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Abstract

The U.S. Nuclear Regulatory Commission (NRC) is developing a technical position document that provides guidance
regarding the performance assessment of low-level radioactive waste (LLW) disposal facilities. This guidance includes con-
siderations associated with the chemical environment of the vault disposal system and the effects this system may have on
the release and mobility of radionuclides. Because the disposal system will contain cementitious materials as structural,
waste form, and/or backfill materials, the geochemical properties of pore waters buffered by reactions with cement will be
very different from those waters associated with the local soil and geology. This environment therefore needs to be con-
sidered within the source term calculations if credit is taken for solubility limits and/or distribution coefficients for
dissolved radionuclide concentrations within disposal units. Geochemical modeling may be used to assess potential chemi-
cal conditions in concrete vault disposal units and associated effects on aqueous speciation, solubilities, and sorption of
radionuclides that are released from the waste form. .

In support of NRC’s development of this technical position, two literature reviews were done on information related to the
chemical environments associated with the interaction of water with cementitious materials. One review was conducted on
methods and associated solid-phase assemblages used to model the composition of pore water resulting from reaction with
cementitious materials used in a disposal vault. This literature review also included related information on experimental
studies of cement/water systems, natural analogue studies of cement and concrete, and radionuclide solubilities experi-
mentally determined in cement pore fluids.

Based on the results of this review, geochemical modeling was used to demonstrate the calculation of conservative maxi-
mum concentrations for dissolved americium, neptunium, nickel, plutonium, radium, strontium, thorium, and uranium with
respect to key geochemical input parameters for two ground-water environments associated with the disposal system. These
environments include 1) a cement buffered system, wherein the leachate pH is controlled at values above 10 by the effective
buffering capacity of the concrete; and 2) a ground-water buffered system, wherein the leachate pH and related solution
parameters are dominated by the local ground-water system.

Another literature review was completed on the available data for the sorption potential of selected LLW radionuclides onto
"fresh" cement/concrete where the expected pH of the cement pore waters will equal or exceed 10. The review included
data for the radionuclides americium, inorganic carbon, chlorine, iodine, lanthanide elements, niobium, nickel, neptunium,
plutonium, radium, strontium, technetium, thorium, and uranium. Based on information gleaned from the literature, a
database was developed of preferred minimum distribution coefficient (K,) values for these radionuclides. The K, values
are specific to the chemical environments associated with the evolution of the compositions of cement/concrete pore waters.
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phase. Although "F" might be included in a cement formula, the iron content of some phases may be
very low and thus be neglected in their chemical formula.

Gibbs energy of formation from the elements for the specified compound at 298 K

Change in Gibbs energy of formation for the specified reaction at 298 K and temperature T

Symbol for the element hydrogen or, when used in a cement formula, the H,O component in the cement
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high-level radioactive waste

Enthalpy or heat of formation from the elements for the specified compound at 298 K
Change in enthalpy or heat for the specified reaction at 298 K and temperature T
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International Standards Organization

Temperature in degrees Kelvin

Equilibrium "activity" constant for the specified reaction at 298 K and temperature T

Mass-related distribution coefficient, describing the equilibrium partitioning of a solute between solid
and liquid phases due to sorption .

K,=CJ/C,

where Cg and C, are the concentrations of solute in the solid and liquid phases, respectively
solubility product

low-level radioactive waste

Natural logarithm to the base e = 2.7183 . .

Common logarithm to the base 10

Molarity, moles of solute per liter of solution

Molality, moles of solute per 1000 g of solvent

Subscript "m" when used in a cement formula referes to mono-sulfate.
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NRC U.S. Nuclear Regulatory Commission

OPC ordinary Portland cement

PA performance assessment

PAM . performance assessment methodology

PC personal computer

PFA pulverized fuel ash

pH Negative log of the activity of H"

PNNL Pacific Northwest National Laboratory

ppm Concentration in parts per million, which is equivalent to milligrams of solute per 1000 grams of solvent
R Gas constant, 1.9872 cal/K-mol

Ry Sorption constant calculated from

R, (mlg) = v/m{(C, - C/C9}

where v is the volume of solution in ml, m is the mass of solid in g, C, is the initial adsorbate
concentration in Bq/ml, and C; is the final adsorbate concentration in Bq/ml

S Symbol for the element sulfur or, when used in a cement formula, the SiO, component in the cement -
phase

S When used in a cement formula, symbol for the SO; component in the cement phase

SCSSS Standard Canadian Shield Saline Solution

SEM scanning electron microscopy

SRPC sulfate resistant Portland cemeﬁt

T : Temperature in degrees Kelvin, unless otherwise noted as degrees celsius

t Subscript "t" when used in a cement formula refers to tri-sulfate.

TGA thermal gravimetric analysis

T™S trimethylsilylation

UK United Kingdom

v Volt
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Signifies degrees temperature or a compound that is in its standard state at 1 atmosphere (atm) pressure
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1 Introduction

The U.S. Nuclear Regulatory Commission (NRC) is developing a Branch Technical Position (BTP) document that provides
guidance regarding the performance assessment (PA) of low-level radioactive waste (LLW) disposal facilities. This guid-
ance includes considerdtions relative to modelmg the release of radionuclides from LLW disposal units as a function of
time. The literature reviews and calculations described in the following report were completed as technical support to the
source-term component of NRC’s development of the LLW performance assessment methodology (PAM) and associated
test case analysis. :

1.1 Background

The NRC considers PA essential to the hcensmg process for LLW disposal facilities. The performance objectives and
technical requirements for LLW land disposal facilities are specified in Subparts C and D of 10 CFR Part 61. Performance
assessment calculations may be used to help provide reasonable assurance that the required performance objectxves will be
met. The performance objectwes for LLW land disposal faclhtles include "protection of the general population from
release of radioactivity” (§ 61.41), “protectlon of mdmduals from inadvertent mtrusmn" (§ 61.42), "protection of indi-
viduals during operations" (§ 61.43), and "stablhty of the d15posa1 site after closure” (§ 61.44).

1.1.1 NRC Branch Techmcal Posmon on LLW Performance Assessment

The NRC is developmg aBTP on PA for LLW dzsposal systems The draﬁ BTP was released for public comment in May
1997. The public comment period ended August 23, 1997. Finalization of the BTP on PA for LLW disposal systems and
documentation of associated test case analyses are dependent on sansfactory resolution of public comments and final
commission approval. s :

The BTP provides gundance for regulatory authorities and developers thh regaxd to a suggested strategy and associated
technical issues for conducting an assessment of a facility’s post-closure performance for protection of the general public
from release of radioactivity (10 CFR Part 61.41). The BTP includes discussions of the following topics:

* need and development of the PA process

. ow)erall approech for completing a PA

« NRC positions on technical issues, such as site considerations, roles of engineered barriers, time frames, uncertainty and
sensitivity analyses, and roles of operational and closure periods with respect to PA analyses .

» issues and recommended analytical approaches for PA modeling.

The PAM described in the BTP addresses issues and recommended approaches for modeling the following processes
water infiltration at the disposal unit and transport to the ground-water system

»  behavior and physical characteristics of engineered barriers as a function of time

« releases of radionuclides (i.e., source term) from the disposal unit as a function of time

1.1 NUREG/CR-6377




1 Introduction

« transport of radionuclides by ground-water, surface-water, and air pathways as a function of time
«  potential doses to humans from radioactivity released from the LLW disposal system.

The source-term component of a PA provides estimates of the release of radionuclide concentrations from the LLW disposal
unit. These calculations require input from the water infiltration and engineered barrier calculations to determine the flux
of water that may pass through the disposal unit, contact and react with the waste forms and containers, and possibly lead to
the release of radionuclides. Results from the source-term calculations then become input data for the transport calculations
involving the potential for radionuclide migration by ground-water, surface-water, and air pathways.

Source-term modeling needs to consider the anticipated inventories of radionuclides associated with the LLW disposal sys-
tem and identify those radionuclides that are most important to meeting the 10 CFR Part 61.41 performance objective. The
source-term model should address the mechanisms and rates of failure of the waste containers, if the containers are believed
to delay the release of any radionuclides. Once the waste containers are breached, some gaseous radionuclides, such as lc,
85Kr, 22Rn, and *H, may be released from the waste forms immediately along air pathways. Other radionuclides will be
released as a result of chemical reactions that will occur when the infiltrating water contacts the waste forms. These reac-
tions will be affected by the composition of the infiltrating water as modified by the chemical environment associated with
the waste disposal facility. This environment includes cement, metal, and other materials present in the engineered structure
as well as in the waste forms, containers, and any backfill materials used in the facility.

The NRC BTP suggests an iterative approach to LLW PA. From this perspective, initial source-term calculations of radio-
nuclide release via interactions of infiltrating water with LLW may be based on fairly conservative models, such as rinse
release models. For certain radionuclides to meet the performance objective, additional constraints may need to be placed
on the release of radionuclides from the disposal unit. These constraints-may include the use of solubility limits for certain
radionuclide elements in the aqueous phase or retardation coefficients for sorption in the disposal unit. Because disposal
units are expected to contain significant quantities of cementitious materials, the composition of the aqueous solution leach-
ing the LLW will be modified significantly, especially in terms of pH, by reactions between the infiltrating water and
cement phases. The chemical environment resulting from the water/cement reactions must therefore be considered when
determining solubility limits and sorption potentials for radionuclides.

1.1.2 LLW PA Test Case

The NRC is completing a test case modeling exercise to assist the development and evaluation of the guidance described in
its BTP for LLW PA. Another goal of the test case analysis is to determine the sensitivity of the calculated releases to the
input values. The input database and preliminary results have been presented in Campbell and McCartin (1994), Cady and
Thaggard (1994), Campbell (1994), and at workshops like that conducted by the NRC at its headquarters in Rockville,
Maryland, on November 16-17, 1994. The database used for the performance test case is for a hypothetical, below-ground,
concrete vault LLW disposal system located on a sub-humid coastal plain. The vaults are overlain by a multi-layer cover.

An analysis of daily water balance from 29 years of historical weather data is used to estimate ranges of infiltration to the
multi-layer cover. The composition of the ground water infiltrating the disposal vaults is given in Chapter 3 of our report.
Information for the LLW form and inventory used in the NRC LLW PA test case was taken from the "Richland ’89" data
given in Roles (1990).

Cady and Thaggard (1994) summarize the modeling approaches used in the NRC LLW PA test case. As listed by Cady and
Thaggard, the PA includes :

« infiltration of water to and percolation through the multi-layered cover

NUREG/CR-6377 12




1 Introduction

. percolation of water into the concrete vaults
«  breaching of the waste containers and leaching of the LLW forms

+ migration of radionuclides along air and water pathways within the concrete vaults and their subsequent movement
vertically to the water table and horizontally in the ground water

«  discharge of radionuclides at an adjé,cent well oi eventually to surface water
+ exposure of humans through ingestion of water or food contaminated with radionuclides.

To determine the sensitivity of the predicted releases of radionuclides to the input data, the system code used by NRC
incorporates Latin-Hypercube sampling of the distributions of parameter values to do stratified Monte-Carlo analyses of the
sample values. : s ‘ ;

The source term model for the LLW considers radionuclide release by either rinse release, diffusion, or dissolution mechan-
isms. Suitable ranges of radionuclide solubility limits [e.g., Krupka et al. (1994)] and retardation coefficients are included
in the calculations of radionuclide release from the disposal vaults. Because large amounts of cementitious material are
present in various components of the disposal vault system, interactions between the infiltrating water and the concrete are
expected to have a strong buffering effect on the chemical environment in and near the disposal vault system. A description
of the rinse release model, the most conservative of the three source-term release models, and radionuclide concentrations
calculated by NRC for vaults containing Class A and B/C wastes for the LLW PA test case are given in Chapter 4 of our
report. The rinse component of the model assumes that quantitative;u'ansfe'rof radioniiclides can occur from the waste to
the aqueous phase. It is used in the test case for radionuclides that are not modeled either with diffusion release (egy
cement solidified waste) or dissolution release (e.g-, metallic waste forms): Theamount of a radionuclide released into the
aqueous phase from any of the three source term models, however, is limited by the thermodynamic equilibrium solubility
of the radionuclide. The classi cation of LLW wastes for near-surface disposal is described in detail in 10 CFR Part 61.55
(Waste Classification). Class A wastes are characterized by low concentrations of radionuclides, such as contaminated -
protective clothing, paper, and laboratory trash. Class B wastes contain higher concentrations of radionuclides, such as
resins and filters from nuclear power plants. Class C wastes have the highest concentrations of radionuclides, and typically
include nuclear reactor components, sealed sources, and industrial waste with high radioactivity.

1.2 Purpose and Objectives

The purpose of this study was to provide technical support to issues associated with the concrete-buffered chemical environ-
ment considered in the source-term component of the NRC BTP and test case analysis for LLW PA. Information collected
during our study has been used by NRC for some of their source-term performance calculations. In addition, our report
serves as an information base for others involved with PA studies of the disposal of LLW and other contaminants in facili-
ties containing cementitious materials.

" The specific objectives of our study were to

« review the available literature that describes

- computerized modeling methods used to predict the chemical evolution of pore fluids resulting from the
interactions of water and cementitious materials :

1.3 NUREG/CR-6377




Iaboratoryphase equilibrium and leaching studies related to the hydration of cement phases and the associated
evolution of pore-fluid compositions

- natural analogue studies of aged or ancient cementitious materials.

* use geochemical modeling methods to calculate maximum solubility limits for selected radionuclide elements for a
range of pH values that includes the chemical environments buffered by the high pH conditions of the cementitious
disposal vaults and the local ground-water system in the test case’

*  review the available literature that describes adsorption studies of selected radionuclides on cement and concrete
materials :

» determine a preferred conservative database of distribution coefficient (K,) values for selected radionuclide elements
based on the information gleaned from the literature review.

The geochemical modeling calculations were also designed to illustrate some geochemical considerations that are important
to determine radionuclide solubility limits that serve as input to PA source-term calculations. Radionuclide elements con-
sidered in the solubility limit calculations include americium, carbon as “C, iodine, neptunium, nickel, niobium, plutonium
radium, strontium, technetium, thorium, and uranium.

As noted in the NRC BTP for LLW PA, proper selection and use of K, values that are most germane to the physicochemi-
cal system (e.g., cement-containing disposal vault) being modeled is an important concern to the technical adequacy and
defensibility of PA calculations. The extent of adsorption studies pertaining to radionuclides on cement and concrete
materials is generally considered to be limited. Our literature review of radionuclide adsorption studies was conducted to
determine the true extent of this literature and to provide an information base that is a starting point for more detailed
analysis by those requiring these data. The elements considered in the adsorption literature include americium, carbon as
"“C, chlorine, iodine, lanthanides, neptunium, nickel, niobium, plutonium, radium, strontium, technetium, thorium, and
uranium.

