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SUMMARY 

Geochemical modeling is one facet of research in support of nuclear waste 
disposal programs which is in progress at Pacific Northwest Laboratory. The 
work described in this report is being conducted by the Assessment of Effec
tiveness of Geologic Isolation Systems Program and the Waste/Rock Interactions 
Technology Program for the Office of Nuclear Waste Isolation. The primary 
objective of the geochemical modeling task is to develop an understanding of 
the waste-repository geochemical system and provide a valuable tool for esti
mating future states of that system. 

In order to model any natural geochemical system, sufficient field data 
must be available to determine significant details of the processes that 
influence the system. A computer model is assembled from a knowledge of these 
processes, and it reflects our understanding of the mechanisms involved. For 
the waste repository system, the components are ground water, host rock, back
fill, waste package, and waste form. Adequate field data for a particular 
site will enable a model of the evolution of the existing hydrogeologic system 
to be developed. Laboratory studies of the field samples will provide infor
mation to the modeler on the interaction of nuclear waste with the natural 
system. 

There currently exists a variety of computer codes which can be used in 
geochemical modeling studies. Some available codes contain the framework for 
simulating a natural chemical system and estimating, within limits, the 
response of that system to environmental changes. By data-base enhancement 
and code development, this modeling technique can be even more usefully applied 
to a nuclear-waste repository. In particular, thermodynamic data on elements 
not presently in the data base, but identified as being of particular hazard 
in the waste-repository system, need to be incorporated into the code to esti
mate the near-field as well as the far-field reactions during a hypothetical 
breach. A reaction-path-simulation code, which estimates the products of spe
cific rock/water reactions, has been tested using basalt and ground water. 
Results show that the mass-transfer capabilities of the code will be useful in 
chemical-evolution studies and scenario analyses. 
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The purpose of this report is to explain the status of geochemical 
modeling as it currently applies to the chemical system of a hypothetical 
nuclear-waste repository in basalt and to present the plan proposed for 
further development and application. 
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INTRODUCTION 

The purpose of this report is to describe the general approach being 
taken--and the progress achieved--in modeling the geochemistry of a repository 
for nuclear waste. This work began on June 18, 1979 in the release-scenario
analysis task of the Waste Isolation Safety Assessment Program (WISAP). The 
program was reorganized at the beginning of FY-1980 into two separate programs: 
The Assessment of Effectiveness of Geologic Isolation Systems (AEGIS) program 
and the Waste/Rock Interactions Technology (WRIT) program. The AEGIS program 
is responsible for methodology development and application aimed at assessing 
the post-closure safety of a repository. The WRIT program continues experi
mental work on interactions of waste components with the geologic environment. 
With this reorganization, geochemical modeling joined the issues analysis task 
of AEGIS. The role of geochemical modeling in the overall safety assessment 
program has grown with the realization of its utility and importance through
out the program. 

The objective of the WISAP release scenario analysis task was to identify 
possible breach scenarios and to provide estimates of the physical condition 
of the repository system at the time of a proposed breach. This initially con
sisted of geologic and hydrologic conditions but, with the realization that 
chemical effects may be important in some of the scenarios, chemistry also 
became a field of interest. Not only did it appear that chemistry would 
affect the hypothesized scenarios, but it also became more widely known that 
the chemistry of the ground water had a large influence on the solubility of 
the radioactive elements and, consequently, on the stability of waste forms 
(Rai and Serne 1978). Furthermore, the chemistry of the ground water and the 
mineralogy of the host rock playa major role in the retardation of radio
nuclide movement through the host medium. In light of the importance that 
chemistry has now been shown to have on the integrity of the repository, it 
has become necessary to develop a method of estimating future chemical condi
tions in the repository system. The time period for which these projections 
are being made is one million years. 
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The assessment methodology of AEGIS (and its predecessor, WISAP) incor
porates the use of computer models to simulate natural conditions (Silviera 
et ale 1980). The geochemical system is comprised of the ground water, host 
rock, backfill, waste package, and waste form. In general, computerized chemi
cal modeling can be viewed as an attempt to mathematically simulate the chemi
cal evolution of a natural water system. If the reactions leading to the 
existing chemical system can be determined, then realistic estimates can be 
made of the response of the system to future conditions. The overall chemical 
picture will result from a combination of the efforts of AEGIS, WRIT, and site 
characterization personnel both to estimate chemical conditions at the time of 
a hypothetical breach and to study the effect of chemistry on the transport of 
released radionuclides. 

