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EXECUTIVE SUMMARY

In their deliberations, workshop participants did not attempt to

incorporate the constraints that the 1982 National Nuclear Waste Management

Policy Act placed upon the site-specific investigations. In particular, there

was no attempt to (1) identify the research areas that apply most strongly to

a particular potential repository site, (2) identify the chronological time

when the necessary data or knowledge could be available, or (3) include a

sensitivity analysis to prioritize and limit data needs. The workshop

participants felt these are the purview of the site-specific investigations;

the purpose of the workshop was to discuss the generic geochemistry research

needs for a nuclear waste repository among ai broad spectrum of individual

scientists as possible and to develop a consensus of what geochemical

information is important and why.

The recommendations of this workshop are summarized in Tables I through V.

These tables were generated by the Steering Committee, the Panel Chairmen, the

panel rapporteurs, and workshop participants who sent their input to the

Steering Committee Chairman.

The column labeled "Technology" in each table indicates the status of

scientific techniques that are necessary to resolve the specific issue. That

is, do methods exist that can be applied to the problem (A) or must new

technology be developed (D).

The column labeled "Scientific Sector" indicates which of the three

principal sectors of the scientific establishment [government laboratories

(G), universities (U), or industry (I)] is most suited to solve the problem.

This listing does not mean to imply that such tasks could only be done in one

sector; however, it does reflect the current breadth of capabilities and

interest in the scientific community.

The "Effort" column gives the executive session participants' estimates of

the number of man years needed to resolve the question. Man-year units are

used because personnel costs involved in the various scientific organizations

are so variable that dollar estimates are largely meaningless and out of

context.



TABLE 1

ROCK-FLUID IHTERACTIONS

Area Scientific Effort

of Resei-trch Priority Technology8 Sectorb (Man-Years) Comments

Experimental
modeling of
metasomatism

Eh and pH
control and
measurement

Chemical
effects on
permeability

Natural
analogues

Mobility
limits

A/D

A/D

G/U

U/I

G/U

G/U

U/G

15

20

20

10

Partial
field
study

Partial
field
study

Partial
field
study

TOTAL 75

a A = application of existing technology; P = methodology partially
available; D = development of new methodology.

b G = government laboratories; U - universities; I = industry.



TABLE 2

KINETICS OF GEOCHEMICAL PROCESSES

Area

of Research

Dissolution and
precipitation
kinetics of:

Glass
Zeolites
Smectites and

illites
Feldspars
Silica phases

Whole-rocfc
experiments on
dissolution/
precipitation

Co-precipitation
Oxidation-reduction

Kinetics

Diffusion
Grain boundary
Volume
Multicomponent

Colloid
precipit-.ation

Priority

1
1
1

2
3

1
2

2
3
3

3

Technolozva

A
A/D
A/D

A/D
A/0

A/D
D

D
A
A

A/D

Scientific

Sectorb

G/U
G/U
G/U

G/U
G/U

G/U
G/U

G/U
G/U
G/U

G

Effort

(Man-Years) Comments

5
10
6

6
4

10
8

10
4
4

10 Answer
question
of
importance

TOTAL 77

a A = application of existing technology; P = methodology partially
available; D = development of new methodology.

b G = government laboratories; U = universities; I = industry; major sector
involved is underlined.



TABLE 3

THERMODYNAMICS OF SOLUTIONS AND MINERALS

Area

of Research

Scientific Effort

Priority Technology3 Sectorb (Man-Years) Comments

Thermodynamics of
clays and zeolites

Thermodynamics of
aqueous specie? and
redox potentials

Thermodynamics of
solids containing
waste elements

Aqueous speciation
of Al and Si

Thermodynamics of
silicates and
phosphates of Am
and Pu

Thermodynamics of
glasses, chlorites,
and Ca-Si-hydrates

Thermodynamics of
solid solutions of
waste elements in
silicates

D/A

A/(D)

A/(D)

G/U

G/U

G/U

G/U

(G)/U

G/U

20

45

10

10

15

25

Linked
to first
item

TOTAL 130

a A = application of existing technology; P * methodology partially
available; D = development of new methodology.

b G = government laboratories; U «= universities; I = industry; () = sector
least involved.



TABLE 4

ELEMENT MIGRATION AND FIXATION

Area Scientific Effort

of Research Priority Technology Sectorb (Man-Years) Comments

Speciation

Colloids

Mineralogic
control on
trace-element

1

2

3

D

D

A

S/(U)

G/I/U

G/U

15

10

20 c

Answer
question
of
importance

Partial
field
study

migration

Development of
analytical
methods for very
rare isotopes

Characterization
of hydrogeologic
systems

Comparison of
laboratory y_s
field sorption
data

General study
of sorption

A/D

G/U/1

G/U

G/U

TOTAL

15

Field study

a A = application of existing technology; P = methodology partially
available; D = development of new methodology.

b G = government laboratories; U = universities; I = industry; () = sector
least involved; sector most involved is underlined.

c Estimate does not include drilling and field costs.



TABLE 5

MODELING

Area Scientific Effort

of Research Priority Technology3 Sectorb (Man-Years) Comments

Verification
and validation
of codes

Kinetics

Sorption

Coupling of
fluid flow and
geochemical models

Mineralogical
phenomena

Mathematics

Vapor-phase
geochemistry

1

1

1

2

2

3

3

P

P

D

D

A

A

A

G/U

G/U

G/U

G/U

G/U

G/U

G/I/U

20

20

10

10

10

10

15

TOTAL 100

a A = application of existing technology; P = methodology partially available; D
development of new methodology.

b G = government laboratories; U = universities; I = industry.
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I. INTRODUCTION

At present, the most appropriate means of storing radioactive nuclear

waste is by burial in an underground geologic repository. Because the rock

surrounding the repository provides the first natural barrier between the

radioactive waste and man's environment, an understanding of fundamental

geochemistry is required to mafce reliable predictions concerning possible

radionuclide migration. Such an understanding will also be essential in the

process of selecting and licensing a repository and convincing the general

public of the ultimate safety of such disposal. To assess the capability of

a given geochemical system to contain stored radionuclides,' it will be

necessary to understand (1) the response of the geochemical system to the

repository environment; (2) the manner in which radionuclides are trans-

ported under repository and natural conditions; (3) radionuclide retardation

mechanisms; and (4) methods to ensure that predictions for 10 5 years or more

into the future are realistic.



Resolution of tbe fundamental geochemistry research aspects of the

nuclear waste disposal questions will require significant effort and time.

In addition, many basic research requirements cannot be met in a short time.

Therefore, this workshop had three principal objectives:

(1) identify critical unknowns and special problems in geochemistry

from a basic research perspective for high-level radioactive waste

management, particularly as an aid in defining site character-

ization and performance assessment issues;

(2) create a consensus for such basic research needs in geochemistry

among scientists—not only those already involved in site-specific

programs, but also those in the academic community and other

organizat i ons; and

(3) recommend a research program for acquiring the needed geochemical

data, and knowledge, both in the laboratory and in the field.

The original impetus for this task came from George A. Kolstad,

Division of Engineering, Mathematics, and Geosciences of the Office of Basic

Energy Sciences of the US Department of Energy.

The workshop was conducted under the auspices of three organizations:

the Division of Engineering, Mathematics, and Geosciences of the Office of

Basic Energy Sciences (OBES) of the US Department of Energy (DOE); the

Office of Civilian Radioactive Waste Management (OCRWM) of the DOE; and the

Office of Nuclear Regulatory Research of the US Nuclear Regulatory

Commission (KRC). Los Alamos National Laboratory was responsible for

arrangements and provided the workshop facilities.

A Steering Committee was selected to (1) define the workshop format,

(2) identify session chairpersons, (3) help identify individuals to prepare

resource papers, and (4) help identify the participants for the workshop.

