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Figure 4-31. TcO;, for RH Trench Simulation Extended to Water Table. (See Figure 3-13

for T.acation of Roundaries Retween Material Z.ones and Material Names.)
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. ppendix A

- Cc mer s from
the Low-leve Waste D 5] sal Facility Federa Review Group
(LFRG)
On the 1998 AW PA

(Table C-2 of )OE 1999c,
mod | 2d to sh. » response for this PA)
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Appendix B

Dosi try[ »se Factors
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-Field tests are proposed as a unique way to validate the glass corrosion and contaminant
transport models being used in the performance assessment. 0 better control the test conditions,
the field tests are to be performed in lysimeters (corrugated steel containers buried flush with the
ground surface). Lysimeters provide a way to combine a glass, Hanford formation soil, and
perhaps other engineered materials in a well-controlled test, but on a scale that is not practicable
in the laboratory. The recommended field tests include some experiments where a steady flow
rate of water is artificially applied. These tests use a glass designed to have a high corrosion rate,
making monitoring contaminant release and transport easier. Either existing lysimeters at the
Hanford Site or new lysimeters tI * ave been equipped with the latest in monitoring equipment
and located: r the proposed disposal site can be used for these experiments.
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have been completed in studies conducted for deep geologic disposal systems and can be directly
applied to the Hanford Site disposal system. For example, the processes that control glass
corrosion are well understood, and rate expressions have been developed and tested. What
remains is primarily to characterize the specific corrosion behavior of actual ILAW glasses. This
includes identifying (or confirming) the corrosion processes that will control the long-term
behavior of the glasses and release of radionuclides, measuring parameters needed to perform
model calculations for performance assessment, and conducting accelerated and service
condition tests to confirm and provide confidence in those calculations.

The purpose of this report is to document a technical strategy developed by Pacific
Northwest National Laboratory (PNNL)? and Argonne National Laboratory that the [LAW
disposal program will pursue over the next several years to evaluate the long-term radionuclide
release behavior of the ILAW glass(es) under development by the private contractors. As su
this document is intended to serve as the technical basis for the glass testing program that is
needed to complete the performance assessment for the ILAW disposal facility. Specific
matrices of tests will not be developed in this report; these are to be provided in separate test
plans for each test method. However, this document will define the general classes of tests for
which test plans will need to be developed and provide a general range of appropriate conditions
for these tests. We begin the discussion of the technical strategy with a brief overview of the
disposal system design and expected environmental conditions at the site.

>

®Pacific Northwest National Laboratory is operated for the U.S. Department of Energy by Battelle
under Contract DE-AC06-76RLO 1830.
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E-2.0 oy '‘ESCF N

The Hanford Site is a 1450 km” area ¢ semi-arid land located in southeastern
Washington state. Average annual pre »itation is 16 cm, with 44% of this total occurring during
November, December, and January. Daytime high temperatures in summer can exceed 40°C,
while outbreaks of arctic air masses in winter can cause temperatures to drop below -18°C.

Plans call for the disposal system to incl e a protective surface barrier with design elements to
minimize root intrusion, animal intrusion, and water infiltration. The use of silt-loam soils, when
combined with a representative community of shrub-steppe vegetation, has been shown to cause
most precipitation falling on the region to be lost through evapotranspiration. Consequently, the
disposal facility is to be located in relative  dry, unsaturated soil, and performance assessment
models must be applicable to the specific physics and chemistry of this type of system.

E-2.1 WATER INFILTRATION

Water flow in the near-surface unsaturated zone is transient because of intermittent
precipitation events. Transient water flow begins when water enters at the ground surface and
infiltrates downward into the soil column. At some distance from the ground surface transient
effects will dampen out and the downward flowing water will reach a steady infiltration rate.
The distance at which steady infiltration occurs is sometimes referred to as the penetration depth
(Eagleson 1978; Salvucci 1993). Thus, the unsaturated zone essentially comprises two regions:
an unsteady-flow region between the ground surface and penetration depth, and a steady-flow
region between the penetration depth and the saturated zone water table. The steady flux in the
lower unsaturated region is equal to the annual rate of groundwater recharge and therefore is
composed of contributions not only from the most recent pulse, but from previous precipitation
events as well.