1.3 Report Organization

The main body of our report contains

* anoverview of the chemical environment resulting from the interactions between water and cementitious materials and
the subsequent evolution of the pore-fluid compositions

*  adescription of the conceptual model, input data, and MINTEQ geochemical code (or computerized model) used to
calculate the maximum solubility limits for the selected radionuclide elements

*  the results of the geochemical modeling calculations of radionuclide solubility limits as a function of pH for the
cement- and ground-water-buffered environments

* the preferred database of distribution coefficient (K,) values for selected radionuclides on cementitious materials and
the results of the literature review of adsorption studies that support the selection of these preferred values.
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1 Introduction

The overview of water/cement interactions is a brief summary based on the literature review. The overview describes the
scope of the computerized literature review. References identified during the course of the literature review on cement
modeling studies, laboratory phase equilibrium and leaching studies, and natural analogue studies are described, respec-
tively, in Appendices A, B, and C.

The thermodynamic database used to calculate maximum concentration limits for the radionuclide elements is described and
listed in Appendix D. The reader is cautioned that our modeling calculations were based on a thermodynamic database
available for the MINTEQ code and supplemented by our own experience in this field. Our study was not designed to be a
critical review of the existing thermodynamic data for radionuclides. Development of "the" best thermodynamic database
for radionuclide aqueous species and solids was beyond the scope of this study. Because new measurements of thermo-
dynamic data for radionuclide compounds are constantly being published, those conducting geochemical modeling calcula-
tions as part of a PA must factor in their own review of the most appropriate database at the time of their calculations,

Appendix E describes an approach reported by Atkinson (1983), Atkinson et al. (1986), and Atkinson and Nickerson (1988)
for estimating K, values from radionuclide diffusion measurements. Given the limited extent of adsorption measurements
available for many radionuclides, it has been suggested that this analysis method could be used to augment the available K,
data.

The main body of the report and each appendxxcontam extensive reference lists. Readers are encouraged to inspect these

lists for material most appropriate to their individual PA needs. For many situations, references cited in this report may
include additional references in their own bibliographies that have information relevant to the readers’ PA needs.
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2 Chemical Environment of Cement/Water Interactions

Cementitious materials have several important uses in low-level radioactive waste (LLW) disposal facilities. These include
the use of cement as a waste form (i.e., solidification) for LLW as well as its use as backfill and construction material for
the LLW storage vault. The formulations of these cements are expected to contain substantial amounts of Portland cement.
Therefore, the long-term behavior of hydrated cements and their constituent phases in natural ground waters is important to
the performance assessment (PA) of LLW disposal systems and the potential release of radionuclides.

Useful background information on cement systems and nomenclature related to this technical field are given by the Inter-
national Atomic Energy Agency’s (IAEA) technical report on improved cement solidification of low- and intermediate-
level radioactive wastes (IAEA 1993). Although cement solidification of low and intermediate leve] radioactive wastes is
the focus of the IAEA report, sections that summarize the types of cements and their properties, chemical and mineral
admixtures, cement solidification processes, and chemical stability of cements will be useful for any reader seeking an over-
view of cement systems.

2.1 Computerized Literature Review

A computerized literature review of modeling and experimental studies pertaining to the prediction of pore-water composi-
tion resulting from the dissolution of cement was completed as part of this study. Details of the execution of the computer-
ized literature review are given at the beginning of Appendix A. References pertaining to the following topics are summar-
ized in the first three appendices of this report:

* Appendix A - approaches to modeling cement pore-water compositions
*  Appendix B - experimental studies of cement/water interactions
* Appendix C - natural analogue studies of cementitious materials.

A series of 13 papers published in a single issue of Waste Management (1992, Volume 12, Numbers 2/3) is particularly
noteworthy. This issue focuses on cementitious materials in radioactive waste management, and several of the papers con-
tain background reviews of relevant information. Several of the papers published in this issue of Waste Management are
cited in this report and summarized in Appendices A and B.

The reader should also be aware of three extensive literature reviews published in the United Kingdom (UK), where a sub-
stantial research and development program in the use of cementitious materials for radioactive waste disposal is being con-
ducted. These literature reviews include studies published in the UK and the international community on speciation and
solubility (Smith-Briggs 1992a,b,c), sorption (Berry 1992a,b,c), and colloid formation (Tipping and Higgo 1992a,b,c) rela-
tive to the release and transport of radionuclides in the near and far field, Each literature review was published as three
reports, and each of the nine total reports contains a chapter on studies related to cement systems. The first report of each
literature review summarizes studies funded by the UK Nirex and Department of the Environment (UK DoE) that pertain to
the subject area. The second report contains an extensive bibliography, including reference citations and complete abstracts,
of UK and international publications on the subject area. The third report compares the objectives and approaches used in
studies funded by Nirex and UK DoE to those in related studies undertaken by the international community.
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2 Chemical Environment

2.2 Cement/Water Interactions

The composition of pore water that evolves during the degradation of cement in water has been studied extensively in the
laboratory and with computer modeling techniques. The composition of hydrated cement generally consists of the follow-

ing (Berner 1992):

*  40-50 wt% calcium silicate hydrogel (C-S-H)

e 20-25 wt% portlandite [Ca(OH),]

*  10-20 wt% ettringite [Ca,A1,04(SO,);], monosulfate [Ca,Al,0,SO,], and ferric phases
«  10-20 wt% pore solution

»  0-5 wt% minor components, such as NaOH, KOH, and Mg(OH),.

As used above for the calcium silicate hydrogel (C-S-H), a convention has been adopted by researchers in cement science to
name cement phases. This terminology includes the use of the following abbreviations for components in the cement
phases: C = CaO, S = SiO,, A = AL,0,, F = Fe,0;, H = H,0, and S = SO,;. The formula of a particular cement phase is
then expressed as the appropriate stoichiometric combination of these initials. Subscripts "m" and "t," as in F,,, are some-
times used to note mono- and tri-sulfate, respectively. For example, portlandite [Ca(OH),], gibbsite [AI(OH),], and
hydrogarnet [Ca,Al,(OH),,] are abbreviated as CH, AH;, and C;AH,, respectively This convention will also be used
throughout this report to refer to cement components. Although "F" might be included in a cement formula, the iron con-
tent of some phases may be very low and thus neglected in their chemical formula.

2.2.1 Chemical Environment of Cement Pore Fluids

The chemical reactions associated with the hydration of cement are described in detail in IAEA (1993), Atkins and Glasser
(1992), Reardon (1992), and references cited therein. Because pH is one of the most important chemical parameters affect-
ing the solubility of radionuclides, understanding the pH conditions of the cement pore fluids is particularly important to the
PA of cementitious materials in LLW disposal systems. The change of pH resulting from the reaction of cement and water
is shown schematically as a function of time in Figure 2.1. The dissolution of the C-S-H and portlandite phases, which may
constitute as much as 75 wt% of the cement, has an important role in buffering the pH of the resulting pore fluids. As
ground water reacts with the cement, dissolution of the alkali hydroxide phases, present in relatively minor amounts, results
initially in high pH values of approximately 13.5. As these phases are leached from the cement, the pore fluid pH is then
buffered near 12.5 by the dissolution of free portlandite in the cement. '

Eventually the portlandite is depleted and the pore fluid pH decreases to approximately 10.5 where it is controlled by the
incongruent dissolution of the C-S-H. Because of its importance as a pH control, extensive research has been conducted to
develop a thermodynamic model to calculate the solubility properties of C-S-H which vary as a function of its calcium/
silicon ratio. When the dissolution of C-S-H is complete, the pH of the cement pore fluid will continue to decreaseto a
value buffered by the host ground water This pH change will also be affected to a limited extent by the dissolution of any
calcite that precipitated at the high pH conditions during the early stages of cement dissolution.

The timeframe over which the pH of the pore solution changes from 13.5 to that of the ground water is determined by the
rate at which water migrates through the cement system. For radioactive waste disposal systems being considered in the
UK, studies by Atkinson et al. (1989) indicate that the pH of the near-field pore water would remain above 10.5 for several

hundred-thousand years.
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Figure 2.1 Schematic diagram illustrating the change of pore fluid pH resulting from the
progressive aqueous dissolution of cement

2.2.2 Approaches to Modeling Compositions of Cement Pore Fluids

Numerous studies have been conducted with regard to the development of modeling approaches to predict the final mineral
assemblage and composition and pH of pore solutions resulting from the hydration of cement. References describing the
various modeling approaches are reviewed in Appendix A. The development of an incongruent dissolution model for the
C-S-H phase by Berner (1992) is of particular importance given its significance in affecting the pH, silica, and calcium
concentrations of cement pore fluids.

Many of the modeling approaches use existing computerized geochemical models, such as EQ3/EQ6, PHREEQE,
MINTEQ, and others, to derive the composition of cement pore fluids. A conceptual model based on an assemblage of
cement-related phases is typically used in conjunction with a series of mass transfer calculations to predict the compositions
of the cement pore fluids. Characterization data from laboratory studies of cement hydration and cement/water dissolution
are used to develop the conceptual models and/or partially validate the modeling results. The cement mineral assemblages
used for the conceptual models are identified with the relevant references in Appendix A. Many sources also list and
explain the derivation of the thermodynamic data that the investigators used for these cement mineral assemblages. Some
of the modeling approaches also involve auxiliary computer codes that have been developed to predict the solid-phase
assemblage of a cement paste based on the initial cement composition.
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2.2.3 Laboratory Studies of Cement Hydration and Pore Fluids

All of these modeling approaches are based to some extent on the results of laboratory studies of cement-phase equilibria.
These studies were designed to identify and characterize the reaction products and/or determine the composition of pore
fluids resulting from cement/water reactions. The results of these experiments were in turn used to identify the assemblages
of stable phases and their associated compositions resulting from the progressive aqueous dissolution of cement. Many of
these studies were identified during the course of our literature review.- Because the results of many of these studies are the
technical basis for model development, these references have been summarized in Appendix B.

Because this literature review focuses on studies published during the last ten years, the references in Appendix B do not
provide a complete summary of all cement/water phase equilibria studies completed to date. Many of the cited studies are
based on previous experimental phase equilibria studies that have been extended to more complex composition systems

and/or higher temperatures. Readers should examine references cited in the studies summarized in Appendix B for a more
comprehensive understanding of the extent of experimental studies of cement/water equilibria available.

2.3 Natural Analogue Studies of Cement and Concrete Materials

Natural analogue studies provide unique opportunities to study chemical and physical processes that occur over historical or
geologic timescales not possible in laboratory or field experiments. During the past 20 years, the scientific community has
conducted a broad spectrum of natural analogue studies that help us understand the long-term behavior of materials that
may be used for waste forms, containers, engineered barriers, and construction materials for storing radioactive waste.

References describing natural analogue of cementitious materials and disposal systems are reviewed in Appendix C. These
studies fall into the following two categories:

*  studies pertaining to the physical stability of cement hydration compounds
* studies related to the chemical interactions between cement, rock, and ground water

Data from these studies have been used to test conceptual and computerized models used for PAs of cement-containing dis-
posal facilities for radioactive waste.

Samples of industrial and ancient concretes and mortars have been studied as possible analogues to the physical degradation
of cementitious materials, including cement hydration mineral phases. These materials have included, for example,

«  Portland cement taken from an 80-year-old concrete sea wall at a dockyard in Scotland
-+ hardened cement that was part of a consignment of cement paste found in barrels in an 1848 ship wreck

* cement samples from Britain’s first multi-story reinforced concrete framed building and first reinforced concrete marine
structure

*  concrete from a 800-year-old wall of the Reading Abbey in England
» mortar and concrete from several Gallo-Roman thermal baths

*  1700-year-old mortar from Hadrian’s Wall in northern England
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* lime-soil mix from the Great Wall, China
* cementitious material from a 2500-year-old water tank in Kamiros on the island of Rhodes
*  mortar from the Great Pyramid, Giza, Egypt.

Ground waters from two field sites have also been studied as natural -analogues to the chemical evolution of pore waters
resulting from cement/rock/gronnd water interactions. These mclude studies of hyperalkaline waters at sites in northern
Oman and northern Jordan, Because of their high pH values (>11 at the Oman site and >12.5 at the Magarin site) and the
presence of portlandite [Ca(OH),], these ground waters are considered possible analogues to cement pore waters. The
emphasis of these studies has been on the determination of the solubility and speciation of radionuclides, and the verifica-
tion testing of geochemical models and associated thermodynamic databases.
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3 Application of Geochemical Modeling
to Estimating Solubility Limits for Radionuclide Elements

Conservative maximum concentration limits for dissolved americium, nickel, neptunium, plutonium, radium, strontium,
thorium, and uranium were determined for the ground-water conditions being considered in the NRC LLW PA test case.
The concentration limits are based on equilibrium thermodynamic solubilities calculated using the geochemical equilibrium
code MINTEQA2. The conceptual model used for the solubility calculations is based on the geochemical conditions for the
source-term component of the test case that NRC is using to demonstrate PA methodologies for LLW disposal facilities.

3.1 Conceptual Model

Two chemical environments are being considered for the source term in the NRC LLW PA test case. In one environment,
the composition of the leachate migrating from the disposal vault is assumed to be controlled by the dissolution of the
cement hydrate phases (i.e., "cement buffered” case). As noted in Chapter 2, this environment would be characterized by
high pH values from 10.5 to 12.5. These conditions would correspond to the initial stages of water infiltration into the
LLW disposal system where the pore volume of water is small compared to availability of reactive concrete hydrate phases.
In the second environment, the leachate composition is assumed to be controlled by reactions with the site soils and
therefore equivalent to the local ground-water composition (i.e., "ground-water buffered” case). This case would cor-
respond to an advanced state of degradation of the LLW disposal system when the availability of reactive concrete phases is
insufficient to affect pore fluid compositions. The ground-water buffered case also corresponds to conditions in the far field
where the ground-water composition would not be affected by cementitious materials in the disposal system. The rate at
which the leachate composition changes from the cement to ground-water buffered conditions will depend on the physical
properties (e.g., fractures, porosity) of the cementitious materials being leached, rate of infiltration, and related hydrologic
properties of the disposal system.

The radionuclide concentration limits were calculated for the range of pH and redox (Eh) conditions defined by the cement
and ground-water buffered environments.. The pH/Eh values specified by the NRC were 1) pH = 12.5 and Eh = +200 mV
for the cement buffered system, and 2) pH = 5.8 and Eh = +500 mV for the ground-water buffered system. The effects of
PH on the solubility of each radionuclide were demonstrated by calculating the radionuclide solubilities at 0.5 pH-unit
increments over the pH range 4.0 to 12.5. A minimum PH value of 4.0 was specified for the modeling calculations in order
to include the complete range of pH values considered for the ground-water composition used in the NRC LLW PA test
case. The Eh values used for the solubility calculations were assumed to vary linearly as a function of pH between the
PH/Eh conditions of the cement- and ground-water buffered systems. The Eh values corresponding to pH values

between 4.0 and 12.5 were calculated from the following equation:

Eh (mV) = -4478pH + 760 (CRY)
The above equation was derived from the pH/Eh values specified by the NRC for the cement- and ground-water buffered
systems.
As a conservative limit, the concentrations of dissolved carbonate, an important complexing ligand for many radionuclides,

in the leachate were fixed between pH values of 4.0 and 8.0 by assuming equilibrium with 0.003 atm CO, (gas), which is
frequently used as the reference level of CO, (gas) in soils (Lindsay 1979). For pH values greater than 8.0 up to 12.5,
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' dxssolved carbonate were constrained by assuming equilibrium with the solubxhty of calcite (CaCO).
ecipitate as a result of carbonation reactions occurring with the dissolution of cement (Criscenti and
erden et al. 1990; Reardon and Dewaele 1990; Smith and Walton 1991). The concentrations of dissolved
ere also constrained in the pH range from 8.5 to 12.5 by assuming the leachate is in equilibrium with the

' calcite.