During the workshop, committee members directed and integrated the delib-

erations of the workshop panels, reviewed the recommendations of tbe indi-

vidual panel reports (see below), and helped develop the overall workshop

recommendation (executive summary) to DOE/OBES, NRC, and DOE/OCRWM.



STEERING COMMITTEE

Bruce R. Erdal, Chairman
Los Alamos National Laboratory

Rosemary J. Vidale, Deputy Chairman

Los Alamos National Laboratory

Donald H. Alexander US Department of Energy

George F. Birchard US Nuclear Regulatory Commission

Cyrus Klingsberg US Department of Energy

George A. Kolstad US Department of Energy

Antonio C. Lasaga Pennsylvania State University

Karl K. Turekian Yale University

Daniel F. Weill US Department of Energy

Thomas J. Wolery Lawrence Livermore National
Laboratory

The Steering Committee recommended that discussions be undertaken in

each of five aspects of geochemistry for waste management. They also iden-

tified individuals who could best serve as Panel Chairpersons for these

discussion areas.

To provide perspective tor the workshop, each Panel Chairman selected a

number of experts to prepare resource papers. These are not detailed re-

search papers but provide an assessment of the importance and future promise

of the basic research. They stress unsolved questions, future prospects,

and the consequences of inadequate knowledge when viewed in the context of

nuclear waste management. These papers were presented at the workshop and

are included in this report. The preliminary agenda developed from these

presentations is given in Appendix I.



WORKING PANELS

Discussion Area

Rock-Fluid Interactions

Kinetics of Geochemical
Processes

Thermodynamics of Solutions
and Minerals

Element Migration and Fixation

Modeling

Chairman

Hubert L. Barnes
Pennsylvania State University

Antonio C. Lasaga
Pennsylvania State University

Eric J. Essene
University of Michigan

Stanley N. Davis
University of Arizona

Donald D. Runnells
University of Colorado

More than SO scientists were invited to the workshop; participation in

the workshop was by invitation only. Participants were carefully selected

(primarily by the Panel Chairmen) to represent practitioners in the various

areas of waste management research as well as experts in related or similar

fields who are not themselves working on site-specific waste management

projects. Appendix II contains a complete list of the participants.

II. MEETING FORMAT

The first day of the workshop was devoted to a Plenary Session, during

which the authors of the resource papers presented highlights of their re-

ports. (See agenda in Appendix I). Workshop participants were organized

into panels of about ten members each; the panels were focused on but not

limited to the subjects discussed in the resource papers. Authors of the

resource papers were assigned to the appropriate panel.

On the second day, the panels organized, prepared outlines, deliber-

ated, and prepared draft reports. A chairperson was chosen to represent

each panel on the final day of the workshop.
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On the third day, the Panel Chairmen and the Steering Committee met to

discuss the conclusions from each panel and to generate a draft of the over-

view document (executive summary) that would incorporate the prioritized

recommendations of the panels.

11//
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INTRODUCTION

Tlie reliability of waste disposal systsms can be demonstrated to the

satisfaction of sophisticated critics only by the tight convergence of mul-

tiple evaluarion techniques. Chief among these techniques are (1) analytical

(computer) modeling, based on thermodynamic, Kinetic, and hydrodynamie theory

and data, and (2) the experimental simulation o£ repository behavior. in

which complete characterization of all phases is achieved (including compo-

sitions, textures, permeabilities, porosities, pressure and temperature

gradients, surface areas, etc.)- Relative to computer modeling, experimental

modeling has received little emphasis, even though it is crucial for verifying

repository performance.

The Panel on Rock-Fluid Interactions concerned itself primarily with the

initial and changing built properties of coexisting rocks and aqueous and/or

gaseous solutions in both the near- and far-field repository environments.

Properties and reactions of specific minerals or solutions, independent of

other rock components, were considered the purview of other panels. The

results of this panel's deliberations are incorporated into five broad issues,

comments on their importance, and suggestion^ on methods by which the issues

could be addressed. There is no significance in the order of presentation of

the various issues.

EXPERIMENTAL MODELING OF METASOMATISM

Issue: Techniques for experimental modeling of metasomatic processes in the

backfill and host-rock types that are now being considered for waste repos-

itories.

Importance: Pertinent experimental modeling of metasomatic processes is

essential to any confident assessment of waste disposal in geologic media.

Such experiments permit an unambiguous evaluation of the effects of intensive

parameters (including temperature, pressure, flow rate, water-rock mass ratio,

effective exposed surface area of reactive minerals, fluid chemistry, rock

chemistry, and mineralogy) on hydrothermal alteration processes. Hydrothermal

16



alteration influences the duration of canister containment, changes in host-

rock porosity and permeability, and possible release of radionuclides into the

biosphere.

Proposed Research; Experiments must include both whole-rocfc-fluid inter-

actions and single-mineral or mineral mixture-fluid interactions, as well as

"flow-through" hydrothermal experiments and thermal gradient experiments. The

latter are useful for assessing thermodvnamic processes in the near-field

environment. Bach experiment should be of large enough scale to represent

realistically inhomogeneous rock properties, such as fractures and veining or

compositional and thermal gradients; ideally, they should be performed on a

dynamic similarity basis. It is also important that fluids and solids from

experiments be completely evaluated as a function of time. Solids (whole-rock

and mineral separates) should be analyzed foi major ion and trace components

by a wide range of analytical methods. These include XRD, SEM, TEM, micro-

probe, and other surface analytical instruments. Solutions also should be

analyzed by multiple methods, including plasma emission spectrometry. So-

lutions should be evaluated for mass and charge balance as well as trace com-

ponents. Special attention should be placed on gases and trace anion measure-

ments because such analyses (l~P, ICP, ion chromatography, and gas chroma-

tography) can shed considerable light on oxidation state and pH estimates that

are made by speciation calculations for elavated temperatures and pressures.

These experimental results should be integrated with analytical models to

better understand the uncertainties in such calculations and judge the valid-

ity of current thermochemical and kinetic data bases. It is clear that no

comprehensive modeling experiments have yet been completed for any of the

pertinent rocks.

Eh AND pH CONTROL AND MEASUREMENT

Issue; The measurement and control of pH and Eh by hydrothermal solutions in

experiments, nature, and operational repositories.

17



Importance: The pH and Eh of hydrothermal fluids are dominant in fixing the

solubilities and mobilities of minerals. Methods of evaluating these

variables presently produce unsatisfactory uncertainties for solutions when

hot, at moderate pressures, or in inaccessible environments. These variables

should be measured or controlled by various combinations of buffering solids

and associated aqueous species or by membrane or electrode techniques with

much greater accuracy than is now possible for difficult environments.

Methods; Current methods of buffering by solid phase assemblages must be

critically assessed for accuracy and usefulness. Silicate, oxide, and sulfide

pairs may exhibit cross reactions and solid-solution effects that limit their

accuracies and usefulness. Aqueous-solution speciation offers further possi-

bilities for indirect buffering. Critical species include HO^, HO^, NH3,

so|~, and HS~. Both the thermodynamic properties and reaction rates of these

buffers must be better measured to improve their accuracy. Direct measurement

of pH and Eh by v . * ->us membrane or electrode techniques must be further

developed for use at higher pressures and temperatures in both experimental

apparatus and field tests. For example, teflon membranes or solid state

electrodes of several promising types could be used for Eh measurement, and

variously doped zirconia electrodes might be useful for pH measurements. The

hydrogen electrode is impractical for most hydrothermal systems for a variety

of reasons.

NATURAL ANALOGUES

Issue; Are there valid natural analogues to breached waste repositories?

Importance. Natural analogues have the potential to provide useful indi-

cations of the extent of dispersion that might be expected if a variety of

elements were released from the inner field of a repository.

