculate moisture redistribution at the drift scale is essential to determine how fast
the waste package will corrode. At this scale, the geometry of the individual waste package becomes
important, unlike the repository-scale model in which the waste is assumed to be distributed uniformly.
There have been several attempts to model the drift scale (Nitao, 1988; Pruess et al., 1990a). The problem
is difficult because of the large aspect ratio of the computation domain. Symmetry boundary conditions
are usually imposed implying an infinite array of evenly spaced waste packages. Walton and Lichtner
(1995) investigated the very-near-field region of a waste package using a quasi-steady-state model.
Time-dependent boundary conditions determined from a repository-scale model calculation were imposed
at the drift wall. Different scenarios for multi-purpose canister (MPC) and small SCP canister with and
without backfill were considered. It was found that due to the lower thermal conductivity of the backfill
compared to tuff, and poorer water retention, the backfill formed an effective barrier to liquid water
reaching the waste package. However, a possible negative effect is the increase in temperature of the waste
package resulting from the insulating properties of the backfill.

An unresolved issue in near-field numerical flow models is the proper treatment of rocks with
very low moisture content below the residual value. Because of the importance of small amounts of
moisture on corrosion of the waste package, parametric models of capillary effects need to be more
thoroughly explored and verified at the extreme conditions which are likely to occur in a partially
saturated environment A rock can become dried out below its residual saturation through evaporation and
transport of water vapor by binary diffusion. The van Genuchten moisture retention curves are
phenomenologically based and apply only for saturations greater than the residual saturation. For
saturations near and below the residual saturation these curves are invalid.

At residual saturation the capillary pressure becomes infinite. To describe saturations near and
below the residual saturation, it is necessary to make arbitrary assumptions about the behavior of the
capillary pressure-saturation relationship. Different computer codes use different assumptions and cutoff
procedures. For example, the code TOUGH (Pruess, 1987) uses a simple user-defined cutoff value for the
capillary pressure. V-TOUGH (Nitao. 1989) provides an additional option to allow for linear extrapolation
of the capillary pressure below the residual saturation. FEMH (Zyvoloski et al., 1992) uses a cubic
polynomial requiring an additional user specified parameter. The three approaches can lead to different
moisture-redistribution behavior, especially at extreme values of dryout. Use of vapor pressure lowering
may lead to even greater differences.

3 HYDROTHERMAL-CHEMICAL EFFECTS

Various authors have addressed the hydrothermal-chemical evolution of the near-field environment. Much
of the following discussion is derived from Murphy (1991; 1993) and Murphy and Pabalan (1994), in
which recent literature reviews are presented.
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The natural mineral and fluid compositions at the proposed repository site result from a long evolution

toward chemical equilibrium. The near-field geochemistry is perturbed from ambient conditions by

variations in temperature and pressure, introduction of foreign materials (including air), increases in

mineral surface area and reactive site density, variations in fluid flow, radiolysis, and consequent chemical

reactions. Changes in water, gas, and solid phase compositions and masses in the near field can affect

hydrologic and mass transport characteristics, alteration of the waste package and waste form materials,

and waste element speciation and solubility. Thus, the capability of the repository system to isolate waste

can depend strongly on the near-field geochemistry.

An understanding of the ambient site geochemistry is required to address near-field perturbations. The site

geochemistry offers a large buffering capacity that will moderate chemical disturbances. Controls on the

ambient geochemistry would be expected ultimately to govern many properties of the near-field

environment. Understanding these controls provides a basis for predictive modeling of near-field effects.

Furthermore, the site geochemistry poses initial and boundary conditions for modeling of the induced

evolution of the near field.

In characterizations of both site and near-field geochemical systems, relations among some species can

be described by chemical equilibrium relations. Chemical equilibrium offers a powerful predictive

capability, as well as constraints on kinetic descriptions of irreversible processes. Nevertheless, some

critical thermodynamic data are dubious, including data for the properties of secondary mineral solid

solutions and aqueous species at elevated temperatures. Furthermore, metastable or unstable

(i.e., disequilibrium) conditions are common, particularly in low temperature systems, (Essene and

Peacor, 1995) for some oxidation-reduction reactions (Lindberg and Runnells, 1984), and under transient

physical conditions such as those in the HLW near-field environment. In general, differences in rates

among individual reactions lead to states approximating partial equilibrium in geochemical systems.

Reactions that are not at equilibrium progress at rates that depend strongly on temperature and the degree

of disequilibrium, and the rates of heterogeneous reactions depend on the properties of phase boundaries,

such as mineral-solution interfaces.

Mass transfer calculations that account for partial equilibrium and reaction kinetics in gas-water-rock

interactions have provided geochemical models related to the YM site and near-field environment (Kerrisk,

1983; Ogard and Kerrisk, 1984; Delany, 1985; Arthur and Murphy, 1989; Murphy, 1993; Murphy and

Pabalan, 1994). The aqueous silica concentration and the CO2 pressure have been shown to be particularly
important in defining the solid phase assemblage and the aqueous solution composition. At present these

models are limited principally by the lack of thermodynamic and kinetic data. However, there have been

several recent attempts to obtain such data by experimental and estimation techniques (Bowers and Bums,

1990; Johnson et al., 1991; Ransom and Helgeson, 1994; Murphy et al., 1996), which, at least in some

cases, appear to yield inconsistent results. Calculations of time-dependent processes are further hampered

by the difficulty in realistically characterizing reactive surfaces in geologic environments. Also, coupling

geochemical reactions to fluid flow is incompletely developed in models for near-field evolution.

At YM, host rocks are silicic tuffs [70-80 percent Si0 2 (Byers, 1985)]. These rocks are variably vitric,

devitrified to an assemblage of silica minerals and alkali feldspar, or altered primarily to the silica-rich

zeolites, clinoptilolite and mordenite, or to analcime at depth (Bish and Chipera, 1989). The groundwater
is a dilute, oxidizing, sodium bicarbonate solution rich in dissolved silica. Its chemistry is incompletely

understood because of the difficulty in obtaining uncompromised samples from the unsaturated medium

(Yang, 1992; Yang et al., 1993). Aqueous silica concentrations in excess of cristobalite saturation are

observed in tuffaceous aquifers at YM (Kerrisk, 1987). The high silica contents are generated by reaction
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of infiltrating meteoric water with siliceous volcanic glass (White et al., 1980). This is accompanied by
incongruent precipitation of clinoptilolite, a zeolite with important sorptive characteristics (Ames, 1964;
Murphy and Pabalan, 1994). In the proposed repository horizon, and hence in the near-field environment
at YM, the tuffs are devitrified to alkali feldspar, cristobalite, and quartz. Here smectite is the dominant
aluminosilicate alteration phase, occurring in abundances up to 5 percent (Bish, 1988). In lower volcanic
units at YM primary glass has been altered to analcime ± kaolinite rather than clinoptilolite. This
-ineralogic change, which is associated with the disappearance of cristobalite with depth, is consistent

with a decrease in the activity of aqueous silica (Kerrisk, 1983).

The gas phase in the vadose zone at YM is primarily air, approximately saturated with liquid water, and
enriched in CO2 relative to the atmosphere. Gas chemistry analyses show limited variability in the CO 2

content in space and time (Thorstenson et al., 1990). The partial pressure of CO2 in the gas phase has a
strong effect on the pH of the coexisting groundwater, which in turn affects aqueous speciation,
solubilities, and mineral stabilities (Arthur and Murphy, 1989; Murphy, 1993).

Elevated temperatures in the near field at YM are expected to lead to a number of important geochemical
changes. Rates of alkali feldspar dissolution and growth of secondary phases such as smectite,
clinoptilolite, silica minerals, and/or calcite would be accelerated. Volatilization of water will initially tend
to purge the dissolved CO2 affecting solution pH, and will ultimately lead to precipitation of "salts"
including silica and calcite in the near-field dehydration zone. Thermodynamic analyses for smectites
(Ransom and Helgeson, 1994) and clinoptilolites (Bowers and Bums, 1990) have quantified their
decreasing stability with increasing temperature and decreasing aqueous silica contenL In addition, the
swelling capacity of uncompacted smectite has been shown to be dramatically and irreversibly decreased
by alteration in a water vapor environment at temperatures above 150 °C (Couture, 1985). Field evidence
for temperature induced changes can be obtained by regarding the natural environment at depth as an
analog of the near-field environment (Apted, 1990). Observations at YM include the transitions with
increasing depth from clinoptilolite to analcime to albite and from smectite to ordered illite/smectite to
illite. The clay mineral data have been interpreted to give thermal profiles with temperatures ranging up
to 300 °C for an extinct hydrothermal system at depth at the north end of YM (Bish, 1989; Bish and
Aronson, 1993).

Experimental studies of the hydrothermal reaction of tuffs and natural waters from YM at 90 to 250 °C
(Knauss et al., 1984, 1987; Knauss, 1987) show evidence for dissolution of primary minerals, precipitation
of secondary phases and variations in water chemistry. Secondary clay minerals, zeolites, cristobalite, and
calcite have been observed. Experiments in which CO2 loss occurred showed more extensive secondary
mineralization and particularly more calcite precipitation than in pressurized closed-system experiments.
Water chemistry variations were generally modest, and achieved approximately steady-state conditions in
long-term experiments. The aqueous silica concentration was observed to increase substantially at elevated
temperatures corresponding to the increased solubility of silica minerals. The water chemistry in selected
experiments was reasonably represented as a function of time with partial equilibrium and kinetic reaction
path models of the water-rock interactions (Delany, 1985). Application of the results of these experiments
to the near-field environment at YM must be judicious because the high temperatures, high pressures,
saturated conditions, and short time scales of the experiments are unrepresentative of expected conditions
at YM.

Reaction rates are also likely to be accelerated in the near field because of increases in surface area and
reactive site density due to localized fracturing or disaggregation of host rocks during excavation. This
may promote a variety of geochemical processes prompted by increased temperature or other perturbations.
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Sorption of radioelements on a larger number of reactive sites, or coprecipitation of radioelements with
secondary phases may be affected.

A model for the evolution of near-field groundwater and mineral chemistry at YM (Figure 3-1) (Murphy,
1993; Murphy and Pabalan, 1994) employs initial conditions based on another mass transfer r rdel for
ambient conditions. The ambient system model reasonably represents formation of clinopti -'ite and
smectite solid solutions and the range of major groundwater components observed in satur. -d zone
groundwaters in the vicinity of YM. Temperature variations as a function of time at a point above the
repository horizon are based on a heat conduction model and the variation in C0 2 gas pressure is based
on results of a gas flow and gas-water-calcite interaction model (Codell and Murphy, 1992). Irreversible
dissolution of alkali feldspar and cristobalite is modeled to occur according to rate expressions dependent
primarily on the degree of disequilibrium and temperature. Clinoptilolite, smectite, and calcite are
permitted in the model to precipitate at equilibrium with the evolving fluid. Quartz was not permitted to
form in the model. Dominant aqueous species Na' and HC03 - are modeled to increase continuously,
roughly doubling in concentration over a period of 4,000 yr K+ increases by a factor of 4. pH also rises
from an initial value near 7 to approximately 8. Aqueous SiO2 remains close to saturation with respect
to cristobalite. The simulated water then was assumed to drip on a surface and boil to near completion
in an accompanying simulation permitting the same set of minerals to precipitate (Figure 3-2). Moderate
changes in solution composition were observed until over 90 percent of the solution had evaporated. Then
changes were dramatic as ionic strength and pH both went to high values. According to this model
extreme concentration variations occur only when water volumes are reduced to such low levels that flow
of water is unlikely to occur in the rocks.

The porosity and permeability of a given medium may be enhanced by the dissolution of the primary
minerals that make up the matrix of the medium. Conversely, precipitation of secondary minerals may
serve to plug available porosity, reducing permeability. Mineral solubility is strongly dependent on the
pressure and temperature of the system of interest as well as solution pH, p(C02), p(0 2), and salinity.
Many common minerals such as quartz, and metal sulfides exhibit a prograde solubility such that
precipitation is favored with decreasing temperature. Silica scale in geothermal wells is due in large part
to the cooling of silica supersaturated fluids as they rise to the surface (Thomas and Gudmundsson, 1989).
In contrast, given artificial constraints such as constant pH and p(C02), carbonates such as calcite and
dolomite tend to exhibit retrograde solubility and precipitate from solution with increasing temperature.
Precipitation and dissolution may also be controlled by kinetic processes. For example, while calcite
precipitates readily in geothermal systems, silica precipitation is kinetically controlled at temperatures
below 200 0C, and may not occur for some time after supersaturation has been reached (Thomas and
Gudmundsson, 1989).

Given the temperature-dependent solubility of different minerals, it is possible that solutions (both liquid
and gas phase) moving by thermally driven convection will redistribute chemical components such as
silica and calcium carbonate. Silica redistribution in the YM near-field environment is likely to be
controlled by the dissolution of glass, feldspar, and cristobalite, and amorphous silica precipitation. The
rate of this redistribution will depend on the aqueous silica activity and the relative rates of reaction. Silica
redistribution has been observed in laboratory heater experiments with YM tuff under unsaturated
conditions (Rimstidt et al., 1989). Silica and Fe dissolved near the heater, were transported in solution and
precipitated as amorphous silica, Fe hydroxides, clay, and zeolite at the cooled end of the system. In the
nonisothermal transient experiments of Lin and Daily (1990) on samples of the Topopah Spring tuff,
permeability was progressively reduced by three orders of magnitude from 1.3x lo-,14 m to about
10-17 m2 due to narrowing of fracture aperture by silica deposition. Experiments of Vaughan (1987) using
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Figure 3-1. Results of reaction path modeling of near-field geochemistry variations as a

function of time from waste emplacement taken from Murphy and Pabalan (1994). The

modeled system is tens of meters from the repository horizon where the model temperature

reaches a maximum near 80 "C. A. Major cations increase continuously as primary feldspar

dissolves. B. Silica closely follows cristobalite solubility as a function of temperature; Potassium

is released from feldspar and calcium is consumed by secondary minerals. C. A pulse in CO2

pressure is a consequence of Initial purging of dissolved carbon near the repository horizon

resulting in a transient decrease in pH, which then increase modestly. D. As feldspar dissolves,

secondary clinoptilolite, smectite, and calcite precipitate.
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granite cores indicated that although porosity was reduced by a relatively small amount, permeability was
reduced by over 95 percent. Chigira and Watanabe (1994) also observed narrowing of pore throats by
silica precipitation in flow experiments using powdered granite and amorphous silica powder. They
calculated that at 90 IC, porosity would be halved in 135 yr.