In addition to their usefulness in geochemical modeling, site-specific 
studies of the chemical and isotopic composition of ground water performed by 
the site investigator can be of general use in hydrologic studies. Variations 
in chemical composition can be applied to characterize a vertical sequence of 
aquifers. Isotopic determinations of age can be used in conjunction with 
ground-water hydrology data to estimate flow direction. In general, ground
water chemistry contains a record of events and processes that have been 
operative over a period of time comparable to that under consideration for a 
repository safety assessment. Proper use of the chemical data can be used to 
corroborate a variety of hydrologic parameters that can normally be measured 
only by short-duration, hydrogeologic tests (Marine 1979). 

This report consists of a short review of the available computerized 
chemical codes, the current status of methodology development and site appli
cations studies for geochemistry, and the direction of future efforts aimed at 
modeling the chemical system of a repository. This document is written as a 
status report to present an early stage of development of this task. It is 
hoped it will generate a constructive response upon which effective future 
work can be based. 
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GEOCHEMICAL MODELING 

BACKGROUND 

The basic purpose for model~ng the chemistry of a waste repository is to 
simulate the chemical interaction of the waste and hydrogeologic system and to 
predict the course of its evolution. A general statement on modeling given by 
Dooge (1972) bears repeating prior to a discussion on modeling theory. 

lilt is important to remember that in the context of water resources 
development a model is something to be used rather than something to 
be believed, that individual models must always be regarded as tools 
which are designed to be useful for a particular purpose rather than 
as dogmas which support an ideology." 

A model is not an end in itself. It is simply a tool, albeit a powerful 
one, used to simulate and predict the operation of a complex natural system. 
Modeling results will apply to a particular chemical system and must be inter
preted with regard to the amount of information known about the existing sys
tem. An informed approach to using models avoids their pitfalls and enhances 
their usefulness and credibility. 

A unified study of the chemical evolution of a repository system would 
involve integrating ground-water flow equations with mass-transfer relation
ships between the aquifer medium and the ground water. ~ass transfer may 
occur by either diffusion or flow, and can be heavily influenced by sorption, 
solubilities, and mineralization. Rate expressions would have to be known for 
all the important chemical reactions in order to simulate the stepwise change 
in water composition. Generally speaking, rate constants are not known for 
the majority of the reactions that should be included in the geochemical model; 
consequently, this rigorous approach cannot be taken at this time. An alter
native approach is to use equilibrium thermodynamic codes to analyze the solu
tion and mineral characteristics of a ground-water system at selected points 
along the flow path of the ground water. The basic characterization of the 
ground-water composition and the rock mineralogy and chemistry for the geo
chemical system will come from site-specific information and the geochemical 
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models will be used to calculate and/or infer features that cannot be directly 
measured. Provided that geochemical data are available throughout the regional 
extent of an aquifer, the chemical reactions that have produced the observed 
chemical changes along the flow direction of the ground water can be deduced 
by routine methods of geochemical reasoning, which often uses ion-speciation/ 
solubility modeling techniques. This understanding of the series of geochemi
cal environments that occur with increasing age of the ground water is a neces
sary basis for predicting future geochemical environments and the fate of 
radionuclides that enter this ground water. 

The development of an equilibrium geochemical model can be related to the 
four stages of model development discussed by Mercer and Faust (1980): 

• conceptualization 
• mathematical formulation 
• solution of equations 
• validation/application. 