The ILAW disposal facility will be situated below the penetration depth in the region of

steady flow. The natural rate of moisture infiltration is approximately 4.2 mm/year (Fayer 1999).
However, the natural rate of moisture infiltration cannot be relied upon because construction of
the disposal system will destroy the natural soil-sediment profile and remove surface vegetation.
Consequently, a protective surface barrier will be engineered with sediment layers and a capillary
barrier to prevent or minimize infiltration. The design basis for the Hanford barrier (Myers and
Duranceau 1994) specifies that less than 0.5 mm/year will pass through the barrier for the first

000 years. Infiltration beyond the root zone is controlled at the soil/atmosphere interface where
surface soils and sediments and vegetation interact with the climate. The frequency, duration,
and magnitude of precipitation an runoff events determine the infiltration rate. 1filtration into
the disposal facility will be controlled by the physics described above, the unsaturated hydraulic
properties of the surface and subsurface barriers to infiltration, 1€ vault and surrounding s¢
and the matric and gravity potential gradients.
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E-2.2 FACILITY DESCRIPTION

A detailed design for the ILAW disposal facility is not yet available. However, the
current designs (Puigh 1998) have the disposal facility as a series of large, covered trenches. The
present plans are that the ILAW packages will be 1.22 m in diameter by 2.3 m high. ~ layer of
ILAW packages will be laid down and covered with dirt. Across the center of the facility,
packages would be arranged in- e layers, with only one or two layers along the outer ¢ jes.
Figure E-2.1 shows a schematic for the disposal facility, using a slightly earlier design.

All the concepts include backfilled soil around and on top of the waste containers in the
facility. The soil was included in these concepts 1) for structural support, 2) to wick moisture
away from the waste containers, and 3) to provide radiation shielding for the facility workers.
These concepts also have a similar barrier philosophy. The uppermost barrier is the surface

arrier, which consists of sand-gravel layers tc ‘ork as a capillary break, a layer (that may or
may not be included in the final design) for conditioning the chemistry of the water to help
minimize the rate of glass corrosion and/or radionuclide release, and a layer of basalt riprap to
deter burrowing animals, plant root intrusion, and inadvertent intruders. Beneath the surface
barrier, another sand-gravel capillary break will divert moisture coming through the surface
barrier away from the vault. This barrier combination minimizes the amount of water that enters

the vault.

Figure E-2.1. Schematic of ILAW Disposal System. (This is for the design from early
2000).
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E-3.0 MODELING APPROACH

Because it is impossible to formulate a rationale and a defensible testing program without
understanding the physical and chemical processes that govern glass corrosion and radionuclide
release as well as the conceptual models th  describe these processes, we briefly review these
concepts below.

E-3.1 GLASS CORROSION PROCESS

Fortunately, much is known about glass-water reaction processes. Glass forms ranging
from simple binary and ternary silicate glasses to complex waste glasses with 30 or more
components have been studied for 35 years. ] ich of this work relevant to silicate waste glasses
has recently been compiled and critically reviewed (Bates et al. 1994). A general picture of the
glass corrosion process in water has emerged at can be summarized as follows: on initial
contact by water, alkali is extracted by ion exchange in what is thought to be a diffusion-
controlled process. Simultaneously, hydrolysis and dissolution of the glass network occurs. In
unsaturated disposal systems where water content and flow rate are expected to be very low, the
rate of ion exchange and dissolution decrease, but for different reasons. The ion-exchange rate
slows in accordance with a diffusion-controllec rocess as a reaction layer builds up on the glass
over time. A reaction layer builds up as a result of silanol condensation reactions that reform
Si-O bonds. The dissolution rate of the glass network slows because of the common ion effect
(i.e., as the solution becomes more concentrated in . 1ss components, the difference in chemical
potential between the glass and aqueous phase decreases, which decreases the dissolution rate).
The dissolution rate cannot become zero because silicate glasses are thermodynamically unstable
in water.

E-3.1.1 Importance of Secondary Phases

As a solution in contact with a dissolving glass becomes more and more concentrated in
glass components, solubility limits for alteration phases begin to be exceeded. Although no
generally accepted theory has been proposed to describe the factors controlling nucleation and
growth, ultimately, the glass transforms into a paragenetic assemblage of alteration products or
minerals. Also, no generally accepted theory exists that can be used to predict which specific
phases should form or the sequence of their formation. However, from the Simplexity Principle
(Goldsmith 1953), we know that the most disordered phase should form from a random system
of components first. We know from the Ostwald Step Rule (Ostwald 1897) that subsequent »
transformations to more stable phases should occur in steps where the reaction products obtained
at each step lay near the previous state in free energy. hese governing principles have extremely
important implications for the testing strategy because at the low temperatures (15°C) relevant
for the ILAW disposal system, metasta : and/or amorphous phases may persist for long periods
of time. Consequently, a means must be found for accelerating the transformation process during
laboratory testing without altering the fundamental transformation process itself.
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being supported under DOE’s Environmental I nagement Science Program (EMSP), and the

results and conclusions from this work wi

described in this report.

