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OVERVIEW OF GEOCHEMICAL MODELING NEEDS 
FOR NUCLEAR WASTE MANAGEMENT 

Dana Isherwood and Thomas Wolery 
Lawrence Livarmore National Laboratory 

Livermore, CA 94550 

INTRODUCTION 
There is a well established need for a comprehensive geochemical code 

capable of modeling chemical processes important to trie study of nuclear waste 
disposal (e.g., Apps et al., 1982). Both the Department of Energy (DOE) and 
the Nuclear Regulatory Commission (NRC) will rely on computer generated 
predictions of radionuclide migration to evaluate potential repository sites. 
Tnis heavy reliance on computer models is the only technically feasible 
approach given the limited time scale of field and laboratory experiments. 
For both long-term predictions involving tens of thousands of years and the 
interpretation of short-term experiments, the geochemical codes used to 
support a licensing application mu*t be capable of modeling the tnermodynamies 
and kinetics of reactions that control processes such as sorption and 
precipitation. 

To identify fundamental research needs for nuclear waste isolation, we 
shou'd first look at the areas of geochemical code and data base development 
already planned by the tuff (Nevada Nuclear Waste Storage Investigations, 
NNWSI) and salt (Office of Nuclear Waste Isolation, ONWI) Programs. This will 
provide us with a -asis for the recommendation of basic research areas which 
will complement the modeling work now underway or planned. It will also give 
tne Workshop participants an opportunity to critique the selection of 
geochemical modeling related tasks considered essential to site evaluation by 
NNWSI ana ONWI and to have an impact on the direction of future modeling 
efforts. 

CODE DEVELOPMENT TASKS 
The NNWSI and ONWI have developed a geochemical modeling ta^K plan 

(Isherwood and Wolery, 1984; Basham et al., 1983) which is designed to meet 
the immediate needs of the National Waste Terminal Storage Program based on 
time scnedules mandated by the Nuclear Waste Policy Act of 1982. It is a 
five-year plan of code and data base development of the geochemical code 
package EQ3/6 (Wolery, 1983; Wolery, 1984). A special emphasis is placed on 
verification and code documentation to meet NRC requirements (Silling, 1983). 

This section contains a brief description of the main code development 
tasks listed according to the year they are planned. Modeling tasks wnich 
involve code development already accomplished (e.g., mineral dissolution 
kinetics and activity coefficient corrections needed to model high ionic 
strength brines) and the improvement of already existing capabilities are not 
described (e.g, a graphics package planned for FY 1985). The order in which 
the tasks are scheduled indicate their relative priority given the resources 
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available to do them. Like any plan, ils successful completion will depend on 
the continuing support of its sponsors. In the future, the granite (OCRD) and 
the basalt (BWIP) Programs may choose to join with tuff and salt to make EQ3/6 
the single geocnemical code used by all four Programs. This avoids 
duplication of effort which costs time and money and should make the 
comparison of geochemical modeling results from different candidate repository 
sites easiar to interpret. 

Precipitation Kinetics. In FY 1984, we will begin work on adding basic 
precipitation kinetics to EQ6, the reaction path model. This will allow us to 
model precipitation growth kinetics according to fairly simple rate laws and 
will complement the existing capability to handle dissolution kinetics. In FY 
1985, precipitation Kinetics will be extended to include second-order effects 
and nucleation phenomena which control precipitation. Tne ability to include 
precipitation kinetics is critical to both the modeling of laboratory 
experiments (Knauss et a(., 1984) and the evaluation of solubility limits on 
radionuclide migration. 

Fixed Fugacity. In FY 1984, we added the capability to model systems open to 
gases (ite., a fixed fugacity model; Del any and Wolery, 1984). This was done 
by defining a solid phase of each gas as a fictive mineral. The fugacity of 
tne gas was then fixed by the value given the stability constant for the 
reaction between the fictive mineral and the gas. The fixed fugacity option 
allows us to model reactions taking place in the unsaturated zone where the 
void space is conceptualized as a large external reservoir of 03 and COj. 