The concepts upon which geochemical modeling are based derive simply from 
our understanding of the chemical reaction. Our way of looking at solid dis
solution, ion complexation, and formation of solid phases constitutes a con
ceptual model for the chemical system. The model can apply to any chemical 
system for which the possible interactions are a part of the model. Consider 
the following series of reactions taking place concurrently between solids 
( ) ( + - 2- + -) . . AB and BO and ions A, B ,C ,0, and AC 1n a Solut10n: 

AB(S) 
+ B - (1) = A + 

A+ + C2- = AC (2) 

B - + 0+ = BO(s) (3) 

The initial reaction is the dissolution of solid AB to form ions A+ and 
B-. If these were the only species in solution, their concentration would 
rise as AB dissolved in a fixed volume of water until equilibrium was reached, 
at which point the solution would be saturated with respect to AB. Equilibrium 
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is a state of the system at which opposing reactions proceed at equal rates. 
Any additional AS dissolved would cause precipitation of an equal amount of AB 
from solution. The thermodynamic solubility product is an experimentally 
derived constant (for a given temperature and pressure) that relates the onset 
of saturation to the ion-activity product. However, not all of the ions A+ 
produced by AB dissolution remain available for reprecipitation because of the 
complexation shown by reaction (2). This is the reason that activities of 
ions -- not analytical concentrations -- are used in determining whether or 
not saturation of a solid phase has been reached. An association constant 
would exist for reaction (2), as would a solubility product for the formation 
of SO shown in reaction (3). 

Formulation of the conceptual model of an equilibrium chemical system 
into mathematical terms involves relating all possible interactions of the 
heterogeneous system with their equilibrium constants and setting up mass 
balance relationships. The solution of such a set of equations for anything 
but the simplest system is most efficiently done on a computer. Computer pro
grams (codes) that deal with chemical interactions, and which incorporate this 
conceptual design, are extremely versatile because they deal with first prin
ciples of chemical reactions. As we shall see in the following discussion of 
code types, they have limitations (due principally to data accuracy and availa
bility of thermochemical data) which present themselves when attempts are made 
to apply the codes to the real world. 

COMPUTER CODES 

Various computer codes are available to describe the chemistry of hydro
geologic systems. A general description and comparison of a variety of these 
codes may be found in the proceedings of a symposium entitled Chemical Model
~in Aqueous Systems (Jenne 1979). The codes can be divided into two 
classes: ion-speciation/solubility and reaction-path-simulation codes. The 
ion-speciation/solubility codes distribute the analytically determined, ele
mental compositions among the various species present in a solution, while the 
reaction-path codes simulate the reaction of a mineral or rock with a solution, 
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calculate the composition of the new solution, and calculate the mass of min
erals precipitated during the reaction. The WATEQ program of Truesdell and 
Jones (1974) was one of the earliest ion-speciation/solubility codes and is 
representat i ve of the class. The conc;pt~ modei--o'f"~-~' ~~~~~~s system upon 
which WATEQ is based is discussed in Barnes and Clarke (1969). With data on 
pH, Eh, temperature, and elemental composition, the program will determine the 
activity of complexes formed in the solution according to mass action prin
ciples and mass balance constraints. Saturation relative to minerals listed 
in the data base is also computed. With a sufficient number of sampling 
points, these data can be used to describe a chemical system and will allow an 
interpretation to be made of the chemical evolution of that system. The origi
nal WATEQ program has been expanded and revised twice (WATEQF: Plummer et al. 
1976, WATEQ2: Ball et al. 1979), and other programs of similar type have been 
written (SOLMNEQ: Kharaka and Barnes 1973, MINEQL: Westall et al. 1976, EQ3: 
Wolery 1979). Programs of this type provide input to the second class of geo
chemical codes: reaction-path-simulation codes. 