E-3.2 GLASS CORROSION MODEL

be closely coordinated with the testing program

It is impossible to develop a rationale testing program without thoroughly understanding
the model that is being used tc  lculate the  1ss corrosion behavior over the geologic time
scales required for performance assessment. | fact, the testing program is directly linked and
derived from the data requirements of this model. Figure E-3.1 illustrates the basic link between

Modeling.

mc ling and testing. At the top of the pyramid is the
conce] 1al model that describes the glass corrosion
process. The parameters that make up this model are
abstracted at the mid-level of the pyramid. Once the
para ter set is known, the testing program is

deter ined by the appropriate experiments needed to
obtain each parameter in the set. This strategy is
consi nt with American Society for Testing and
Materials guidelines (ASTM 1991), but we emphasize
the “model driven” approach here because, ultimately,

- the credibility of the performance assessment rests on

the cre¢  Hility of the models and supporting data, not
onas] ific test. Following this approach, the
conceptual model for glass corrosion planned for use
in the performance assessment is discussed in the next
section.

Figure E-3.1. Links Among Glass Tests and

E-3.2.1 Rate Law for Hydrolysis and Dissolution

The literature on modeling glass dissolution is extensive. However, Strachan, Bourcier,
and McGrail (Strachan et al.1994) published a review of 1e subject. An interested reader should
consult this paper and the references cited therein for additional details. The conclusion from
this study was that of all the models that have been developed to describe glass dissolution
behavior, the general kinetic rate law proposed by Aagaard and Helgeson (Aagaard and Helgeson
1982) and later adapted by Grambow (Grambow 1985), best describes the majority of the
experimental data that has been gathered over 35 years of studying glass-water reaction - .
processes. Consequently, this model has been selected for use on the ILAW disposal project.
The corrosion of silicate glasses in water can be represented as a special type of irreversible
dissolution reaction. The reaction is irreversible because the glass cannot be reformed by

precipitation from aqueous solution.
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minerals (Knauss and Wolery 1986; Dove ar  Crerar 1990) and glasses (Knauss et al. 1990;
McGrail and Olson 1992; McGrail et al. 1997¢c). By monitoring the change in dissolution rate
over a sufficient range of temperal e and pH values, k, E,, and 1 can be easily obtained by
applying standard nonlinear regression techniques to Equation (E.2). Details of the
recommended experimental procedure and tests are given in Section E-4.1.

E-3.2.1.2 Experiments for Affinity Term Parameters. By definition, ¢ and K are the
parameters of the chemical affinity © 1[1- YK)°] and so are usually obtained from laboratory
experiments. The ion activity product (Q) is a variable and must be computed as a function of
time and space for the disposal system (McGrail and Mahoney 1995; Bacon and McGrail 1997).
Computation of Q is complex and depends on physical properties of the system, such as flow rate
and glass surface area, and chemical properties, such as solubility products and the amounts and
types of alteration products formed (see Section E-3.1.1). Because transport and chemical
processes interact, or more precisely are coupled, a speci:  type of computational model, called a
reactive chemical transport model, is required f ~simulations.®> The key inputs to this model
derived from the glass testing program are the parameters o and X, and the identification of glass
alteration products. These data are extremely important because they can affect the calculated
long-term corrosion rate of the glass by 3 to 4 orders of magnitude.

The pseudoequilibrium constant (K) and reaction order parameter (o) probably are the
most difficult parameters to obtain in the rate law, and, unfortunately, also are the most poorly
documented in terms of experimental techniques and methods for obtaining them. Unlike for a
crystalline or amorphous phase, the assignment of K for a glass is ambiguous, because by
definition, equilibrium between the glass and water does not exist. Assigning K to a hypothetical
phase including all the glass elements has not proven successful in modeling laboratory test data
(Bourcier 1989; Advocat et al. 1990). Consequently, an approximation is used where X is
associated with a reversible microscopic reaction that is rate limiting and not the macroscopic
glass-water reaction itself. Good agreement with laboratory test data for most glasses has been
obtained by assigning K to a simple SiO, polymorph, such as chalcedony, or mixtures of simple
hydroxides and silicate phases (Bourcier et al. 1990; Gin 1996).

Unfortunately, the “agreement” typically reported in the literature lacks a statistical basis
and usually is just trial and error reckoning of batch t¢  data to calculated curves (Bourcier et al.
1990). The situation for determining the parameter 6 zven poorer with most studies of silicate
mineral and glass dissolution simply assuming o=1. In other cases (Bourcier et al. 1994), ¢
and/or K have been regressed using data from batch tests. Batch tests introduce additional
difficulties in accurately obtaining these parameters because pH and solution concentrations
change continuously throughout the test, requiring “corrections” derived from the rate law itself.
This introduces the possibility of inseparable causality errors. In a recent paper, McGrail et al.
(1997¢) illustrated how the SPFT test can be used to obtain ¢ and K by varying the flow rate over
a sufficiently wide range. Their technique has the advantage of being performed at fixed pH and
steady-state solution concentrations and does not require data “corrections” derived from the rate

)The interested reader should consult McGrail and M oney (1995), Chen et al. (1997), and
Bacon and McGrail (1997) for details.
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law. Consequently, the e: erimental techniques and formal mathematics developed by McGrail
etal. w be used to obtain these parameters (see Section E-4.1).