Methods: Ideally, the chosen natural system's cbarecteristics should be as

similar as possible to those of a repository. Accordingly, in choosing a

18



natural analogue for detailed study of mass transport, the following features

should be evaluated to adjust interpretations for imperfections in the

analogue:

(1) spatial (natural systems are larger and, hence, cause scaling

problems);

(2) temporal (thermal decay curves differ substantially);

(3) pressures and temperatures (natural systems have larger ranges);

(4) water/rock ratios (natural systems normally have much higher

ratios);

(5) mass transfer (natural systems generally will be more concentrated

in "trace" constituents); and

(6) fractures (natural systems often have suffered repeated periods of

fracturing).

These observations provide a basis for modeling metasomatic processes.

MOBILITY LIMITS

Issue and Importance: A central issue in nuclear waste isolation is the

mobility of element*: over long periods. These elements (both radioactive and

others that affect rock properties) could move through roefcs that are sub-

jected to temperature gradients and infiltrated by large volumes of aqueous

and/or gaseous fluids. The mobility of elements in metamorphic processes

demonstrates natural limitations on metasomatism and provides another per-

spective on the retention of wastes by repositories.

An understanding of element mobility obtained by studying common

reactions either during low-grade metamorphism or near uranium deposits could

help set limits on the expected containment of nuclear waste in a repository

site.

Methods: Element mobility over long periods can be assessed by the two types

of investigations discussed here.

19



(1) Low-grade regional uetaworphism

Shale, basalt, granite, and tuff nay be collected from geologic sites

where they were once exposed to temperatures of 200 to 400°C in low-

grade regional metamorphic terranes. Chemical analyses of suites of nearby

representative (but unmetamorphosed) samples could identify the initial range

of alkali, allcaline earth, actinide, halogen, and rare-gas contents before

metamorphism. Analyses of metamorphic rocks should identify which, if any,

elements are mobilized during metamorphism. Where differences :in element

mobility occur, the mechanisms that control mobility may be defined as func-

tions of the composition of infiltrating fluid, mineralogy, flui.d/rock ratio,

pH, fugacities of oxygen, carbon, dioxide, etc. Careful sample selection may

reveal the geometry of element transfer, that is, pervasive or along fractures

or permeable beds (aquifers), etc. The mobilities of elements either absent

or too low in concentration to be followed, such as actinides, often can be

approximated by analogy with similar elements whose mobilities can be measured.

(2) Uranium deposits

Samples proximal to uranium ore deposits can be collected and the dis-

persal, if any, of radioactive elements found by analysis around the ore

deposit should reveal the factors that control the mobility of these elements,

such as ligand concentrations in the dispersing fluid, mineralogy of the host

rocks, gas fugacities, oxidation state, acidity, etc.

For both types of geologic environment, these methods are best carried

out to (1) collect the existing published data on the redox state and element

mobility of rocks during metamorphism; (2) study th« element mobility during

low-grade regional metamorphism, especially for al>ali, alkaline earth,

halogen, aiid rare-gas actinide elements; (3) study the element mobility around

uranium deposits; (4) use the results as an upper limit on how far elements

may migrate in the crust at 100°C < T < 400°C; and (5) use the results for

testing and validating computer codes in a simulation of fluid-rock inter-

actions .

20



CHEMICAL EFFECTS OH PERMEABILITY

Issue; Quantitative assessment of the consequences of permeation and dis-

persion of nuclear waste from a geologic repository should include the near-

and far-field chemical effects of rock-water interaction coupled to the

thermal and hydrologic regimes in the presence of liquid and liquid plus i?as

phases. especially. The consequences of multiphase fluid flow appear to have

been largely neglected.

Importance: Modeling mass transport both analytically and experimentally is

important when evaluating the performance of a repository, and permeability is

a key factor in controlling mass transport in reactive porous media. However,

the functional dependence of permeability upon changes produced by rock-water

interactions, such as selective dissolution, growth, and microcracfcing, is

poorly understood. Specific issues that require further study include charac-

terizing the functional dependencies upon porosity, tortuosity, connectivity,

specific surface, dispersivity, solution composition, and gas saturation.

Simple dissolution increases porosity; however, precipitation at pore

junctions may reduce permeabilities by reducing the connectivity. Further-

more, chemo-mechanical weakening may lead to increased permeabilities by micro-

cracking and fracture growth under nonhydrostatic stresses.

Proposed Research: To determine the effects of rock-water interactions on

permeabilities, a variety of investigations must take place, including

laboratory characterization and measurements, modeling, and field experiments.

Actual field measurements of permeability are preferred to laboratory experi-

ments on small cores because most of the in situ permeability is caused by

fracture flow, and cores are normally much too small to be representative of

fracture permeability of the host repository. In situ experiments must approx-

imate actual expected reservoir conditions, including fluid, heat, and

chemical species transport. Detailed petrologic examination of the rock

reservoir after the experiment is desirable. It should be possible to apply

results cited in petroleum engineering and geothermal literature to the pre-

diction of temporal and spacial variations in permeability caused by

solution-rock reactions in porous media. In addition, hydraulic properties of

the backfill materials in mined openings are important and also should be

21



compiled from the literature. Additional studies of microcrack propagation

within host rocks in equilibium with aqueous and/or gaseous solutions must be

carried out, and the dependencies upon fluid chemistry, temperature, and crack

extension force must be determined. Both thermal expansion and changes in

volume caused by hydration reactions may promote crack growth and, therefore,

increase permeabilities.
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INTRODUCTIOH

The kinetics of reactions of natural solid and liquid phases are criti-

cally important in parts of the upper Earth's crust where repositories can be

sited. The temperature and pressure conditions of host rocks are low:

generally from 20 to 100°C and 30 MPa—a regime in which silicate reactions

are slow and metastable solids, rather than stable solids, tend to form.

The emplacement and closure of a repository introduces strong chemical

and thermal anomalies into the rock-solution systems. Waste emplacement in a

geologic repository at currently expected loadings will generate elevated

temperatures over times of about 1000 years. In addition, there will be sig-

nificant temperature gradients between the waste canisters and the far field.

A repository must be expected to contain waste for periods exceeding 1000

years, and waste canisters are currently mandated to maintain their integrity

for 300 to 1000 years. A knowledge of the kinetics of expected reactions in

the fluids and rock mass that will be subjected to the thermal and chemical

effects of a repository is critical if we are to reliably and adequately

predict the long-term ability of the repository to contain waste. Important

processes include those affecting both the solids (minerals, precipitates)

and the species in solution.

SUGGESTED RESEARCH

The complexi ty of experiments required for answering the relevant

questions about kinetic processes makes it doubtful that we can obtain all

answers before the selection of a first repository (or, for that matter, a

second or third). Problems must be ranked according to their urgency.

Clearly, modeling will be required to predict long-term behavior of a

high-level nuclear waste repository. To be useful, models must incorporate a

knowledge of both the dissolution and precipitation behavior of single phases

and the resulting modification of water compositions. Yet, if the model is

to be available in the near future, it cannot deal with all phases that would

be encountered. The solid phases to be studied must be selected according to

(1) potential reactivity and (2) common occurrence in important rock types.
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Tiks list of solid pbases considered here includes glasses, zeolites, smec-

tites, silica phases, feldspars, and halite; large kinetic databases are

already available for some glass compositions, quartz, and halite, but the

Kinetics for other phases are very poorly Known.

Models developed from dissolution of single phases must be tested by

experiments on relevant rocks, or the use of simplifying assumptions can

never be justified. Flow-through experiments in roctcs should begin with

simpler systems and progress toward the more complex; for example, from

monomineralic to polymineralic matrix-pxus-fracture systems.

Modification of water composition will necessarily be an important

feature of the dissolution/precipitation experiments.. Among the features of

water composition that must affect waste-element transport (in particular,

actinide transport), redox fcinetics are of primary importance. An experi-

mental approach to redox kinetic^ is outlined in this report.

Other areas of research considered here are co-precipitation of waste

elements with other solids, kinetics of diffusion, kinetics of colloid for-

mation, and study of natural systems. Adequate knowledge of these research

areas is; vital if they are to be efficiently applied to waste problems. At

present, inadequate understanding is the major barrier against their near-

term application, but it should not preclude the development now of research

programs that will come to fruition in the future. The basic processes

addressed here include the following items.