The principles behind reaction-path-simulation modeling were summarized 
by Helgeson (1968) and are incorporated in his PATHI program. These codes 
determine the chemical effect on an aqueous solution of temperature changes 
and the precipitation/dissolution of minerals. The output typically consists 
of activities of all aqueous species, Eh, pH, ionic strength and quantities of 
product minerals produced and consumed reversibly. The determination of which 
mineral phase to precipitate is based on comparisons of temperature/pressure
corrected solubility products with ion-activity products. This type of pro
gram will simulate various reactions in the chemical system and will predict 
the type of results that can be expected from perturbations to the system. 
Refinements in the method of handling data are used by Wolery (1979) in his 
program EQ6. 

CODE/MODELING LIMITATIONS 

The limitations of available computer codes for modeling the chemistry of 

a repository revolve around the data base of the codes and the restriction of 
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handling equilibrium situations alone. Each code contains a data base consist
ing of solute complexes (to which the measured elemental concentrations are 
apportioned) and a set of minerals with thermodynamic data for the determina
tion of equilibrium constants. For the reaction-path-simulation codes, if 
accurate data are not in the code for a particular mineral that may, in fact, 
exist at the sampling location, then a mineral with similar chemical and 
thermodynamic characteristics will be calculated to exist in place of the 
correct mineral. This may result in a simulated mineral assemblage distinctly 
different from that found at the site. Fortunately, it is fairly easy at this 
point to spot such difficulties with this code; much easier than obtaining the 
necessary thermodynamic data, in some cases. 

Existing codes contain data for a variety of uranium compounds, but the 
remainder of the actinides and certain other elements that would be of impor
tance in a repository simulation are not well represented. In particular, the 
following elements have been identified (Barney and Wood 1980) as being of 
particular hazard in the waste-repository system and need to be incorporated 
into the codes: technetium, iodine, neptunium, radium, palladium, thorium, 
tin, selenium, plutonium, and americium. Thermodynamic data for a variety of 
the aqueous species and solid forms of these elements are available and will 
be added to the codes. A more deeply rooted limitation is that the codes deal 
with equilibrium conditions only. Such conditions may not be met for all 
phases and components in a dynamic natural system. 

The reason for choosing the equilibrium-modeling method is that data on 
the reaction rates of the various dissolution/precipitation reactions are not 
generally available. The reaction-path codes use a reaction-progress variable 
to determine the results of adding a certain increment of a mineral to the 
solution, but they say nothing about the rate at which this mineral would 
actually dissolve in a real system, nor do they consider the fact that the 
reaction rates of associated minerals may influence one another. The logic to 

handle kinetics can be added to the codes; however, a great deal of experi
mental work needs to be done to provide the kinetic data necessary to project 
future states of a system. 
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With a proper data base, the majority of these limitations can be over
come. The question of equilibrium conditions in the system may be a problem 
in the immediate vicinity of the repository where physical and chemical condi
tions change rapidly over a short distance; however, elevated temperatures 
near the repository will increase the likelihood of equilibrium conditions. 
The assumption of equilibrium may not be unrealistic for the region surround
ing the repository where flow velocity is low and natural conditions are rela
tively constant. The lack of kinetic data will limit the accuracy of the 
modeling work. However, if the ability to handle kinetics is added to a 
reaction-path code, then sensitivity analyses can be performed that will 
demonstrate how important reaction rates are in the computations. The entire 
safety-assessment process is aimed at finding a range of values for future 
states of the system, and the chemical codes can assist in providing this. 
For at least some aquifers, the future geochemical environments encountered by 
any radioactive waste that moves down flow can be adequately approximated by 
the present-day conditions. 
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STATUS OF GEOCHEMICAL MODELING IN AEGIS 