Bec se there is no sing : test that can reliably evaluate the effe. . of secondary phases
the long-term corrosion rate of a glass, our approach is to employ a range of accelerated

experimental techniques. By doing so, a range of physical and environmental ictors can be
examined that affect the rate and type of secondary phases formed. The use of different tests to
accelerate glass corrosion provides added co idence that the artifacts associated with each test
method are understood a  properly taken into account and that long-term corrosion behavior of
the glass is understood. Three types of long-term experiments are recommended for the majority
of the testing: 1) vapor hydration tests, 2) product consistency tests (PCTs), and 3) pressurized
unsaturated flow (PUF) tests. Each of these tests and the alternative tests are discussed in detail
in Section E-4.0.

E-3.2.2 Rate Law for Jon Exchange

Although ion exchange has been largely ignored in the recent literature on the glass-water
reactions, the process has bec¢ the subjec of numerous early studies. In fact, the traditional idea
of glass “leaching” involves the basic mechanism of ion exchange in which an H' or H;0" ion
exchanges for an alkali ion (M) in the glass, thereby generating a hydrated layer on the glass
surface. The overall chemical reaction describing the process can be written as:

=Si-O-M + H' - =Si-OH + M"* (E.3)
or
=Si-O-M + H;0" - =Si-OH + M* + H,0. (E.4)

Rana and Douglas (Rana and Douglas 1961a and 1961b) were among the first to report on this
mechanism. Boksay, Bouquet, and Dobos (Boksay 1968) and Doremus (Doremus 1975;
Doremus 1977; Lanford et al. 1979) pioneered the idea that ion counter-diffusion or
interdiffusion is the rate limiting process for the exchange reaction. Recent dataon a

re ‘sentative ILAW glass, LD6-5412, is also consistent with a diffusion-controlled release
mechanism. Figure E-3.2 shows that Na is being released, presumably by ion exchange, at a
linear rate with respect to £ in excess of the rate of matrix dissolution.

Detailed studies of the ion exchange process(es) are being conducted under the EMSP
program. Once these studies are complete, an appropriate rate equation for ion exchange will be
'veloped. The par neters that make up this model (possibly diffusion coefficients) will need to
be determine m laboratory te:  on the vendor glass compositions. However, until the EMSP
studies are fu - along, it is premature to identify specific test methods and conditions.
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combination to eval ite interactive effects on glass corrosion rates and/or radionuclide release
(see Section E-4.7).

Although thel TF :stis assigned a key role in the overall testing strategy for the ILAW
program, it must be recognized that because of the complex apparatus required, the nun er of
PUF experiments that can be performed is constrained by relatively high costs per test,
equipment availability, and access to skill 1  nicians to run the test. Consequently, it is
recommended that PUF tests be performed at  ee different temperatures only. Also, because
very little information currently exists on the effect of flow rate on the PUF test results, a series
of tests should be performed on one vendor glass formulation that covers a range of flow rates.
These experiments should be designed to examine whether the corrosion rates can be correlated
with a reduced parameter, such as the ratio ¢ volumetric flow rate to glass surface area, a well-
defined correlating parameter in SPFT tests (McGrail et al. 1997c). Finally, tests are
recommended with radioactive glasses (see Section E-4.6) and a series of materials interaction
experiments with at least cement and glass combinations, but perhaps including iron or iron
corrosion products as well (see Section E-4.7).

Typical results from the PUF test are shown in Figure E-4.5.

Figure E-4.5. Normalized Release Rates in PUF Tests with LAWABP1 Glass.
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E-4.5 OTHER TEST METHODS

Other test methods have been used to measure the values of model parameters and to
study glass corrosion behavior under site-relevant conditions. Some of the more commonly used
test methods are described below. The reasons why these tests are not included in the testing
strategy for Hanford Site ILAW are also discussed. Basically, the other test methods described
below provide little or no additional relevant information when compared with the tests proposed
in Sections E-4.1 through E-4.4.

E-4.5.1 Soxhlet Tests

Soxhlet tests provide a method for measuring the glass corrosion rates under highly dilute
conditions. Soxhlet tests are performed by reacting a sample with condensed fluid in a refluxing
apparatus. Water is boiled from a reservoir, condensed in a reflux tube, then allowed to drip into
a small cup that contains the sample. The solution in the sample cup is refreshed as condensate
drips into the sample cup. Complete volume r lacement of the fluid in the cup typically occurs
every few minutes but the precise replenishme time depends on the sample cup volume and
refluxing conditions. The refluxing action provides an effective flow rate that can be varied by
controlling the applied heat flux to the device. Tests are usually run to attain a flow rate
sufficiently high that the solution in the sample cup remains highly dilute. The corrosion rate can
be measured by periodically removing a sample of the solution in the reservoir for analysis. The
Materials Characterization Center Soxhlet test (I 'C-5) specifies the use of a monolithic sample
and an all-Teflon apparatus (Strachan et al. 1981), although crushed samples and stainless steel
apparatuses have also been used.