1 fy the modehng calculations, the concentrations of the other dissolved, non-radionuclide constituents in the

ate were fixed at the concentrations specified for the average ground-water compositions listed in Table 3.1. This
'rather‘dxlute ground-water composition is used in the NRC LLW PA test case. This assumption was justified given the
general absence of thermodynamic data, except for the data available for some uranium solids, for radionuclide-containing
solids containing cationic constituents other than the radionuclide element of interest. This simplification also assumes that
the ground water is the major source for dissolved fluoride, chloride, nitrate/nitrite, sulfate, and phosphate which may form
aqueous complexes with some radionuclides. Cement contains measurable quantities of sulfate and minor amounts of

Table 3.1 Composition of ground water used in the NRC LLW PA test case

Variable Average value Range
Temperature 18.6°C. 16-22°C
pH 5.8 4.5-73
Eh (mV) 500 350-700
Conductivity (umho/cm) 50 10-250
Dissolved Oxygen (ppm) 6 5-10
TDS (ppm) 13 10-20
DOC (ppm) 6
Silica (SiO,) (ppm) 5.8 0.1-12
Alkalinity (CaCO,) (ppm) 14.1

Cations (ppm)
Na 32 <1-17
K 1.3 0.2-10
Ca 4.0 <0.1-40
Mg 04 <0.01-3
Fe 0.118 0.010-1.600
Mn 0.052 0.005-0.780
Ba 0.2 0-1
Sr 0.1 0-0.5
Anions (ppm)
F 0.07 0-0.4
Cl 3.0 0.5-16
NO,+NO, 0.6 0.02-4
SO, 2.6 0.2-20
PO, 0.1 0.03-2.2
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chloride phases that could increase the concentrations of these ligands in the pore fluids. However, at the high pH condi-
tions (>10) associated with cement dissolution, complexation of radionuclides by dissolved sulfate or chloride is not
important. PR e e : o

A electrical neutrality was not maintained for the charge balance of the speciated radionuclide-containing water composi-
tions calculated with MINTEQA?2 (Chapter 4). Because these are bounding-type calculations, the lack of a charge balance
constraint should not significantly increase the uncertainties in the modeling results given the low,éoncenuat\iuns predicted

Pitzer-type ion interaction parameters wer re lied to these simplistic solubility calculations. This approach
would be invalid for modeling chemical interactions in water within the cement matrix, especially during the early stages of
: pore waters have pH values greater than 12 and high solute concentra-
ndersson et al. (1989) analyzed the compositions of pore fluids that were
discussion of this study in Appendix B of our report). The pH and the

ionic strength values of the analyzed pore fluids ranged

,  ranged from 12.4 to 13.5 and 0.03 to 0.29 M, respectively At high jonic
strength conditions, a model, such as that described by Reardon ( 1992), that uses Pitzer’s ion interaction approach to cal-

culate jon activity corrections, is more accurate. Some examples of applications where the Pitzer model might be needed

include the modeling of chemical interactions associated with the degradation and longevity of cement materials used as
waste forms, structural material, or backfill components. - o

The radionuclide solubilities were calculated using both the average and maximum concentrations of anions listed in

Table 3.1. The objective of these two sets of modeling calculations was to demonstrate the possible importance of com-
plexation by anionic constituents in estimating the concentration limits for radionuclides in the ground water included in the
NRC LLW PA test case.

3.2 MINTEQA2 Geochemical Code

The radionuclide solubilities and associated aqueous speciation were calculated using a personal computer (PC) version of
the chemical equilibria code MINTEQA2 (Version 3.10) compiled to execute in the DOS computer operating system. The
PC version of the MINTEQA2 code was obtained from the Center for Exposure Assessment Modeling at the U.S.
Environmental Protection Agency (EPA) in Athens, Georgia. The MINTEQA2 code and its predecessor versions have been
described by Felmy et al. (1984, MINTEQ), Peterson et al. (1987, MINTEQ), Brown and Allison (1987, MINTEQAL), and
Allison et al. (1991, MINTEQA2). The code was originally constructed by combining the mathematical structure of the
MINEQL code (Westall et al. 1976) with the thermodynamic database and geochemical attributes of the WATEQ3 code

(Ball et al. 1981).

The MINTEQ code is used in conjunction with a thermodynamic database to calculate complex chemical equilibria among
aqueous species, gases, and solids, and between dissolved and adsorbed states. The use of thermodynamic principles to
calculate solubility equilibria in aqueous systems is described in detail in Garrels and Christ (1965), Lindsay (1979), Morel
(1983), Nordstrom and Munoz (1985), and Stumm and Morgan (1981). The MINTEQ calculations include aqueous
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speciation, solubility and saturation state (i.e., saturation index), adsorption, oxidation-reduction, gas phase equilibria, and
precipitation/dissolution of solid phases. The MINTEQ code incorporates a Newton-Raphson iteration scheme to solve the
set of mass-action and mass-balance expressions, and uses the Davies and extended Debye-Hiickel equations to calculate
activity coefficients for aqueous ions.

The reader is referred to the references and user guides listed above for details regarding the use of MINTEQ code, types
and examples of geochemical equilibria calculations possible with this code, and the basic equations on which the model is

based.

3.3 MINTEQA2 Thermodynamic Database

The thermodynamic data used to calculate radionuclide solubilities include the database originally supplied with
MINTEQA? by the EPA and modifications completed during the course of this study. During its development, the
MINTEQ database has undergone numerous modifications as described by Krupka and Morrey (1985) as well as references
cited by Felmy et al. (1984), Peterson et al. (1987), Brown and Allison (1987), and Allison et al. (1991).

The EPA MINTEQA?2 thermodynamic database was augmented for aqueous species and solids containing the radionuclide
elements of interest to the NRC LLW PA test case using database supplements provided by D. Turner at the Center for
Nuclear Waste Regulatory Analyses at the Southwest Research Institute in San Antonio, Texas. These database additions
included MINTEQ-formatted reactions, associated thermodynamic data (i.e., log K;,es and AH;20g) and ancillary
information (e.g., identification number, formula, charge, mass, reaction stoichiometry) for americium, neptunium,
plutonium, radium, technetium, thorium, and uranium. Additional revisions to the MINTEQ thermodynamic database for
radionuclide elements were identified and added during the course of our study. These changes are discussed in the
subsequent sections that discuss the calculated solubility limits for the individual radionuclides.

The aqueous species and solids included in the MINTEQA2 thermodynamic database for radionuclides elements considered
in this study are described in Appendix D.
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4 Radionuclide Solubility Limits for
NRC Performance Assessment Test Case

Conservative maximum concentration limits for dissolved americium, nickel, neptunium, plutonium, radium, strontium,
thorium, and uranium were calculated using the geochemical equilibrium code MINTEQA2 and the associated thermo-
dynamic data for their aqueous speciation and solubility reactions. Solubility limits could not be determined for other
radionuclides of interest to the NRC LLW PA test case, such as '“C, **Cl, %1, niobium, and technetium. Results of the
solubility calculations and the reasons why such calculations were not possible for some radionuclides are discussed in the
individual sections later in this chapter It should be noted that information from the modeling and laboratory studies
described in Appendices A and B, respectively, was not required to do the modeling calculations described in this chapter
Therefore, there was no need to choose one modeling method versus another relative to predicting the evolution of cement
pore water.

The concentration limits are based on selected equilibrium solubility controls for each of the dissolved radionuclide
elements. Selection of the most appropriate solubility control(s) from solids contained in the MINTEQ thermodynamic
database was based on phase-stability information given in published studies and the experience that project staff have with
the geochemistry of radionuclide aqueous systems. Solubility controls selected for each radionuclide are identified in
subsequent sections that report the results of the modeling calculations.

The radionuclide solubility limits described in this chapter are being used as input to the NRC LLW PA test case and were
calculated for physicochemical conditions that are specific to the NRC test case. The NRC LLW PA test case uses a rinse
release model for radionuclides that are not modeled either with diffusion release (e.g., cement solidified waste) or dis-
solution release (e.g., metallic waste forms). The rinse component of the model assumes that quantitative transfer to the
aqueous phase can occur. The amount of a radionuclide released into the aqueous phase from any of the three source term
models, however, is limited by the thermodynamic equilibrium solubility of the radionuclide. The radionuclide may be
quantitatively transferred to the aqueous phase, if the solubility limit allows a greater amount of a radionuclide into the
aqueous phase than the total inventory available for release. The details of this approach are described in Sullivan (1991,
1993) and Sullivan and Suen (1989). Once released into the aqueous phase, the radionuclides may sorb onto cementitious
materials or other solid phases (e.g., clays, iron oxyhydroxides) in the vault.

The "rinse release model" is the most conservative release model for the LLW source term. In a real disposal system, both
chemical factors (e.g., solubility limits, sorption, dissolution kinetics) and physical factors (e.g., matrix diffusion, limited
water contact with the waste) provide constraints on the total amount of a radionuclide that can actually be released to water
in a vault. For many radionuclides, quantitative transfer of all of the radionuclide into the aqueous phase would not be
possible due to constraining factors, such as mass balance, electro-neutrality and chemical complexation. The solubility-
limited rinse release model also does not take kinetic effects into account. While chemical equilibrium models can provide
an upper limit to solution concentrations, they provide no information about the reaction rate to reach those concentrations.
In addition, physical constraints on the distribution of radionuclides in waste packages and the vault, assumptions concern-
ing the degradation of the waste containers, and the distribution of moisture within a vault further constrain the probability
of release. However, in a case where the solubility is high (e.g., **Cl) and the inventory is concentrated in a limited volume
within the vault (e.g., in a single waste package), the rinse release model may represent a realistic scenario. In a number of
cases, the total inventory available for rinse release is less than a solubility limit (e.g., neptunium). The sorption parameter
(K,) provides a further constraint on the total amount of radionuclide that can be released from the waste packages and the
facility.

In the text, figures, and tables that follow in this chapter, the vault inventory limited "rinse release model” concentrations
are derived from water flux and inventory parameters from the NRC LLW PA test case. The rinse release model values
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calculated prior to application of solubility limits or sorption parameters are listed in Table 4.1. In the different solubility
figures, the horizontal lines labeled as "Class A" and "Class B/C" vaults correspond to concentrations that would occur if
the entire inventory of a radionuclide in a particular vault is quantitatively transferred into 1,000 cubic feet of water This
volume corresponds to about the 10th percentile of the total range for the calculated annual volume flux of water through a
vault in the NRC LLW PA test case, which ranges from about 100 to 20,000 ft*/yr. Thus there is a 90% probability that the
volume flux of water through a test case vault, after complete degradation of engineered features, is higher than this volume
of water Therefore the inventory-limited concentration could be as much as approximately an order of magnitude lower
than this value (one log unit on the vertical axis scale in the figures).

It should be noted that the LLW PA test case corresponds to a specific natural site and a hypothetical facility design and
inventory. The specifications and the results of the LLW PA test case analyses are likely to differ from potential State/
Compact LLW disposal facility PAs in a number of important aspects. Nevertheless, the NRC’s LLW PA test case method-
ology is generally applicable to concrete vault disposal in humid environments. Documentation of the NRC LLW PA test
case parameters and calculations are in preparation at the NRC.

4.1 Americium

4.1.1 Calculated Solubilities

" The solubility limits calculated for dissolved americium for the range of pH/Eh conditions limited by the cement- and
ground-water buffered systems are listed in Table 4.2. The tabulated solubilities are based on the average ground-water
composition used in the NRC LLW PA test case. These results are not significantly different than those based on the
ground-water composition containing the maximum concentrations of the anionic components listed in Table 3.1.

Preliminary modeling calculations indicated that two solids, AmOHCO, and Am(OH), (am), might control the concentra-
tions of dissolved americium over different pH ranges between 4.0 and 12.5. At pH values less than 9.5, the predicted
solubility control for americium was AmOHCO,. For the pH range from 9.5 and 11.0, the MINTEQ results indicated that
two americium solids, AmOHCO, and Am(OH), (am), could coexist and control the solubility of dissolved americium. At
pH values greater than 11.0, the predicted solubility control is Am(OH), (am). The final MINTEQ runs were set up to
include these phase constraints, and the results listed in Table 4.2 reflect these multiple solubility controls for americium fo
the pH ranges listed above. '

The modeling results indicate that the dominant valence form of americium dissolved at these pH/Eh conditions would be
+3. The aqueous speciation calculated from the available thermodynamic data shows a complex assemblage of uncom-
plexed, hydrolytic, carbonate, and fluoride aqueous species of Am™. The distribution, given as the percent of total mass of
dissolved Am™, of the dominant Am™ aqueous species for the modeling results based on the average ground-water
composition are listed below for several pH values:

e pH=40 Am** (99.9%), other Am™ species (0.1%)

* pH=538 Am®* (87.6%), AmSOj (5.7%), AmF** (4.3%), AmCO; (2.0%), other Am™ species (0.4%)

« pH=90 AmCO;j (31.0%), AmOH* (28.7%), Am®* (24.4%), Am(OH); (15.0%), other Am™ species (0.9%)
« pH=125 Am(OH), (aq) (86.9%), Am(OH); (13.1%).
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4 LLW Radionuclide Solubility Limits A

Table 4.1 Radionuclide concentrations calcdlated by the NRC using

a rinse release model for its LLW PA test case

Class BIC‘va;llt

.. Class A vault
Volume flux of Water Volume flux of Water
- through Vault through Vault

1,000 fe/yr 20,000 f€/yr 100 f/yr 6,000 ft/yr
Isotope N mol/l
“Am 4.98 x 10?1’9»»:& 249 x 10 1.94 x 107 3.24 x 10?
®Am  179x10M  8.96x 10 nc® nc
*Ni 949x10°  4.74x10° 427x10° 7.12 x 10°%
Ni 1.58x 107 ° 7.90x 10° 9.76 x 10* 1.63 x 10°
B"Np 4.58x 10° ’ 229 x 10° 425x 10% 7.08 x 101°
Bépy 1.94x 107  9.72x 10 nc nc
Bepy 1.73 x 10" 8.67x 10" 2.32x 10° 3.86x 10°"°
Z%Py 1.15x 10 - 5.76x 107 1.63 x 10° 2.72x 107
240py 8.40x 10"  420x 10" 1.33 x 10° 2.22x10*®
#ipy 2.90x 107  145x 10" 3.38 x 107 5.63 x 10?
242py 9.91 x 10® 495x 10" - 423x 10°% 7.06 x 10°°
2Sr 1.67 x 10? 8.36 x 10 9.87x 10* 1.64 x 107
*Tec 7.37x 10° 3.68 x 107 243x 10° 4.04x 10°
25Ra 2.21x10% 1.11 x 10° 5.47x 10 9.12x 10®
2%Ra 1.33x 10" 6.63 x 10 nc nc
28Th 5.03x 102 2.52x 10 291x 10" 4.85x 10
29Th 496x 10"  248x 10" nc nc
Z0Th 1.52x 10® 7.61 x 107" nc nc
22Th 8.07 x 10" 4.03x 10* nc. nc
»2y 2.45x 10" 1.23 x 107 nc nc
»y 1.18 x 107 5.89 x 10°'¢ nc nc
By 2.49 x 10° 1.25 x 10% 4.67 x 107 7.78 x 10®
d 8 9.27 x 10° 4.64 x 10" 1.40 x 10* 2.33x 10°
Béy 2.87x10% 1.44 x 107 nc nc
#y 2.06 x 10" 1.03 x 10" 1.48 x 10? 247 x 10*