Sorption. In FY 1985, we will begin a three-year period of code development 
tnat wiIT give us the capability to model sorption processes. Sorption is 
often considered the single most important process affecting radionuclide 
migration in crystalline rock. At first, LLNL will incorporate only the 
simplest of models, the linear isotherm model, into EQ3/6. We may wish to 
include into EQ3/6 modified versions of sorption sub-models used in other 
geocnemical codes {e.g., Westall and Hohl, 1980). Our eventual goal is the 
capability to model complex sorption isotherms, sorption kinetics, and 
non-equilibrium sorption processes which control radionuclide migration. We 
need to reach a poifit where the model is "good enough", that is, one which 
uses a scientifically defensible approach using the data and models available. 
Glass/Water Interactions Model. Beginning in FY 1985 and continuing into FY 
1986, we plan to complete a glass/water interactions model. The first step 
will be the evaluation of models currently used to describe leaching (e.g., 
White, 1983; White and Claassen, 1980). Et|6 will be modified to take into 
account the effect of the diffusion process, the changing thickness of the 
altered layer, and the changing composition at the interface where the glass 
is dissolving. This will allow us to handle reactants, such as glasses, that 
are non-uniform in composition (before and/or after reaction). This 
capability is important for modeling both waste glass leaching experiments and 
reactions involving tuff units containing amorphous glass that has not 
devitrified. 
Redox Disequilibrium and Kinetics. In FY 1985, we plan to begin a one-year 
effort to add to EQ.6 the capability to handle redox disequilibrium. This will 
allow users to model systems where one redox couple is not in equilibrium with 
another (e.g., Fe 2 +/Fe^ + and S0^"/S 2"). Redox kinetics will later 
be incorporated into EQ6 to aid us in modeling corrosion experiments and other 
related experiments involving cannister and overpack materials. 
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Radiolysis. Completion of the above task is a prerequisite to the addition of 
a radiolysis sub-model. This capability is needed for the evaluation of the 
waste package design and for interpreting corrosion experiments done in a 
radiation field. We will use a data base of G-factors to evaluate the 
production of radiolysis products. G-factors are the parameters that relate 
radiation flux to the production of radiolysis products. 
Site-Mixing Concept and Solid Solutions. Solid solutions are now represented 
in EQ3/6 as percentages of end-member components and are limited to a small 
number of mineral families (e.g., olivine). A more sophisticated approacr is 
the site-mixing concept which recogni2es that cations substitute for one 
anotner on well-defined sites in crystal lattices. By adding site-mixing 
models to EQ3/6, we will be able to model reactions involving clays and 
zeolites which are important components in the tuff. LANL is working on a 
site-mixing model for zeolites. Stoessell (1981) has one for illites and 
KerricK and Darken (1975) have one for plagioclase. Success in modeling 
illites will allow us to add other phases of interest such as montmorillonites. 

All of the above tasks are considered essential additions to the EQ3/6 
code capabilities. The following two tasks scheduled to begin in FY 1987 are 
of lesser importance and may be delayed or omitted depending on the current 
needs of NNWSI and ONWI at that time. 
Geochemical Flow Model. Changes in EQ6 will be made to model flow-through 
leaching experiments by conceptualizing a reaction vessel where the rock, 
waste form, and secondary precipitates will remain stationary in contact with 
flowing solutions. The solution will fill the vessel, reactions will take 
place, the solution (whose composition presumably nas changed) will be flushed 
out, and new solution added. This sequence of events will be repeated as the 
experiment continues. 
Isotopic Fractionation. The need to model the preferential substitution of 
one isotope for another of the same element in a solid or aqueous phase has 
not been established. It has limited usefulness to NNWSI and ONWI and will 
require a data base of fractionation facto-s that is specific to nuclear waste 
in addition to the fractionation factors that are currently available (e.g., 
tne ratio of ^ C to ^ C expected in calcite precipitated from ground water 
in contact with atmospheric CO2). 