METHODOLOGY DEVELOPMENT 

Geochemical studies in the AEGIS Program have evolved along two principal 
lines: methodology development and site applications. A major portion of the 
initial effort has been toward developing guidelines for meshing geochemical 
effects into AEGIS assessment techniques. In simplest terms, AEGIS method
ology may be viewed as a two-step process. Initially, a scenario model deter
mines, from all possible situations, which sequences of events are likely to 
lead to a breach of a repository. Then the state of the repository system at 
the time of an hypothesized breach is input to hydrologic, transport, and dose 
models for analysis of the consequences. The geochemistry of the system must 
be interwoven into both these stages of the repository safety assessment. To 
enhance credibility, the breach scenarios must incorporate temporal chemical 
changes in the system, and the consequence analysis must include both the 
chemical reactions within the solution and the interactions between the solu
tion and the host rock along the ground-water flow path. Given adequate time, 
the rocks through which the ground water is flowing will impose their chemical 
environment on the ground water, so that ultimately, the entire geochemical 
system is conditioned by reactions between the existing rock and the ground 
water. Only in the very near-field can the materials of the repository con
trol the geochemical environment. The incorporation of geochemical models 
into the AEGIS methodology is shown schematically in Figure 1 and discussed 
below. 

The repository-release-scenario model is developed for a specific geologic 
site, and it generates probable future states for that site. The model is 
used as a filter to eliminate situations that would not lead to a breach. The 
filter is a coarse one, and it would not be worthwhile to link one of the com
puter geochemical codes discussed earlier to the analysis at this stage. Con
sequently, a somewhat simplified chemical-response submodel of the scenario 
model is being devised. This will facilitate the incorporation of geochemistry 

at an early stage of the assessment process, and it will provide baseline 
chemical data for further analysis. 
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GEOCHEMI STRY SUBMODEL 

SCENARIO MODEL 

SHEMI CAL MODEL 

SYSTEM CHARACTERIZATlO0l 
AT Tl ME OF BREACH 

TRANSPORT 
MODEL 

CHEMICAL 
MODEL 

DOSE MODEL 

FIGURE 1. Incorporation of Geochemical Models AEGIS Methodology 

The chemical characteristics, along with other environmental data provided 
by the scenario model. will be analyzed using the ion-speciation/solubility and 
reaction path simulation codes. This stage of the process is illustrated in 
Figure 2. The field data on the chemistry of the hydrogeologic system will be 
input to an ion-speciation/solubility code to calculate an equilibrium composi
tion for the observed ground water and rock mineralogy. If this composition 
is distinctly different from what was measured in the field, then a number of 
possibilities exist: a sampling error could have been made, the code may not 
be sophisticated enough to handle the particular system being investigated. or 
kinetic factors are inhibiting the attainment of equilibrium. This stage of 
the modeling will be a useful check on field and computational methods and on 
the adequacy of the model. If a realistic equilibrium assemblage can be 
generated. then the system can be perturbed by a series of processes or events 
that have a certain probability of occurrence and magnitude of effect. These 
perturbations of the chemical system can be simulated using a reaction-path 
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GROUND-WATER/ROCK 
SYSTEM 

ION-SPECIATION MODEL 

PERTURBATION 

PROBABILITY OF OCCURRENCE 

MAGNITUDE 

FIGURE 2. Modeling the Chemistry of the Ground-Water/Rock System 

code that generates the new water composition and minerals gained and lost by 
the system. The end result will be an estimate of the physical and chemical 
characteristics of the system at the time of each proposed breach. 

Consequence Analysis 

The direct consequences of a breach are the leaching of the waste and the 

transport of radionuclides through the host rock by ground water. The staff 
of the Waste/Rock Interactions Technology (WRIT) Program is determining the 
leach rate of various waste forms under a variety of conditions. It is also 
examining the sorption/desorption characteristics of a variety of minerals and 
rocks, because sorption of radionuclides on host-rock minerals will effectively 
retard the migration rate of those ions relative to the velocity of the ground
water flow. Input from WRIT on values of leach rate and retardation is used 
in the hydrologic and transport models of the consequence-analysis task of 
AEGIS. 