(a) nc = not calculated. Concentrations were not calculated, because Roles (1990) reported no

data for isotope in B/C waste.
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~ Table 4.2 Maximum concentration limits calculated for dissolved
, americium for the NRC LLW PA test case

Average ground-water

composition

pH Eh (mV) mol/l
4.0 581 4.0x107?
45 558 4.0 x 107
5.0 536 2.1x107?
5.5 514 : " 1.0x10*
5.8 500 13 x 107
6.0 490 3.4x10%
6.5 470 1.5 x 107
7.0 450 ~ 20x10°®
7.5 420 6.0 x 107
8.0 400 3.6 x10°
85 380 1.4 x 10°
9.0 360 65x 107
9.5 340 48 x 10710
10.0 310 9.7x 10
10.5 290 3.6x 10"
11.0 270 44 x 10
11.5 250 1.8x 10!
12.0 220 29x 1012
125 200 1.9x 1012

The Am™ solubilities calculated using the ground-water composition containing the maximum concentrations of the anionic
components (right most column in Table 3.1) are not significantly different from those determined for the average ground-
water composition. These differences are due primarily to the increase in the mass of the aqueous species AmSO} and
AmF?* calculated using the larger concentrations of dissolved sulfate and fiuoride, respectively. The distributions of
dominant Am™ aqueéous species calculated using the maximum anion concentrations at pH values of 5.8 and 9.0,

respectively, are
«  Am* (57.4%), AmSOj (25.2%), AmF** (14.9%), AmCOj (1.2%), other Am™ species (1.3%)

«  AmCO} (30.4%), AmOH?* (28.1%), Am®* (23.9%), Am(OH); (14.6%), AmF** (2.0%), other Am'™ species (1.0%)
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4 LLW Radionuclide Solubility Limits

The concentrations of dissolved americium based on the average ground-water composition in Table 3.1 are plotted as a
function of pH as the thick solid line in Figure 4.1.

4.1.2 Published Solubility Data

Ewart et al. (1986, 1992) experimentally determined the concentrations of dissolved americium resulting from the equilibra-
tion of cement-equilibrated waters that were oversaturated with dissolved Am"™. Values estimated from data reported
graphically by Ewart et al. (1992, Figure 6) are plotted as filled circles in Figure 4.1 for comparison to the values calculated
in our study by computer modeling, : :
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Figure 4.1 Concentration limits for dissolved americium
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The experiments of Ewart et al. (1992) involved the addition of Am™ chloride solutions to cement equilibrated waters in
controlled atmosphere chambers with low CO, contents. Sufficient americium solution was added to obtain an initial con-
centration of 10° M dissolved americium. The pH of the resulting mixtures was adjusted with sodium hydroxide or
hydrochloric acid. The measured redox potential in the americium experiments was 200 mV (Ewart et al. 1986). Aliquots
of the equilibrated mixtures were taken and filtered using the technique of Rai (1984). Americium concentrations in the
filtered solutions were determined by liquid scintillation counting. By monitoring the concentrations of americium in
filtered solution samples as a function of time, the equilibration period was determined to be 30 min (Ewart et al. 1986).

The agreement between the experimental measurements of Ewart et al. (1992) and the concentrations calculated in our

- study is poor at pH values less than 11. As noted by Ewart et al. (1992), modeling calculations for americium solubilities in
this pH/Eh region are sensitive to the concentrations used for dissolved carbonate and the thermodynamic data selected for
americium aqueous species given their importance in this pH range. Ewart et al. (1992) also thermodynamically modeled
the results of their americium solubility studies. Their conceptual model involved the use of two solubility-controlling
solids to match their measured concentrations of dissolved americium. The model included AmMOHCO, and Am(OH), as
solubility controls for dissolved americium for the pH ranges from 7 to 9 and 9 to 13, respectively (Ewart et al. 1986,
1992). The combination of solubility controls used by Ewart et al. provided a reasonable match to the trend of their
measured americium concentrations. It was unclear from Ewart et al. whether they modified any thermodynamic data for
americium aqueous species or solid phases to achieve the reported modeling results.

The concentrations of dissolved carbonate used in our modeling studies are likely to be significantly greater than those
present in the experiments by Ewart et al. (1992). Thus, a second calculation of the solubility of Am(OH), (am) was com-
pleted from pH 7 to 13 assuming a carbonate-free system and an initial concentration of 10~ mol/l total dissolved
americium. The calculated solubilities for the carbonate-free system are plotted as the thick dashed curve in Figure 4.1.
Although these values are a better fit to the trend of the results of Ewart et al., they underestimate the experimentally
determined solubilities by at least an order of magnitude over the complete pH range from 7 to 13. The residual differences
may be partially due to inadequacies in the thermodynamic data for americium aqueous complexes at these high pH
conditions.

4.1.3 NRC LLW PA Test Case Rinse Release Model

The americium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of
solubility limits or sorption coefficients) and water volume fluxes of 1,000 ft*/yr for **'Am in Class A and 100 f*/yr for
B/C vaults are plotted in Figure 4.1 as thin dashed and dashed-dotted horizontal lines, respectively The values derived for
these fluxes were selected for plotting purposes because they represented the highest radionuclide concentrations of the
results provided to Pacific Northwest National Laboratory (PNNL) by the NRC. For the Class A vault scenario, only the
solubilities calculated for pH values above 9.5 are less than americium concentrations determined from the rinse release
model and the physicochemical conditions specified for the NRC LLW PA test case. For the Class B/C vault scenario, the
concentration limits calculated for americium from solubility considerations are less than the rinse release model values at
pH values above 6.5. Given the conservative nature of the rinse release model, concentrations of dissolved americium that
are greater than 1.9 x 107 mol/l are unreasonable for the conditions considered for the NRC LLW PA test case. A solubil-
ity model may provide a more accurate constraint on the maximum concentrations of dissolved americium at pH values
greater than 9.5 and 6.5 for the NRC LLW PA test case for Class A and B/C vaults, respectively

4.2 Inorganic Carbon (**C)

The precipitation of calcite (CaCO;), as a result of carbonation reactions at the high pH conditions of the cement pore-fluid
dominated system, will attenuate to some degree the concentrations of '“C released from the waste form. Dayal (1995)
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discusses the role of cementitious materials in the disposal of '“C. Serne et al. (1992), Allard et al. (1981), Dayal and Klein
(1988), Hietanen et al. (1985), and Bayliss et al. (1988) show almost complete removal of '*C added as bicarbonate or
carbonate to waters contacting cementitious materials. The mechanism cited by all researchers is the incorporation of “C in
calcite that precipitates within the pores of the cement or on the surfaces of the test specimens immersed in the water,

Dayal and Reardon (1992) also describe how the calcium silicate hydrogel (C-S-H) and some of the other cement weather-
ing products can also react with dissolved inorganic carbon species to form insoluble calcite. The micro-environment near
the cement surface and within the internal pores is very basic and saturated with calcium ions from the dissolution of
portlandite [Ca(OH),]. At pH values above 12, calcite is more insoluble than portlandite and any carbonate molecules
present in the solution will combine with the enriched calcium to form a carbonate precipitate.

The concentrations of “C will also be reduced by isotopic exchange with the natural 2C present in the aqueous, gaseous,
and solid phases that exist in the soil/water system. The reader is referred to the papers in Fritz and Fontes (1980) for
discussions on the topic of isotopic exchange. Calculation of isotopic exchange of '“C for 'C in ground-water systems is
possible with a modified version of the PHREEQE geochemical code described by Cheng and Long (1984).

4.3 Chlorine (**CI)

Chloride is very mobile in soil/ground-water environments. The concentrations of dissolved chloride will not be controlled
in soil/water environments by solubility. Dissolved chloride may be controlled to a very limited extent by coprecipitation
and/or sorption processes but the amount of attenuation is not expected to be significant. In evaporite environments,
chloride-containing salt minerals may precipitate from brine solutions. These types of environments, however, are not
expected to be important in the disposal of commercial LLW, except where such disposal may occur in an evaporite basin
(e.g., Salt Lake Basin, Utah). '

4.4 Todine (**1)

As is the case for chloride dissolved in ground water, the concentrations of dissolved iodide will not be controlled by
solubility considerations. Iodide can be mobile in the soil/ground-water and cement/concrete (see Section 5.3.4)
environments.

4.5 Neptunium
4.5.1 Calculated Solubilities

Concentration limits calculated for dissolved neptunium for the range of pH/Eh conditions constrained by the cement- and
ground-water buffered systems are listed in Table 4.3. The tabulated solubilities are based on the average ground-water
composition used in the NRC LLW PA test case. These results are not significantly different than those based on the
ground-water composition containing the maximum concentrations of the anionic components listed in Table 3.1.

The solubility control selected for dissolved neptunium at these environmental conditions was the amorphous (am) solid
NpO,(OH). At the pH/Eh conditions used in our calculations (see Columns 1 and 2 in Table 4.3), the modeling results
indicate that the dominant valence form of dissolved neptunium would be +5. The distributions, given as the percent of
total mass of dissolved Np", of the dominant Np” aqueous species for the modeling results based on the average ground-
water composition are listed below for several pH values: o G2
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’Ihble 4.3 Maximum concentration limits calculated for dissolved
- neptunium for the NRC LLW PA test case

Average ground-water

composition

pH Eh (mV) mol/l
4.0 581 2.0x 10"
4.5 558 5.7 x 10%
5.0 536 2.5x 10"
5.5 514 84x 10"
5.8 500 4.1 x 107
6.0 490 25x 107
6.5 470 72x10%
7.0 450 2.1x10?
7.5 420 6.7x 10°
8.0 400 23x10°
8.5 380 1.1 x 10°?
9.0 360 6.9x 10
9.5 340 5.7x 10*
10.0 310 49x10*
10.5 290 35x10*
11.0 270 1.9x 10"
11.5 250 7.5x10°
12.0 220 25x10°
12.5 200 8.9x10°¢

. pH=4.0and 5.8 NpO; (~100.0%)

* pH=90 NpO,CO; (77.5%), NpOj; (22.4%), other Np" species (0.1%)

* pH=125 | NpO,CO; (79.0%), NpO,(OH); (14.2%), NpO,(OH)' (aq) (5.6%), other Np" species (1.2%).

The concentrations of dissolved neptunium in Table 4.3 based on the average ground-water composition are plotted as a

function of pH as the solid line in Figure 4.2.
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It should be noted that the predicted solubility for dissolved neptunium at pH values less than 6 are probably too high and
not realistic. A different solid or another reaction process, such as sorption or coprecipitation, will likely control the
solubility of neptunium at pH values less than 6 to concentrations lower than those in Figure 4.2. Moreover, the modeling
calculations that predicted the high solubilities for dissolved neptunium are probably not valid given the lack of a charge

balance constraint as noted in Section 3.1.
4.5.2 Published Solubility Data

Ewart et al. (1986, 1992) experimentally determined the concentrations of dissolved neptunium resulting from the equilibra-
tion of cement-equilibrated waters that were oversaturated with dissolved Np" and Np", respectively. Values estimated
from data reported graphically for dissolved Np" by Ewart et al. (1986, Figure 3) and dissolved Np"™ by Ewart et al. (1992,
Figure 4) are plotted as filled circles and triangles, respectively, in Figure 4.2 for comparison to the values calculated in our
computer modeling study. ' .

The experiments of Ewart et al. (1986, 1992) involved the addition of neptunium chloride solutions to cement equilibrated
waters in a controlled atmosphere chamber with low CO, contents. Sufficient neptunium solution was added to obtain inj-
tial concentrations of dissolved neptunium of 10° M and 3 x 107 M in the Np¥ (Ewart et al. 1986) and Np" experiments,
respectively. These initial concentrations are plotted as thin dotted and dash-dotted lines in Figure 4.2. The pH of the
resulting mixtures was adjusted with sodium hydroxide or hydrochloric acid. Reducing conditions were maintained in the
Np" experiments by the addition of sodium hydrosulfite solution. The measured redox potentials in the Np¥ and Np"v
experiments were 200 mV (Ewart et al. 1986) and less than -400 mV (Ewart et al. 1992), respectively Aliquots of the

tion samples as a function of time, thg equililg;gtibxi penod was determined to be 30 min (Ewart et al. 1986).

The agreement between the experimental measurements of dissolved neptunium by Ewart et al. (1986, 1992) and the con-
centrations calculated from solubility considerations in our study is poor. The solubility calculations from pH 8.5 to 12.5
match the general trend of the Np¥ experimental data, but overestimate the experimentally determined neptunium concentra-
tions by approximately two orders of magnitude. These differences may be due to inadequacies in the thermodynamic
value and/or solubility control used for our solubility calculations. Con -entration limits for dissolved neptunium were also

calculated assuming solubility equilibrium with NaNpO,CO,. These concentra tions were greater than those reported in .
5. |

Table 4.3 for the solubility of NpOz(O}I) (am) for t‘hc‘ka rangeﬁ'om 90 to 12

- results of their neptunium solubility experiments. In the Np¥
solubility studies, Ewart et al. (1986) used the solid NpO,OH to model their measured concentrations. To match the trend
of their experimentally measured concentrations, Ewart et al. excluded the Np" hydrolytic species from their thermo- ‘
dynamic calculations. To model the Np" data, Ewart et al. (1992) used the solid Np(OH), with a modified equilibrium
constant as the solubility controlling phase for dissolved Np". Ewart et al. also excluded the anionic hydrolytic species for
Np" from their thermodynamic calculations to achieve agreement between their experimental and modeling results. -

Ewart et al. (1986, 1992) also thermodynamically modeled the

4.5.3 NRC LLW PA Test Case Rinse Release Model

The neptunium concentrations (Table 4. 1) calculated by the NRC using the rinse release model (prior to application of solu-
bility limits or sorption coefficients) and water volume fluxes of 1,000 and 100 f*/yr are approximately the same, respec-
tively, for ®’Np in Class A and B/C vaults. They are plotted as the single thin dashed horizontal line in Figure 4.2. The
values derived for these fluxes were selected for plotting purposes, because they represented the highest radio’nuclide o
concentrations of the results provided to PNNL by the NRC. ' T ety
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Figure 4.2 Concentration limits for dissolved neptunium

[Solid line represents values calculated in our study. Filled triangles and circles represent concentrations of Np" and Np"¥
estimated from data plotted in Ewart et al. (1992; 1986), respectively The thin dotted and dash-dotted horizontal lines
show the initial concentrations of total dissolved neptunium used in Np¥ and Np" experiments by Ewart et al., respectively
The thin dashed horizontal line shows the neptunium concentrations calculated by the NRC using the rinse release model
and water volume fluxes of 1,000 ﬁslyr for Class A and 100 ﬁ’/yr for B/C vauits 1

For both vault scenarios, the rinse release model concentratxon limits for dissolved neptunium are lower than those deter-

mined from solubility calculations. For the conditions considered in the NRC LLW PA test case, solubility considerations
do not provide a better constraint on the maxnnum concentratlons of dissolved neptunium for the pH range 4.0 to 12.5.