Soxhlet tests have been used to measure the initial corrosion rate of glasses as a function
of the temperature, particularly for European HLW glasses (Delage and Dussossoy 1991; Tovena
et al. 1994). Unfortunately, because the system operates with condensed vapor, the dissolution
rate can only be easily measured at the pH of distilled water at the test temperature. Because the
dissolution rate is required over a pH range of 6 to 13, the SPFT technique (see Section E-4.1) is
preferred for these measurements.

E-4.5.2 MCC-1 Test

The MCC-1 static leach test method was developed to compare the durabilities of
candidate waste forms developed to stabilize high-level 1clear waste (DOE 1982). The test
procedure has been standardized by the ASTM (ASTM 1992). The method calls for placing a
monolithic specimen of known geometric surface area into a volume of solution such that the
S/V is 10 m'. The test may be performed with demineralized water, a reference silicate solution,
or a reference brine. The reference temperature and time are 90°C and 28 days, although
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mechanical pumps (Barkatt et al. 1983 and 1984). ither monolithic or crushed samples can be
used, and different starting solution compositi s can be used. Specific test methods have
different replacement schedules and replace different fractions of the total solution volume. For
example, the test designated by the International Standardization Organization (ISO) ¢ s for
replacing the entire solution volume daily for the first week, every week for eight weeks, monthly
for six months, and twice yearly thereafter (Hespe 1971). The American Nuclear Society test
method ANS 16.1 and variations of the ANS 16.1, such as the Dynamic Leach Test (DLT) and
the Accelerated Leach Test (ALT), are similar total volume exchange tests. They differ primarily
in the replacement schedules. These tests were developed to characterize materials from which
contaminants are assumed, a priori, to be released by a diffusion-controlled process, such as with
grouts and cements. Although the ANS 16.1 test is required for [LAW in the Phase 1 Hanfor
Privatization Contracts, this type of test provides little insight to the long-term corrosion behavior
of glass waste forms. This is because concentratic s of the waste form components and solution
pH change over time in the fluid contacting the waste form until the fresh fluid is injected, which
then causes a sudden and abrupt change in the solution chemistry. Such conditions are extremely
difficult to interpret and cannot be treated adequately with conventional geochemical computer
codes. Consequently, no periodic replenishment tests are proposed in this plan.

E-4.5.5 Unsaturated or “Drip” Test

The Unsaturated Test or “drip test” was developed at ANL to simulate the corrosion of a
waste glass that is intermittently contacted by transient water in an unsaturated geologic
environment, such as that at Yucca Mountain (Bates and Gerding 1986). A sample of the waste
form and possibly other engineering or geologic materials is placed in the center of a reaction
cell. A small amount of liquid water is injected through a septum and allowed to drip from the
feed tube onto the upper surface of the sample. Initial aliquots of added water are vaporized until
the air is saturated; subsequent aliquots drip onto the sample. Solution that drips from the
sample during the test and collects in the bottom of the test vessel can be analyzed to quantify the
amount of glass that has dissolved and been transported away from the waste form. The
corroded glass can also be analyzed to assess the corrosion mechanism, study materials
interactions, and identify any alteration phases that form (Woodland et al. 1991). Unsaturated
tests are being used as one of the primary sources of radionuclide release data in a total system
performance assessment for the Yucca Mountain Site (Stout and Leider 1996).

Unfortunately, the “drip test” has several drawbacks with respect to evaluating ILAW
glass behavior relevant to disposal at the Hanford Site. First, the drip test is a quasi-static
method, similar to the periodic replenishment tests discussed in Section E-4.5.4. Consequently,
the same difficulties exist in applying conventional modeling tools for modeling the experiment
as were previously described for these tests. Second, the exact amount of fluid in contact with
the sample at any given time is not known (and likely varial ), so the effective S/V, a key
parameter needed in modeling, is poorly defined. Finally, the drip test was originally designed as
a service condition test corresponding to a particular scenario at the Yucca Mountain Site where
fluid may periodically drip on the waste packages from fluid-filled fractures. This “drip”
scenario does not represent a possible hydrodynamic cond on for the ILAW disposal system,
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for congruency with the rate of glass corrosion to eliminate the possibility of a mechanism, such
as ion exchange, that could selectively enhance release rates.