In addition to the two processes affecting mass transport mentioned 
above, two other processes will affect the transport characteristics of the 
fluid by limiting the concentration of various radionuclides in ground water. 
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These can be classified as mineralization and dissolution, including the 
effects of temperature and pressure on these reactions. The effect of these 
processes can be studied with the reaction-path-simulation code to analyze the 
behavior of radionuclides in the various geochemical environments and thereby 
give a more complete description of the transport of radionuclides for input 
to dose models. 

Consultants 

Consultants have been retained to investigate particular aspects of geo
chemical environments. Dr. Stan Davis (University of Arizona) is studying the 
long- and short-term effect of chemical changes on the porosity and permea
bility of aquifers. Dr. Don Langmuir (Colorado School of Mines) has been 
contracted to investigate the solubility of U02 under a variety of natural 
conditions and to estimate the stable form of uranium to be expected in each 
ground-water situation. Dr. Tom Dunne (University of Washington) is involved 
in the prediction of the effect of earth-surface processes on ground-water 
chemistry with emphasis on the current AEGIS breach scenarios. These experts, 
along with future members of the consultant team, will provide necessary input 
to the modeling effort and aid in communication with the general scientific 
public. 

Computer Codes 

At the present time, two equilibrium, thermodynamic codes are available 
for AEGIS applications. WATEQ2 (Ball et ale 1979) is directly accessible on 
local computing facilities. This ion-speciation/solubility code is being used 
to analyze reported ground-water compositions and as an aid to determine 
chemical-evolution patterns for large systems, such as the Hanford Basalt 
region (Washington State). The program EQ3/6 (Wolery 1979) combines an ion

speciation code with a reaction-path code and can be used via Tom Wolery at 
Lawrence Livermore Laboratory. Simulations using this program of basalt 
interaction with ground water will be described in the following section on 
site-specific studies. 
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SITE-SPECIFIC STUDIES 

The second major thrust of AEGIS geochemistry work is the analysis of 
chemical data from the field and the application of computer codes to model 
particular geologic sites. This work is presently being done to assist in 
AEGIS methodology demonstrations. Although chemical data are being compiled 
for a wide range of geologic materials that are potential host rocks for a 
repository, the Columbia Plateau basalt of the Pacific Northwest is being 
currently emphasized in a Reference Site Initial Analysis (RSIA) of this 
region for the Office of Nuclear Waste Isolation (ONWI). Chemical data for 
the Columbia Plateau basalt region have come from reports of the Rockwell 
Hanford Operations through the Basalt Waste Isolation Project, from U.S. 
Geological Survey reports, and from various studies performed by universities 
and state agencies. Rockwell is investigating a wide range of geologic, 
hydrologic, and chemical characteristics of the region (Myers and Price 1979, 
Gephart et al. 1979) and future data collected expressly for the purpose of 
assessing the potential for a repository will prove very useful in chemical 
modeling work. 

Modeling Approach 

It is essential to adequately model the important reactions in the exist
ing natural system before attempts are made to introduce the effects of nuclear 
waste on the system. When the existing ground-water composition has been 
related to the chemical reactions between the ground water and its host rock, 
then a conceptual model of how the system is presently operating will be formu
lated. The majority of the chemical interactions between the primary and 
secondary minerals of the basalt and the ground water can be studied using a 
general reaction-path-simulation code. This code will aid in the development 
of the conceptual model. The conceptual model will be used to estimate the 
response of the chemical system to reasonable environmental changes (e.g., 
climatic change and rock fracturing). 

The AEGIS staff is compiling the existing data on the ground-water 
chemistry for what has been termed the upper, confined aquifer in the Pasco 
Basin of Washington State. The data will be processed by the WATEQ2 program 
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to check on electrical balance between the ionic species, which will eliminate 
obviously incorrect analyses. Enough data should survive this test to provide 
a broad geographic pattern of sampling points which, combined with an estimate 
of the direction of regional ground-water flow, can be used to describe the 
evolution of the ground-water chemistry. 