4.6 Nickel
4.6.1 Calculated Solubilities

Concentration limits calculated for dissolved nickel for the range of pH/Eh conditions constrained by the cement- and
ground-water buffered systems are listed in Table 4.4. The tabulated solubilities are based on the average ground-water
composition used in the NRC LLW PA test case. These results are not significantly different than those based on the
ground-water composition containing the maximum concentrations of the anionic components listed in Table 3.1.
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Table 4.4 Maximum cdncentration limits calculated for
dissolved nickel for the NRC LLW PA test case

Average ground-water composition

pH Eh (mV) ; mol/l

4.0 581 2.6 x 10
45 558 2.6 x 10"
5.0 536 2.6 x 107
55 514 6.1x 10"
58 500 - 20x10"
60 4% 5.9x 10°
6.5 470 32x10°
70 450 3.9x 10*
7.5 420 1.1x 10
8.0 400 3.9x 10°
8.5 380 1.5x 10°
9.0 360 5.6 10°
9.5 340 2.0x10°
10.0 310 - 67x107
10.5 290 1.7 x 107
o 27 33x10°
115 250 12x10*
12.0 220 2.5x 10*

12.5 200 75x10°

The solubility control selected for dissolved nickel at these environmental conditions was the solid Ni(OH),. The distribu-
tion, given as the percent of total mass of dissolved nickel, of the dominant nickel aqueous species for the modeling results
based on the average ground-water composition are listed below for several pH values:

- pH=40  Ni** (100%)

« pH=5.8  Ni* (99.7%), other nickel species (0.3%)

* pH=9.0  NiCO; (aq) (91.4%), Ni(CO,)? (8.2%), other nickel species (0.4%)

* pH=12.5 Ni(OH); (97.2%), Ni(OH), (aq) (2.7%)
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The concentrations of dissolved nickel in Table 4.4 based on the average ground-water composition are plotted as a function
of pH as a solid line in Figure 4.3.

It should be noted that the predicted solubility for dissolved nickel at pH values less than 6 are probably too high and not
realistic. A different solid or another reaction process, such as sorption or coprecipitation, will likely control the solubility
of nickel at pH values less than 6 to concentrations lower than those in Figure 4.3. Moreover, the modeling calculations
that predicted the high solubilities for dissolved nickel are probably not valid given the lack of a charge balance constraint
as noted in.Section 3.1.

4.6.2 Published Solubility Data

Pilkington and Stone (1990) conducted several experiments to determine the concentrations of dissolved nickel resulting
from the equilibration of cement-equilibrated waters that were oversaturated with dissolved nickel. These experiments
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Figure 4.3 Concentration limits for dissoived nickel

[Solid line represents values calculated in our study. The filled circles represent concentrations of nickel reported in over-
saturation experiments measured as function of pH by Pilkington and Stone (1990). The thin dotted horizontal line shows
the initial concentration of total dissolved nickel used in experiments by Pilkington and Stone. The thin dashed and dashed-
dotted horizontal lines show the nickel concentrations calculated by the NRC using the rinse release model and water
volume fluxes of 1,000 ft*/yr for ®*Ni in Class A and 100 ft*/yr for *Ni in Class B/C vaults, respectively]
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included evaluation of the effects of solution composition (e.g., organic degradation products and salinity), sample filtration,
equilibration time, and pH on the measured solubility of nickel. One set of results from Pilkington and Stone (1990,
Table 12) are plotted as filled clrcles in Fzgure 43 for comparison to the values calculated in our computer modclmg study.

The solubility experiments of Pllkmgton and Stone (1990) involved the addition of nickel chloride solutions to cement
equilibrated waters to approach nick from oversaturated conditions. For the expernnental results plotted in’
Fxgure 4.3, sufficient nickel solution (spiked with ®Ni) was added to obtain initial concentrations of dissolved nickel of
10° M (thin dotted line in Figure 4.3).  The pH of the resulting mixtures was adjusted with sodium hydroxide or hydro- -
chloric acid. Aliquots of the equilibrated mixtures were taken and filtered using 0. 45-pm membrane filters.  Nickel-63
concentrations in the filtered solutions 1 2 jby hqmd scmtlllatwn counting. The equilibration time for these
experiments was one week.

For the pH range 9. 5 to 12.5 the agrcemcut bctween tl;e expcnmental measuremenm of dxssolved nickel by Pilkington and
Stone (1990) and the concentrations calculated in our study is generally good. The nickel concentration reported at pH 4.8
is essentially equal to the initial concentration of 10"* M used for their experiments. If the solubility-limited concentration
of dissolved nickel is greater than 10° S ‘M,Vas the modeling results suggest, then the concentration measured at pH=438
represented undersaturated conditions and not a solul ty-limited value. Given the very high concentrations predicted for
dissolved nickel from solubility considerations, concentrations of dissolved nickel will most likely be controlled in natural
environments at lower values by coprecmpltatwn and/or adsorptmn processes. :

Pilkington and Stone also thermcdyna:mcaliy mcdcled the resules of theu' nickel solubility experiments using Ni(OH), as a
solubility control. Pilkington and Stone adjusted the stability constants for the nickel hydrolytic species and the solid
Ni(OH), to adequately model their expenmentai data. Then‘ modelmg calculanons, however, did not mclude reactions for
the nickel-carbonate aquecus specxes ;

4.6.3 NRC LLW PA Test Case Rlnse Release Mode

The nickel concentrations (Table 4 D calculated by the NRC us fﬁ:e Tinse release model (prior to application of solubility
limits or sorption coefficients) and water volume fluxes of 1,000 f¥*/yr for ®Ni in Class A and 100 ft*/yr for *Ni in

Class B/C vaults are plotted in Figure 4.3 as thin dashed and dashed-dotted horizontal lines, respectively. The values
derived for these fluxes were selected for plotting purposes, because they represented the highest radionuclide concen-
trations of the results provided to PNNL by the NRC. For the Class A vault scenario, only the solubilities calculated for pH
values above 11.0 are less than nickel concentrations determined from the rinse release model and the physicochemical
conditions specified for the NRC LLW PA test case. For the Class B/C vault scenario, the solubility limits calculated for
nickel are less than the rinse release model values at pH values greater than 6.5. Given the conservative nature of the rinse
release model, concentrations of dissolved nickel that are greater than 4.3 x 10° mol/l are unreasonable for the conditions
considered for the NRC LLW PA test case. A solubility model may provide a more accurate constraint on the maximum
concentrations of dissolved nickel at pH values greater than approximately 10.5 and 6.5 for the NRC LLW PA test case for
Class A and B/C vaults, respectively.

4.7 Niobium

The absence of thermodynamic data (especially Gibbs free energy of formation values at 25°C) for aqueous species and
solids containing niobium as well as knowledge regarding solubility controls for niobium in low-temperature aqueous
systems precluded any geochemical modeling of solubility controls for dissolved niobium.
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4.8 Plutonium

4.8.1 Calculated Solubilities

Concentration limits calculated for dissolved plutonium for the range of pH/Eh conditions limited by the cement- and
ground-water buffered systems are listed in Table 4.5. The solubility control selected for dissolved plutonium at these
environmental conditions was the amorphous solid PuO,-H,0 (am).

Table 4.5 Maximum concentration limits calculated for dissolved
plutonium for the NRC LLW PA test case

Average ground-water Maximum anion
composition concentrations

pH Eh (mV) mol/l

4.0 581 29x10° 3.5x10°
4.5 558 _ 8.4 x 107 3.5x 10%
5.0 536 6.5x 10 3.5x10°
5.5 514 5.7x 107 3.4x10°
5.8 500 52x 10" 3.4x10°
6.0 490 4.8x 10" 33x10°
6.5 470 32x 10" 32x10°
7.0 450 1.6 x 107 23x10°
7.5 420 1.0x 107 7.6 x 107
8.0 400 ~95x 10" 34x10°%
8.5 380 9.5x 10" 42x10™
9.0- 360 9.5x 10 9.9x 10
9.5 340 9.5x 10" 9.5x 10™
10.0 310 9.5x 10" 9.5x 10™
10.5 290 9.5x 10" 9.5x 10"
11.0 270 9.5x 10 9.5x 10
11.5 250 . 95x10M 9.5x 10"
12.0 220 9.5x 10" 9.5x 10"
12.5 200 9.3 x 10™ 9.3x 10"
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All plutonium redox couples were included in the solubility calculations for the average and maximum anion ground-water
compositions. The modeling results for the average ground-water composition indicate that essentially 100 percent of the
dissolved plutonium at pH values greater than 6.0 would be present in the +4 valence state. Below pH 6.0, the dissolved
plutonium would consist of quantities of the +3, +4, and +5 valence states. ’

For the average ground-water composition, the speciation calculations indicate that approximately >99 percent of the
dissolved Pu" at pH values greater than 7.5 would be the neutral aqueous (aq) species Pu(OH)j(aq). At lower pH values, a
significant mass of the dissolved plutonium would be present as Pu™-phosphate and other-hydroxyl aqueous species. The
distributions; given as the percent of total mass of dissolved Pu", of the dominant plutonium aqueous species for the
modeling results based on the average ground-water composition are listed below for several of the pH values:

« pH=40 Pu(HPO,)! (54.9%), Pu(OH); (22.6%), Pu(OH); (aq) (11.4%), Pu(HPO ) (6.2%), Pu(OH)2* (2.7%),
Pu(HPO,); (1.8%), other plutonjum species (0.4%)

. pH=6.5 Pu(HPO,); (70. l%),,Pu(Omz (aq) (29.7%), other plutonium species (0.2%)

. pH=175 Pu(OH); (aq) (94.6%), Pu(HPO,)* (5.3%), other plutonium species (0.1%)

For the pH range 4.0 to 7.0, the concentrations of dissolved plutonium (right most column in Table 4.5) calculated using
PuO,-H,0 (am) as a solubility control and the maximum anion concentrations are several orders of magnitude greater than
those calculated from the average ground-water composition. This increase is due to the higher concentrations of dissolved
phosphate (0.1 versus 2.2 ppm) in the maximum-anion ground-water composition and the resulting complexation of dis-
solved plutonium with phosphate to form the aqueous species Pu(HPO,);. Because of the large stoichiometric factors
associated with the dominant Pu™-phosphate complexes [e.g., four and three for Pu(HPO,)!" and Pu(HPO,)%, respectively],
the factor of twenty-two difference between the total phosphate concentrations of the average and maximum anion ground-
water compositions results in a greater difference in calculated plutonium solubility. Based on the thermodynamic database
used in this study, at least 99 percent of the dissolved mass of Pu" is present at pH values between 4.0 and 8.0 as
Pu(HPO,);. Given the potential importance of Pu™-phosphate complexation, as indicated by our modeling calculations,
additional laboratory studies need to be conducted to validate the importance of Pu™-phosphate aqueous species and solid
phases.

The concentrations of dissolved plutonium based on the avetagé ground-water composition in Table 4.5 are plotted as a
function of pH as the thick solid line in Figure 4.4. - ‘

'4.8.2 Published Solubility Data

Ewart et al. (1992) experimentally determined the concentrations of dissolved plutonium resulting from the equilibration of
cement-equilibrated waters that were oversaturated with dissolved Pu”. Values estimated from data reported graphically by
Ewart et al. (1992, Figure 5) are plotted as filled circles in Figure 4.4 for comparison to the values calculated in our
computer modeling study.
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Figure 4.4 Concentration limits for dissolved plutonium

[The thick solid line represents values calculated in our study using PuO,-H,O (am) as the solubility control and the average
ground-water composition. The thick dashed line shows the concentrations of dissolved plutonium calculated assuming that
all plutonium was present as Pu™ and using Pu(OH), as the solubility control and the average ground-water composition.
Filled circles represent values estimated from data presented in Ewart et al. (1992). The thin dotted horizontal line shows
the initial concentration of total dissolved plutonium used in experiments by Ewart et al. The thin dashed and dashed-dotted
horizontal lines show the plutonium concentrations calculated by the NRC using the rinse release model and water volume
fluxes of 1,000 and 100 ft’/yr for*Pu in Class A and B/C vaults, respectively]

The experiments of Ewart et al. (1992) involved the addition of Pu™ chloride solutions to deoxygenated cement equilibrated
waters. Because Pu™ oxidizes to Pu™ at high pH values, Ewart et al. assumed that the dissolved plutonium would exist as
Pu" in the experiments. Sufficient plutonium solution was added to obtain an initial concentration of 10° M dissolved
plutonium (thin dotted horizontal line on Figure 4.4). The pH of the resulting mixtures was adjusted with sodium
hydroxide or hydrochloric acid. The measured redox potential in the plutonium experiments was -300 mV (Ewart et al.
1986). Aliquots of the equilibrated mixtures were taken and filtered using the technique of Rai (1984). Plutonium concen-
trations in the filtered solutions were determined by liquid scintillation counting. By monitoring the concentrations of
plutonium in filtered solution samples as a function of time, the equilibration period was determined to be 30 min (Ewart

et al. 1986).
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At pH values greater than 8.5, the concentrations of dissolved plutonium calculated in our study using PuO,-H,0 (am) as a
solubility control are in good agreement with the experimental measurements of Ewart et al. (1992). The agreement with
the three experimental values at pH values between 7.0 and 8.0, however, is poor. If the plutonium spikes used by Ewart

2t al. had not yet oxidized from Pu'™ to Pu' in their solubility experiments between PH values of 7.0 to 8.0, then compari-
son of our equilibrium modeling calculations to these three data points would not be valid. To test this assumption, an addi-
lional set of solubility calculations was completed in which 1) all of the dissolved plutonium was assumed to be in the +3
valence state and 2) the solid Pu(OH), was assumed to be the solubility control. These Pyl calculations are shown as the
‘hick dashed line in Figure 4.4. Although our Pu™ solubility calculations reproduce the general trend of the low-pH experi-
nents of Ewart et al., the resulting concentrations of dissolved plutonium are approximately two orders of magnitude
greater than those measured by Ewart et al. This offset between the modeling results for dissolved Pu™ and the laboratory
1ata may be due to errors in one or more of the thermodynamic constants used in the Pu™ solubility calculations.

$.8.3 NRC LLW PA Test Case Rinse Release Model

[he plutonium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of
olubility limits or sorption coefficients) and water volume fluxes of 1,000 and 100 f*/yr for 23Pu in Class A and B/C
raults, respectively, are plotted in Figure 4.4 as thin dashed and dashed-dotted horizontal lines, respectively. The values
lerived for these fluxes were selected for plotting purposes, because they represented the highest radionuclide concentra-
ions of the results provided to PNNL by the NRC. For both vault scenarios, the calculated solubility-limited concentrations
if dissolved plutonium (thick solid line in Figure 4.4) based on the average ground-water composition are less than the
oncentrations determined from the rinse release model and the physicochemical conditions specified for the NRC LLW PA
est case. Maximum concentration limits based on solubility considerations may therefore provide a more accurate con-
traint, especially at pH values greater than 8.0, on the maximum concentrations of dissolved plutonium at these conditions.