Because only very limited data have been obtained with a single ILAW glass (LD6-5412)
doped with **Tc, it is difficult at this time to define what amount of testing with radioactive
glasses is required. The level of testing also depends strongly on future funding levels for the
ILAW disposal program. A reasonable conjecture includes a reduced set of VHT, PCT, and PUF
tests with a fully radioactive glass containing each radionuclide of interest. The reduced set may
include VHTs at one temperature, PCTs at two temperatures but only the highest S/V, and PUF
experiments, also at two temperatures, but at two flow rates and one glass surface area.
Concentrations of the radionuclides in the test glasses likely should not reflect the expected
activity levels in the actual glass product. Consideration should be given to doping the test
glasses at significantly higher levels than expected so that it is easier to identify secondary solids
containing the radionuclides. Because the radionuclide concentrations and radioactivity levels of
ILAW glass are very low, there is little or no concern regarding radiolysis-induced experimental
artifacts or having the radioactive glasses exhibit different long-term corrosion behavior when
compared with nonradioactive glasses.

E-4.7 MATERIALS INTERACTION TESTS

The ILAW disposal system will include e following additional materials, besides glass,
that are used in construction or as part of the waste package: 1) concrete used in the vault walls,
ceiling, and floor; 2) carbon or stainless steel containers used to hold the glass; and 3) filler
material used inside the containers to consume void space. Of these materials, the concrete is of
the most interest because of the anticipated volume required, approximately 320,000 metric tons
(Burbank 1997), and the chemical effect of the concrete in increasing pH and Ca, Na, and K
concentrations. Corrosion of the metal containers will generate iron oxyhydroxides that are
known to adsorb or coprecipitate with Si (Harder 1978). This can act as an additional sink for Si,
resulting in enhanced rates of glass corrosion (McVay and Buckwalter 1983; McGrail 1986).
However, iron hydroxide precipitates also may have a beneficial effect in that they are well
known adsorbents for a wide variety of metals, and so could lower release rates for some
radionuclides. No specific filler material has been identified, so the significance of this material
to glass corrosion behavior cannot be assessed at this time.

Because the concrete is used exclusively on the exterior of the vaults, the interactive
effects of the concrete on the glass (if any) will most likely be confined to a region at the
“Interface” between the two materials. This is because diffusion and/or advection limit the total
mass flux of OH", Ca?*, etc. from the concrete that is available for reaction with the glass. To
properly test this mass-transport rate-limited process ir 1e laboratory, a technique is required
where mass transport by diffusion and/or advection from the concrete into the glass can be
controlled. Batch experimental methods, such as the VHT or PCT, are intentionally designed to
be well-mixed systems to avoid mass transport constrai: : on the reaction processes.
Consequently, these methods are unsuited for this materials interaction study. Fortunately, the
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. studying the relationship between the kinetics of natural glass corrosion measured
in short-term laboratory tests and the known long-term durability of the glass to
verify that the appropriate reactions and processes are modeled for long-term
calculations

. calibrating the degree to which a laboratory test accelerates a corrosion mode.

The use of natural analogs to extrac' inetic information is usually limited to bounding
estimates because of the uncertain and changing conditions to wl :h the analog material has been
subjected, including wet-dry cycling, variations in temperature and water composition, etc., and
uncertainty regarding the age of the sample itself. In most cases, kinetic information must be
extracted by examining reacted solids that are usually incomplete assemblages of alteration
phases. Nevertheless, corroded natural glasses provide valuable insight regarding corrosion
processes that are important to long-term corrosion and confidence in the accelerating properties
of laboratory tests.

Geologists have studied samples of basaltic glasses recovered from marine, geothermal,
and subglacial environments. Corrosion of bas ic glasses results in the formation of palagonite,
which is a generic term for an assemblage of alterati  phases that includes clays and zeolites.
The same phases have been observed to form in nature and in laboratory tests (Lutze 1985; Byers
et al. 1985). In both natural settings and in laboratory tests, the amounts and in some cases the
identities of phases that are formed depend both or 1€ glass composition and the environmental
conditions (e.g., the temperature, chemistry, and volume of the solution contacting the glass).
Waste glasses have been shown to react similarly to basalt glasses in laboratory tests and to
transform to many of the same phases. This provides evidence that 1) the laboratory test
accelerates the corrosion behavior of basalt glasses and leads to the same phases formed in nature
over very long time periods and 2) the same processes that control long-term basalt glass
corrosion in terrestrial sites (and under terrestrial conditions) also control the long-term corrosion
of waste glasses.