DATA BASE DEVELOPMENT 
Elements present in nuclear waste (e.g., the actinides and fission 

products) must be added to the thermodynamic djta base. We recently added 
technetium and ruthenium aqueous species and solid phases to the data Dase and 
upgraded the data bases for uranium and plutonium. Kerrisk'(1984) provided us 
with a data base for americium. In the coming year, we plan to add neptunium, 
thorium, and selenium as well as elements contained in the various materials 
now being evaluated for the waste packaje (e.g., copper, zirconium, tin, 
cnronium, cobalt, and nickel). Upgrades of the existing data for the more 
common species is also needed. The completeness of the final product will 
depend on the available data as there are no provisions in our plan for 
experimental work to solve the problems of missing or inadequate thermodynamic 
data. 
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In many areas, the data base suffers from a lack of even minimal data for 
temperature corrections (i.e., values for any two of Gibbs free energy, 
entropy and enthalpy). Table 1 illustrates our recent experience. For 
uranium, an element with a long history of study, the data is relatively 
good. Only the high temperature data for the hydrolysis products of U (IV) 
and the nitrate species are missing. High temperature data for Pu, Tc and Ru 
is generally poor. This inhibits our ability to model the repository 
environment where temperatures are expected to be approximately 100 to 200 oC. 

Taole 1: Number of Species With High Temperature Data (HT) 
Verses Total Number of Species (TOT) 

Element Solids Aqueous 
TOT HT TOT HT 

Tc 
Ru 
U 

VALIDATION ISSUES 
Validation is a test of how well tneory describes actual system behavior, 

that is, how well do the model calculations match the actual measured data 
(Ross et al., 1983). Validation requires selecting suitably well-constrained 
sets of experimental or field data to compare with the EQ3/6 calculated 
values. We can only validate a model by studying a real system where there 
are sufficient data to clearly describe that system without having to resort 
to estimates for the system's parameters. In other words, validation studies 
should not require eitner "tweaking" of the code or system data based on 
estimates to get the desired agreement. 

The major complaint concerning the use of models to make long-term 
predictions is the failure to validate. This is also true of the EQ3/6 
codes. The difficulty facec1 by modelers is the lac< of studies containing 
sufficient data for use in validation. The need for modelers and 
experimentalists to design experiments and field studies that meet the needs 
of both is often discussed, but little progress has been made. To adequately 
describe a system, a modeler usually needs more information than the 
experimentalist is prepared to give. Analytical problems still exist (e.g., 
redox measurements). Modelers and experimentalists are often physically 
isolated from each other, ejen within the same project. How can we improve 
the situation? Basic research needs identified by this Workshop should 
include guidelines for the use of experimental data in models. Specific data 
needs should D2 identified by the modelers as necessary for the validation of 
a particular model (e.g., redox kinetics). 
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RESEARCH NEEDS 
Basic research needs are associated with each of the code and data base 

development tasks summarized earlier. The lack of existing data needed for a 
particular model may defeat our efforts to develop that model (e.g., rate laws 
for modeling precipitation growth kinetics). Research needs include, but are 
not limited to: 

o Measurement of basic thermodynamic data at elevated temperatures for 
species identified by modelers as potentially important. 

o Evaluation of substances which control or limit precipitation and/or 
nucleation Kinetics. 

o Sorption studies specifically designed to provide data needed for 
modeling. This includes the rate of sorption, desorption, and the 
characterization of the solid and aqueous phases. 

o Site-mixing models and thermodynamic data for secondary minerals that 
form solid solutions. 

o The development of standard techniques for measuring rate laws for 
precipitation and dissolution kinetics. 

o Measurement of rate laws describing redox Kinetics, dissolution, and 
precipitation involving aqueous species and solid phases of interest to 
geochemical modelers. 

SUMMARY 
The objective of this Workshop is to identify critical unknowns and 

special problems in geochemistry from a basic research perspective. The Key 
word iiere is "critical". The identification of research needs is relatively 
simple compared to the chore of determining what's really important to the 
success of tne nuclear waste program. It will be necessary to uet priorities 
and develop a research .program that focuses on proven needs rather than on the 
current interests of individuals. 

In geochemical modeling, our progress in code development has exceeded our 
ability to validate and, in some cases, verify the models we've created. We 
can generate models more easily than we can validate them. For those of us 
working in the nuclear waste program, there is a sense of urgency generated oy 
milestones and schedules set by others. Experimental studies designed to meet 
validation needs dna basic research to generate missing data are often left 
out of program plans in favor of those tasks which directly support site 
characterization and performance assessment. This Workshop provides an 
opportunity to pul' together a research program that can benefit both science 
and the nuclear waste program. 

Work performed under the auspices of the U.S. Department of Energy by the 
Lawrence Livermore National Laboratory under contract number W-7405-ENG-48. 
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