1.9 Radium
.9.1 Calculated Solubilities

‘oncentration limits calculated for dissolved radium for the range of PH/Eh conditions limited by the cement- and ground-
rater buffered systems are listed in Table 4.6. The solubility control selected for dissolved radium at these environmental
onditions was the solid RaSO,. For the pH range 4.0 to 12.5, the total mass of dissolved radium is present as the aqueous
secies Ra?*, which is the only radium aqueous species in the thermodynamic database used for these calculations.

he modeling results indicate that the radium concentrations calculated with the average ground-water compositions are
oproximately an order of magnitude greater than those calculated with the maximum anion concentrations. This is caused
y the differences in the concentrations of sulfate, which are 2.6 ppm (2.7 x 10" mol/l) and 20 ppm (2.1 x 10~ mol/l),

:spectively, in the average and maximum-anion ground-water compositions (see Table 3.1). The solubility product for
)lid RaSO, can be expressed as ’

Ra®* + SO <« RaSO, Log K65 = 10.4499 @.1)
{Ra"}{ 507} = 107049 BCE)
here "{}" denote activities of the indicated aqueous species. As indicated in Equation 4.2, if the concentration of dis-
lved sulfate is increased, then the concentration of dissolved radium in equilibrium with RaSO, must correspondingly

:crease. Because the difference in the two sulfate concentrations is approximately an order of magnitude, the calculated
mcentrations of dissolved radium will change by the same amount.
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Table 4.6 Maximum concentration limits calculated for dissolved radium for the NRC LLW PA test case

Average ground-water Maximum anion
composition concentrations

pH Eh (mV) mol/l

4.0 581 1.3x10° 1.7 x 107
4.5 558 1.3 x 10% 1.7x 107
5.0 536 1.3x10° . 16x107
55 514 1.3 x 10° 1.6 x 107
5.8 500 1.3x10° 1.6 x 107
6.0 490 1.3x10°% 1.7 x 107
6.5 470 ' 1.3x 10% 1.7 x 107
7.0 450 1.3x10° 1.7 x 107
7.5 420 1.3x10° 1.7 x 107
8.0 400 1.3 x 10% 1.7 x 107
8.5 380 1.4 x 10° 1.7 x 107
9.0 360 14 x 10° 1.8 x 107
9.5 340 : 1.4 x 10° 1.8 x 107
10.0 310 1.4 x 10% 1.8 x 107
10.5 290 1.5x 10% 1.9 x 107
11.0 270 1.6 x 10° 2.0x 107
1.5 250 1.7 x 10° 2.1x 107
12.0 220 1.9x 10° 24x107
12.5 200 2.5x10° 3.2x 107

The concentrations of dissolved radium in Table 4.6 for the average and maximum anion ground-water compositions are
plotted as a function of pH as thick solid and dashed lines in Figure 4.5, respectively.

4.9.2 Published Solubility Data

Bayliss et al. (1989) attempted to experimentally determine the solubility limits for dissolved radium equilibrated in
cement-equilibrated waters. Our results are consistent with, but not validated by, their results. The experiments by Bayliss
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Figure 4.5 Concentration limits for‘_d‘i”ssolved radium

[The thick solid and dashed curves represent values calculated in our study using RaSO, as the solubility control for the
average and maximum-anion ground-water compositions, respectively The thin dotted horizontal line shows the initial
concentration of total dissolved radium used in experiments by Bayliss et al. (1989). The thin dashed and dashed-dotted
horizontal lines show the radium concentrations calculated by the NRC using the rinse release model and water volume
fluxes of 1,000 and 100 ft’/yr for **Ra in Class A and B/C vaults, respectively]

et al. indicated that radium stayed in solution (i.e., undersaturated conditions) at an initial concentration of dissolved radium
of 107 M (thin dotted line in Figure 4.5). Hazards from a high dose rate of gamma radiation precluded them from
conducting experiments using higher concentrations of dissolved radium. :

4.9.3 NRC LLW PA Test Case Rinse Release Model

The radium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of solu-
bility limits or sorption coefficients) and water volume fluxes of 1,000 and 100 ft*/yr for 2°Ra in Class A and B/C vaults,
respectively, are plotted in Figure 4.5 as thin dashed and dashed-dotted horizontal lines, respectively The values derived
for *Ra at these fluxes were selected for plotting purposes, because they represented the highest radionuclide concentra-
tions of the results provided to PNNL by the NRC. The radium concentrations derived using the rinse release model for the
Class A vault scenario are lower than those based on solubility considerations. For the Class B/C vault scenario, the
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solubility limits calculated for radium are less than the rinse release model values at all pH values from 4.0 to 12.5 and may
provide a more accurate constraint on the maximum concentrations of dissolved radium.

4.10 Strontium
4.10.1 Calculated Solubilities

Concentration limits calculated for dissolved strontium for the range of pH/Eh conditions limited by the cement- and
ground-water buffered systems are listed in Table 4.7. The solubility control selected for dissolved strontium at these
environmental conditions was the mineral strontianite (SrCO,).

Table 4.7 Maximum concentration limits calculated for dissolved strontium for the NRC LLW PA test case

Average ground-water composition

pH Eh (mV) mol/l

4.0 581 1.3x10%
45 558 1.3x 10"
4.9 ~ 536 2.1x 107
5.5 514 3.9x 10!
5.8 500 8.7x10?
6.0 490 2.3x10?
6.5 470 1.4 x 10°
7.0 450 1.3x10*
1.5 420 3.5x10°
8.0 400 | 9.8x 10%
8.5 380 2.5x10°
9.0 360 7.3 x 107
9.5 340 2.5x 107
10.0 310 1.1x 107
10.5 290 6.6 x 10°*
11.0 270 53x10°%
11.5 250 5.1x10°%
12.0 220 56x10%
12.5 200 72x10°%
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The distribution, given as the percent of total mass of dissolved strontium, of the dominant strontium aqueous species for
the modeling results based on the average ground-water composition are listed below for several pH values:

* pH=4.0and5.8 Sr** (100%)
e pH=9.0 Sr** (97.4%), SrCO; (aq) (2.2%), other strontium species (0.4%)
* pH=125 Sr** (69.4%), SrCO; (aq) (22.0%), STOH" (7.9%), other strontium species (0.7%)

There are no significant differences between the solubility-limited concentrations of dissolved strontium calculated with the
average and maximum concentrations of dissolved anions as listed in Table 3.1.

However, it should be noted that the strontium concentrations listed in Table 4.7 are very sensitive to the carbonate
equilibria assumed in the conceptual model. Carbonate is a component of the strontianite solubility product and is also an
important complexing ligand for strontium, forming aqueous species such as SrCO; (aq). The concentrations of dissolved
carbonate were constrained between pH values of 4.0 and 8.0 by assuming equilibrium with 0.003 atm CO, (gas) and

between pH values of 8.0 and 12.5, by assuming equilibrium with the solubility of calcite (CaCO,).

The concentrations of dissolved strontium in Table 4.7 are plotted as a function of pH as the thick solid line in Figure 4.6.
It should be noted that the predicted solubility for dissolved strontium at pH values less than 6 are probably too high and
not realistic. A different solid or another reaction process, such as sorption or coprecipitation, will likely control the
solubility of strontium at pH values less than 6 to concentrations lower than those in Figure 4.6. Moreover, the modeling
calculations that predicted the high solubilities for dissolved strontium are probably not valid given the lack of a charge
balance constraint as noted in Section 3.1.

4.10.2 Published Solubility Data

Based on the literature reviewed to date, no published experimental studies of strontium solubility in cement-equilibrated
water have been identified. These data will be needed for validation testing of the calculated solubility limits for strontium.

4.10.3 NRC LLW PA Test Case Rinse Release Model

The strontium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of
solubility limits or sorption coefficients) and water volume fluxes of 1,000 and 100 f*/yr for *Sr in Class A and B/C vaults,
respectively, are plotted in Figure 4.6 as thin dashed and dashed-dotted horizontal lines, respectively The values derived

for *Sr at these fluxes were selected for plotting purposes, because they represented the highest radionuclide concentrations
of the results provided to PNNL by the NRC. The strontium concentrations derived using the rinse release model for the
Class A vault scenario are lower than those based on solubility considerations for the pH range from 4.0 to 12.5. For the
Class B/C vault scenario, the solubility limits calculated for strontium are less than the rinse release model values at all pH
values greater than approximately 6.5 and may provide a more accurate constraint on the maximum concentrations of
dissolved strontium.

4.11 Technetium

A solubility control could not be identified for dissolved technetium at the oxidizing conditions used in our conceptual
model for the solubility calculations (see Chapter 3). A limited set of chemical equilibria calculations were completed at
PH values of 5.8 and 12.5 to determine the redox conditions at which a solubility control might limit the concentrations of
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Figure 4.6 Concentration limits for dissolved strontium

[Solid line represents values calculated in our study using strontianite (STCO;) as the solubility control. The thin dashed
and dashed-dotted horizontal lines show the strontium concentrations calculated by the NRC using the rinse model and a
water volume flux of 1000 ft*/yr for *Sr in Class A and B/C vaults, respectively]

dissolved technetium. Using an arbitrary initial concentration of total dissolved technetium of 6.2 x 10 mol/l [1 ppm
Te(total) as TcO;], the calculations indicate that the Eh values must decrease from +500 to +211 mV at pH 5.8 before the
solubility of a technetium solid (e.g., Tc,0,) is exceeded. At pH 12.5 and the same initial concentration of dissolved tech-
netium, the redox conditions must decrease from +200 to -267 mV before the solubility of Tc,0, is exceeded. This starting
concentration for dissolved technetium [1 ppm TcOj(total)] is similar to the concentration estimated by the NRC using the
rinse release model for a Class A vault disposal scenario at a water flux of 1,000 f*/yr. At any given pH, the Eh value at
which solubility equilibrium is reached decreases with decreasing initial concentrations of dissolved technetium.

4.12 Thorium

4.12.1 Calculated Solubilities

Concentration limits calculated for dissolved thorium for the range of pH/Eh conditions limited by the cement- and ground:
water buffered systems are listed in Table 4.8. The solubility control selected for dissolved thorium at these environmental
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Table 4.8 Maximum concentration limits calculated for dissolved thorium for the NRC LLW PA test case

Average ground-water composition Maximum éx;ion cbnéghtrations
Eh Without Th-CO, species ~ With Th-CO, species Without Th-CO, species
pH (mV) ey moll | J
40 581 9.9x10° 9.9x 10° 2.3x 10°
45 558 11x 10° ~ LIx10® 42x10°
50 536  26x10%  26x10¢ 1.9 x 10°
55 514 77x10" . 78x107 1.0x 10°
58 500 o os3xie? 5.5x107 8.5x10°
60 490 L asx107 435107 8.1x 10°

65 470 33x107  43x107 7.7 x 10
70 450 25x100 50x107 7.4x% 10
75 420 12x107 48x10’ 6.8 x 10°
80 400 9.0x 10° 44x107 4.7x10°
85 380 9.8 x 100 54x107 7.4 % 107
90 360 7.0 x 107° ~ 60x107 9.9x 10®
9.5 340 6.5x 107 s9x107 7.1 x 10
100 310 6.3x 107 4.8x 107 . 63x10°
10.5 290 6.2 x 10™ 2.9x 107 6.2 x 107
1.0 270 6.2 x 10" 1.3x107 . 62x10
1.5 250 6.2 x 10" 46x10° o 62x10M
120 220 62x 10 1.5 x 10¢ 62x 107
125 200 6.1x 107 47x10° ~ 61x107

(1) This compound will be referred to as ThO, (am) through the remainder of the report.
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conditions. Therefore, selection of the appropriate stability constant for this species is important to predicting thorium
solubility. The equilibrium constant reported for the species Th(OH), (aq) by Ryan and Rai (1987) was used for the
calculations described below. :

Concentrations of dissolved thorium (second column from left in Table 4.8) were also calculated using the thermodynamic
constants reported for thorium-carbonate complexes by Osthols et al. (1994). These calculations were also based on the
average ground-water composition and assuming ThO, (am) as the solubility control. Constants for the thorjum-carbonate
complexes were derived for the MINTEQ database from the values of Osthols et al. (1994) by assuming that the solubility
product reported by Felmy et al. (1991) for ThO, (am) was equivalent to that reported by Osthols et al. for ThO, (act).!

The three sets of concentration limits listed for dissolved thorium in Table 4.8 are significantly different. These differences
can be explained by examining the distribution of dominant thorium aqueous species as a function of pH. The distribution,
given as the percent of total mass of dissolved thorium, of the dominant thorium aqueous species for the three sets of
modeling results are listed in Table 4.9 for several pH values. The thorium concentrations calculated for the average
ground-water composition without and with the thorium-carbonate complexes differ by as much as two orders of magnitude
at pH values from 7.5 to 11.5. The increase in concentrations of dissolved thorium are due to formation and dominance of
the thorium-carbonate complex Th(OH),CO;. The differences between the maximum concentrations calculated for dis-
solved thorium without the thorium-carbonate complexes using the average and maximum anion ground-water compositions
are due to increase in concentrations of dissolved phosphate (0.1 to 2.2 ppm) and predicted formation of the Th(HPO,)¥
complex. For the maximum anion ground-water composition, the Th(HPO,)? complex dominates, as noted from the
species distributions listed in Table 4.9, the speciation of dissolved thorium from pH values of 5.0 to 9.0. The accuracy of
the available thermodynamic data for thorium-phosphate aqueous complexes has been questioned by others (for example,
see Osthols [1995]). Additional experimental studies will be required to validate these solubility calculations, especially the
importance of thorium-carbonate and thorium-phosphate species.

The concentrations of dissolved thorium in Table 4.8 calculated without and with the thorimn-cérbonate complexes for the
average ground-water composition are plotted as a function of pH as thick solid and dashed lines, respectively in
Figure 4.7.

4.12.2 Published Solubility Data

Ewart et al. (1992) experimentaily determined the concentrations of dissolved thorium resulting from the equilibration of
cement-equilibrated waters that were oversaturated with dissolved thorium. Values estimated from data reported graphi-
cally by Ewart et al. (1992, Figure 1) are plotted as filled circles in Figure 4.7 for comparison to the values calculated in our
study by computer modeling.

The experiments of Ewart et al. (1992) involved the addition of thorium chloride solutions to cement equilibrated waters in
a controlled atmosphere chamber with low CO, contents. Sufficient thorium solution was added to obtain an initial concen-
tration of 10 M dissolved thorium (thin dotted horizontal line in Figure 4.7). The pH of the resulting mixtures was
adjusted with sodium hydroxide or hydrochloric acid. Aliquots of the equilibrated mixtures were taken and filtered.
Thorium concentrations in the filtered solutions were determined by inductively coupled plasma mass spectrometry.

The thorium concentrations calculated in our study without the thorium-carbonate complexes using the average ground-
water composition are in fair agreement with the experimental measurements made by Ewart et al. (1992). Our calculations
of the solubility of ThO, (am) are approximately less than an order of magnitude lower than the data from Ewart et al.