Bish (1993) developed a study plan for geochemical issues related to mineral stability at YM. One premise
in the study plan is that the thermal regime will induce a progressive Ostwald ripening effect in which a
sequence of zeolites will form, and if enough time is available, culminate in the most stable assemblage
albite + quartz. This alteration will lead to a net volume reduction, potentially increasing porosity and
permeability.

The effects of chemistry on flow are frequently neglected in thermo-hydrologic simulations. Extensive
development of heat pipe effects and refluxing at elevated temperatures is likely to induce substantial
changes in porosity and permeability over regulatory time frames of thousands of years. Because small
changes in porosity can effect orders of magnitude changes in permeability (Lichtner and Walton, 1994),
the dissolution and transport of silica, followed by precipitation during evaporation could rapidly modify
the permeability distribution around the repository horizon. Some numerical simulations have been
performed in attempting to predict the redistribution of silica and calcite in a near-field environment and
the effect on permeability. Using a modified version of the TRACR3D code, Travis and Nuttall (1987)
suggest that reduced permeability due to quartz reprecipitation may enhance waste isolation. In contrast,
Verma and Pruess (1988) used the code MULKOM to model equilibrium silica precipitation and
dissolution, and determined that the amount of silica redistribution in a hydrologically saturated fractured
medium did not have a significant effect on near-field temperatures, pore pressures, or fluid flow.

Major geochemical changes in the near field are likely to depend primarily on the availability of water.
Although unsaturated, the rocks at YM contain abundant water, commonly 10 percent of rock volume. A
large amount of zeolitic water is also available in certain horizons which could be released at elevated
temperatures. The extent of reaction, however, is likely to be limited because of the low solubilities of
aluminosilicate minerals. Most extensive and rapid chemical reactions will occur where water boils,
depositing solutes, and where distilled water containing dissolved CO2 condenses. Because water is drawn
by capillarity into the finest pores of the rock. evaporation and precipitation will occur dominantly in the
rock matrix. However, gaseous transport of water vapor to cooler zones of condensation is likely to occur
dominantly in fractures. Therefore, condensation of initially dilute acidic water and mineral dissolution
are likely to occur on fracture surfaces. Together, these processes could lead to an increase of fracture
permeability and a decrease of matrix permeability. However, if water precipitated on fracture surfaces
dissolves minerals there and generates secondary phases with larger volumes before the water is imbibed,
then fracture permeability could decrease as well. The locus of dissolution and precipitation reactions with
respect to fractures and matrix could affect the hydrologic behavior of the near-field system, and is
presently poorly constrained in coupled hydro-chemical modeling.

Localized reducing conditions could be promoted by near-field hydrologic effects and phase variations.
Gas flow from the near field driven by vaporization of water is predicted to be away from the near field
in all directions (Pruess et al., 1990a, Tsang and Pruess, 1987), and would tend to purge air containing
02 from the near-field environment. Because the vapor pressure of water at temperatures above 95 0C
exceeds the hydrostatic pressure of less than 0.1 MPa at YM, the gas phase in the near field would tend
to be dominated by H20. Diffusion of air toward zones of relatively high water vapor pressure could
reintroduce oxygen to the near field (Tsang and Pruess, 1987). Local fluctuations of reducing and
oxidizing conditions in the near field due to an unstable hydrologic regime could also induce secondary
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chemical effects such as the formation of colloids (Buddemeier and Hunt, 1988; McCarthy and Zachara,
1989).

4 RADIOLYSIS EFFECTS ON RADIONUCLIDE MOBILIZATION

Aside from autoradiolytic effects on prerelease waste characteristics, consideration of radiolysis is most
important in its potentially complex effects on aqueous oxidation-reduction conditions. Although radiation
may affect prefailure chemistry outside the waste package, depending on package shielding, to an extent
that corrosion rates are affected (Reed and Van Konynenburg, 1993), this section is concerned with
post-failure effects on radionuclide mobilization because of the massive MPC container design.

The effects of radiolysis of water proceeds through the following reactions:

H20 + cty W H' + OH'

20H -e HOOH

2H - H2

where "" denotes a free radical.

According to Dubessy et al. (1988), the dose of absorbed y rays is only 0.02 times the dose of absorbed
a particles in a given time. Also, according to Spinks and Woods (1976) (cited in Dubessy et al., 1988)
a single I MeV a particle can ionize 105 molecules as it loses energy. Therefore the primary cause of
water radiolysis is a particle radiation. Radiolysis occurs close to the site of radioactive decay, and can
affect wetted surfaces of radioactive waste forms.

Radiolytic oxidizing species such as OH', H2 02, HO2 ', and 02- (Spinks and Woods, 1976) could oxidize
reduced species (e.g., Fe0 in the Fe container of the waste package to Fe2+ and Fe3 +, N2(aq) to N02- or
NO3-, or U4+ to U&). Molecular hydrogen, H2, in contrast, is relatively nonreactive and is likely to
diffuse away from the site of radiolysis. Various experimental studies using gamma radiation suggest that
radiolysis will promote waste form (both spent fuel and glass) instability and radionuclide mobility through
both enhancement of oxidative processes and lowering of pH (Wronkiewicz et al., 1991; Wronkiewicz et
al., 1993; Sunder et al., 1992; Sunder and Christensen, 1993). As pointed out by Van Konynenburg
(1986), such processes are enhanced by unsaturated conditions expected in the proposed YM repository.
[On the other hand, bicarbonate could somewhat depress the radiolytic pH lowering (Van Konynenburg,
1986).]

Experiments on spent fuel leaching without imposed irradiation (Finn et al., 1994a;b) may be more
representative of potential autoradiolytic effects from spent fuel alpha radiation. They imply that nascent
hydrogen, H-, might play a role in reducing carbonate in solution to formate and oxalate. During
radionuclide transport, the coexisting reduced and oxidized species could become separated, leading either
to a net reduction or net oxidation of the environment where radionuclides are concentrated. Furthermore,
it is possible that reduced U4+ may form mobile complexes with the formate and oxalate radiolysis
products (Finn et al., 1994a;b). Of particular interest is the potential behavior of U, particularly highly
enriched uranium (HEU) which might also be disposed at YM. If U is mobilized under oxidizing
conditions of the repository horizon, and is then transported to a reducing environment, it could be reduced
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to U& and immobilized. This mechanism could be exaggerated in the presence of the higher specific
activity of HEU. Immobilization of U and other radionuclides, would, of course, be desirable, provided
that HEU is sufficiently diluted with 238U that a critical mass is not achieved.

Naturally occurring U4' in sedimentary rocks is commonly correlated with organic matter (Pierce et al.,
1955, 1964; Nash et al., 1981), but the process by which the association arises is not fully understood.
Uranium is readily transported in the uranyl (UO2 +) state as carbonate complexes. Uranyl adsorption on
organic material containing oxygen bearing functional groups and as -COOH, -COO, and -OH is favored
and probably represents the first step of U mineralization. Subsequent reduction of the adsorbed uranyl
ion by the organic matter or other reducing species, and eventual precipitation of a U4+ mineral (e.g.,
uraninite or coffinite) follows. It appears, however, that the organic material hosting the U sometimes
accumulates from solution in the form of asphaltite or thucholite type nodules (e.g., see Pierce et al..
1955). The growth of these nodules could be an indication of autogenous radiolysis during which water
miscible hydrocarbons are scissioned by radiation and condense, thus:

R + a,-y -< R + H'

R- + R' - R - R' + H'

2H' -H 2

where R and R' are hydrocarbon chains. Alternatively, this process might be inhibited by the reduction
of bicarbonate to formate or acetate.

The reactive H' could reduce adsorbed uranyl complexes to uraninite, thus:

R-COOUO 2(OH) + 2H1 -_ U0 2(s) + R-COOH + H 2 0

As more U0 2 precipitates, a chemical potential gradient in UO2
2 + carbonate complexes would be set up

which would diffuse toward the precipitated U0 2 thereby increasing the probability of U adsorption,
reduction and precipitation. Further study of U coprecipitation with organic material is required to establish
the validity of these hypotheses.

If uranyl complexes transported by groundwater with a low organic content encounter water of a different
composition and pH, which destabilizes the complexes, it is possible that autoradiolytic precipitation, once
established, could continue indefinitely with the formation of high concentrations of U having no tangible
evidence for a redox mechanism. Levinson (1977), on the evidence of numerous well studied U deposits,
postulated that (free) hydrogen was a potential cause of their deposition, which had been overlooked by
geologists at that time. Levinson's suggested mechanism, however, presumes that the reactions by the
reduced radiolytic species are kinetically favored over the radiolytic oxidized species, which is inconsistent
with other observations described in the following paragraphs.

Vovk (1987) contends that water radiolysis is a contributing factor to the increasing salinity of
groundwaters with depth, as is typically observed in igneous and metamorphic rocks of shield areas
[e.g., Frape et al. (1984), Fritz and Frape (1987), and Nurmi et al. (1987)]. The radiolytic release of
hydrogen is coupled with concurrent oxidation of Fe2+ in host rock minerals and reduced species in
groundwater (e.g., HS- and NH4+). The hydrogen eventually escapes to the earth's surface or is trapped
in impermeable structures in overlying sedimentary strata. Implicit in this process is the assumption that
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hydrogen is relatively unreactive compared with oxygen (or hydrogen peroxide). Thus, radiolysis induced
by small amounts of U in igneous (granitic) rocks leads to a net increase in oxidation state of the
environment.

Although both oxidizing and reducing radiolytic effects on waste forms can be hypothesized, the
preponderance of evidence suggests that oxidation (and possibly acidification) will be dominant over
reduction. Nevertheless, the potential for radiolytic reduction needs to be considered and its effect on
mobility well-understood. Notably, TSPA-95 does not consider potential radiolytic effects on source term
or transport The preceding discussion demonstrates that quantification of radiolytic effects is fraught with
uncertainty. Nevertheless, it should be possible to quantitatively calculate ranges of possible states. Once
this is accomplished, perhaps radiolysis can be incorporated into performance assessment models by
ensuring that probability distribution functions for parameters such as solubility, sorption coefficient, and
release rate cover the ranges of possible effects.

S THERMAL-MECHANICAL EFFECTS

Emplacement of high-level radioactive waste in the repository is likely to cause significant perturbation
to the host rock. The perturbation of the rock mass starts with the construction of the repository, which
will change the state of stress around the underground excavations (openings). The stress concentration

around the excavation could reach several times greater than the ambient stress state depending upon
shapes of the excavations and in situ stress conditions (mainly, the ratio of vertical to horizontal stresses).
This change in state of stress will cause mechanical deformation of the rock mass. It is believed that most
of the rock-mass deformation will arise from normal and shear displacements on fractures (Kana et al.,
1991; Hsiung et al., 1992; Zimmermann and Finley, 1987). Because the excavations at YM are relatively
shallow, and the rock of the repository horizon is relatively competent, it is not expected that construction
of the repository will cause any concern regarding excavation stability.

Once the waste is emplaced, heat generated by the emplaced waste will induce a significant temperature
rise and thus increase substantially the stress field in the near-field host rock. This change in stress field
is likely to induce excessive normal and shear displacements affecting the stability of excavations. Stability
of excavations is an important issue related to the emplacement operation and waste retrievability, one of
the pre-closure performance objectives. Waste retrievability may need to be maintained up to 150 yr after
excavation. Furthermore, the potential of rock falls of large blocks due to the instability of excavations
may affect the performance of the waste packages during the operational and post-closure periods, if the

emplacement drifts are not backfilled after permanent closure. (The DOE has not taken a position on
whether the emplacement drifts will be backfilled after permanent closure.) An activity is currently
underway at the CNWRA to investigate potential effects of various thermal loading conditions on the
stability of emplacement drifts and waste retrievability. Preliminary calculations of the study indicate that
the temperature at the roof of the excavations could reach as high as 180 to 190 OC for a thermal loading
of 100 MTU/acre (areal mass loading) at about 80 yr after heating and about 60 'C for a thermal loading
of 20 MTU/acre at about 60 yr of heating. A limited decrease in temperature is observed at the roof
100 yr after heating for the 100 MTU/acre case. The increase in temperature in the rock mass induces rock
expansion and modifies the stress distribution pattern in the rock mass around the excavations. Tensile
failure potential of intact rock at the corner roof of the excavations is increased due to heating. This tensile
failure may lead to rock falls. Prolonged thermal heating also induces shear displacements along fractures
with a sub-horizontal dip. Preliminary studies indicate that failure of intact rock matrix surrounding the
excavations could take place, depending upon the rock mass material properties. The extent of thermally
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induced rock failure may be large. This condition may further weaken the rock surrounding the
excavations. The differential thermal expansion of different minerals could also induce fracturing. Smectite
expansion due to falling ionic strength of refluxing fluids could induce swelling and localized fracturing.
However, at 150 OC steam reduces the swelling capacity of bentonite (Couture, 1985). Also, smectite clays
may disaggregate and be mobilized as pseudocolloids.

The fracture normal and shear displacements induced by excavation may affect fluid flow and solute
transport in the rock mass through changes in fracture aperture, which controls fracture permeability. The
change in permeability of fractures surrounding excavations could reach one order of magnitude depending
on the method used for excavation (U.S. Department of Energy, 1988). The affected area could extend
up to one excavation diameter away from the boundary of the excavations (U.S. Department of Energy,
1988). In addition, the stress concentration around the openings could enhance stress-induced dissolution
at the fracture surfaces. The permeability of the fractures (or even the rock matrix) in the near-field is
likely to vary with time due to perturbations induced by temperature changes, long-term degradation of
fracture and matrix properties as discussed in the previous paragraph, or seismic excitations. Depending
upon the extent and nature of joint shearing, gouge materials produced by breaking asperities or joint
surfaces may cause a reduction in permeability. The permeability may also change due to potential
precipitation of minerals on fracture walls and the dissolution of existing fracture-wall minerals (Ofoegbu
et al., 1995a).