Basalt Simulation 

A simulation of the reaction between Pasco Basin-type basalt and ground 
water representative of deep-aquifer conditions in basalt has been done using 
EQ3/6. A listing of the chemical data used in the simulation and its sources 
may be found in Table 1 and Table 2. A similar type of study has been per
formed by Benson et ale (1978) using a solution of a different composition. 
The simulation performed by EQ3/6 consists of adding increments of basalt to 
the ground-water solution under closed-system conditions. In this mode of 
operation, early products of the reaction are available for subsequent reac
tion. A second, open-system option is available in which early products are 
removed from the system. Helgeson et ale (1969) compare the results of these 
two options for simple systems of feldspar in solution and their results demon
strate the opportunity for distinctly different sets of secondary minerals to 
be formed. After the elements dissolved from basalt are added to the solution, 
they are distributed among possible chemical species in solution. Any super
saturated product phases are precipitated until equilibrium is reached. An 
additional increment of basalt is then added and the process is repeated. The 
program can be set to terminate when a specified mineral appears, when an 
assemblage of minerals appears that is identical to the host rock, or after a 
designated amount of reactant has been added to solution. The output from the 
program includes values for temperature, pressure, pH, Eh oxygen fugacity 
(active oxygen concentration), elemental concentrations, and type and amount 
of minerals formed as each predesignated amount of reactant is added. The 
course of the reaction is followed by means of a reaction-progress variable, 

~, which, in this case, is the number of kilograms of basalt reacted with one 
kilogram of solvent. The stage at which various product minerals appear and 

disappear in relation to ~ for this simulation is shown in Table 3. 
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TABLE 1. Rock Composition for EQ3/6 Reaction-Path Simulation 

Pomona Basalt Idealized (Benson et ale 1978) 
Oxide Mole Fraction --
Si02 0.55 
A1 203 0.09 
FeO 0.10 
MgO 0.12 
CaO 0.11 
Na20 0.025 
K20 0.005 

TABLE 2. Water Composition for EQ3/6 Reaction-Path Simulation 

Ground Water (Apps et ale 1979) 

Concentration, 
Major Solutes ~~m 

Na+ 181 
Cl 95 
K+ 2 
Ca2+ 0.26 
Si02 153 
C03 27 

HeO; 74 
F- 21 
S04 2- 26 

pH = 9.8 
Eh = -46mv 
temperature = 36°C 
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TABLE 3. Mineralogic Changes Associated with EQ6 Simulation of 
Ground-Water Reactions in Basalt 

Log s(a) Event 

-8.60 quartz, andradite precipitates 
-7.90 Na-saponite precipitates 
-7.20 Na-nontronite precipitates 

-7.08 
-6.95 
-6.66 
-6.42 
-6.06 
-4.81 
-4.67 

-4.60 
-4.23 
-3.92 
-3.39 
-3.31 
-3.20 
-2.90 
-2.75 
-2.71 
-2.58 
-1.88 
-1.70 
-1.65 

andradite consumed 
phengite precipitates 
andradite reprecipitates 

Na-saponite consumed 
microcline precipitates 

albite precipitates 
microcline consumed 

Na-saponite reprecipitates 
pyrite precipitates 

calcite precipitates 

quartz consumed 
prehnite precipitates 
analcime precipitates 

annite precipitates 

analcime consumed 
phengite consumed, daphnite precipitates 

minnesotaite precipitates 
andradite consumed 
Ca-nontronite precipitates 
Na-nontronite consumed, Ca-saponite precipitates 