(1) The "act" descriptor refers to a microcrystalline solid.
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Table 4.9 Distribution of thorium aqneops;pegigs for the NRC LLW PA test case

Thorium
species

pH

4.0 58 75 90 125
% mol/l )

ThOH*
Th(OH)}*
Th(OH);
Th(OH); (aq)
ThEPOL), u0)
ThHPO):
ThSOZ*
Th(SO,); (2q)

Average Ground-Water Composition Without Th-CO, Species

141 <10 <10 <10 <10
s <10 <1.0 <10 <10

454 2.1 <1.0 <10 <10

84 245 22 118 <1.0
<10 <10 <10 88.1 99.9

= <10 <1.0 <10
%67 <10 <10
<10 <10 <10
<1.0 <1.0 <1.0
<1.0 <1.0 <10

Th*

ThOH**
Th(OH)*
Th(OH);
Th(OH); (aq)
Th(HPO,), (2q)
Th(HPO,);
ThFJ«y g
ThSO}"
Th(SO,); (aq)
Th(OH),CO;

ition With Th-CO, Species

— <10 <10 <0
<10 <10 <10
<1.0 <10 <1.0
8.4 23.6 <10 <10 <10
<1.0 <10 <10 <10 130
<L0 341 oo S0 KO <1.0
<1.0 36.4 <10
3.7 <10 <10
42 <10 <0
1.8 <10 <1L0 . <10
<10 35 . 749 - 999 869

™
Th(OH)}"
Th(OH);
Th(OH), (aq)
Th(HPO,); (aq)
Th(HPO);
ThE*

ThSOZ
Th(SO,); (aq)

Maximum Anion Concentrations Without Th-CO, Species

69 <o <o <0 <10

20.1 <1.0 <1.0 <1.0
616 <o
) T < N
759 - 998
~<r‘,0 Y
<1.0 <10
<10 <10
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_Figure 4.7 Concentration limits for dissolved thorium

[The thick solid and dashed curves represent the thorium concentrations calculated without and with thorium-carbonate
complexes, respectively using the average ground-water composition and ThO, (am) as the solubility control. Filled circles
represent values estimated from data presented in Ewart et al. (1992). The thin dotted horizontal line shows the initial
concentration of total dissolved thorium used in experiments by Ewart et al. The thin dashed and dashed-dotted horizontal
lines show the thorium concentrations calculated by the NRC using the rinse release model and water volume fluxes of
1,000 ft*/yr for ®*Th in Class A and 100 ft/yr for 2*Th in Class B/C vaults, respectively]

Until additional laboratory studies are conducted to validate the predicted solubility limits for thorium, the thorium concen-
trations predicted using the thorium-carbonate complexes ﬁ'om Osthols et al. (1994) provide the more conservative set of

concentration limits.
4.12.3 NRC LLW PA Test Case Rinse Release Model

The thorium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of solubil-
ity limits or sorption coefficients) and water volume fluxes of 1,000 ft*/yr for **Th in Class A and 100 f*/yr for 2*Th in
Class B/C vaults are plotted in Figure 4.7 as thin dashed and dashed-dotted horizontal lines, respectively These values
were selected for plotting purposes, because they represented the highest radionuclide concentrations of the results provided
to PNNL by the NRC. The thorium concentrations derived using the rinse release model for the Class A vault scenario are
higher than those based on solubility considerations for the pH range 4.0 to 12.5. It is important to note that the high
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thorium concentration predicted by the rinse release model for a Class A vault cannot occur and is.not observed. In the
NRC LLW PA test case, the concentrations calculated with the rinse release model only apply to very mobile radionuclides
such as **CI or radionuclides for which there are no solubility or sorption coefficient data. For the Class B/C vault scenario, ,
the solubility limits calculated for thorium are three orders of magnitude or more greater than the value determined with the
rinse release model value.

4.13 Uranium

4.13.1 Calculated Solubilities

Concentration limits calculated for dissolved uranium for the range of pH/Eh conditions limited by the cement- and ground-
water buffered systems are listed in Table 4.10. Two solubility controls were considered in calculating maximum
concentration limits of dissolved uranium. These controls included the solids schoepite [UO,(OH),-H,0] (Table 4.10) and
uranophane [Ca(H;0),(UQ,),(8i0,),"3H,0] (Table 4.10).. Concentration limits based on schoepite are suspected to be
highly conservative. Uranophane is known to exist in uranium-loaded C-S-H mixtures and thus may be a realistic solubility
control for dissolved uranium. Calculation of its solubility, however, may be more susceptible to uncertainties in
conceptual models and available thermodynamic data. -

Schoepite is known to precipitate readily in low-temperature aqueous systems at laboratory time scales and result in high
concentrations of dissolved uranium (Krupka et al. 1985). In natural low-temperature aqueous systems, the presence of
alkali and/or alkaline earth jons at high pH conditions would result in the precipitation of alkali/alkaline earth uranium
compounds that would control the solubility of uranium to concentrations lower than those resulting from equilibrium with
schoepite. G o : . :

Atkins et al. (1990, 1991) have investigated uranium interactions with Ca(OH), and C-S-H using a range of uranium load-
ings and equilibration periods of 21 to 75 days. Solid phases in the resulting mixtures were characterized by x-ray
diffraction and analytical electron microscopy. Three uranium-containing phases were identified in these mixtures. These
phases, which included uranophane, a hydrated calcium uranyl oxide [Ca,U0;-(1.2-1.5)H,0], and becquerelite
[CaU¢0,,-H,0], could be possible solubility controls for uranium in cement-buffered systems. The solubility of uranophane
was calculated using an equilibrium constant derived from the Gibbs free energy value published by Nguyen et al. (1992).
Thermodynamic data have not been identified for the hydrated calcium uranyl oxide phase and becquerelite.

The modeling results indibated that dissolved uranium would exist in the +6 valence state andfixranyl carbonate and
hydroxy! species would dominate the aqueous speciation of dissolved uranium for the pH/Eh conditions considered for these
calculations. ‘ ‘ ‘ ‘ : ‘ '

The distributions, given as the percent of total mass of dissolved uranium, of the dominant uranium aqueous species for the
modeling results based on the average ground-water composition are listed below for several pH values:

Schoepite as solubility control

- pH=58 (UO,),CO,(OH); (43.7%), UO,CO; (aq) (18.1%), UO,(OH); (aq) (17.7%), UO,HPO, (aq) (5.2%),
‘ UO,0H" (5.0%), (UO,),(OH); (4.3%), UOZ* (2.0%), UO,PO; (1.3%), other uranium species (2.7%)

* PH=125  UO,(OH); (88.5%), UO,(OH); (7.1%), (UO,)(OH); (4.4%)
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Table 4.10. Maximum concentration limits calculated for dissolved uranium based on schoepite and uranophane as
a solubility control for the NRC LLW PA test case

Solubility Control
Schoepite Uranophane
pH Eh
(mV) mol/l
4.0 581 2.1x 103 13x10°
4.5 558 , 2.1x 10* 29 x10*
5.0 536 3.5x 10° 55x10°
5.5 514 1.4 x 107 8.5x 10
5.8 500 1.5x10% 39x10°
6.0 490 1.7x 103 _ 2.5 x 10°¢
6.5 470 3.9 x 10° 7.7 x 107
7.0 450 72 x 107 23 x 107
15 420 1.0 x 107 75x10°%
7.8 400 12x 10% 29x10°%
8.5 380 1.6 x 107 19x 10
9.0 360 19 x 10° 17x10%
9.5 340 22 x 10% 1.7 x 10°®
10.0 310 2.6 x 10 1.7x 10°®
10.5 290 3.7x 10 1.5x10%®
11.0 270 . 7.8 x 107 79 x 10°®
115 250 23x10? 2.8 x 107
120 220 75 x 10° 14x10°
12.5 200 2.7 x 102 1.0 x 107
Uranophane as solubility control
. pH=58 U0,CO; (aq) (23.8%), UO,(OH); (aq) (23.4%), (UO,),CO4(OH); (20.3%), UO,HPO; (aq) (16:2%),

UO,OH" (6.6%), UO,PO; (4.1%), UOZ* (2.7%), other uranium species (2.9%)
. pH=125 UO,(OH); (93.4%) and UO,(OH)} (6.6%)

At pH vadues1 greater than 10, the model calculations indicate that hydrolytic species will dominate the aqueous speciation of
dissolved U™

The concentrations of dissolved uranium in Tables 4.10 for the average ground-water composition are plotted as a function
of pH as thick dashed (schoepite as solubility control) and solid curves (uranophane as solubility control) in Figure 4.38.
There are no significant differences between the maximum concentration limits calculated for dissolved uranium using the
average and maximum anion ground-water compositions for either of the two identified potential solubility controls.
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Log Uranium Conc (mol/1)

Figure 4.8 Concentration limits for dissolved uranium

[The thick dashed and solid lines represent values calculated in our study using schoepite and uranophane as solubility
controls, respectively, for the average ground-water composition. Filled circles represent values estimated from data
presented in Ewart et al. (1992). The thin dotted horizontal line shows the initial concentration of total dissolved uranium
used in experiments by Ewart et al. The thin dashed and dashed-dotted horizontal lines show the uranium concentrations
calculated by the NRC using the rinse release model and water volume fluxes of 1,000 and 100 f/yr for *U in Class A

and B/C vaults, respectively.]

In addition to pH and Eh, the calculation of solubility limited concentrations for dissolved uranium are sensitive to several
other environmental parameters considered in the conceptual model. As noted from the dominant aqueous species listed -
above, carbonate complexation of UV! has a major effect on the maximum solubility limits calculated for dissolved uranjum.
Moreover, given the composition of uranophane, the concentrations of dissolved calcium and silica are additional factors
affecting the uranium concentrations based on equilibrium with uranophane. : :

4.13.2 Published Solubility Data
Ewart et al. (1992) experimentally determined the concentrations of dissolved uranium resulting from the equilibration of
cement-equilibrated waters that were oversaturated with dissolved uranium. Values estimated from data reported graphi-

cally by Ewart et al. (1992, Figure 3) are plotted as filled circles in Figure 4.8 for comparison to the values calculated in our
computer modeling study. The experiments described by Ewart et al. (1992) involved the addition of UV chloride solutions
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to cement equilibrated waters in a controlled atmosphere chamber with low CO, contents. Sufficient uranium solution was

- added to obtain an initial concentration of 5 x 10~ M dissolved uranium (thin dotted horizontal line in Figure 4.8). The pH
of the resulting mixtures was adjusted with sodium hydroxide or hydrochloric acid. Aliquots of the equilibrated mixtures
were taken and filtered. Uranium concentrations in the filtered solutions were determined by alpha counting.

Results of our solubility calculations bracket the experimental data of Ewart et al. (1992). The uranium concentrations
measured by Ewart et al. at pH values of 5 and 8 are approximately equal to the concentrations used to start their over-
saturation experiments, and thus may not indicate solubility limited conditions. The uranium concentrations modeled using
the solubility of schoepite are several orders of magnitude greater than the experimental values. The solubility of
uranophane, on the other hand, is in good agreement with the experimental values for pH values greater than 10.5, and
significantly underestimates the concentrations at lower pH values. Ewart et al. (1992) modeled the aqueous speciation and
solubility controls for their experimental results. They also noted that uranium concentrations based on equilibrium with
schoepite overestimated uranium concentrations relative to their observed values.

4.13.3 NRC LLW PA Test Case Rinse Release Model

The uranium concentrations (Table 4.1) calculated by the NRC using the rinse release model (prior to application of solu-
bility limits or sorption coefficients) and water volume fluxes of 1,000 and 100 f*/yr for **U in Class A and B/C vaults,
respectively, are plotted in Figure 4.7 as thin dashed and dashed-dotted horizontal lines, respectively. These values were
selected for plotting purposes, because they represented the highest radionuclide concentrations of the results provided to

_PNNL by the NRC. These two values are also very extreme relative to the concentration release predicted for the other
uranium isotopes using the rinse release model. The uranium concentrations derived using the rinse release model for the
Class A and B/C vault scenarios are both higher than those based on solubility considerations for the pH range 4.0 to 12.5.
The solubility limits calculated for uranium may provide a more accurate constraint on the upper concentration limits for
uranium.

4.14 Conclusions

Conservative maximum concentration limits for dissolved americium, nickel, neptunium, plutonium, radium, strontium,
thorium, and uranium were calculated using the MINTEQA2 geochemical code and associated thermodynamic database.
The concentration limits were determined as a function of pH at oxidizing conditions for two ground-water environments
associated with the NRC LLW PA test case. These environments include 1) a cement buffered system, wherein the leachate
pH is controlled at values above 10 by the effective buffering capacity of the concrete; and 2) a ground-water buffered
system, wherein the leachate pH and related solution parameters are dominated by the local ground-water system.

The solubility controls selected to constrain the maximum concentrations limits for these radionuclides are AmOHCO;,
Am(OH), (am), Ni(OH),, NpO,(OH) (am), PuO,*H,0 (am), RaSO,, SrCO, (the mineral strontianite), ThO, (am),
UO,(OH),*H,0 (schoepite), and Ca(H,0),(U0,),(SiO,),*3H,0 (uranophane). The maximum concentrations limits calcu-
lated for uranium for the pH range from 4 to 12.5 were lower than those calculated by NRC for Class A and Class B/C
vaults using the rinse release model and inventory considered in the NRC LLW PA test case. Except for neptunium and
thorium, the maximum concentrations limits calculated for the other radionuclides at pH values greater than 7 were lower
than those calculated for Class B/C vaults using the rinse release model in the NRC test case. For Class A vaults in the NRC
LLW PA test case, the maximum concentration limits calculated for the radionuclides, except for thorium and uranium, at
pH values less than 10 were greater than those determined using the rinse release model. .

Except for radium, the modeling results indicate that the maximum concentrations limits for the other radionuclides were
increased as result of aqueous complexation with dissolved carbonate and/or phosphate. Given the potential importance of
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phosphate complexation of several radiontclides and questionable adequacy of thermodynamic values for these phosphate
complexes, additional laboratory studies are needed to validate the importance of phosphate complexation of these
contaminants. '

The predicted solubility limits for dissolved neptunium, nickel, and strontium at pH values less than 6 are probably too high
and not realistic. A different solid or another reaction process, such as sorption or coprecipitation, will likely constrain their
solubilities at these pH values to concentrations lower than those predicted using the MINTEQA2 code. Moreover, the °
modeling calculations resulting in the high solubilities for these radionuclides are probably not valid given the lack of a
charge balance constraint in the modeling calculations. ‘

The maximum concentration limits for radionuclides will be constrained to different degrees by sorption processes. As
noted in this chapter, sorption may have a greater impact than solubility reactions on the concentrations of some radio-
nuclides. The sorption behavior of radionuclides may be significantly different than that observed for soils in ground-water
buffered systems given the major differences in the composition and high pH conditions associated with cement-buffered
systems. Therefore, a review was completed to assess the extent of sorption values, in the form of mass-related distribution
coefficients (or K, values), that are described in the literature. The results of this review are described in the next chapter
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Selected Radionuclides on Cementitious Materials

The available data for the sorption potential of selected radionuclides onto cement and concrete have been reviewed and
critically analyzed. The cement may be present a . 2 binder in solidified waste, construction and decontamination debris, or
a concrete vault used for long-term. storage and disposal of LLW. The supporting literature review was limited to a list of
radionuclide elements that are of particular interest to the U.S. Nuclear Regulatory Commission (NRC). These radio-
nuclides include americium, inorganic carbon, chlorine,

! rine, iodine, lanthanide elements, niobium, nickel, neptunium, pluton-
jum, radium, strontium, technetium, thorium, and uranium. Our review and analysis of sorption information focuses on the
geochemical conditions associated with "fresh" cement/concrete where the expected pH of the cement pore waters will equal

or exceed 10. Changes in sorption that may occt cement is significantly weathered over thousands of years are also
discussed. For these later conditions, the pH of the cement pore water will decrease to below 9 and the amorphous
hydration products [calcium silicate hydrogel (C-S-H)] typical of cement will have remineralized to more crystalline and
thermodynamically stable solid phases. i

5.1 Review by Bradbury R e

Nthc

tentially significant impact that materials in the dis-
The title of their review is "Sorption Databases for

A recent critical review by Bradbury and Sarott (1995) di
posed waste can have on the geochemical environment o ,
Cementitious Near-Field of a L/ILW Repository for Performance Assessment.” The review provides some expert opinion on
factoring in the impacts of organic waste degradation, metallic iron corrosion, and the formation of radionuclide bearing
colloids on the overall fate and transport of key radionuclides. Throughout the review of these issues, Bradbury and Sarott

caution the reader that the actual experimental data under disposal relevant conditions is very sparse and the understanding
of the controlling mechanisms for these processes is very limited. . F ,

Readers with performance assessment (PA) interests are encouraged to read and evaluate the important review by Bradbury
and Sarott (1995). It presents interesting discussions on waste- and disposal material-induced processes that may perturb
the expected environment geochemical conditions, including sorption potential, of the LLW disposal system.