(a) Dissolution/precipitation as it relates to permeability modi-

fication and the creation/destruction of important solid phases

(b) Co-precipitation of waste elements in solid phases

(c) Oxidation-reduction kinetics

(d) Diffusion

(1) Grain boundary

(2) Volume diffusion in solids

(3) Multicomponent diffusion in solution

(4) Soret effect

(e) Colloid precipitation and coagulation
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The relative importance of these basic processes in the long-term iso-

lation of radionuclides has been assessed by considering the total possible

effect each process may have on the rocfc/water/waste system. Three cate-

gories of importance were discussed:

Urgent - required to predict the long-term behavior of critical

parts of the system (U)

Strongly Recommended - required for confidence in our understanding

of the behavior of the system (S)

Recommended - required to understand the details of a system (R)

Process Category

Dissolution/precipitation of:

glass (dissolution only) U

zeolites U

smectites and illites U

silica minerals R

feldspars S

Whole-rocfc experiments on dissolution/precipitation V

Co-precipitation U

Oxidation-reduction kinetics U

Diffusion

grain-boundary U

volume R

multicomponent R

Colloid precipitation and coagulation R

DISSOLUTION AND PRECIPITATION KINETICS

Issue; The chemical evolution of repository sites will necessarily involve

both the growth and the breakdown of a nuraber of important mineral phases.

Therefore, to understand and accurately predict the long-term dissolution/

precipitation behavior of phases in potential host rocks, a knowledge of a

full rate law (that is, the rate law for both dissolution and precipitation)

for individual phases is required. In particular, kinetic data are urgently
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needed for dissolution/precipitation of individual phases such as smectites,

zeolites, natural glasses, silica phases (quartz, cristobalite, and

tridymite), feldspars, and evaporite minerals (especially halite). The

kinetic data on individual phases will then be combined with whole-rock

experiments to provide both a critical link to and a validation of the

kinetic models to be used in predicting the chemical behavior of host rocks

during the evolution of a repository site.

Importance; The time-dependent dissolution or precipitation of solid phases

in a repository environment will have direct effects on the porosity and

permeability, mineralogy in the near field, and solution chemistry in the

host rock.

Proposed Research;

(1) Dissolution Experiments

The host rocks in areas that are being actively considered for high-

level radioactive waste repositories (these include basalts, tuffs, and

granitic rocks) are complex multiphase mixtures. The long-term chemical and

physical integrity of these rocks is one of the many considerations in the

ultimate selection of a repository site. This has led to numerous "whole-

rock" dissolution experiments that attempted to characterize the interactions

between these rocks and the solutions that might come in contact with them.

Interpretation of the results from these dissolution experiments is an

extremely complex task, primarily because the factors that regulate the

reaction rates of the individual minerals are poorly understood at present.

To minimize ambiguities in interpretation, we recommend that the

following properties of solids used in dissolution experiments be determined

and reported:

(a) surface area (by the BET method) before and after dissolution

experiments;

(b) grain-size distribution (rough estimate), grain shapes, and

detailed surface morphology (by SEM or TEH) before and after

dissolution experiments;
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(c) the natures and distributions of the dominant linear and planar

defects (dislocations, subgrais boundaries, twin boundaries, and

exsolved-phase boundaries) before the experiments;

(d) bulk, chemical composition, zoning, and compositions of exsolved

phases, if any, and structure (especially order-disorder) before

the experiments;

(e) surface chemistry (by XPS, SIMS, or Auger spectroscopy) before and

after dissolution experiments; and

(f) the nature, conditions, and durations of sample-preparation steps

used (synthesis, mechanical comminution, cleaning, and etching).

To develop a solid and dependable understanding of the interactions that

are occurring, it is essential that we undertake experiments in which the

rates and mechanisms of dissolution and precipitation of well-characterized

minerals are determined. The ultimate goal of this work will be to make

reasonable statements about how a repository system responds to and is

affected by the migration of fluids and by the repository-induced thermal

pulse. The dissolution-precipitation experiments must be done under con-

ditions that can be used to model the response of the repository to changing

environmental conditions. The factors that should be considered in such a

study include temperature, pH, starting solution compositions, progress of

fluid modification by dissolution, stoichiometry (and, if needed, secondary-

mineral precipitate characterization), the speciation of aqueous components,

and reaction site characterization.

Minerals in the host rocks will be exposed to temperatures ranging from

ambient groundwater temperatures (approximately 20°C) to, in the most extreme

case, values close to that generated by the waste canisters (approximately

250°C). The dissolution experiments should span some or all of this range.

Two major types of information should be obtained. The variations of rates

with temperature will yield activation energies for the dissolution reaction.

This will allow accurate prediction of reaction rates over a wide range of

conditions. It will also be possible to determine whether there are changes

in the reaction mechanism as a function of temperature. Both pieces of

information are critical in developing a reaction-path model that will be

used to predict long-term repository behavior.
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Similarly, the pH-dependence of the reaction rates (and mechanisms)
must be detailed. Here the primary efforts should be concentrated on a range

of pH values (+2 pH units) that are centered on the expected pH values of

groundwaters in the area. The pH range of 4 to 10 should encompass most

fluids of interest.

To date, little is known about the effect of solution composition (aside

from pH) on the rates of mineral dissolution. Studies should be undertaken

to determine how reaction characteristics of the various minerals respond to

changes in the chemical composition of the fluid. Because fluid compositions

vary from site to site, the range of experimental conditions must be adjusted

on a site-specific basis, although a more general understanding of the

reaction processes is central to development of a generalized reaction-path

model.

Another critical tasfc that has not been uniformly undertaken in the past

is a determination of the complete reaction stoichiometry. This includes, to

the extent possible, a complete time-series determination of the major

mineral-forming elements (for example, Si, Al, Na, K, Mg, Ca, and Fe) and,

where applicable, the minor components of the mineral (for example, Sr and

Mn). These analyses should be completed on both the solutions that evolve

from the reactions and, if secondary precipitates are forming, on those

solids. Care must be taken in these measurements to differentiate between

finely divided colloidal material that might be generated (for example, with

Fe-oxyhydroxides) and those species that are truly dissolved. We suggest

that solutions be passed through a 0.2-wm filter to accomplish this differ-

entiation.

Finally, it is critical to character\ze the nature of the reaction sites

on these individual minerals. Recent results suggest that primary silicates

do not dissolve by a general attack of the surface. Because most past work

has included a generalized surface-area term in the kinetic equation, it will

be critical to the accuracy of any modeling effort to understand more com-

pletely any nonlinearities in the relationship between surface area and rate.
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(2) Precipitation Experiments

The growth of mineral phases in a repository site as a response to the

chemical changes induced by fluids will have a strong impact on the possible

co-precipitation of actinides as well as on the overall hydrology of the

site. Therefore, it is very important to understand Kinetics of precipi-

tation kinetics (as well as dissolution) of a number of crucial mineral

phases. The ubiquitous precipitation of silica in many natural geothermal

systems underscores the need to Know silica precipitation kinetics. In part,

these data are available for silica, but they should be extended to include

the kind of characterization suggested in this section.

At low temperatures (for example, 2S°C), the study of precipitation

kinetics of silicates and aluminosilicates can be complicated by the

formation of amorphous products, which may not be fully reproducible.

Therefore, the most efficient way to study precipitation reactions is to

carry them out at temperatures above 100°C; methods of extrapolation to lower

temperatures must be developed. At higher temperatures, crystalline products

are more prevalent; however, amorphous products may still form, for example,

in the case of silica. The precipitation studies should follow thta same

procedure for characterization of solutions and solids that was outlined in

the earlier section. In addition, the experimenter should "seed" the system

with the desired products. Seeding avoids the problem of nucleation

kinetics, which are usually minimized in nature (because of the presence of

many possible nucleation sites). However, in future studies we nay want to

check the role of nucleation kinetics. The nature of precipitation on the

surface of the seed crystals should be characterized by available surface

chemistry tools (for example, SEN and XPS).