(a) reaction-progress variable: The number of kilograms of 
basalt reacted with one kilogram of solvent. 
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The majority of the minerals produced during the various stages of the 
simulation are representative of basalt alteration in general. The only 
obvious exceptions to this are the garnet andradite and the potassium sili
cates represented by phengite, microcline, and annite. Some code modification 
may be necessary to address this discrepancy. L. S. Teague (1980) and 
L. L. Ames(a) report that the actual secondary mineralogy for the Pasco 
Basin basalt consists of an assemblage of clays, zeolites, and silica with 
minor pyrite and apatite. Nontronite is the predominant clay mineral and is 
predicted by the model. The clay mineral saponite is a magnesium-rich 
smectite, and its appearance in the simulation results and not in the field 
studies suggests that the simulation could be improved as discussed below. 
The whole-rock basalt composition used for the simulation contained an appre
ciable mole fraction (0.12) of MgO, which is generally contained in the basalt 
primary minerals. In fact, the most reactive phase of the basalt may be its 
glassy component, for which the MgO content is at least an order of magnitute 
lower than that of the whole rock. Simulations using the glass composition 
are planned. The results of this initial simulation effort suggest that the 
approach and the model used will be effective in future modeling work with 
basalt. The type of scenarios envisioned for the repository include major 
climatic change and future faulting and fracturing of the basalt. The 

reaction-path modeling approach will be useful in estimating the effect that 
climate changes may have on the ground-water chemistry and especially for 
estimating the reactions that will occur along a fresh fracture between the 
ground water and a fresh basalt surface produced by fracturing. 

(a) Ames, L. L. 1979. Hanford Basalt Flow Mineralogy. Draft Technical Report 
to Rockwell Hanford Operations, Richland, WA. Pacific Northwest Labora
tory, PNL-2847. 
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FUTURE DEVELOPMENT 

As a result of a recent reorganization of the AEGIS and WRIT Programs, 
the responsibility for geochemical modeling has been shifted out of AEGIS into 
WRIT as of the beginning of FY-1981. No basic change in the direction of the 
work is foreseen. Future modeling in WRIT will support the needs of AEGIS in 
the overall nuclear waste assessment program. This future work can be divided 
into the categories of code development, transport modeling, and site 
investigations. 

CODE DEVELOPMENT 

Development of the computer codes will proceed in several areas necessary 
for their application to a waste-repository system. The code's thermodynamic 
data base of solution species and minerals will be increased to reflect a 
wider variety of natural conditions and to include the elements of interest 
for the various waste forms. This will mainly consist of adding the remaining 
important actinides (Th, Pa, Np, Pu, Am, and Cm) and other elements determined 
to be of significance, plus additional compounds for elements already partially 
represented in the data base. 

The existing codes will be modified to deal with kinetics, to place error 
bounds on results, and to provide a variety of display options to aid the 
scientists in interpreting the output. Although the actual reaction rates of 
the majority of the chemical processes have not been determined, the capability 
to address kinetics will allow use of reaction-rate data as they become avail
able. Also, sensitivity studies can be made on the effect of kinetics on 
modeling results. Geochemical modeling will lack precision as a consequence 
of errors introduced from the field measurements, from laboratory analyses, 
and in the code calculations. Estimates can be made of errors from these 
sources. The estimates will be incorporated into the code so that final 
results can be bracketed with error bounds, which is an important factor for 
any safety assessment. The final area of direct code development will be to 
distill the large amounts of output into a usable, easily visualized form. 
This will most likely consist of developing a graphics postprocessor. 
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SOLUTE TRANSPORT MODELING 

Geochemical modeling to this point has neglected transport phenomena in 
order to adequately analyze and develop the available chemical codes. A great 
deal of work remains to be done in order to apply these codes to a repository 
situation. However, it is recognized that a competent chemical-transport code 
will be ultimately required. Feasibility studies will determine the most effi
cient way to link a transport code to one of the developing chemical codes, and 
assess the advantages that accrue from such a combined code. 

SITE INVESTIGATIONS 

Work will continue on developing a chemical model for the aquifers of the 

Pasco Basin. This will include data acquisition and analysis, plus the devel
opment of computer codes that simulate the processes of the natural system. A 
portion of the analysis of the system will be done by consultants familiar with 
particular processes and the basalt environment. As a predictive tool, the 
geochemical model of the Pasco Basin will be used to investigate the chemical 
effects of proposed breach scenarios on the system. Experience gained in this 
site application will be useful in the design and performance of future site 
investigations. 
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