As an aside, the most important perturbation that may enhance the potential of nuclide migration is the degradation of
cellulosic material and formation of significant quantities of organic ligands. These processes can significantly increase the
solubility of radionuclides and decrease the adsorption potential of radionuclides over unperturbed conditions. Bradbury
and Sarott (1995) suggest that as little as 1 percent by weight loading of cellulose can show measurable effects on radio-
nuclide migration and that 10 percent cellulose loading in a disposal facility may significantly enhance migration and thus
warrants attention. The nuclides most influenced by the organic ligand degradation products are the actinide, lanthanide,
and the transition metal (e.g., nickel) elements. o B

5.2 Background Information
Prior to discussing the adsorption potential of each radionuclide, the following general topics will be discussed:

+ adequacy of the Ky approach to quantify adsorption

+ relevancy of laboratory data using crushed samples of cement
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L]

differences in cement types

cement versus concrete

long-term evolution of cement solid phases and pore water.

These discussions are important to understanding and evaluating the available information for the sorption potential of
radionuclides in cementitious systems. ‘

5.2.1 K, Approach

The most common approach to quantifying adsorption is to use the distribution coefficient, K,, which is also often referred
to as the distribution ratio, R,. This constant is defined as

concentration of radionuclide adsorbed on solid per mass (5.1)

K,orR, =
d d concentration of radionuclide in solution per volume

Serne and Muller (1987) and Serne (1992) discuss the derivation and assumptions underlying the use of K, in classical ion
exchange literature and the use of the more generic distribution ratio, Ry, by the nuclear waste community. The proper use
of the K, construct requires the following conditions:

« adsorption of the contaminant of interest onto the adsorbent must be measured only when the system is known to be in
equilibrium

« adsorption must be readily reversible

«  contaminant must be present in trace amounts and not show differing adsorption tendencies as a function of its
concentration.

Some or all these requirements are often not met or investigated in radionuclide sorption experiments. For this reason, the
use of the R, terminology has evolved to represent the less well-controlled and defined adsorption.

The K, term will be used however throughout this document, because K, is commonly used in the PA literature and cannot
be easily confused with the retardation factor parameter, R, used in computerized hydrologic transport models. The reader
is cautioned, however, that the sorption data discussed in subsequent sections may not meet the conditions described above
for the more exact use of the K, term.

Although K, measurements are intended to be a quantification of adsorption, they are in most cases more properly a meas-
ure of total retardation, in that the investigators do not differentiate between the retardation processes of true surface
adsorption and precipitation processes. Because K, values are usually used in PA analyses to calculate retardation factors,
which provides a measure of the speed at which the ground or pore water is moving versus the speed at which the contami-
nant is moving, it is important to not over estimate the distribution ratio by including precipitation processes. If the
migration potential of a contaminant is predicted using an erroneously high K, and R, then the actual migration will exceed
the predicted and such predictions would be unacceptably non-conservative. Therefore the K, values chosen should be
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scrutinized and, where possible, the primary citation should be critically analyzed to see if the experiments attempted to
preclude precipitation reactions during their measurements. Experimenters can minimize precipitation-enhanced K, values
by using the following techniques: g

. Blank container tests (i.e., without absorbent present) can be conducted to check for tracer stability in solution (i.e.,
changes in the tracer concentration, changes in the solution color, presence of turbidity, etc.). ;

«  Empirical solubility tests can be conducted prior to performing the adsorption measurements to determine whether the
tracer solution is prone to precipitation. The K, measurements can then be completed at tracer concentrations lower
than those where precipitation was observed. ; ‘

«  The preferred method for adding the contaminant spike involves pre-equilibrating the desired solution (free of
radionuclide spike) with the adsorbent for sufficient time to reach steady state. After separating the absorbent from the
pre-equilibrated water, the spike is then added to the water and the pH adjusted to the desired value. After several
additional days of equilibration, the spiked water is filtered (0.45-um and 18-A filtrates if possible) and then
reintroduced to the same adsorbent or a fresh adsorbent sample. i s ~

atest concern rlative to precipitation s the direct spke of a known

e that 1
amount of tracer from its acid stock solution into a test vessel containing the adsorbent and aqueous solution (e.g., deionized
and ground water) mixture that had pre-equilibrated for several days or weeks. This is often done without any heed to the
fact that the acidity of the small volume of added tracer solution is very rapidly consumed by the excess Ca(OH), present in
the fresh cement. The pH of the tracer solution containin: onuclide contaminant is thus rapidly changed from an
acidic to a highly basic environment with pH values near 12 to i olubility-induced precipitation is quite
likely. IR : : R

The most commonly used proce

In summary, fresh cement/concreteis a highly reactive and unstable assemblage of solids such that care must be taken when
calculating the distribution ratio to avoid including copious precipitation of the nuclide because of wide swings in pH
caused by the Ca(OH), and C-S-H components of hydrated cement. It is likely that some coprecipitation loss of nuclide to
the ever-evolving surfaces of the reactive cement phases will occur, but the radiotracer contacting solution should be .
adjusted to the appropriate pH prior to contacting the solution with the solid. Conversely, solubility experiments could be
performed in cement equilibrated water prior to performing adsorption tests to be certain that the amount of radiotracer
added to the adsorption experiment is appropriate. b U e e

5.2.2 Relevancy of Sorption Data for Crushed Cement Samples

Most of the available K, values have been derived from tests using specimens of crushed cement. Because adsorption is

generally considered to be quite sensitive to the available surface area of the adsorbent, K, values measured for crushed -

cement might be biased too high. Bradbury and Sarott (1995) argue that hardened cement paste is a conglomeration of very
fine-grained, microporous solids. The grain sizes of these materials may range from less than a few microns to tens of
microns, and their porosity typically exceeds 20 percent. Thus, the disaggregation of a cementitious material should exp
the same surfaces that would be available to contaminants released in the disposal facility. Further, Bradbury and Sarott i
state that the few literature citations that they found which address this issue explicitly show no significant effects between
the K, values measured on various sizes of cement particles. Primary references cited by Bradbury and Sarott inclu
Atkinson and Nickerson (1988), Bayliss et al. (1991), and Atkinson et al. (1988).

On the other hand. several researchers (¢.g., Jakubick et al. 1987 and Hietanen et al. 1985) point out the difficulty in -
applying the typical K, measured on 2 specific weight of cement disaggregatedto a selected particle size distribution t
contaminant transport applications where the better normalizing parameter is arguably surface area. In fact, some
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researchers perform their adsorption experiments on small monolithic samples and report adsorption on a geometric, meas-
ured, or calculated reactive surface area. In these instances, it is important to consider the diffusion of contaminant from
the solution into the interior of the porous monolith. That is, longer contact times than those normally afforded in batch
adsorption testing of soils should be allowed in order to reach a true equilibrium state. Thus, if the adsorption measure-
ments could be on monolithic samples carried out over the long time periods (months to years) that will exist for the per-
formance of a disposal system, there would likely be little difference in the K, values for monolithic or crushed samples
calculated in the traditional units of weight of the adsorbent.

Therefore, K, values on "crushed" cement likely represent accurate numbers for long-term PA calculations. K, values based
on short-term experiments (e.g., less than several months) involving sorption on small slabs or monolithic cylinders of
cement/concrete may underestimate the true equilibrium values.

5.2.3 Sorption Versus Cement Types

There are many types of cement blends available that have different physical properties once hardened (see Lea 1988). In
addition, cements contain minor impurities whose concentrations depend on the source of the starting materials. For
cementitious waste forms, other additives, such as fly ash, furnace slags, clays and zeolites, are often added to tailor the
solidification process to better sequester contaminants by adsorption or redox-mediated reactions.

Despite these potential differences, a literature review on the evolution of cement or grout pore waters reveals that their
chemistry is generally remarkably similar. Highly reactive solids in the dry cement blends, often referred to as clinker,
dominate the pore chemistry and its evolution. The pore-fluid chemistry is generally well-defined and the evolution of the
solid phases towards more thermodynamically and crystalline forms is well documented. The reader is referred to the
detailed discussions related to these processes in the appendices of this report and in Bradbury and Sarott (1995).

The one variable that can vary significantly in cement pore water and influence radionuclide adsorption potential is the
solution redox potential, Eh. The major constituent that can influence the Eh of cement pore fluids is the sulfur contained
in compounds found in slags that are often used in tailoring solidification of radioactive wastes. For details, the reader is
referred to the discussions on this topic in Angus and Glasser (1985), Atkins and Glasser (1992), and references therein.
The Eh conditions of the disposal facility may also be lowered by corrosion of iron containers (see Ewart et al. [1988]).

5.2.4 Sorption Potential of Cement Versus Concrete

For a few radionuclides (e.g., cesium), there appears to be a significant difference between the adsorption onto pure cement
paste versus that onto concrete. Concrete is a mixture of cement (usually about one-fourth as much on a volume basis as
found in cement-only pastes); sand-, pebble-, and cobble-sized aggregate material; and water Most radionuclides appear to
favor association with the very fine-grained cement and its hydration products. Thus K,s for concrete are lower than those
for cement on a weight basis. However, for cesium, many researchers have found that the aggregate in concrete "adsorbs"
more cesium than cement paste, because of the high adsorption of cesium onto primary minerals, especially biotite and
micaceous minerals, found in rocks used as aggregate material.

5.2.5 Adsorption Versus Long-Term Evolution of Cement Pore-Water Compositions and Solid
Phases

The evolution of the cement pore water chemistry and the hydration solids versus time is discussed in Section 2.2 and

'Appendices A and B of this report. The reader is referred to the discussions and supporting references provided in the
appendix of this report, as well as the discussions in Bradbury and Sarott (1995), Berner (1992), and references therein.
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The convention of Bradbury and Sarott (1995) for the three types of physicochemical environments that all cements
progress through will be used for our discussions and development of a preferred database of Kd values onto- - '
cement/concrete. These environments include the followmg. e e e N i

. Envxronmentl Thls en ; 'i "
cement pore water is characterized
potassium and sodium resulting from ‘ ali T « centr

of sodium is sometimes augmented b the di utxon f i morgamc salts that have been solzd:ﬁed and buried i in the

N dnsposal facility. Sq jt} S.

ts,:dﬁraﬁm s on how much waier pmlates :
d te. Using the estimates from Berner (1992), this

For the development of prefemed databa‘seof K, value
(1995) was followed by a551gx1mg Ky vaiues for most cf the rad:onuci:des

paredtﬁthec;, H.

5.2. 6 Other Consnderanons

Many of the factors dzscussed above iead to s:gmﬁcant vanabﬁzty in reported K, values for the . dsorptlon of radxonuchdes
onto cement and concrete. Thus the proper selection of a K, value for a specific apphcatxon will require judicious selec-
tions from the available literature. The reader is also reminded that the focus of our review and following analysis is on the
geochemical conditions associated with "fresh" cemenﬂconcrete (Envnronments I and‘ll}:where the expected pH of the .
cement pore waters will equal or exceed 12. 8 ‘
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On a positive note, the adsorption measurements described in the literature are consistent on the qualitative adsorption
(retardation) behavior of the radionuclides included in our review. That is, all sorption studies basically agree on which

radionuclides are

*  strongly retarded by cement paste (e.g., actinides, lanthanides, transition metals, inorganic carbon)
*  moderately retarded by cement paste (e.g., radium, strontium, iodine, technetium)
*  not significantly retarded by cement paste (e.g., chlorine and cesium).

K, values for cementitious materials typically shows considerable scatter which could be misconstrued as inconsistency in
sorption behavior. Experimentalists who have evaluated the precision of their adsorption (K,) measurements have noted in
some studies a factor of two difference in measured Ky values for identically treated, ostensibly duplicate samples. How-
ever, because cement is usually studied in its freshly cured state, unusually large variations in reported K, values should be
expected. At this point of the cement evolution, hydration reactions are continuing and alkali and OH" ions are still leach-
ing in significant quantities into the pore waters. Moreover, the resulting cement hydration minerals are not thermodynami-
cally stable relative the geochemistry of most surface and ground waters. The confounding effects of precipitation/
coprecipitation, especially in tests where higher concentrations of tracers are used to make K, measurements easier, further
adds to the variability of the results. :

From the perspective of hydrologic transport or PA calculations, the fact that cement and concrete are very impermeable yet
very porous media must be considered. The major transport pathway through cement or concrete may in fact be through
fractures or other defects that are more amenable to advective flow of water and much more reactive to chemical weather-
ing. The weathering products along these flow paths will exhibit different adsorption tendencies, or at least different
reactive surface areas, compared to the bulk cement hydration gel minerals.

Bradbury and Sarott ( 1995), Dayal and Reardon (1992), and Serne (1990) discuss the potentially beneficial phenomenon of
carbonate plugging or armoring. Carbonate precipitation might close up fractures that form in monolithic cement and con-
crete structures and thereby further retard the already slow diffusion of most radionuclides through the hardened cement
paste. It would be useful to look for old cementitious structures and to see if water and/or contaminant migration are totally
dominated by the harder-to-quantify fracture flow than the slow diffusion through the impermeable but porous cement
matrix.

Atkinson‘” and colleagues have presented several papers (Atkinson 1983, Atkinson et al. 1986, and Atkinson and
Nickerson 1988) that discuss a rather appealing conceptual model for the transport of contaminants through a porous, yet
rather impermeable, material such as cement. The model recognizes the physical transport aspect (diffusion) and the chem-
ical interactions (retardation) of radionuclide migration. The model requires that chemical interactions are reversible, such
as surface adsorption reactions that have fast kinetics and exhibit a linear isotherm (i.e., K, is independent of concentration
and time). For these interactions, simple mathematical equations can be used to derive both apparent diffusion coefficients
and K;s from common laboratory experiments. These could include traditional techniques, such as batch adsorption,
through-diffusion, in/out diffusion, a