The supersaturation of the solutions should be varied over a wide range

to elucidate the rate law. Furthermore, because minerals are often complex

phases, the supersaturation should be varied in different ways by changing

the relative concentrations of silica, total dissolved aluminum, and con-

stituent cations in solution.

An important constraint on both dissolution and growth kinetic data is

the self-consistency imposed by the existence of thermodynamic equilibrium.
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Obviously, the rates must go to zero (from either direction) if the solids

and fluids are in equilibrium. The condition of equilibrium can be achieved

in numerous ways; therefore, the equilibrium consistency checlc is a powerful

guide in understanding the full rate law for dissolution and precipitation.

(3) Specific mineral phases of interest

Natural Glasses; Glass is an important (relatively reactive) phase in both

tuff and basalt host rocks. It is very important that we understand both the

kinetics of dissolution of glass in the near field and the lifcely precipi-

tation of reaction products on the spot or down a temperature gradient; glass

dissolution will lifcely cause a permeability increase, and subsequent preci-

pitation of product phases has the potential to significantly reduce perme-

ability. Both effects can alter the behavior of a repository (for example,

by retarding flow through a saturated-zone repository). In addition, avail-

able data suggest that glass dissolution/precipitation will have a major

effect on the water chemistry.

Smectites and Illites: Smectites are important' sorptive phases in many

rocks and, in some cases, smectites can have a marked effect on permeability

For this reason, it is important to have a full understanding of the

reactions that produce smectites and illites and the reactions that consume

them (including the reaction of smectite to illite). Smectite formation has

been documented in numerous hydrothermal systems, and smectite-consuming

reactions are important at the temperatures expected in the near field.

Zeolites: Zeolites are very important sorptive phases in both basalt and

tuff host rocks; any reactions consuming or producing them should be fully

understood. The full rate law describing the behavior of clinoptilolite and

analcime under repository conditions is important. Potential reactions

include recrystallization to analcime, which causes volume decreases and

significantly reduces the sorptive capacity of the system. Zeolite preci-

pitation may be important in vitric tuffs and basalts because it provides

additional retardation capacity (see also co-precipitation).
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Silica Phases: Our most extensive data exist for quartz, but a full rate lav

does not exist for tridymite and cristobalite. These are important phases ii

many repository rocks, and as with other phases, dissolution/precipitation

can yield considerable permeability changes in a repository environment.

Feldspars; Feldspars are ubiquitous in almost all potential rspository host

rocks, and available data suggest that they could alter significantly in a

near-field environment. Because they are najor components of many host

roclcs, knowledge of a full rate law for appropriate feldspars is important

for understanding the long-term behavior of repository host roclcs (perme-

ability and porosity changes) and the evolution of host-rock water compo-

sitions.

Halite: Although relatively simple, the mineralogy of salt sites includes

evaporite and clastic minerals that make the problem of designing appropriate

experiments as complex as in other rock types. This complexity may be

greater in bedded salt deposits than in the mineralogically simpler domal

salts, but no salt locality can be approached experimentally as a purely

monomineralic halite mass. Thus, the caveats about extending simple

mineral/water data to real rocks are as valid for salt as for silicate rock

systems.

One parameter of intrinsic importance in salt systems is the occurrence

of included water. Typical abundances range from about 2* in bedded salt to

0.5* or less in domal salt; these values do not differ greatly from those for

many silicate rocks but are much more significant because water included

within salt could migrate toward a heat source through the processes of

dissolution and reprecipitation. Experiments on such processes might be

scaled to (1) determine their magnitude and (2) provide limits on the

maximum heat loads below which this process is insignificant during the

thermal-pulse episode of the repository history.

Dissolution by brines other than included water may present special

problems when designing apparatus to perform with high water/rock ratios in

highly saline systems. Because large quantities of brine are not as likely

as fluid inclusions, these experiments might be given a lower priority.
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However, the variability between salt sites and the fact that some are poised

between brines and potable aquifers argue that data on dissolution with

higher water/rock ratios can not be ignored. In fact, despite the variations

in mineralogy within salt deposits, the relative mineralogic simplicity

(particularly of domal salt) and possibly the higher rates of dissolution in

salt systems suggest that the development of a complete set of full rate laws

may be more feasible in some salt systems than in the silicate rock, systems.

ROCK FLOW-THROUGH EXPERIMENTS

Issue; Effects of kinetics on permeability and porosity

Importance; Placing waste in a repository will produce a thermal pulse in

the near-field host rock. In a hydrothermal silicate system, a complex set

of chemical dissolution and precipitation reactions will occur in the back-

fill around the waste package and in the matrix and fractures of the

thermally affected rock. It is necessary to predict the effects of these

reactions on the permeability and porosity of the system (waste package and

surrounding host rock) and on the water chemistry in the host rock so that

accurate predictions of eventual radionuclide flux through the system can be

made.

Proposed Research; The most direct method (although highly empirical) for

predicting the effects of these reactions is to perform flow-through

experiments in which groundwater is forced through the fractured host rock at

the appropriate temperatures and pressures. In such experiments, appropriate

lithostatic pressure should be imposed on the rock core to restore the in

situ fracture configuration as nearly as possible. The hydraulic gradient

imposed across the core should be varied to determine the effects of flow

rate on conbined dissolution/precipitation rates. By monitoring the

hydraulic conductivity of the system continuously, we can infer the gross

effects of mineral reaction. Of course, extrapolation to conditions and

times outside the range covered in the Laboratory may be uncertain.

Similarly, monitoring solution composition will provide information about

hydrothermal reactions.
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Fracture mineralization should be characterized before and after the

experiment, including identification of the mineral phase assemblages and

textural characteristics and porosity. Characterization beforehand presents

a problem because the core used in the experiment cannot be the same core

used in the before/after test. Consequently, the cores should be taken from

locations as close to each other in the repository location section as

possible, and local variability in fracture mineralogy should be tested by

multiple sampling.

The results of single-mineral dissolution and precipitation kinetic

experiments involving the initial host-rocle mineralization can be used to

predict the overall change in permeability and porosity that will be observed

in the whole-rock system. If the calculated and observed porosity changes

are reasonably close, the kinetics of dissolution and precipitation derived

from single-mineral experiments may be considered reliable. It would be

useful to perform similar experiments on a simpler whole-rock system such as

quartzarenite, where the dissolution/pracipitation kinetics of the individual

minerals are best understood. If the calculated and observed porosity changes

in the total system are reasonably close for this relatively well-understood

system, the single-mineral dissolution and precipitation experiments for

potential repository silicate rock systems will be more credible.

STUDIES OF NATURAL SYSTEMS

Issue: Qualitative testing of water-rock interaction models that incorporate

kinetics of reactions between water and several minerals

Importance: Studying drill cores from wells in geothermal fields provides

data on mineral assemblages that form metastably at temperatuies relevant to

waste isolation. Rocks of diverse nature have interacted with dilute

solutions (dominantly meteoric waters in California and New Zealand), sea

water (Iceland), and highly concentrated brines (California). In addition,

rocks in deeper portions of proposed repository sites may be useful natural

systems to provide data on possible future repository-induced alterations.

Generally, the minerals found in altered rocks and fissure linings form
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consistent three-dimensional patterns of metastable and stable minerals that

can be related to the thermal history of the rocks and the flow regime.

These data permit assessment of the reactions that can be expected around

repositories sited in similar rocks and over a similar range of temperature,

pressure, and concentration conditions although they provide little actual

kinetic information, they may provide adequate constraints.

Proposed Research; Develop kinetic models of water-rocJc interactions for

several well-characterized geothermal systems and compare the predictions of

these models with the observed alteration patterns.