Other than perturbation caused by construction and waste emplacement, another likely perturbation that
may have an effect on the repository performance is the earthquakes that will occur during the intended
life of the proposed repository. The repetitive nature of seismic motion may induce further damage to the
excavation in the form of rock falls or excessive slippage of rock blocks along fractures. A literature
review (Kana et al., 1991) revealed that the fundamental failure mechanism of an excavation subjected
to repetitive seismic loading is through accumulation of shear displacements along fractures. This
cumulative effect has been subsequently demonstrated through field investigation conducted at the Lucky
Friday Mine and an experimental scale-model study in the laboratory (Hsiung et al., 1992; Kana et al.,
1995). Specific seismic implications to repository design and performance may include cumulative effects
of repetitive seismic loads on emplacement drift stability and permeability of rock mass surrounding the
waste package, including creation of preferential water pathways to connect the emplacement area with
perched water zones or the condensation zone above the emplacement area. Abundant literature regarding
modifications of short- and long-term permeability of rock mass due to earthquakes is available. The
effects of these modifications include flooding of mines, increase or decrease of flow in springs and
streams, formation of new springs, and drying up of existing ones (Ofoegbu et al., 1995b). An example
of a dramatic permeability increase is reported after the magnitude 7.3 Borah Peak (Idaho) earthquake of
October 28, 1983. A shaft in the Clayton Silver Mine, located about 24 km away from the epicenter of
the earthquake was flooded with water in a short time. The water level rose 55 m, despite continuous
pumping at about 930 gallons per minute (Wood et al., 1985). Quantifying the effect of earthquakes to
the near-field rock mass permeability is difficult due to the complexity of the rock mass and limitations
associated with the available analytical techniques (including numerical techniques). Nevertheless, it is an
important issue to resolve so that earthquake effects can be reasonably assessed.

6 CEMENTITIOUS MATERIALS

An important chemical aspect of near-field processes and variations is the evolution of groundwater
chemistry in the near field which could impact waste package corrosion and waste form alteration,

15



0 0

radioelement speciation, dissolution/precipitation, and sorption/desorption reactions. Characterization of
this evolution could be complicated by the presence of large quantities of cementitious materials which
will be introduced during the construction of the nuclear waste repository. For example, the SCP design
includes approximately 560,000 m3 of shotcrete in the emplacement drifts alone (U.S. Department of
Energy, 1988). Significant quantities of cement may be used for rock consolidation, invert emplacement,
and as sealants of boreholes, fractures, shafts and tunnels. The effect of cement in concrete on the near-
field geochemical environment can be pronounced. Cements are extremely fine-grained, high surface area
materials containing somewhat soluble and thermodynamically metastable phases [e.g., calcium silicate
hydrate (C-S-H) gels), which are unstable with respect to crystalline calcium silicate hydrates. These
properties and the partially interconnected pore network of the solids make these materials potentially
reactive with the near-field environment and EBS components.

Interactions between cementitious materials and the near-field system can be potentially beneficial for
disposal of radioactive wastes. For example, the geochemistry of pore fluids in contact with hydrated
cementitious materials is characterized by persistent alkaline pH (>10) buffered by the presence of C-S-H
and portlandite [Ca(OH)21. These alkaline pore solutions are capable of precipitating a wide variety of
radionuclides including transuranics (Glasser et al., 1985; Atkins et al., 1990). For example, interaction
of cement with aqueous U6+ can result in the formation of solubility-limiting phases uranophane
(Ca(UO2)2(Si0 3)2 (OH)2 5H2O), becquerelite (CaO 6UO3 111H2O), or a poorly crystallized phase
Ca2 UO5 (1.3-1.7)H 20 (Atkins et al., 1988; 1990). In addition, the cement hydration products provide
a multitude of sorption sites which could aid in retarding the migration of radionuclides (Atkins et al.,
1990; 1991) from the EBS to the host rock. Furthermore, the alkaline conditions provide an environment
that results in the formation of a tightly adhering film, thought to be y-Fe2O3, on carbon steel, a material
which may be used as an overpack on waste canisters, and thereby passivates the steel and protects it from
uniform corrosion.

On the other hand, alkaline conditions can be detrimental to the stability of nuclear waste glass and
mineral components of the geologic barrier. For example, experiments by Heimann (1988) indicated that
cement/glass interaction leads to accelerated dissolution/alteration of the nuclear waste glass compared with
a system without cement present. Zeolite minerals such as clinoptilolite and mordenite, as well as the clay
mineral montmorillonite, which is an important component of bentonite backfill material, become unstable
at high pHs (Komarneni and Roy, 1983; Angus et al., 1983). Mineral alteration due to alkaline solutions
and precipitation of secondary phases could affect the sorptive and retardation ability of the geologic
barrier and could also affect its hydraulic properties (porosity and permeability). For example, Lichtner
and Eikenberg's (1995) calculations using a geochemical transport model (MPATH) indicated that
interaction between a hyperalkaline plume released from a cement-based radioactive waste repository and
a marl host rock resulted in a rapid decrease in porosity of the host rock several meters from the repository
due to precipitation of secondary phases, whereas porosity increased at the interface of the marl host rock
and the cement due to mineral dissolution. In addition, although alkaline conditions can be beneficial for
carbon steel in terms of retarding uniform corrosion, the steel can undergo localized corrosion or cracking
if the external environment is alkaline. Stress corrosion cracking can also occur in a HCO3-/CO 32-
environment at a pH of about 10 and when the corrosion potential (related to the Eh of the environment)
reaches a critical value.

A key question that needs to be addressed is: What are the long-term consequences of the presence of
cementitious materials in a HLW repository? Specifically, one needs to determine the potential effects of
cementitious materials on waste package performance and on radionuclide solubility and transport. In order
to address the above question, one must be able to predict changes in near-field chemistry as affected by
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cementitious materials over the time period of regulatory interest, particularly with respect to solution pH,
which is a key parameter controlling radionuclide sorption/transport, mineral dissolution/precipitation waste
form degradation, and container corrosion. A study by Atkinson et al. (1989) indicated that interaction of
groundwater typical of a clay environment with cement could maintain a pH above about 10.5 for a time
period in the order of a few hundred thousand years under the low flow rates assumed in the study.
However, results of these types of studies are highly dependent on the assumptions used in the
calculations, such as groundwater flow rates, amount of cementitious materials present in the repository,
and stability of the C-S-H gel. Simple extrapolation of results from experiments using laboratory aged
cement pastes is likely to be invalid because the solid and aqueous chemistry of cements will change
considerably within the relevant timeframe (10 to 104 yr), even in a closed system (Atkins et al., 1991).
For example, the same study by Atkinson et al. (1989) indicated that if recrystallization of the C-S-H gel
occurred in the long term, lower pH could result due to the lower solubility of the crystalline C-S-H
phases. If groundwater pH is buffered in the range 8 to 10 by crystalline C-S-H phases, it is possible that
localized corrosion or stress corrosion cracking of the carbon steel overpack may be enhanced and
adversely affect the performance of the waste canister. The possibility of C-S-H recrystallization is high
in a HLW repository due to the long time frame involved and the elevated temperatures imposed by
radioactive decay heat from emplaced nuclear wastes. Even modest temperature excursion to 55 0C for
six to twelve months can result in partial transformation of C-S-H gel to more stable, though poorly
crystallized, phases such as jennite and tobermorite (Atkins et al., 1994). Thus, modeling of cement/near-
field interactions must consider the likelihood that cement chemistry is dominated by phases other than
those present in the initial material. Although a number of simulations of the evolution of cement pore
fluid and some simulations of groundwater-cement interactions have been conducted using estimated data
(Glasser et al., 1987; Atkinson et al., 1989; Reardon, 1992; Lichtner and Eickenberg, 1995; Neall, 1996),
most of these were conducted for 25 OC assuming the presence of amorphous C-S-H gel. Thus, the results
may not be relevant to cement-water interactions in a HLW repository.

Interaction of cement with the tuffaceous host rock and ambient groundwater could be an important
consideration in the near-field environment. Cement pore waters can have an extremely high pH ranging
from 12 to 13 or even higher. Cement is generally incompatible thermodynamically with the silica-bearing.
tuffaceous host rock. Should high pH cement pore water migrate into the host rock, strong alteration of
the tuff is expected to occur (Lichtner and Eikenberg, i994; Steefel and Lichtner, 1994). Because of the
low silica concentration of the cement pore water, the host rock would begin to dissolve on contact with
the hyperalkaline fluid. As the host rock dissolved and the silica concentration increased,
calcium-silica-hydrates would precipitate clogging the pore spaces. In addition, precipitation of calcite
would occur as the low C0 2-high Ca cement pore waters mixed with the ambient groundwater containing
high CO2 concentrations (Steefel and Lichtner, 1994). An important question to resolve is the rate at
which the cement will degrade at the elevated temperatures corresponding to repository conditions.
Further, the direction of flow is important If flow is from the tuff host rock into the cement, then
calcification of the cement could take place without any release of hyperalkaline fluids.

A troublesome scenario is flow of hyperalkaline fluid along fractures. Dissolution of the tuff could lead
to a widening of the fractures and at the same time precipitation of calcite and calcium-silica-hydrates on
fracture surfaces, thereby sealing the fractures from the matrix and producing isolated channels through
which radionuclides could be transported relatively unimpeded if sorption is unimportant. This scenario,
however, is less likely in a hydrologically unsaturated environment characteristic of the present YM
environment.
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Significant progress has been made in the past few years in the development and application of chemical
models for simulating cement-water interactions at temperatures near 25 IC (e.g., Bemer, 1987, 1988;
Atkinson et al., 1991; Bennett et al., 1992; Reardon, 1992) or slightly higher temperatures (e.g., Atkins
et al., 1994), These models typically assume thermodynamic equilibrium and complete hydration of the
cement. Kinetic effects are generally ignored due to lack of basic data, although empirical expressions for
the hydration rate of cement components have been incorporated in some cement models (e.g., Reardon,
1992), The assumption of chemical equilibrium makes it convenient to incorporate specific chemical
models and data derived for cement-water systems (e.g., models based on incongruent solubility data for
C-S-H gels) with standard geochemical codes and databases such as PHREEQE, MINEQL, MINTEQ or
EQ3 (e.g., Berner, 1987; 1988; Bennett et al., 1992; Atkins et al., 1994), These modified codes can then
be used in simulating cement degradation and evolution of groundwater chemistry as a result of
groundwater-cement interactions.

Aqueous compositions predicted by chemical models to be in equilibrium with cement hydrate phases
agree relatively well with measured values, However, there are clear gaps in our understanding of chemical
processes which occur during cement hydration, in data on alkali-bearing C-S-H systems, and in data on
dissolution and solid solution formation of a number of cement phases, In addition, a further limitation
in our ability to model interactions with cementitious materials in a HLW repository is the lack of
adequate information on the mineralogic response of cement to elevated temperatures and the absence of
adequate thermodynamic data on high temperature cement phases. Also, there is little information on the
hydration/dehydration behavior of hydrous cement minerals whose relative stability may be affected by
the varying quantity and thermodynamic activity of water in a nuclear waste repository which is sited in
a variably saturated hydrologic environment. Previous literature reviews indicated that thermodynamic data
on cement minerals are sparse and, in some cases, contradictory (Newman, 1956; Taylor, 1967; Bruton
et al., 1994) because minerals were not characterized adequately prior to measurements and their hydration
states were either estimated or uncontrolled during the measurements, Finally, a thorough understanding
of cement degradation will likely require incorporation of the effects of diffusion and transport processes,
which is beyond the scope of existing models for cement-water systems.

To derive basic data needed for simulating cement-water interactions in a HLW repository, DOE
investigators have initiated a multidisciplinary experimental and modeling program to elucidate the
structural and thermodynamic response of cement minerals to elevated temperatures (Bruton et al., 1994).
The program included: (i) synthesis of hydrated Ca-silicates; (ii) structural analysis of cement phases
during heating and dehydration/rehydration; (iii) mechanistic and thermodynamic descriptions of the
hydration/dehydration behavior of hydrated Ca-silicates as a function of temperature, pressure and relative
humidity; (iv) study of naturally occurring hydrated Ca-silicates; and (v) measurements of thermodynamic
data for hydrated Ca-silicates. These studies have not been completed.

7 CORROSION OF CONTAINER MATERIALS

Predicting the geochemical effects of the introduction of engineered materials in the near-field environment
requires research that spans the engineering and geoscience disciplines. Stability in the repository can be
enhanced by use of engineering materials that are stable in some natural environments, such as copper in
a low sulfur, reducing environment, or by introduction of materials in the near field that react
geochemically to improve isolation (Langmuir, 1987). A variety of metal alloys which are
thermodynamically unstable in contact with oxidizing water are being considered as container materials
for the YM repository. Although corrosion of these materials may be slow, it would consume oxidants
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in the near-field environment, and oxidation of spent fuel would provide a large additional reducing

potential. Therefore, corrosion of container materials and/or spent fuel may lead to locally reducing

conditions in the near field and strong gradients in oxidation potential, despite the prevailing oxidizing

nature of the geologic setting.

The present design of the waste package for spent fuel is an MPC containing 21-PWR or 40-BWR

assemblies surrounded by overpacks (Figure 7-1). Alternate designs for the waste package for a smaller

number of assemblies, for uncanistered fuel, and for vitrified waste form have been proposed. However,

the overpack design, consisting of a steel outer overpack and an inner overpack probably made of alloy

825, is expected to be maintained in alternate design concepts. For the lower thermal load designs, an

additional outer overpack of Ni-30 weight percent Cu alloy (Monel alloy 400) may be used. The effect

of this overpack on the near-field environment is not considered in this discussion because of uncertainty
regarding its use.

The outer steel overpack is included in the design as a "corrosion allowance" material that is expected to

undergo slow, uniform corrosion. However, under some circumstances, the steel can undergo localized

corrosion or environmentally assisted cracking.

* Localized corrosion in the form of pitting or crevice corrosion may occur when the external
environment is moderately alkaline.

* Localized corrosion may occur when there is alternating wetting and drying of a region of
the waste package, for example by dripping from a fracture.

* Stress corrosion cracking can occur in a HCOI /CO2 environment at a pH of about 10 and

when the corrosion potential (related to the Eh of the environment) reaches a critical value.