Long-term testing of natural analog glasses using VHT and PCT methods is being funded
at ANL through separate DOE programs. Conseque ly, ere are no current plans to support
additional VHT and PCT testing of natural analogs throu the ILAW disposal project.
However, the PUF method has only recently been developed, and no natural materials have been
examined using this test method. Consequently, a small number of long-term PUF tests should
be performed using a selected natural analog. The preferred material would have a much higher
alkali content than is typical of rhyolitic or basaltic glasses and would have been subjected to
environmental weathering conditions analogous to those expected for the disposal system. One
possible site for such samples is the obsidian flows at Newberry Crater, Oregon (25 miles south
of Bend, Oregon), which range in age from 1,200 to about 6,700 years B.P. This area has an arid
environment similar to that of the Hanford Site and potentially provides similar analogs at
different ages within a short distance of each other. Regardless, the selected natural analog
sample for study must be as well-characterized as possible in terms of the sample age and
weathering conditions if it is to be useful for comp: ng ainst data from PUF experiments.

E-28






DOE/ORP-2000-24, Rev. 0
Based on PNNL-11834, with revisions

E-5.0 FII D TESTING

Field testing provides a unique opportunity to obtain site-relevant data on the corrosion
behavior of waste forms under conditions at more closely approximate service conditions than
is possible in the laboratory. Recognizing this fact, several burial studies with glass waste forms
have been conducted in the United States and abroad. One of the first studies involving glasses
was carried out in the early 1980’s at the Stripa Site in Sweden. The Stripa Site is an abandoned
iron mine located in a granitic fo  ition approximately 350 m below the surface. Specimens
were fab ~ ited in a “pineapple slice” geometry and stacked into assemblies that were either
heated to 90°C or maintained at ambient mine temperatures (8 to 10°C). Samples were extracted
at predetermined intervals (0.25, 0.5, 1, and 2 years) for extensive characterization using surface
spectroscopic and microscopic analytical techniques. In the United States, a comprehensive field
test involving HLW glasses was performed for the Materials Interface Interaction Tests (MIITs)
at the Waste Isolation Pilot Plant (WIPP) in Carlsbad, New Mexico. Located approximately
650 m below the surface in the Salvo salt formation, a wide array of glasses and waste package
materials was tested for 5 years. Pineapple slices of test samples were stacked on heated Teflon
assemblies in such a manner as to test a variety of interfacial reactions. The United States also
has participated in burial studies conducted at the Mol Site in Belgium (clay geology) and
Ballidon Site in the United Kingdom (limeston: in an effort to test the performance of a
simulated HLW glass (SRL-165) in other geologies.

At the Hanford Site, grout waste forms have been field tested in lysimeters at the Grout
Waste Test Facility located in the 300 Area (Last et al. 1995). A lysimeter essentially consists of
a corrugated steel container buried flush with the ground surface. Lysimeters can range in size
from small soil-filled cans, a few centimeters in diameter and a few centimeters deep, to large
caissons that are several meters wide and tens of meters deep. Lysimeters can be simply
designed with little or no peripheral instrumentation, or they can be designed with extensive
monitoring features, including devices for monitoring temperature, water content and matric
potential and devices for extracting samples of water for chemical analysis. Lysimeters have
been built and used at the Hanford Site for a variety of reasons, including the assessment of
recharge rates, biointrusion studies, radionuclide transport studies, evapotranspiration studies,
and field-scale waste-form performance tests (Gee and Jones 1985; Rockhold et al. 1995).

Although lysimeters have several disadvantages, they are a logical choice for field testing
of the glass corrosion and contaminant transport models being developed for the ILAW disposal
system. The devices provide a way to combine an ILAW glass, Hanford formation soil, and
perhaps other engineered materials in a well-controlled test, but on a scale that is not practical
in the laboratory. The test is controlled because the w s of the lysimeter form a physical
boundary in the system being studied that defines a fixed volume for calculating water storage
and tracer mass balance and restricting the geometry of flow within the lysimeter to essentially
one dimension. Interpretation of complex temporal variations in tracer release and transport is
much simpler in one spatial dimension. The field scale affords the opportunity to monitor
contaminant release and transport in time and space that is not possible in laboratory
experiments, such as with the PUF test (see Section E-4.4). This is especially true when
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operating under low-moisture-content cc litions where the volume of sc ition available per
cubic meter for collection of sam; s is sma

Lysimeter experiments should be used as a tool to confirm the coupled glass corrosion
and contaminant transport model described in Section E-3.0. For is purpose, there is no need
to exclusively test glasses similar in composition to the vendor’s formulation or to simulate _
natural conditions as much as possible. Instead, some experiments should be run with an applied
steady flow rate of water and with a glass designed to have high corrosion rate so that it is easier
to monitor contaminant release and transport during the test. It is also important that these
experiments be designed and instrumented appropriately so that data can be collected to support
validation studies of other key models being used on the ILAW disposal program, such as a
multiphase flow simulator.
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E-6.0 MODEL [G THE DISPOS/ SYSTEM