DIFFUSION

Issue; Effects of diffusion on contaminant transport

Importance; The diffusional effects considered were (1) volume diffusion in

glasses and crystalline minerals; (2) grain-boundary diffusion and transport;

(3) multicomponent diffusion in brines; and (4) the Soret effect.

Volume diffusion in crystalline minerals is likely to have little effect

on radionuclide transport because of the extremely low rates of transport at

temperatures lower than 300°C. It is possible, however, that diffusion will

be important for removing radionuclides from glasses and for the uptake of

such nuclides by glasses. This effect should be studied as a function of

temperature and the degree of structural damage resulting from irradiation.

The damage studied should include that caused by alpha particles.

Transport along grain boundaries is a little-studied phenomenon. Its

importance lies in (1) the transport of nuclides from the canister/overpack

to the nearest fissure—a process that enhances the loss of nuclides; and (2)

the permeation of nuclides into these rocks in the near and far fields by

transport from fissures into the adjacent solid rock masses—a process that

could provide additional radionuclide retardation. Further, this transport

enhances the volume of rock available to buffer the chemical composition of

the fluid.
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Proposed Research:

(1) Experiments are needed to determine how best to characterize grain

boundaries, which are diverse. The approaches should include, as

appropriate: TEH, SEM, XPS, and SIMS analytical techniques.

(2) Experiments are needed to measure both the .'rates of water transport
along the different types of grain boundaries (using isotopic

tracers) and the ion transport rates, especially for the

radionuclides of interest. It is not clear, on the basis of

present data, that the transport is by grain-boundary diffusion in

all cases.

(3) Multicomponent diffusion must be studied to permit assessment of

realistic transport rates from salt repositories and from certain

igneous rocfc settings where groundwaters have high brine contents.

Although it is important that radionuclides be studied, the

major-element behavior of the alfcalis and alkaline earths will also

be critical. As in previously described experiments, temperatures

should range from 25 to 250°C. The role of anions will be vital,

particularly that of halides.

(4) Continued study of the Soret effect may prove useful, but at
present the overall impact on the transport rate of radionuclides

does not appear to be very significant. It appears that the effect

will be limited to the meter nearest the canister.

CO-PRECIPITATION OF ACTINIDES IN SECONDARY MINERALS

Issue: Effect of co-precipitation on actinide fixation

Importance and Proposed Research: Actinides are trace elements and probably

will not precipitate as distinct mineral phases but will be incorporated in

other secondary minerals (for example, carbonates).

The important near-field secondary minerals are smectites, zeolites,

oxides/hydroxides of iron and manganese, and possibly other silicates and

carbonates. It is important to understand how the actinides are incorporated
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.into these secondary pl.ases. The priorities are to (1) identify the specific

secondary phases that incorporate each actinide, and (2) identify the crys-

tallographic sites occupied by the specific actinides in the secondary

minerals (e.g., octahedral, tetrahedral, or exchange sites in the smectites,

and tetrahedral or exchange sites in the zeolites).

The precipitation of oxides/hydroxides of iron and manganese may be

another important sink for actinides. The kinetics of precipitation and

adsorption-desorption are important factors that must be understood before

the transport of actinides can be modeled.

Further study is needed to identify all secondary minerals that may

incorporate actinides.

OXIDATION-REDUCTION KINETICS

Issue: Definition of kinetics of important aqueous redox couples

Importance: The solubility and sorption behavior of a number of radio-

nuclides in groundwater systems will be dependent on their valence states.

The redox potential will be both a function of natural water©roclc interaction

and a characteristic of the canister/overpacfc. Recent worfc suggests that

there is no single "master" measurable redox potential for natural systems,

but that the system redox is controlled by a number of individual aqueous

couples such as Fe 2 +/Fe 3 +, Mn2+/Mn4+, and E2~/SO2
4~, whose individual

potentials may not be identical because of different equilibration rates.

Proposed Research: Research is needed to define and characterize the

important aqueous redox couples, which, either bee .use of their significant

concentrations in solution or the rapid equilibration, will be expected to

control the redox potential in solution. This requires low-level analytical

methods for characterizing the speciation of natural elements and radio-

nuclides themselves. Tests should be conducted to determine the rates at

which individual couples equilibrate under the precise experimental con-

ditions that are representative of repository conditions.
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Significant effects on redox potential are expected as a result of

interaction with mineral phases eitber by dissolution, precipitation, or

surface oxidation-reduction reactions. Dissolution rates of important

primary reduced phases such as iron oxides, pyrite, and iron silicates, as

well as the precipitation rates of oxidized secondary minerals such as

oxyhydroxides and clays, must be experimentally determined. The extent to

which such reactions control and buffer aqueous redox potentials must be

defined.

At present, there is little redox information for specific groundwater

systems associated with proposed repositories. Both field and downhole

methods of characterization of aqueous redox-sensitive speciation and

petrographic information for ongoing solid-solution redox reactions must be

developed.
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INTRODUCTION
1.

The thermodynamics of solids and aqueous species provide a fundamental

basis for modeling the evolution of a nuclear waste repository. Transport,

kinetic phenomena, and rock-fluid interactions all depend on the nature of the

solids and the speciation of elements in fluids. We currently lack critical

thermodynamic data on solids, including data on clay minerals, zeolites, and

some actinides that are pertinent to the waste problem. Speciation of these

actinides and of Al and Si at elevated temperatures is still not well under-

stood and must be measured to properly evaluate the dispersion of actinides in

the far field of the repository.

PRIORITIES OF ISSUES RAISED

The issues have been separated into two categories (see Table 1). The

high-priority issues should be pursued in the next 5 years. The committee

believes that they represent an irreducible minimum program for adequate

modeling of repositories. The long-term issues are either more difficult or

less important but are considered significant for a 10-year time frame. Rough

estimates of man years needed for each issue are indicated. The total is more

than 140 man years for all issues and 90 man years for high-priority items.

Should the waste repository site be selected before all high-priority issues

are resolved, priorities of the thermodynamic issues for solids may change

(for example, zeolites for the Nevada Test Site).

THERMODYNAMICS OF SOLIDS

Issue; Thermodynamic properties of near- and far-field minerals

Importance: These properties must be determined as a function of temperature

and chemical composition to establish the stabilities of phases either found

or forming in the repository. The clays and zeolites are of particular im-

portance because they are the primary sorptive phases and because they are

likely to form at low temperatures and are therefore important in changing the
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physical/mechanical properties of the roclt (for example, permeability). Other

phases that may warrant additional study are ehlorites, hydrated calcium sili-

cates , and glasses. They may be important low-temperature alteration minerals

in some repository media that contribute both to the plugging of permeability

and sorption. Glass is an important initial phase in some repository media,

and its high reactivity ensures solution and/or rapid growth of secondary

phases. Many of the secondary phases may be metastable; their presence is

dependent not only upon temperature and pressure but also upon time.

Proposed Research: The necessary data can be collected by measuring a combi-

nation of low-temperat:ire heat capacities, site occupancies, enthalpies of

formation, and solubilities and by using synthesis and exchange data. Ade-

quate characterization of synthetic materials will require x-ray diffraction,

electron microscopy, and perhaps even magic-angle HMR. Chemical variations of

particular importance in clay minerals and zeolites are the aluminum/silica

ratio and the sodium/potassium ratio; of somewhat less importance is the

sodium/calcium ratio. Ho single experimental procedure in current general use

can unambiguously produce the required free energy data necessary for the chem-

ical models. However, each procedure can place limits upon the stability of a

metastable phase and, when evaluated in combination, can provide a very reli-

able estimate of the free energy of a metastable phase.

Iasue: Solubilities of solid phases of the waste

Importance: To determine upper limits on the solubility of the waste elements

in groundwaters, it will be necessary to obtain thermodynamic data on solid

phases that form rapidly, have low solubilities, and can form under geologic

conditions. These compounds may eventually convert to other, more thermody-

namically stable solid phases with further reduction of solubility limits.