The environmental conditions affecting these failure modes are discussed in Section 11.

Another potential failure mode is thermally induced fractures that may occur if a high thermal loading

strategy is adopted. Fracture of the steel overpack can occur under a combination of mechanical stresses

and thermal embrittlement. Embrittlement occurs due to segregation of phosphorus to grain boundaries
of the steel, which is influenced by the chemical composition of the steel chosen for the overpack. This

failure process does not lead to a modification of the environment. However, it will promote an earlier
contact of the environment with the inner overpack.

Under circumstances of localized corrosion, the environment experienced by the inner overpack and other

waste package materials is the environment inside the localized corrosion areas or cracks on steel. The

evolution of this environment is affected by a combination of corrosion of steel which releases Fe2, ions,

reduction of oxygen which diffuses in from the outside, reduction of water or HW inside the crevice created

by the crack or localized corrosion front, the hydrolysis of Fe2 ', and transport of various ionic species into

and out of the localized corrosion or cracked region.

An example of the calculated evolution of pH inside a crevice on steel is shown in Figure 7-2

(Sridhar et al., 1996). In this figure, the only surface reactions assumed were hydrogen evolution and Fe

dissolution. Oxygen reduction reaction was assumed to be in local equilibrium. The outside environment

was assumed to be in equilibrium with ambient air at 25 'C. It can be seen that depending upon the rates
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Steel (10 cm)

Niase Alloy (2 c

316L SS (3.5 cm)

Figure 7-1. Current advanced conceptual design of the waste package for a 21-PWF spent fuel
multipurpose canister and a relatively high thermal loading strategy

of Fe oxidation to Fe2+ and H2 0 or HI reduction, the pH inside the crevice can be acidic or alkaline. For
the case of the steel overpack under repository conditions, the rate of dissolution of Fe is expected to be
high while the rate of evolution of hydrogen is expected to be low, at least initially. These conditions
would be expected to lead to an acidification in the crevice. It must be noted that oxygen reduction can
occur both inside and outside the crevice initially. However, oxygen is depleted rapidly inside the crevice
and its concentration is limited by diffusion. Oxygen reduction is expected to occur more readily external
to the crevice. Such a spatial displacement of the anodic and cathodic processes, leads to increased
dissolution of Fe inside the crevice. The increase in Fe2+ and H+ in the crevice also leads to

electromigration of anionic species such as cr and SO42 into the crevice.

Changes in the crevice environment will also depend on the external environment presence of aeration,
moisture film, and oxide scale on the steel surface. The increase in acidity and cr concentration inside
fissures have been observed in the case of meteoritic irons (Buchwald and Clarke, 1989). Increased Cl-
concentration up to 1 weight percent of corrosion products has been reported on land-based Fe
archeological objects and up to 13 percent by weight in marine-based artifacts (Turgoose, 1982; 1989).
The increase in CF concentration in akaganeite (B-FeQOH) formed in crevices is attributed to the
disintegration of meteoritic objects over long time periods (Organ, 1977).
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Figure 7-2. The predicted effects of assumed reaction rates of Fe oxidation to Fe2 + and H2
oxidation to He on the changes in pH inside a crevice or a pit on iron exposed to a nominal
environment containing 0.01 M Cl at 25 OC

The penetration of alloy 825 (or other Ni-base alloys) inner overpack will lead to further acidification as
a result of the hydrolysis of Cr3+ formed by localized dissolution according to the following reaction

Cr3++H2 0 Cr(OH) 2 ++H

Experimental evidence for acidification is shown in Figure 7-3. At higher temperatures, crevice pH
approaching I may be found in cracks or pits in alloy 825. It has been shown that the presence of Mo.
which is added to increase the corrosion resistance of these alloys, can decrease the pH further, depending
upon the potential inside the crevice. Thus, depending upon the rate of movement and dripping of water
into the container, the water in contact with the containers may become acidic, leading to enhanced
solubility of actinides, However, galvanic coupling of the inner container with the outer overpack may
decrease the corrosion potential established at the alloy 825 surface below the repassivation potential for
localized corrosion, precluding the occurrence of this phenomenon and therefore the generation of acidic
conditions. Nevertheless, galvanic coupling requires a good electronic conductivity and a low resistance
electrolytic path to be effective. In this regard, water content and its ionic strength are critical factors.
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Figure 7-3. Change of pH inside a crevice of alloy 825 at room temperature (about 25°C).
Experimental details may be found in Sridhar and Dunn, 1994.

The oxidation of Fe in the repository near-field can create a local decrease in Eh. However, the extent of
the reduced zone may not be large for various reasons: (i) oxygen reduction on Fe is irreversible (far from
equilibrium) and is diffusion limited; (ii) corrosion of Fe in an oxidizing environment leads to the
formation of Fe oxides and oxy-hydroxides which can further decrease the rate of electrochemical
reduction of 02; and (iii) the initial formation of cx-FeOOH can lead to a secondary reduction reaction to
Fe304, as follows:

6FeOOH + 2e -2 Fe304 + 2H 2 0 +20OH

which is argued to be the case for alternating wet and dry environments (Nishikata et al.. 1994). During
the dry period Fe2+ oxides or oxy-hydroxides are oxidized by air to c-FeOOH and the cyclic process
proceeds due to the electronic conductivity of the inner layer of Fe3 04.

An additional species that can be generated by the corrosion of steel overpaclcs is Mn2 , or higher
oxidation states of Mn depending upon the redox conditions. The steels to be used may contain up to
1.3 weight percent Mn. Both Fe + and Mn4+ such as MnO2 are implicated in biochemical processes in
natural systems (Stumm and Morgan, 1981).
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8 WASTE FORM ALTERATION PRODUCTS

The predominant waste form anticipated for the proposed repository at YM is spent nuclear fuel, which
is thermodynamically unstable under ambient oxidizing conditions at YM. Through interactions with
oxidizing components, including radiolytic products, spent fuel will eventually oxidize forming a large
quantity of (UO22+) uranyl bearing solids. Natural analog (Pearcy et al., 1995) and experimental
(Wronkiewicz et al., 1993) studies indicate that schoepite, soddyite, and uranophane are among the
secondary minerals likely to form from spent fuel oxidation. Furthermore, these studies indicate that rates
of oxidation of reduced uraninite and unirradiated spent fuel (both analogs of spent fuel) are rapid relative
to transport of U away from the natural geologic setting or the experimentally simulated waste package,
respectively. Therefore secondary oxidation products will accumulate and uranyl minerals will have a large
effect on near-field physical and chemical conditions.

Secondary U phases are likely to have several important impacts on the near-field environment including:
(i) physical disruption, e.g., breaking of cladding, degraded containers, or backfill, due to the large volume
increase accompanying oxidation and hydration of U0 2; (ii) plugging porosity and reducing permeability
because of volume expansion; (iii) incorporation by coprecipitation and/or sorption of plutonium, and other
radioactive waste species, which will exist as trace components in the altered system relative to U, iron,
and possibly other components from the engineered and geologic system such as nickel, aluminum, and
silica; (iv) limiting ingress of water and oxidants to unaltered wastes; and (v) controlling by solubility or
dissolution rate the source term for radionuclide (not just U) releases from the EBS. With regard to long
term performance of the proposed repository, secondary alteration products resulting from interactions of
spent nuclear fuel with the near-field environment, rather than spent fuel, will control releases of most
radionuclides from the EBS.

Experimental (Holland and Brush, 1980) and theoretical (Murphy et al., 1995) studies indicate that the
solubilities of likely uranyl minerals are retrograde with temperature. The repository horizon will reach
its maximum temperature shortly after waste emplacement, and thereafter it will experience an
environment of continuously decreasing temperature. Consequently the solubilities of alteration products
of spent fuel will increase with time. In contrast. through a process of Ostwald ripening, increasingly
stable secondary phases, with lower solubilities, will crystallize.

HLW incorporated in borosilicate glass is the secondary waste form anticipated for disposal at YM.
Alteration of glass depends primarily on the activity of aqueous silica. In the ambient geochemical
environment and for predicted geochemical conditions in the host rock the aqueous silica concentration
is large (Yang, 1992; Murphy, 1993). A glass waste form would be expected to be fairly unreactive for
these conditions although other components of the glass (e.g., B) will also affect it's stability. Alkalinity
produced by interactions of water with cementitious materials and lowered silica activity as a consequence
of precipitation of silicates by interactions of groundwater and unstable engineered materials could enhance
the alteration of glass waste forms. Ultimate glass waste form alteration products are likely to be clay or
zeolite minerals analogous to alteration products of the natural volcanic glasses existing at YM. However,
they are likely to incorporate augmented quantities of components of the EBS such as Fe and calcium.
Clay minerals generally have low solubilities. Some quantity of radioactive waste species are likely to be
incorporated in clay mineral alteration products of glass waste forms.
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9 MICROBIOLOGY

The role of microorganisms in many important geochemical phenomena has long been recognized (Ehrlich,
1996); within the last decade, data have been collected showing existence of diverse communities of
microorganisms living in the deep subsurface environment (Lovely and Chapelle, 1995). Bacteria are
expected to be able to affect near-field environment at YM in a number of ways. Bacteria catalyze a
number of reactions that naturally occur in the environment; these reactions often involve the oxidation
or reduction of various inorganic compounds from which the bacteria obtain energy. Some of these
metabolic products are of direct concern due to their known ability to interact with metal waste canisters
promoting corrosion. A number of bacteria produce exopolymeric materials that block pores and fractures
in the rock matrix impeding the flow of water and consequently radionuclides. A few bacteria have been
shown to interact with radionuclides and change their rate of transport in the near-field.

To date no reports on the microbiology of the proposed repository site have been formally published.
Several papers have shown the presence of bacteria in deep subsurface tunnels at Rainier Mesa on the
Nevada Test Site (Amy et al., 1992; Haldeman and Amy, 1993; Haldeman et al., 1993; Haldeman et al.,
1994). A recent study (Pitonzo et al., in press) has shown that bacteria implicated in microbiologically
influenced corrosion (MIC) are present in the microbial population at YM. The study showed that the
sulfate-reducing bacteria (SRB) and iron-oxidizing bacteria (IOB) were present in samples collected from
YM, suggesting the clear potential for MIC of the waste containers and alteration of the near-field
environment

Haldeman et al. (1993) found that no "representative elemental volume" was applicable to the microbial
communities isolated from the deep subsurface tunnels at Rainier Mesa. Specific genera or species did not
show a trend in location within the rock section; many species were unique to specific sites. This finding
has tremendous implications on the microbial characterization of the natural flora of the proposed
repository. The extent and variability of the ambient microbial population are still largely uncharacterized,
as is the level of activity of the bacteria that are present. Lovely and Chapelle (1995) point out the
difficulties associated with detecting the activity of bacteria in the deep subsurface and deciding which
of the possible reactions are occurring and at what rate.

Geesey (1993) and Horn and Meike (1995) reviewed the conditions necessary for microbial activity in
relation to deep sub-surface repositories. For metabolic activity, microorganisms require an energy source
(usually organic C), water, a source of N, S, and P, and suitable environmental conditions (temperature
and pH). A summary of the state of the current knowledge of these conditions is given below.

Energy: Most microorganisms are heterotrophic using organic C compounds as their energy source.
Oligotrophic bacteria require a minimum organic C content between 1-15 mg L-1 of water
(Kuznetsov et al., 1979). The organic C content of the groundwater in the vicinity of the repository (1-13
well water) is in the range of 0.15-0.55 mg L-1, comprising principally humic acids and low molecular
weight fatty acids (Means et al., 1983). This is well below the level suggested for oligotrophic bacterial
growth. However, the predominant mode of growth of bacteria in nature is as a biofilm attached to a
surface particularly in oligotrophic environments (Costerton et al., 1995). Bacteria attach to solid surfaces,
where nutrients concentrate; these surfaces provide a more abundant food source than the bulk fluid
(Characklis and Marshall, 1990). By anchoring themselves to a surface, the bacteria are in a better position
to acquire nutrients that pass by in the water. Therefore the lower nutrient limits suggested for bacterial
growth need to be treated with care and cannot be considered as conservative estimates. The organic C
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loading adhering to tuff should be examined as well as the content of the groundwaters; McKinley et al.
(1985) reported that MX-80 bentonite contained 0.4 percent (4 mg g-1) organic C, which is well above
the minimum required for oligotrophic bacteria.

In addition to the heterotrophic bacteria, there are a number of autotrophs that use CO2 as their C source
(electron acceptor) and oxidize various reduced species to obtain energy. The main group of such bacteria
of concern at YM are the colorless S bacteria [S-oxidizing bacteria SOB (Bergey, 1986)] and more
specifically the Genus Thiobacillus. Bergey (1986) gives the following definition of the Genus: "Small,

gram-negative, rod-shaped cells (-0.5x1.0-4.0pm) with some species motile by means of polar flagella....
Energy is derived from the oxidation of one or more reduced S compounds, including sulfides, S,
thiosulfate, polythionates, and thiocyanate. Sulfate is the end product of S compound oxidation, but S,
sulfite or polythionates may be accumulated. sometimes transiently, by most species. One species also
derives energy from oxidizing ferrous Fe to ferric Fe (Thiobacillus ferrooxidans). All species can fix

carbon dioxide by means of the Benson-Calvin cycle and are capable of autotrophic growth...." Both
Thiobacillus ferrooxidans and Thiobacillus thiooxidans are able to generate conditions of low pH by the
production of sulfuric acid and are characterized by their growth conditions and G+C fractions. Studies
have confirmed the presence of Thiobacillus ferrooxidans at YM (Pitonzo et al., in press). This bacteria
is capable of growing in the absence of organic C, using CO2, and the oxidation of reduced Fe compounds
as an energy source. YM tuff comprises I percent Fe oxide, which is dominantly as Fe3+ oxide. Given
the elevated carbon dioxide conditions that prevail at the site and Fe derived from waste package
materials, these bacteria can be expected to be metabolically active given suitable conditions of hydration.