The previous discussion of the testing strategy would not be complete without a
discussion of the link to modeling the disposal system, as this is the ultimate use of the data
generated by the testing program. The fundamental objective of e performance assessment for
disposing of ILAW is to calculate the radiation dose to a future population as a result of any
release and transport of radionuclides to the unconfined aquifer located approximately 70 m
below the disposal facility. Computer models will be used to simulate the processes controlling
the release and transport of radionuclides to the unconfined aquifer. The computer codes must
perform three major simulation functions: 1) release of contamin ts from the vitrified waste,
2) transport of those contaminants through the engineered system, and 3) transport through the
vadose zone to the groundwater. In Section E-3.2, we presented the kinetic rate law for glass
corrosion:

_E 0 7
J,'a = V,~ke RTa;;l [1_(}') :I, i=12,.N

Assuming that k, E,, n, K, and o are all known parameters developed from the laboratory testing
program, to determine the mass flux of any component i released from the glass to the aqueous
phase, it is necessary to calculate the pH and ion activity product, Q. Because the calculation of
these chemical variables depends on both the physical properties of the system, such as flow rate
and glass surface area, and chemical properties, such as solubility products and the amounts and
types of alteration products formed, functions (1) and (2) discussed above cannot be decoupled.
A special type of computational model, called a reactive chemical transport model, is required for
simulations.

In 1995, the Hanford Low-Activity Waste Disposal Project selected a reactive transport
code to calculate contaminant release rates from the engineered components of the disposal
system (McGrail and Mahoney 1995). The Analyzer of RadionuclidE Source Term with
Chemical Transport (AREST-CT) code describes multicomponent reactive transport in an
isothermal, partially saturated, porous medium. The model includes chemical reactions between
aqueous, gaseous, and solid phases. Reactions involving minerals are described through
appropriate Kkinetic rate laws, along with a special option for treating irreversible reactions (such
as glass corrosion) via the kinetic rate, Equation (G.2). Homogeneous reactions within the
aqueous phase are assumed to be reversible with their reaction rates controlled by transport and
local equilibrium mass action relations. Local equilibrium between a gas or gas mixture and the
aqueous phase is treated through Henry’s Law. Solute transport includes contributions from
advection, diffusion, dispersion, and radioactive decay.

Because of evidence from PUF experiments that significant changes in hydraulic
properties may occur as a result of precipitation of secondary phases, it was decided in 1997 to
incorporate a multiphase flow and transport capability into AREST-CT so that these property
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changes could be cc  led to the flow field.  1e specific mechanisms incorporated in the code
are changes in poro:  , and hence hydrat c conductivity, caused by mineral precipitation-
dissolution and changes in water saturation caused by water consumption-production in chemical
reactions. This was accomplished by coupling AREST-CT with STOMP, a nonisothermal,
multiphase flow simulator (White and Oostrom 1996). The new coupled code is called STC M,
Subsurface Transport Over Reactive Multiphases.

As it is currently configured, the STORM code represents a relatively complete model of
the physical and reactive chemical transport rocesses that are required for simulating
radionuclide release rates from the disposal system. However, several improvements to the code
are needed to support long-term performance calculations, especially in more than one spatial
dimension. These improvements can be classified in terms of 1) subprocess models and
2) numerical methods.

E-6.1 SUBPR( 'ESS MODEL DEVELOPMENT

STORM has two subprocess models requiring further development: 1) adaptive reaction
network and 2) composition-dependent } Iraulic property model.

E-6.1.1 Adaptive Reaction Network

The set of reactions to be consi  red in a single STORM run, the reaction network, is
fixed as specified in the input file. Consequently, careful consideration must be givento
including all important solid and solution species that may be important in the system. This is
extremely difficult because the system being modeled is usually changing chemically in time and
space, often in ways that cannot be predicted a priori. Consequently, solid and solution species
that were important at the start of aru can become unimportant components in the reaction
network and vice versa. A subprocess model is needed in STORM that adapts the reaction
network periodically. This can be accomplished by conducting a phase boun iry search at each
node. The phase boundary search is a numerical implementation of the mineralogic phase rule.
It operates by querying a general thermodynamic database and computing an ion activity product
for each solid that could exist in the current system based on the elements being considered.
Supersaturated phases are adde to the reaction network, and undersaturated phases can be
deleted. However, because the dissolution rate of a phase is finite, deletion of the phase from the
network is constrained until  : total mass falls below some specified value.

E-6.1.2 C: 1position-Depende Hy(« aulic -operty Mo :l

Unsaturated flow experiments with glass waste forms have shown that the dissolution of
the glass and subsequent form: on of secondary minerals, such as zeolites and clays, can change
the unsaturated flow properties of the glass (McGrail et al. 1997c.). Constitutive equations are
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