Important solid phases for which data are not generally available are amor-

phous and crystalline oxides, hydrous oxides, and carbonates of Tc, U, Hp, Pu,

and Am. Silicates and phosphates of trivalent Am and Pu may also be of im-

portance. By using tbermodynamic data on these simple compounds, it is pos-

sible to set upper limits on the solubility of the nuclides. Free energies of
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formation for these pbases are needed at temperatures up to 200°C. Gaps in

the database on pbases involving Se, Sn, Fb, Pd, and Ra should be addressed a:

a second priority.

Waste elements may also be incorporated at trace or minor levels as solid

solutions in silicate minerals during precipitation of secondary minerals in

tbe near and far field. The tbermodynamics of these solid solutions should tx

determined where waste elements appear to be relatively soluble, as determine!

by studies of the simple oxides, hydroxides, and carbonates.

Proposed Research; These data can be generated by the calorimetric methods

and solubility measurements described above.

THERMODYNAMIC PROPERTIES OF AQUEOUS SPECIES

Issue; Standard redox potentials at high temperatures

Importance; aedox potentials are needed to predict oxidation states of multi-

valent elements such as Tc, U, Np, and Pu. Data at 25°C are adequate, but

data to 100°C are needed for extrapolation to higher temperatures.

Proposed Research; Although special alpha-handling facilities will be needed,

standard analytical techniques can probably be used.

Issue; Complexation constants to high temperatures

Importance; Knowledge of aqueous ions is important for predicting the solu-

bility and adsorption of waste elements in the repository environment.

Measurements are needed for the complexation constants of the waste elements

Am, Pu, Np, U, Tc, (Se?, Sn?, Pb?, and Pd?) as a function of ligand type,

solution ionic strength, and temperature. Important ligands in this case are

Cl~, so|" (mainly in salt systems), OH", co|~, F", Po|~, and possibly sulfide

and various borates.
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Proposed Research; Results from various techniques will be needed for each

metal ligand system to obtain a complete description of tlie speciation. Some

of the required data may be obtained using classical techniques such as poten-

tiometric titration, absorption spectroscopy, and measurement of solubility or

extraction distribution coefficients vs ligand concentrations. However, it is

lifcely that new, more sensitive ion-specific methods will be needed to address

some of the complexation studies at the very low concentrations expected in

groundwater systems. Measurement of complexation constants between 25 and

100°C will allow extrapolation to higher temperatures.

Issue: Speciation of aluminum and silicon to higher temperatures

Importance: Speciation behavior of aluminum and silicon at variable temper-

atures is needed to predict the type and composition of the solids (clays and

zeolites) precipitating in both the near- and far-field environments. There

is conflicting evidence on the speciation of silicon and very little infor-

mation on the speciation of aluminum in near-neutral solutions.

Proposed Research: The species of silicon should be examined by precise poten-

tiometry at concentrations near saturation with respect to amorphous silica;

simultaneously, solutions should be examined by liquid chromatography (using

trimethylsilylation). Species of aluminum should be examined by careful

solubility measurements on a stable crystalline phase as a function of pH,

temperature, and solution composition.

Issue: Thermodynamics of canister materials

Importance: Knowledge of the redox potentials and complexing constants for

the canister materials Fe, Mn, Ni, Cu, V, and Cr as a function of liga&d type,

concentration, ionic strength, and temperatures (to 150°C) are necessary to

model the behavior of protective oxides and the environment near the waste

package. Amorphous oxides of Fe and Hn are also potentially good adsorbers

and should be characterized.
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Proposed Research: Techniques listed under complexation constants to higher

temperatures would apply here as well.

Issue: Organic ligands

Importance: The role of organic ligands and microbiological activity in the

transport of waste elements will be important but highly site-specific.

Proposed Research: Techniques must be developed.

Issue: Colloids

Importance: It is not apparent that additional thermodynamic data will expand

knowledge about the influence of colloids upon waste-element transport. The

thermodynamics of colloids may be approximated by the corresponding amorphous

substances.

Proposed Research: Substitute measured data for the equivalent amorphous

phase.

Issue: Radiation effects and radiolysis

Importance: Hetastable amorphous materials may be formed from crystalline

matter as a result of radiation effects and radiolysis, but this may be re-

versed at higher temperatures or with longer times. Net radiolytic oxidation

and reduction processes in aqueous solution in the presence of a radiation

flux are well known. Radiolysis can affect the reactivity of both solid and

aqueous phases. There is no means to predict the ultimate values of oxidation-

reduction potentials, for example, by using a given waste loading and the dif-

ferent solid and aqueous species expected in geologic repositories.

Proposed Research: Ho particular approach to this problem was considered, but

it cannot be ignored if there is to be a complete understanding of the chem-

ical evolution of a waste repository.

44



TABLE 1
PRIORITIES OF THERMODYNAMICS ISSUES

Issue Priority Man Years

I. Thermodynamics of Solids

A. Near- and far-field minerals

Clay minerals

Zeolites

Chlorites

Calcium silicate hydrates

Glasses

B. Waste solids

Hydroxides and carbonates of Tc, Pu,

Np, U, and Am

Silicates and phosphates of Am and Pu

Phases of Se, Sn, Pb, Pd, and Ra

Solid solutions of waste elements in

silicates

High

High

Long-Term

Long-Term

Long-Term

10

10

5

5

5

High 10

High

Long-Term

Long-Term

5

5

25

II. Thermodynamics of Aqueous Species

A. standard potentials of Pu, Np, Tc, and U

redox couples at high temperatures

B. Complexation constants of w^ste-element

species with F~, Cl" OH" CO2- P0,3-

and so;2-

C. Speciation of Al and Si

D. Thermodynamics of canister materials

E. Organic ligands

High

High

High

Long-Term

Long-Term

15

30

10

5

III. Other Topics

A. Colloids

B. Radiolysis

Long-Term

Long-Term



Importance; Little basic research bas been conducted on the effect of steam

and other gases on both the chemical reactions and the flow of fluids in the

vicinity of the waste canisters. It seems likely that the rate and extent of

canister corrosion and even the waste forms themselves may be influenced by

the presence of steam and other gases. At a minimum, the presence of a gas

phase will influence the permeability of the backfill and the adjacent rocks.

Although the Panel cannot assign a high priority to this topic, it certainly

deserves some attention. Again, natural geothermal systems may be useful in

testing and validating models that take into account the role of gases.

Proposed Research; Basic research should be initiated and funded to inves-

tigate the effect of steam and other gases on chemical reactions and the flow

of fluids in the vicinity of a nuclear waste repository.
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INTRODUCTION

Geochemical studies are required for a complete evaluation of the po-

tential migration of radionuclides from a repository for nuclear waste.

Three broad types of contributions are made by these studies:

(1) the reconstruction of long-term "average" hydrogeologic factors,

including groundwater velocities and directions, as well as

regional cross-aquifer leakage and megadispersion;

(2) the prediction of rocfc-water interactions that could be induced by

natural events or repository construction and operation, which in

turn would have profound effects on radionuclide migration and the

long-term integrity of the repository; and

(3) calculation of the velocity and flux of individual radionuclides

that might be released from a repository.

Geochemistry of the combined rock-water system provides not only many of

the necessary values for the proper construction of transport models but also

the essential constraints for the models so that they represent ->hysically

plausible systems. Despite their apparent accuracy, transport models, how-

ever elaborate, are entirely dependent upon the extent to which they include

those processes that control the rate of element transport in nature. They

cannot provide the historical "real-world" data for periods of tens of

thousands of years. Such data are necessary to identify the critical

processes that control the rate of transport of elements and the important

hydrologic conditions that are operating on these processes. Geochemical and

geological studies are the only source of this historical information.

The Panel on Element Migration and Fixation reviewed a large number of

possible research projects that would improve the ability to obtain and use

geochemical information for repository evaluations. In selecting the re-

search projects to be given priority, the panel considered the possible

significance of the results as well as the status of current research activ-

ities related to the potential projects, only those projects that relate to
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topics thus far underdeveloped or neglected are included in the high-priority

selections. In malting these selections, the panel does not intend to mini-

mize the importance of the research now ander way.