Water: The ambient conditions at YM in the vadose zone contain approximately 10 percent water by
volume. Preliminary studies performed at CNWRA on Topopah Spring Member Paintbrush Tuff from the
repository horizon at YM show a water activity around 0.96; food industry standards suggest that normal
bacteria require a water activity above 0.91 for growth suggesting that YM tuff contains enough free water
to support bacterial survival if not growth. However, unsubstantiated reports (Amy, 1995)1 suggest that
water is limiting microbial growth in the ambient conditions. In the Canadian Repository Brown et al.
(1994) reported that bacterial biofilms readily formed on granite in the deep subsurface where water
seepage occurred; the bacteria in the biofilm were shown to be very efficient at trapping low levels of
nutrients in the water. Water is most likely the substance that will limit microbial growth, immediately,
post-closure when elevated temperatures are envisioned as a result of localized heating by the waste,
causing drying of the local environment.

Ambient Nutrients: S is an essential element for growth in all living organisms. S forms chemical links
that stabilize proteins and other cellular components and S mediates the transfer of hydrogen by enzymes
in redox metabolism. Also a number of bacteria can use reduced S species as energy sources. Oxidized
forms of S can also act as electron acceptors in the electron transport chain, where they are reduced by
bacteria such as the SRB, which are known to be present in the repository horizon at YM. However, YM
has low levels (16-31 mg L-1 ) of sulfate in the groundwater (Kerrisk, 1987). Despite the low level of S
in the ambient near-field, the presence of both SRB and SOB, and the aggressive nature of sulfide and
thiosulfide on the container materials, the level of S in the final repository is an important consideration.

'Amy, P.S. 1995. Personal communication.
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Both N and P are important for bacterial growth. but it is expected that the levels found in the repository
will not be limiting when compared to the levels of organic C and water available for growth.

The characterizations of the near-field environment in terms of metabolic activity are based on
groundwater from the region of the repository (Geesey, 1993; Horn and Meike, 1995). No results are
available on the organic C, N and S loadings of the tuff. Unpublished findings of DOE researchers indicate
that addition of highly purity water (18 MQ.cm conductivity) to YM tuff results in a dramatic increase
in the microbial population [102 colony forming units (cfu) mL- 1 to 106 cfu mL-I; Amy et al., personal
communication, 1995]. It is concluded, therefore, that there is a supply of nutrients associated with the
rock that is not accounted for using groundwater data. These results are currently being confirmed by
CNWRA experimentation.

Man-Made Materials as Nutrients: Despite the low levels of naturally occurring sulfate at the site it is
expected that potentially large quantities will be added as cement and grouting. Rogers et al. (1993) report
that ordinary Portland cement comprises 5 percent CaS0 4 . Degradation of Portland cement is primarily
bought about by the action of acids causing dissolution and conversion of the constituents into readily
leachable salts. Attack of concrete by sulfuric acid leads to the formation of leachable sulfate salts and
nitric acid attack to leachable nitrate salts. Hall (1989) found that on a weight basis one part of sulfuric
acid will react and destroy 2.5 parts of Portland cement. The presence of microorganisms at the site of
attack on cement has lead to the conclusion that bacteria are responsible for degradation of concrete in
a number of cases particularly where high ambient levels of S compounds are found such as in sewers.
Milde et al. (1983) showed a strong correlation between the numbers of thiobacilli and the level of attack
on cement in the Hamburg sewer system. S-oxidizing bacteria such as thiobacilli are most often associated
with the microbial deterioration of concrete structures. These bacteria are capable of oxidizing S to form
sulfuric acid that subsequently attacks the concrete. Thiobacillus thiooxidans is well known for its ability
to produce sulfuric acid by oxidation of sulfide and is considered to be acidophilic with its optimum
growth occurring at pH between I and 3. Milde et al. (1983) proposed the following sequence in the
colonization and attack of concrete. At the beginning of corrosion, facultative chemolithotrophic thiobacilli
like T. intermedians and T. novellas which are able to grow in neutral or alkaline environments
predominate. As corrosion proceeds and the pH at the concrete surface drops to less than 6 the number
of T. neapolitunus increases. If the pH drops below 5, T. thiooxidans starts growing, causing further
acidification. Milde et al. (1983) also reported that new concrete sewers were corroded within a few years.

Although the S-oxidizing bacteria are capable of liberating sulfate from concrete they depend on a source
of S. T. ferrooxidans is a unique member of the genus in its ability to oxidize Fe compounds as an
alternative energy source. In the presence of 02 and moisture pyrite can be oxidized producing sulfuric
acid. S oxidizing bacteria are also capable of using proteinaceous material as a source of S to produce
sulfuric acid. Therefore consideration needs to be paid to any back-fill that is used. For example clays,
as proposed by the Canadian repository, potentially have high levels of proteinaceous material from the
degradation of plant and animal material.

Other sources of acid that are capable of degrading concrete (Rogers et al.. 1993) are nitrifying bacteria,
but again similar limitations exist, namely a source of N is required for the production of nitric acid. A
more likely scenario is the production of organic acids by heterotrophic bacteria, in which energy is
produced by aerobic oxidation of organic C resulting in CO2 and organic acids as metabolic by products.
Again a C source is required as discussed above.
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Having already stated that based on the groundwater studies organic C is expected to be limiting for
microbial growth and activity, it needs to be recognized that unknown, but potentially large, quantities of
xenobiotic C will be introduced to the system. This will be in the form of petroleum and related products
used in the construction of the repository.

The ability of many microorganisms to degrade petroleum products has long been recognized. Stormer
(1908) demonstrated the microbial assimilation of aromatic hydrocarbons by Bacillus benzoli, which is
capable of utilizing toluene and xylene. Zobell (1946) presented a comprehensive review of the subject.
It is expected that during the preclosure operation of the repository considerable (compared to ambient)
levels of xenobiotic hydrocarbons will be added to the near-field environment. These xenobiotic
compounds will be diesel fuel, lubricating oil, and other organic compounds associated with the operation
of machinery. There is a tremendous taxonomic diversity of bacteria capable of utilizing petroleum
products as a C source. Cerniliglia (1992) lists 16 genera of bacteria capable of degrading polycyclic
aromatic hydrocarbons, while Watkinson and Morgan (1990) list 13 genera capable of utilizing aliphatic
compounds, and these need to be viewed as partial lists. Therefore, the ability of at least part of the natural
bacterial population at the YM repository to utilize xenobiotic petroleum products has to be viewed as a
possibility. Bacterial activity cannot be dismissed simply by the low levels of available organic C in the
groundwater.

The microbial degradation of petroleum products is an enzymatic process where the terminal alkyl groups
of alkanes are removed. With aromatic compounds often the enzyme dioxygenase generates the cis-
dihydrol, with subsequent oxidation to the catechol and then ring fission, either between (ortho) or
adjacent (meta) -OH groups. As these processes involve the addition of 02 they require aerobic
environments, although some slow anaerobic degradation has been reported. Also the instability of
enzymes at elevated temperatures may limit microbial degradation of hydrocarbons in a high-level nuclear
waste repository. Bazylinski et al. (1989) reported hydrocarbon degradation from a hydrothermal vent.
However, there is still a large question over the thermophilic nature of the process as Bazylinski et al.
(1989) reported degradation at temperatures over 55 IC but not over 80 'C. However, degradation of these
products in the initial period of operation before elevated temperatures are attained would render the
breakdown products available later. These breakdown products would be either "simpler" organic
compounds as metabolic by products of degradation or more likely as the lysis products of the bacteria
that degraded them. Bacterial degradation normally proceeds all the way to the production of energy and
carbon dioxide, meaning that the petroleum products are not available to other bacteria until the degrading
bacteria have died and cell lysis has taken place. (Note that one of the most commonly used nutrients in
microbial medium is yeast extract, the resultant compound extracted from lysed yeast cells, which is
nutritionally complete and rich.) Nevertheless, the finite source of organic C will ultimately be consumed,

Microbial Effects on Mineralization: Brown et al. (1994) in a study of the Atomic Energy of Canada
Limited (AECL) repository note that gypsum was found in runnels in the biofilm growing on granite in
the subsurface. However, thermodynamic calculations suggested that gypsum should not be chemically
precipitated. The result was attributed to the biofilm acting to entrap Ca selectively followed by gypsum
precipitation. This results suggest that bacterial "catalysis" and entrapment may contribute to near-field
mineralization in a manner that is inconsistent with inorganic thermodynamic models for the near-field
environment.
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10 NEAR-FIELD TRANSPORT PROCESSES

A number of processes may operate in the near-field to control the migration of radionuclides from the
waste forms through the engineered barrier and into the geologic setting. The following is a brief summary
of those processes that may be significant within the near-field environment.

10.1 SORPTION

The principal concern of radionuclide transport in the near-field is the advective transport of
radionuclides dissolved in aqueous solution through the EBS to the geologic setting. Minerals in different
components of the near-field environment may act to sorb radionuclides, removing them from solution and
retarding radionuclide transport.

Oxides and oxyhydroxides of metals such as Fe, Mn, and Si are common fracture lining minerals
in the YM system (Carlos et al., 1993), and may also be created by oxidation of materials introduced
during the construction and operation of the repository (e.g., steel containers and rock bolts). Electrostatic
sorption is a function of surface charge. Titration experiments with oxyhydroxides indicates that surface
charge is a complex function of system chemistry, particularly pH (Davis and Kent, 1990). For cations
such as UO2

2+, NpO2+, and Am3+. oxyhydroxides exhibit a sharp sorption edge where, depending on
radionuclide concentration and the number of available sites, sorption of cations increases from zero to
nearly 100 percent over a relatively narrow pH range. In the presence of complexing ligands such as
C0 3

2-, cation sorption typically decreases to zero with further increases in pH. For anions and oxyanions
such as SeO 4

2 -, the reverse is true; sorption typically decreases in a gradual fashion with increasing pH
(Davis and Kent, 1990). Reactive surface areas can be high for the amorphous forms of oxyhydroxides
suggesting the potential importance of these minerals as a sorbent phase. In addition, the potential for
forming a sorptive oxide coating on less sorptive particles such as quartz or feldspar suggests an additional
role for these minerals in radionuclide sorption (Robert and Terce, 1989).

Other sorptive phases such as clays occur at YM as secondary replacement products. In addition,
clays are the major constituent of bentonite backfill and may also develop as alteration products of
vitrified waste and spent fuel. Because of interlayer exchange sites and the large surface area resulting
from their layered structure, clays can have a high cation exchange capacity. Smectite, vermiculite, and
some kaolinite group clays expand upon interaction with water or organic fluids. This can change the
interlayer spacing, and affect both the degree to which radionuclides can penetrate the interlayer ion
exchange sites and sorb onto clays (Goldberg et al., 1991). Increasing ionic strengths can reduce interlayer
spacing and ion exchange on planar sites is likely to be less. The edge sites (perpendicular to the silicate
layers) also exhibit a surface charge that varies as a function of pH in a manner like that described above
for oxides and oxyhydroxides. Actinide sorption on clays is pH-dependent (Zachara and McKinley, 1993;
Pabalan and Turner, 1996).

Zeolites such as clinoptilolite, heulandite, and analcime are also likely to be important for
retarding radionuclide transport at YM. Minerals such as zeolites exhibit a fixed charge developed by
substitution of Al3+ for Si4+ in the zeolite structure that is compensated by Na+, K+, Cal+, and Mg2+ in
the intracrystalline exchange sites. Sorption is typically by way of ion exchange in the intracrystalline sites
(Davis and Kent, 1990), particularly for the alkaline and alkaline earth elements such as the short-lived
radioisotopes of Cs+ and Sr2+, but there also appears to be a component of pH-dependent surface charge
as well (Pabalan et al., 1993; Pabalan and Turner, 1993).
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At increasing temperature and high pH, calcite may be stable in the near-field environment
(Murphy and Pabalan, 1994). For the purposes of radionuclide sorption, the surface charge of carbonate
minerals is dominated by the balance between the dominant cation (Ca2 ' and/or Mg2+) and the carbonate
anion (CO3

2 -). For this reason, sorption on carbonates is a complex function of pH, solution chemistry,
and p(CO2). Recent modeling efforts have focused on adapting surface complexation models to describe
sorption at the carbonate/water interface (van Cappellen et al., 1993).

The principal organic components of natural soils and waters are humic materials (Choppin,
1988) and other organics may be introduced during repository construction and operation (e.g., solvents,
fuels, etc.). The anionic charge of organic molecules allows them to bind readily to cationic species in

solution. For example, humic substances can complex ions in solution principally through oxygen donor
sites, and can bind relatively highly charged cations such as heavy metals and transuranic radionuclides.
Also, organic molecules may become bound as gels and coatings to the surface of inorganic particles such
as clays and oxides, changing the sorptive behavior to reflect the organic coating (Robert and Terce,
1989). For example, studies of Kohler et al. (1992) indicate that the presence of EDTA in millimolar
concentrations (16 4 to 10-3 M) can significantly reduce the amount of Np(V) sorbed on kaolinite. EDTA
concentrations of the order 106 M, however, have only a slight effect on the sorption behavior.

Mineral precipitation and dissolution can also affect the retardation of radionuclide migration due
to introduction and/or removal of sorptive minerals. Minerals such as zeolites, clays, and oxides can be

dissolved and reprecipitated (Bish, 1993; Murphy et al., 1996), depending on temperature and fluid
chemistry. In addition, removal of radionuclides from solution either due to the precipitation of
stoichiometric radioelement compounds or coprecipitation as an impurity in other minerals, is also affected
by the temperature and chemistry of the solution (Murphy and Prikryl, 1996). Walton et al. (1985)
demonstrated this experimentally by machining circular flow channels into granite blocks and constructing

thermal-convection loops to study the effects of heat and mass transport on radionuclide migration. A
40 °C temperature gradient was applied across the system. Several radionuclides (' 25Sb, '0Co, and 54Mn)
were concentrated at the hot side of the experiment, probably by sorption on Fe oxyhydroxides. 144Ce and
99Tc were present in elevated concentrations on the cold side of the apparatus.

Most sorption experiments are run at room temperature (200 to 30 0C), and the effects of

elevated temperature are poorly understood. Machesky et al. (1994) indicates that the zero-point-of-charge
(pHzpc) of rutile decreases with increasing temperature. This suggests that negative charge development
is enhanced for oxyhydroxides with increasing temperature and that the pH edge for cation sorption would
move to lower pH values at higher temperatures. Limited batch data for temperatures up to 85 °C suggest
that sorption coefficients either remain constant or increase with increasing temperature for Am, Ba, Ce,
Cs, Eu, Pu, Sr, and U on crushed tuff materials (Meijer, 1990). This is also the assumption made in
current DOE TSPA transport models (U.S. Department of Energy, 1995). However, there is a lack of
sample characterization before and after sorption, and large experimental uncertainties persist. These
uncertainties and the empirical nature of the limited data make it difficult to extrapolate over ranges in
physical and chemical conditions likely in the near-field.

10.2 DIFFUSION

In addition to movement of a radionuclide-bearing fluid in response to system gradients in

temperature, pressure, and chemistry, solute can also move in and out of the fluid parcel. These migration
processes include thermal or Soret diffusion in response to the temperature gradient, ultrafiltration or
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reverse osmosis in response to pressure gradients, and mass diffusion in response to concentration
gradients.

Chemical osmosis, the movement of water in response to concentration gradients has also been
suggested by Carnahan (1984) as a major factor in fluid flux. Numerical simulations indicate that water
flux in hydrologically saturated clays from less to more concentrated zones can be as much as 3 to 4
orders of magnitude greater than the Darcy flux. This is counterbalanced by the flux of solute back across
the membrane by pressure gradients (ultrafiltration/reverse osmosis). In coupled systems, Carnahan (1984)
indicates that reverse osmosis is of minor significance compared to chemical osmosis.

Thermal or Soret diffusion involves the movement of solute in response to the temperature
gradient. In an isothermal, isobaric system (solution, solid, or gas) initially at chemical equilibrium, the
imposing of a thermal gradient leads to a redistribution of chemical species as the solution seeks to reattain
chemical equilibrium. The greater and longer-lived the temperature differential, the more important this
process becomes (Jamet et al., 1991; Guy and Schott. 1992), suggesting that it could be a key process
during the regulatory period of 104 to 106 yr. The effect tends to be more pronounced for lighter elements:
less volatile species tend to concentrate near the cold parts of the system. Guy and Schott (1992)
calculated that for temperature gradients ranging from 3000 to 65 'C, relatively light element compounds
such as Na2O, B203, Li2O, and H20 are susceptible to solid state migration through radioactive glass
forms by Soret diffusion, while predicting weak diffusion for heavier radioelements such as Sr, Cs, Pu,
Am, and Np. Molecular diffusion in response to chemical gradients tends to work to balance the effects
of Soret diffusion.

In fluids (liquid or gas), an additional coupling is found between the Soret effect and thermally
driven water convection and is called the thermogravitational effect (TGE) (Jamet et al., 1991; Guy and
Schott, 1992). This coupling can magnify chemical separation, relative to Soret diffusion alone. If the
velocity due to convection is too large, the fluid will tend to homogenize, and concentration gradients are
diminished. If velocity is too slow, the coupling will be weak and the concentration gradient will be
dominated by Soret diffusion. Aqueous phase Soret diffusion is relatively minor in the simulations of
Carnahan (1984), and it is likely that it will also be negligible in the unsaturated zone at YM. However.
for particular geometries, the TGE may result in significant increases in the gas phase concentration of
water vapor at the top of a gaseous convection cell relative to the bottom of the cell (Vidal and Murphy,
1996).

A retardation mechanism that is potentially important at YM is migration of water from fractures,
where transport may be relatively rapid, into the matrix where flow and transport are slow. Field studies
at the Nopal I U deposit in the Pefia Blanca mining district, Chihuahua, Mexico (Pearcy et al., 1995)
suggest that diffusion into the matrix is of limited importance in U transport. Instead, U transport in
fractured, tuff appears to be dominated by fracture flow and precipitation of a suite of secondary uranyl
minerals that proceeds with time through hydrated uranyl oxides to uranyl silicates and adsorption onto
Fe oxyhydroxides and clays. Similar paragenesis have been observed in long-term drip experiments using
waster related to that from the J-13 well at YM and unirradiated U02 (Wronkiewicz et al., 1992).

10.3 GAS TRANSPORT

Boiling would partition 14C02 into the gas phase, enhancing gaseous radionuclide transport.
Increased pH, perhaps through interaction with human-introduced materials in the near-field, could result
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in increased partitioning of 14CO2 into the liquid phase. Codell and Murphy (1992) performed one-

dimensional simulations of 14C transport in unsaturated rock. The results indicated that after an early initial

release of 14C to the gas phase, CO2 will dissolve into the aqueous phase and calcite precipitation will

serve to sequester 14C at longer times. The amount of gas transport is also sensitive to the heat load

imposed by the repository, with higher heat loads causing venting of gas at the surface (Light et al., 1989).

The calculated releases were also dependent on the travel time to the surface, which was dependent on

the Darcy velocity and the partitioning coefficient between the gas and aqueous phases.

Current DOE TSPA models do not explicitly include ' 4C0 2 gas transport (U.S. Department of

Energy, 1995; pg. 7-20). The decision to neglect this mode of transport is based in part on recent

recommendations of the National Academy of Sciences (National Academy of Sciences, 1995), where it

is considered that 14CO2 release at the accessible environment will be sufficiently diluted through mixing

in the atmosphere to pose negligible risk. Other potential gas phase species such as 1291 and 36C, are

assumed in some TSPA-95 scenarios to be transported as gases without any retardation through the EBS,

and then to be dissolved in the aqueous phase (U.S. Department of Energy, 1995; pg. 7-21).

10.4 COLLOID TRANSPORT

Colloids involving radionuclides are typically called radiocolloids and have been divided into

two types (Maiti et al., 1989). "True" or "real" colloids are generally formed from hydrolysis,

polymerization, condensation, or precipitation of radionuclide compounds in solution. True colloid
stabilization is favored under alkaline conditions. This is especially true in the case of highly charged,

redox-sensitive species such as actinides (Maiti et al., 1989; Choppin and Mathur, 1991). Olofsson et al.

(1982a; 1982b) indicated that the formation of colloids is favored for the actinides in lower (+3, +4)

valence states. In the near-field radionuclide concentrations can be relatively high, there is the potential
for locally reducing conditions, and the formation of true colloids could be favored.

In contrast to true colloids. pseudocolloids are formed when the radioelements sorb on small

particles already present in the groundwater. In the near-field, these particles may be either natural or

introduced by human activity, and include organic and inorganic C, silica, clay particles, and oxyhydroxide

compounds of metals such as Fe, Mn, and Al. The presence, stability, composition, and sorptive capacity

of these particles are dependent on different aspects of the chemistry of the groundwater system, including
pH, Eh, ionic strength, and p(CO2). Further complicating the behavior of pseudocolloids is the possibility
of nonsorptive particles being coated with sorptive materials (Robert and Terce, 1989). Experimental

evidence has also demonstrated that colloids can be formed as secondary precipitates and clay alteration
products and released from HLW forms (Bates et al., 1992; Ebert and Bates, 1992; Finn et al., 1994b).

10.4.1 Colloid Stability

If actinides and other radioelements can sorb onto pseudocolloids or form true colloids, the

stability of the particles in suspension is of critical importance in colloid mediated transport. In the case

of pseudocolloids, the availability of natural or human-introduced particles for radionuclide transport in

solution is affected through several mechanisms. Particles may be introduced through the nucleation and

growth of crystalline and amorphous mineral phases in response to chemical supersaturation. In a

groundwater system, particles may also be released from the aquifer matrix to solution. This release may

be due to electrostatic dispersion brought about by changes in solution ionic strength, mechanical

disruption of primary and secondary minerals owing to shearing and grinding of mineral surfaces by
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hydrodynamic forces or autogrinding between suspended particles, or dissolution of a more soluble matrix

to expose and release the colloid. Human activity associated with a HLW repository may also introduce

colloidal materials in the form of organics associated with waste treatment, dissolution of vitrified waste-

forms, and organic matter used in drilling, construction, and repository operations (Travis and Nuttall,

1985). Corrosion products from the EBS may also serve as platforms for pseudocolloid formation.

For metal-oxyhydroxides, particle stability is a function of pH, Eh, particle size and the total

concentration of the metal (e.g., Fe, Mn, Al, Ti, Si) in solution. The presence of other ligands such as

HC03- and So4
2 - and p(CO2 ) can also affect the formation of oxides by consuming metal ions in the

precipitation of carbonate, and sulfate solids. If changes in solution chemistry result in desorption of

radioelements, they are free to sorb onto the immobile medium. In this case, colloid transport becomes
less of an issue for performance assessment.

In addition to pH controls on the sorptive capacity of colloidal particles, the stability of the

colloidal suspension of charged particles varies as a function of ionic strength, solution chemistry, and pH.

For example, at low ionic strengths, the electrostatic double-layer (EDL) expands outward from particle

surfaces, stabilizing the colloids in solution through electrostatic repulsion. At higher ionic strengths, the

double layer collapses, and the charged particles begin to flocculate (agglomerate) and come out of

suspension due to gravity settling and filtration. Variations in overall solution chemistry and moisture

content of the medium influence the magnitude of the ionic strength effect. Colloidal stability also depends
on the predominant ion(s) in solution. For example, the Derjaguin-Landau-Verwey-Overbeek (DLVO)

theory that considers van der Waals attraction and electrostatic repulsion can be used to calculate the

critical coagulation concentration (c.c.c) at which colloids are just destabilized in electrolyte solutions.

DLVO theory predicts that the c.c.c should decrease with increasing valence in proportion to the ratio

(l/z)6, in agreement with the empirical relationship expressed in the Schulze-Hardy rule (Hunter, 1987).

Variations in pH also affect particle stability. At low pH, the positive surface charge of variably charged

surfaces such as clay edge sites and oxyhydroxides is high. For clays, these conditions result in increased

bonding of positively charged crystallite edges to negatively charged planar sites. Positively charged oxides

will also bond to negatively charged clay surfaces and organic macromolecules (Ryan and Gschwend,

1990). Under these conditions, clay dispersion is low, flocculation and agglomeration occurs, and the

suspension is destabilized. As the pH increases towards the pHzpc, the positive surface charge of the

oxides decreases and bonding to clays diminishes. At high pH, edge sites and oxyhydroxides exhibit a

negative surface charge and actively repel the negatively charged clays; dispersion is enhanced; and the

clay colloids are kept in suspension (Suarez et al., 1984).

10.4.2 Colloid Transport and Filtration

The effectiveness of colloids in enhancing (or retarding) radionuclide migration is dependent on

the efficiency with which these particles are transported through the groundwater system. Colloid

migration may be enhanced relative to fluid flow due to volume exclusion effects and reduced

particle/medium interaction. Conversely, colloids may be retarded through various physical and chemical

filtration mechanisms resulting from interaction between the different phases of the colloid-rock-water
system. Based on filtration theory, Herzig et al. (1970) described the transport of colloids in suspension

using a modification of the convection-dispersion equation. Empirical parameters are typically designed

to reflect the efficiency with which a porous medium filters particles from suspension and porosity is

affected by particle deposition.
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McDowell-Boyer et al. (1986) divided filtration processes into three basic classes: surface (cake)
filtration, straining, and physical-chemical filtration. Surface filtration involves the building up of a barrier
at the water/pore interface. This type of filtration occurs when the particles are too large to enter the pores
of the medium. As the particles are stopped at the surface, they are held in place by the fluid flow, and
a mat or cake is gradually formed. With time, the filter cake thickens, and its porosity and permeability
decrease through compression. Fluid flow through the mat decreases, and there is a pressure drop across
the cake. Filter cake permeability is also a function of particle aggregation. Destabilized colloidal
suspensions (e.g., high ionic strength) tend to form a more porous arrangement than those cakes formed
from highly dispersed stable suspensions (McDowell-Boyer et al., 1986).

If the particles are small enough to enter the porous medium, the tortuous path they must follow
may eventually lead to a constriction that is too small for them to pass through. This leads to a straining
of the colloids from solution. For example, in an attempt to consider a population of suspended particles
with variable diameter, Sherard et al. (1984) observed that fine particles would not enter a porous medium
for the value of d, 15/dp,85<9 where d. 15 exceeds the pore diameter of 15 percent by weight of the coarse
media, and dp,85 is the upper diameter limit for 85 percent of the suspended particles by weight.

Particles may be removed from suspension by interaction with the pore walls, either through
physical processes such as Brownian diffusion, gravitational sedimentation, or through chemical processes
such as sorption due to electrostatic attraction. Once particles have been deposited, there is the possibility
that they may be resuspended. The distances calculated for the energy attachment well (0.3-1 nm) are
generally smaller than the diameter of the particle. While London-van der Walls forces generally
predominate at these ranges, energy provided from Born repulsive forces, or thermal and hydrodynamic
energy can overcome the attraction energy well and lead to particle erosion and re-entrainment. An
additional possibility is that a decrease in the solution ionic strength may extend the EDL, leading to
particle release (Kallay et al., 1987). Kallay et al. (1987) also indicate that sweeping the resuspended
particle away from the surface is necessary to prevent reattachment.

Although the size of colloids makes them vulnerable to several different filtration mechanisms,
it is also possible that particle size (Bales et al., 1989) will lead to volume exclusion and a less tortuous,
more rapid path to the accessible environment. In pores and fractures, the water velocity distribution is
such that the maximum velocity is along the centerline of the fracture, while minimum velocity occurs
at the fracture wall. Because of their size, colloids can never "experience" the minimum water velocity,
and as such, the average colloid velocity will be larger than that of the water. In general. this effect, called
hydrodynamic chromatography (de Marsily, 1986), becomes more pronounced with increasing particle
diameter. In addition, electrostatic repulsion associated with charged particles will tend to keep the
particles away from the surfaces, further enhancing the effect. Since the particle charge is a function of
pH and ionic strength as discussed above, hydrodynamic chromatography in a natural environment varies
as a function of solution chemistry (de Marsily, 1986).

Most of the research on colloid formation and transport is based on studies of saturated media.
Colloid transport through unsaturated media such as YM is poorly understood. The presence of a gas
phase may influence particle transport by particle attachment to the bubble surface (Won and Wilson,
1994).
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11 EFFECTS ON REPOSITORY PERFORMANCE

11.1 CONTAINER PERFORMANCE

Container performance under dry conditions is dictated by the waste package temperature. Two
factors that determine container life under these conditions, in particular that of the steel overpacks, are
rate of oxidation in hot, dry air and thermal embrittlement due to long-term aging at temperatures well
above 100 0C. The rate of uniform oxidation for pure, polycrystalline Fe in air has been empirically
determined to have inverse logarithmic kinetics below 200 IC (Fehlner, 1986). In addition to uniform
oxidation, intergranular oxidation may be possible at low temperatures due to greater diffusivity of oxygen
along grain boundaries. However, both these processes are, to a first approximation, dependent mainly on
temperature and impurities in the steel, and not on the chemical composition and physicochemical
properties of the near-field environment, with the exception of the oxygen partial pressure.

The time period at which the relative humidity, RH, exceeds a critical value, RHc, is an
important factor in determining the container performance. The corrosion rates in humid air at RH>RH,
as well as in liquid, aqueous environments are higher than those in dry air. The time at which rewetting
of the containers occurs depends on the near-field environment, as discussed in previous sections. In
addition to higher corrosion rates, greater complexity is exhibited by humid air and aqueous corrosion
processes depending on the near-field chemistry. This is discussed briefly in this section.

The parameters that affect container performance are shown qualitatively in Table 11-1. Uniform
corrosion is not included in this table because it is not considered to be as important in determining
container performance as localized corrosion or stress corrosion cracking. It must be noted that in mildly
alkaline environments (pH ranging from 8 to 11), carbon steel can undergo localized rather than uniform
corrosion because a protective, passive film is formed on the metal surface slowing down uniform
corrosion rates by several orders of magnitude, but making the metal more prone to the localized
breakdown of passivity.

It can be seen from Table 11-1 that the various environmental factors listed affect the failure
processes differently. For example, an increase in the "redox" potential of the environment, Eh, (defined
as a mixed potential established at an inert metal/solution interface to delineate the relative
oxidizing/reducing characteristics of the environment) can increase the susceptibility of a material to
localized corrosion (provided the corrosion potential is above the repassivation potential as discussed by
Dunn et al., 1996) and stress corrosion cracking (Cragnolino et al., 1996), but can decrease the
susceptibility to hydrogen embrittlement. The relationships indicated in Table 11-1 are necessarily
simplified and examples may be found that violate the relationships indicated within specific combinations
of potential and pH. For example, the domains for the stress corrosion cracking of carbon steel in the
presence of different anions have been assembled in a potential-pH diagram adapted from Ford (1983)
with certain modifications (Sridhar et al., 1994), as illustrated in Figure 11-1. It must be noted that the
potential in these diagrams refers to the corrosion potential (E~.rr) and not to the Eh of the environment.
The EOrr is also a mixed potential, but it is defined by the kinetics of redox reactions and dissolution
reactions at the surface of the corroding metal in contact with the liquid environment. Figure 11-1 reveals
that stress corrosion cracking of carbon steels can occur at slightly alkaline pH in the presence of
bicarbonate, whereas nitrate can induce cracking only in more acidic or alkaline environments. At
intermediate pH, the propensity for stress corrosion cracking decreases with increasing potential above the
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Table 11-1. Qualitative description of the effects of environmental factors on various container
failure modes

Groundwater Localized Hydrogen
Conditions Corrosion Stress Corrosion Cracking Embrittlement

Eh increase + +

pH increase _ -(stainless steel); +(steel) _

T increase + + _

[CFI increase + + 0

[N03-] increase -(stainless steel); +(steel) 0

[S203-] increase + + +

[HC0-] increase -(stainless steel); +(steel) 0

+ Indicates that the susceptibility of a given material to a failure mode increases with an
increase in the environmental factor above the average values

- : Indicates that the susceptibility of a given material to a failure mode decreases with
an increase in the environmental factor

0 Indicates that the susceptibility of a given material to a failure mode is not sensitive
to a change in the environmental factor

cracking range because a more protective passive film containing hematite (ac-Fe 2 03 ) is formed, as
indicated in Figure 11-1.

11.2 WASTE FORM PERFORMANCE

The effects of various near-field environmental factors on several degradation modes of spent
fuel are qualitatively illustrated in Table 11-2. Two of these degradation modes are related to processes
that aifect the integrity of the Zircaloy fuel cladding. Zirconium alloys are susceptible to a form of
hydrogen embrittlement named delayed hydride cracking. This phenomenon is promoted by the
precipitation of brittle zirconium hydrides in areas of stress concentrations upon cooling from high
temperature (ZrH2_x) (Cox, 1990). Slow cooling may induce reorientation of plate-like hydrides an axial
rather than circumferential distribution, facilitating failure (Chan, 1996). Although cladding creep at
moderate temperatures is not dependent on environmental factors, it is considered a plausible mode of
failure (Santanan et al., 1992). Above a certain critical potential, Zircaloy is susceptible to pitting corrosion
in chloride containing environments (Cragnolino and Galvele, 1977). Such potential can be naturally
attained under slightly oxidizing conditions (i.e., in the presence of Fe3+ cations). Under the environmental
and potential conditions leading to pitting, stress corrosion cracking of zirconium and Zircaloy occurs in
the presence of an applied stress (Cox, 1990). Whereas a decrease in Eh protects the fuel cladding from
localized corrosion and stress corrosion cracking, it can promote failure by delayed hydride cracking. The
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Figure 11-1. Regions of known occurrence of stress corrosion cracking of carbon steels in
aqueous solutions associated with the specific effect of various anions superimposed on a
potential-pH diagram showing the stability regions for solid and dissolved species of iron in
water at 25 0C, (for a concentration of soluble species equal to 10-6 moIIL) as adapted from
Ford (1983) and modified (Sridhar et al., 1994)

presence of the fluoride anion in the environment, even though its concentration is relatively low, may

increase the uniform dissolution of zirconium alloy as a result of the greater stability of the ZrF6
2 -

complexes compared to that of the passive ZrO2 film.

Corrosion of the U0 2 pellets by contact with the groundwater, as modified by chemical and
physical interactions in the near field, is the most important process affecting the long-term performance
of the waste form. One of the major influential factors determined by the near-field environment is the

"redox" potential, Eli, as defined above. Eli generally increases by y- or ct-radiolysis as discussed
previously. However, the most significant but related factor determining the corrosion rate of spent fuel
is the ECT Since UO2+x is a relatively good electronic conductor because of its deviation from
stoichiomeiry, EC! is a well-defined electrochemical parameter for spent fuel immersed in an aqueous
environment. The rates of reduction of species such as °2 and H202 are coupled to the rate of oxidation
of UO2 F, establishing ECOff as a mixed potential on the oxidelsolution interface (Shoesmith et al., 1989).
The effect of potential is important due to the oxidative nature of the dissolution of U0 2.
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Table 11-2. Effect of environmental variables on
Manaktala, 1993).

degradation modes of spent fuel (based on

Groundwater Cladding Hydrogen Cladding Spent Fuel
Conditions Embrittlement Corrosion Corrosion

Eh increase + +

pH increase _

T increase _ + +

[Cl] increase 0 0

[NO3 _] increase 0 0 0

[HC03-] increase 0 0 +

[F] increase 0 + +

+ Indicates that the susceptibility of a given material to a failure mode increases
with an increase in the environmental factor above the average values
Indicates that the susceptibility of a given material to a failure mode decreases
with an increase in the environmental factor

0 Indicates that the susceptibility of a given material to a failure mode is not
sensitive to a change in the environmental factor

The qualitative influences of other environmental factors are listed in Table 11-2. The pH has
an effect on the rate of dissolution of spent fuel which depends on the pH range. Under oxidizing
conditions, only a slight dependence of corrosion rate on pH has been observed at pH values lower than
4.0, whereas at pH values between 4.0 and 8.0, the rate decreases linearly with pH (Grambow, 1989). At
higher pH values, the rate of dissolution seems to be unaffected by pH changes. As in the case of other
metals, valuable information can be compiled in terms of potential-pH diagrams for the U-H20 system
in the presence of certain anions (Paquette and Lemire, 1981) over which specific domains for the
dominant degradation modes can be superimposed. Temperature increases the rate of dissolution of U0 2,
although the functional dependence is not well established over a wide range of temperatures.

The nature of the anionic species present in the groundwater and their concentrations are
extremely important in determining the rate of corrosion of spent fuel. Anions such as C0 3

2 , that form
stable soluble complexes with U(6+) cations, increase substantially the rate of oxidative dissolution
(Blesa et al., 1994). At low cO3

2 - concentrations (0.001 M), the rate of corrosion is proportional to the
total concentration because the rate-determining step is the surface complexation of C0 3 - (Blesa et al.,
1994). At intermediate concentrations (0.5 M), the rate depends on the square root of the total
concentration because solution transport of C03

2 - to the surface is rate controlling or dissolution of an
initially formed U02 CO3 film controls the overall rate (Grambow, 1989). At a higher C03

2 concentration
(1.0 M at 100 0C), the corrosion rate reaches a constant value, but at even higher concentrations, the rate
decreases, probably due to the formation of surface films (Needes et al., 1975). These concentrations,
while high for the nominal pool water composition, may occur due to evaporative processes. The rate of
corrosion increases in the sequence Cr<Po43-<SO4 2<F<Co3

2-, although in the case of P04
3- and
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S4 2-, a maximum in the rate is observed at intermediate concentrations (about 1.5x10-2 M) (Blesa et
al., 1994).

Other species such as SiO2(aq), H 3 SiO4 , and H2SiO4
2 , can react with U(VI) to precipitate

complex uranyl silicates, which may tend to reduce the corrosion rates and exposure of fresh surface by
forming a protective layer over the spent fuel. Under certain circumstances acceleration of dissolution of
spent fuel can occur as a result of spallation of the altered mineral layers. Corrosion products from
metallic components, mostly in the form of metal cations, can affect corrosion rates directly through
precipitation reactions forming secondary minerals that may slow down the rate of dissolution. On the
contrary, corrosion rates can be increased by indirect action of corrosion products which may change the
"redox" potential and/or the pH of the environment. The redox potential can increase by the action of
reducible cations such as Fe3 , whereas the pH can decrease by the hydrolysis of highly charged cations
such as Cr3+ and Fe2 + among others. These two effects may lead to higher rates of spent fuel alteration.
In addition, the presence of low molecular weight organic compounds including carboxylic acids produced
by degradation of fuel, lubricants, or other organic materials, either by chemical or biochemical mediated
processes, may accelerate the rate of corrosion of spent fuel due to the formation of complexing species,
especially those able to form chelates. The same action can be exercised by humic substances, such as
humic acid and fulvic acid which act as polyelectrolytic weak acids. On the other hand, detergents or
similar compounds can act as inhibiting species by blocking active sites on the spent fuel surface.

The environmental factors affecting the general or localized dissolution rate of borosilicate
glasses are listed in Table 11-3. As in the case of metals the interrelationship of Eh and pH on the
dissolution of waste glass can be displayed in a potential versus pH diagram (Jantzen, 1992). In general,
Eh has practically no effect on the dissolution of the glass matrix because silicon, boron, and aluminum,
which are the principal network formers of borosilicate glasses, do not undergo changes in the oxidation
state within the range of expected Eh values under repository conditions. The effect of pH is far more
important and the rate of dissolution in strongly accelerated at alkaline pH due to matrix dissolution and
at pH lower than 4 mostly by diffusion controlled alkali ion exchange for hydrogen ions. Whereas many
anions have a minor effect on the solubility and the rate of dissolution of borosilicate glasses, fluoride
accelerates the dissolution substantially through the formation of SiF6 > complexes. The value of RH is
important in the durability of glasses in humid air. Glasses are also susceptible to environmentally assisted
cracking in aqueous environments (McCauley, 1995), but the effect of this phenomenon on radionuclide
releases may be far less important than that associated with generalized dissolution.

Rapid increases in the concentration of spent fuel dissolution products may lead to the saturation
of the medium with secondary alteration minerals, accelerating the precipitation of secondary phases and
eventually the preferential release of certain radionuclides. Bates et al. (1995) found that intermittent
additions of controlled amounts of groundwater to spent fuel lead to precipitation of most of the
transuranic elements (Am, Cm, and Pu) with the exception of Np. The fractional release follows the
sequence Np-Cm>Am>Pu without exhibiting an increase with time, whereas Cs release was much greater
and increased with time. Wilson (1990) using semi-static experiments (periodic removal of a leachant
aliquot and replacement with fresh solution) observed that actinide (U, Pu, Am, Cm, and Np)
concentrations reached constant values rapidly, suggesting that steady state conditions between spent fuel
dissolution and secondary phase formation are established. Formation of U6+ secondary phases, such as
uranophane, was confirmed. Lower actinide concentrations, with the exception of Np, were measured at
85 °C than at 25 IC suggesting that the solubility limiting phases are formed more rapidly at the higher
temperature. Alternatively, this effect could be the consequence of the retrograde solubility of secondary
products, as discussed in Section 8. The presence of Pu, Am, and Cm as colloids in the leachates was
reported but the formation of precipitated secondary phases predominated at 85 'C.
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Table 11-3. Effect of environmental
Manaktala, 1992)

01�

variables on degradation modes of waste glass (based on

[ Groundwater Conditions General or Localized Corrosion

Eh increase 0

pH increase - (+ at pH > 10)

T increase +

[Cl-] increase 0

| HC03-] increase 0

[H3SiO 4-] increase _

[F] increase +

[Fe2+1 increase +

+ Indicates that the susceptibility of a given material to a failure mode increases
with an increase in the environmental factor above the average values
Indicates that the susceptibility of a given material to a failure mode
decreases with an increase in the environmental factor

0 Indicates that the susceptibility of a given material to a failure mode is not
sensitive to a change in the environmental factor

Under oxidizing conditions and in the presence of carbonate anions, there is a large driving force
for the dissolution of the U0 2 matrix. Soluble radionuclides such as 137Cs, 9OSr. and 25Sb exhibited
congruent dissolution from spent fuel in flow-through tests and the release rate of these fission products
decreased with time to a steady state value similar to the release rate of U from the U0 2 matrix (Gray et
al., 1992). In semi-static tests, the fractional release of 9OSr, 137Cs, 1291, and 99Tc increased with
temperature and almost linearly with time. Species such as Ca2+, Mg2+, H3SiO4 .- H 2SiO4

2-, and Co3
2 -

precipitated from solution in tests conducted at higher temperatures probably due to the retrograde
solubility of carbonate minerals. Bates et al. (1995) suggested that the corrosion rate of the matrix and
release of radionuclides are accelerated in unsaturated tests compared to those under semi-static conditions,
leading to noncongruent release of individual fission products and actinides, probably controlled by the
formation of particulates in solution. In addition, the corrosion rate, and especially the rate of radionuclide
release, is very dependent on the characteristics of the spent fuel (i.e., composition, degree of bum-up).
Preoxidation of the fuel was not considered to be a factor in the acceleration of the dissolution rate (Bates
et al., 1995), but the modification of the pH of the leachate attributed to the formation of HN0 3 by

a -radiolysis of humid air. As well as the generation of formate and oxalate from inorganic C, may raise
the solubility of actinides (Finn et al., 1994b). All these effects are postulated to become even more
important at relatively large surface area to groundwater volume ratios.
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11.3 NEAR-FIELD RADIONUCLIDE TRANSPORT

A major concern for performance assessment in the near-field is transport of radionuclides
through the EBS and the geologic setting as gaseous species or as species in colloidal form or dissolved
in aqueous solution. As discussed in a previous section, several processes may operate in the near-field
to control radionuclide transport. Each of these processes is influenced by several geochemical parameters,
thus an assessment of the relative importance of each process will depend on the specific geochemical and
hydrologic characteristics of the near-field environment. However, it is useful to qualitatively describe the
effects of changing geochemical parameters on near-field radionuclide retardation and transport processes.

One mechanism for removing radionuclides from solution is the precipitation of stoichiometric
radioelement compounds or coprecipitation as an impurity in other minerals. Changes in system chemistry
parameters such as Eh, pH, and component concentration influence the solubility of radionuclide-bearing
minerals. For example, reduction of UO2

2+ to U4' greatly reduces U in solution through precipitation of
reduced U minerals such as uraninite (e.g., Langmuir, 1987). Under oxidizing conditions, increases in
dissolved silica and phosphate can stabilize minerals such as uranophane and autunite. These minerals will
sequester not only U, but also other actinides through coprecipitation (Murphy and Prikryl, 1996).

Another retardation mechanism is sorption, which is strongly controlled by several geochemical
parameters such as solution pH. For example, sorption of actinides such as U0 2

2+, NpO2+, and Am3+ on
oxides and oxyhydroxides through a surface complexation mechanism is characterized by a sharp sorption
"edge" where sorption increases sharply with increasing pH from essentially zero over a relatively narrow
pH range; the location of the sorption edge differs for different actinides. The presence of complexing
ligands such as C03

2 - decreases actinide sorption to near zero with further increases in pH (>7-9) (e.g.,
Kohler et al., 1992; Pabalan and Turner, 1996). The amount of radionuclide sorbed is also dependent upon
the radionuclide concentration and the number of available sorption sites. For clay and zeolite minerals,
sorption of radionuclides such as Cs+, Sr2+, and U0 2

2+ can also occur through an ion exchange
mechanism, which is dependent on the nature and concentration of the competing cation present in
solution.

The oxidation state in the near-field may affect sorption behavior. For example, under oxidizing
conditions, technetium is principally present as pertechnetate (TcO4-) and does not sorb strongiy, whereas
under reducing conditions Tc 4+ is predominant and sorbs more strongly (Lieser and Bauscher, 1988).
Organic substances can also influence sorption processes. For example, studies of Kohler et al. (1992)
indicate that the presence of organic ligands in millimolar concentrations (10-4 to 10( 3 M) can reduce
neptunium sorption through complexing. Elevated temperatures expected for the near-field environment
may also affect sorption, but there are few data for evaluating the magnitude of the effect. Limited batch
data for temperatures up to 85 °C suggest that sorption coefficients either remain constant or increase with
increasing temperature for Am, Ba, Ce, Cs, Eu, Pu, Sr, and U on crushed tuff materials (Meijer, 1990).

In the near-field, boiling in response to thermal loading would tend to partition 14C02 into the
gas phase, enhancing gas transport. Results of Codell and Murphy (1992) indicated that after an early
initial release of 14C to the gas phase, C0 2 will dissolve into the aqueous phase and calcite precipitation
will serve to sequester 14C at longer times. The amount of gas transport is also sensitive to the heat load
imposed by the repository. The calculated releases were also dependent on the travel time to the surface,
which was dependent on the Darcy velocity and the partitioninq coefficient between the gas and aqueous
phases. Current DOE TSPA models do not explicitly include 4C02 gas transport (U.S. Department of
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Energy, 1995; pg. 7-20). Other potential gas phase species such as 129I and 36C1 are assumed to be
transported as gases without any retardation through the EBS, and will then be dissolved in the aqueous
phase (U.S. Department of Energy, 1995; 7-21).

The porosity and permeability could be enhanced by the dissolution of the primary minerals and
reduced by precipitation of secondary minerals. Given the temperature dependent solubility of different
minerals, it is possible that thermally convecting solutions will dissolve and redistribute minerals such as
silica and calcite. Simulations by Travis and Nuttall (1987) suggest that reduced permeability due to quartz
reprecipitation may enhance waste isolation. In contrast, Verma and Pruess (1988) determined that silica
redistribution in a hydrologically saturated fractured medium did not have a significant effect on near-field
temperatures, pore pressures, or fluid flow.

The potential importance of colloids in the transport of radionuclides is also of concern in
performance assessment in the near-field. The stability of the colloidal suspension of charged particles
varies as a function of ionic strength, solution chemistry, and pH. Colloid transport through the near-field
may be retarded in several ways. If the particles are small enough to enter the porous medium, transport
may eventually lead to a constriction that is too small for them to pass through. This leads to a straining
of the colloids from solution. Surface filtration involves the building up of a barrier at the water/pore
interface when the particles are too large to enter the pores of the medium. Particles may also be removed
from suspension by chemical and physical interactions with the geologic medium and the engineered
barrier system. Most of the research on colloid formation and transport is based on studies of saturated
media. Colloid transport at YM is likely to be complicated by the unsaturated conditions, partial coverage
of pores and fracture walls, and the presence of two-phase flow. For example, a recent study on the effect
of hydrologically unsaturated conditions on colloid transport indicated that hydrophilic colloids are
preferentially sorbed at the gas/water interface while hydrophobic colloids sorb at both the gas/water and
solid/water interfaces (Wan and Wilson, 1994).

A qualitative description of the effects of changing geochemical parameters on near-field
radionuclide transport as it contributes to repository performance is presented in Table 11-4. This type of
qualitative assessment is useful in defining important parameters such as pH and temperature, but it is
important to note that the relationships identified in Table 11-4 are necessarily simplified, and may only
address part of the effect of changing parameters on the processes indicated. For example, a temperature
increase might increase the dissolution of sorbing phases such as zeolites and oxyhydroxides, reducing
sorption and degrading the performance of the EBS and the geologic setting in the near-field with regard
to transport. In addition, complex processes such as precipitation and dissolution may affect transport in
more than one way, as described above, and it is difficult to assign a simple + or - to determine the
effect on system performance.

12 RECOMMENDATIONS

The objective of this report is to identify and evaluate near-field processes of significance to performance
of the proposed nuclear waste repository at YM. The complexity and multifaceted coupling among near-
field processes evident in the preceding review makes evaluation of the relative significance of the various
processes a challenging effort. The following recommendations derived from the preceding analysis reflect
a somewhat subjective view of priorities for significant issues and remaining uncertainties. These
recommendations are given in order of decreasing priority. The scope of recommendations is generally
consistent with present priorities established in the Near-Field Environment and other Key Technical Issues
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Table 11-4. Qualitative description of the effects of changing groundwater conditions on
different transport/retardation processes.

Groundwater I Sorption eipitation/ | Cofloids
Conditions Coprecipitatlon |

Eh increase + +

pH increase +(low pH, or no CO3D +
- (high pH with C0 3 )

T increase +? + (retrograde solubility, -?

faster kinetics)
-(prograde solubility)

[Cl-] increase 0 + +

[CO322] increase - +

[DOC] increase _ _

[SiO2 (aq)' increase 0 + 0

: Indicates that the retardation process is enhanced, leading to enhanced performance
-: Indicates that the retardation process is reduced, leading to reduction in performance
0: Indicates that the retardation process is not strongly affected, with little effect on performance
?: Indicates that significant uncertainty remains with regard to the effect of the groundwater condition

(KTIs). Nevertheless, the recommendations are ambitious, and it is recognized that not all can or will be

practically and completely accomplished prior to the necessity of regulatory decisions.

12.1 COUPLED THERMAL-HYDROLOGICAL-CHEMICAL PROCESSES

Movement of water vapor, and particularly, liquid water to the waste containers and waste form,

and aqueous transport of radionuclides are the thermal-hydrologic processes with primary impact on

performance. The greatest uncertainties with regard to predicting these processes are related to effectively

representing system heterogeneity (e.g., fracture matrix interactions, fast flow paths, and perched water),

and to characterizing boundary conditions (e.g., the magnitude and 2mporal heterogeneity of water fluxes).

Studies are recommended to characterize the distribution of fast flow paths in the immediate vicinity of

the repository and to estimate the volumetric flow rates of water percolating to the repository horizon.

Studies should also be conducted to develop realistic models for predicting the transport of water through

fracture networks in regions with extreme thermal gradients. These activities are addressed in the KTI

related to Unsaturated and Saturated Flow Under Isothermal Conditions.

Near-field geochemical conditions will be substantially modified from ambient conditions due

to thermal effects on gas-water-rock reactions, fluid circulation, and impacts of engineered materials. These

changes will have to be modeled to determine their likely effects on waste package performance, waste

form alteration, and radionuclide mobility. A primary uncertainty will be the validity of these predictive

models such as those discussed in Sections 2 and 3. It is recommended that a multifaceted approach be
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taken to build confidence in models for near-field geochemical evolution including analysis of site
characterization data, analysis of natural analog systems for the near-field, generation of key
thermodynamic and kinetic data on which models depend strongly, refinement of model coupling of
geochemical and hydrological processes, and testing of the legitimacy and uncertainties of models against
these data. These activities should also interface with field heater test programs that are planned in the
ESF.

12.2 EFFECTS OF ENGINEERED MATERIALS

Changes in near-field chemistry as affected by interactions with cementitious materials could
impact waste package performance and radionuclide solubility and transport. Current models are able to
simulate the evolution of system chemistry in low temperature near-field environments. However, our
ability to model interactions with cementitious materials in a HLW repository is limited by the lack of
adequate information on the mineralogic response of cement to elevated temperatures and the absence of
adequate thermodynamic data on high temperature cement phases. Much work remains to be done in

developing a model which adequately accounts for thermal effects and in generating basic mineralogic and
thermodynamic data for cement phases at elevated temperatures.

The effects of corrosion of the outer overpack on the environment contacting the inner overpack
and the waste form should be modeled using reactive transport models such as the General
Electromigration Model (GEM) (Lichmer, 1994). Such an analysis will provide one of the bounding
environments that will likely contact the inner overpack and the waste form. The predictions of the model
can be verified experimentally and by evaluating natural analogs such as archeological Fe objects or
meteoritic iron.

It is widely recognized from theoretical, experimental, and natural analog studies related to the
oxidizing environment at YM that an important performance affecting role is likely to be played by
secondary minerals, particularly those containing uranyl and/or ferric iron, and/or other components
derived from engineered (e.g., cementitious) or geological materials. Nevertheless, little recognition of the
role of these phases is acknowledged in performance assessments. It is recommended that the properties
of secondary minerals be studied to permit quantitative evaluations of their effects on performance. Such
studies would include evaluations of solubilities and coprecipitation of radioactive waste species that occur
in small concentrations. These studies are currently being carried out under the container life and source
term KTI.

12.3 MICROBIOLOGY

At present, site characterization of YM has not sufficiently defined ambient conditions to allow
assessment of the microbiological impact on the evolution of the near-field environment. Ambient
conditions should be characterized, including indigenous and added microbial populations and nutrient
levels. The level and effect of xenobiotic petroleum products should also be considered. Bounding
conditions for survival and activity of the indigenous population need to be determined. Attention should
be paid to the conditions necessary for growth and activity with particular attention to effects of
temperature, hydration, radiation, and nutrient loading.
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12.4 RADIOLYTIC EFFECTS

Uncertainties concerning effects of radiolysis on the near-field environment center on aqueous
geochemical variations and their effects on radionuclide mobility. Recommended studies which may
improve understanding of potential radiolytic changes in near-field water chemistry include both laboratory
and modeling work. Experimental work could emphasize the changes in geochemical parameters (dissolved
species, pH, redox) resulting from reaction between water and uranyl silicates (and/or other near-field
materials) in the presence of alpha-emitting radionuclides such as 233U, 237Np, and 239Pu. This work could
be combined with experimental efforts to understand actinide partitioning and solubility in the presence
of uranyl silicates, as long as alpha radiolytic effects could be experimentally isolated. A less direct
approach would be to model, both conceptually and quantitatively, the bounding geochemical conditions
possibly resulting from radiolysis. Based on the above investigations into radiolytic changes in aqueous
geochemistry, further modeling work could address the resulting effects on radionuclide mobility. Key
parameters to be modeled would be solubility and sorption characteristics of pertinent radionuclides under
the range of possible conditions. Included would be further conceptual modeling of self-radiolysis of
mobile radionuclides.

12.5 ROCK STABILITY

Although pre-emplacement excavation stability is not likely to be a concern, enduring thermal
heating of the near-field rock mass at a level close to the strength of the rock could pose a stability
problem. The stress-induced, time-dependent degradation of rock mass at YM is not currently well
understood. Furthermore, few data are available regarding the effectiveness of rock support systems under
transient and enduring elevated temperatures. Efforts should be made to quantify these effects and their
role in performance. Studies regarding rock support systems performance under heated conditions should
be performed to obtain confidence in their use. The effect of stress-induced, time-dependent degradation
of rock mass in the near-field on permeability is also uncertain and techniques to adequately quantify this
effect are lacking. An effort should be made to develop a reasonable approach to estimate this effect.
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