Members of the panel initially proposed a large number of possible new

research projects. These were discussed collectively, and seven items from

the longer list were selected as research projects of the highest priority.

The longer list in abbreviated form is given at the end of this section, and

more detailed descriptions of the vital seven items follow here.

SPECIATION

Issue: Valid predictions of element transport rates cannot be made without an

adequate understanding of element speciation for conditions that are analogous

to near- and far-field transport.

Importance; Among other things, the transport rate of elements depends upon

their partitioning between mobile (mineral) and immobile (aqueous) phases.

Important factors influencing such partitioning include the solubility of the

element in the mobile phase. This in turn is dependent upon the chemical

species formed by the soluble component. Without an understanding of this

speciation it is impossible to evaluate the utility of either laboratory-based

measurements (Kd's) or theoretical predictions (thermodynamics) of element

partitioning to be used in transport codes. In the past, determinations of

Kd's have largely been made without regard to speciation of the radionuclides.

Thus, a great deal of the existing data is useless for transport modeling. In

addition, many determinations were done in distilled water or synthetic

solutions, neither of which are typical of natural systems.

Proposed Research:

(1) Determine formation constants for actinides and technetium with

ccmplexing agents that are lilcely to be significant in repository

groundwaters. These determinations should also include effects of

radionuclide concentration.



(2) Determine chemical properties of the solid phases in near- and

far-field environments that will potentially control radionuclide

concentration in the groundwater.

(3) Develop methods of analytically determining speciation in natura1

systems and under field conditions.

(4) Develop sampling methods that will minimize changes in acquired

field samples.

(5) Correlate speciation calculations with laboratory sorption measure-

ments to assign Kd's for individual radionuclide species.

(6) Extend laboratory techniques to determine speciation at lower con-

centrations .

(7) Determine if actinides or technetium form radiocolloids under near-

and far-field conditions.

MINERALOGICAL CONTROLS ON TRACE-ELEMENT MIGRATION

Issue: The migration of radionuclides from a waste repository may be con-

strained by incorporation within secondary mineral deposits growing in the

flow path, either in near- or far-field locations. Present Knowledge is

inadequate to define this method of retardation. This issue represents one

complimentary aspect of the problem described earlier: the partitioning of

elements between mobile and immobile phases.

Importance: Preliminary estimates have been made for the maximum migration

rates of radioelements through the hot rock and away from radioactive waste.

These estimates are based on thermodynamic calculations for the stability of

solid phases containing those elements as major components and for their

speciation in natural waste waters. However, most radioelements would be

trace constituents in the geologic environment, and their migration would

likely be controlled by their incorporation into minor components within

growing secondary minerals. The importance of this process in relation to

radionuclide isolation should be addressed through theoretical, laboratory,

and field investigations.
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Proposed Research:

(1) Examine and develop theoretical models to describe the thermo-

dynamics of partitioning trace elements between the aqueous phase

and common secondary mineral hosts.

(2) Conduct laboratory experiments to test radioelement uptake in

specific host minerals.

(3) Examine regions of alteration in appropriate host-rock media with

regard to trace-element composition and the isotopic composition of

radiogenic trace elements. In many cases, interpretation would be

made by analogy to actual waste elements (for instance, rhenium as

an analogue to Tc, U, or Th; the REE as analogues to the actinides;

Cl or Br as analogues to I, etc.).

(4) Characterize the secondary mineralogy of the host rock in relation

to the fluid phase.

COLLOIDS

Issue; Can colloids be transported through large distances in natural systems?

Importance; Colloids generally have charged surfaces (depending on pH), which

can sorb radionuclides. If colloids or pseudocolloids can migrate over sig-

nificant distances, they represent a mechanism by which radionuclides can

migrate without interacting with minerals along the flow path. Colloids are

also known to travel with the fastest moving water—a phenomenon known as

"hydrodynaraic chromatography."

Colloid transport could be used, in the absence of matrix diffusion, as a

means of examining fracture flow paths.

Proposed Research:

(1) Study the mechanism of formation and dissolution of colloids to

determine the metastable lifetime of colloids that are relevant to

nuclear waste, including:

(a) colloids in waste glass leachate,

(b) actinide and other waste-element polymers,
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(c) colloidal minerals (clays, hydrous iron, etc.). and

(d) biologically or organically suspended matter.

(2) Study the transport or filtration of colloids in hydrologic systems

These systems should include fractured rock and porous flow systems

in materials of differing pore-size distribution. It is necessary

to quantitatively determine the relationships between filtration am

porosity or fracture aperture, roughness, etc.

(3) Sample and measure colloids in natural deep systems.

(4) Enhance or develop analytical techniques including ultracentrifu-

gafcion, filtration, electromigration, dynamic light scatteriug,

electron microscopy, and the use of microprobes.

DEVETOPMENT OF ANALYTICAL METHODS FOE VERY RARE ISOTOPES

Issue: Develop new methods and facilities to assay isotopes used to assess

groundwater residence times.

Importance: Tritium and 14C are nuclides now used to study the subsurface

residence time of groundwaters. However, the half-life of these nuclides wii:

only extend the hydrologic record back about 104 years. To study older waters

on a time scale required by the nuclear waste program, nuclides with longer

half-lives must be used.

129

Proposed Research: Chlorine-36 and I are currently the only radiotracers

available for studying very old groundwaters. However, the potential for

applying these dating agents is severely limited by lack, of appropriate

tandem-accelerator mass spectrometer (TAMS) facilities. At present, only one
36

TANS in the United States, that at Rochester, is measuring Cl. The number

of samples submitted for analysis has already overwhelmed the capabilities of

this facility. At present, there are tandem accelerators capable of rare-

isotope analysis at the University of Arizona, Los Alamos, and other sites.

Funds for upgrading these machines to measure Cl and ~ I abundances are

urgently needed. Without this additional analytical capability, the most

powerful geochenical methods for investigating hydrodynamics over appropriate

time periods will not be available for detailed site investigations. There-
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fore, new facilities routinely capable of performing these measurements must

be developed.

Other nuclides would also be useful for studying the geochemistry and

hydrology at waste disposal site; However, analytical capabilities at the

required detection limits have not been developed. This panel recommends

support of research efforts that are designed to develop such capabilities.

The techniques that can currently be identified in this regard are resonance
81 99

ionization mass spectrometry to measure Kr and Tc and accelerator mass
99 79 41 239 237

spectrometry to measure Tc, Se, Ca, and possibly Pu and Np.

CHARACTERIZATION OF HYDROGEOLOGIC SYSTEMS

Issue; Future hydrogeologic conditions at a candidate site should be pre-

dicted through multidisciplinary characterization of past and present states

of the hydrologic system.

Importance:

(1) Projection into the geologic and hydrologic future is more con-

fidently made if the past and present are understood.

(2) The geohydrologic system contains chemical, isotopic, petrographic,

and mineralogic information about the past and present flow regimes

and water-rocfc reactions in various parts of the system. Measure-

ments of hydraulic heads and permeabilities, coupled with hydro-

dynamic calculations, reveal many important features of the geohy-

drologic system. A synthesis of these two types of data provides a

characterization of the geohydrologic system, which is a superior

basis from which to predict future states of the system.

Proposed Research: By collecting existing data and adding the necessary in-

formation from boreholes specifically designed for this investigation, charac-

terization of the conditions for predicfcive purposes can be successfully ,

achieved.
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From each drill bole:

(1) obtain measurements of hydrologic bead, permeability, a variety of

samples of groundwater and core samples of the aquifer rocfcs.

(2) perform a selected variety of chemical and isotopic analyses of the

groundwaters and chemical,.isotopic, mineralogic, and petrographic

analyses of drill cores.

(3) synthesize and interpret the chemical and isotopic data on ground-

water and core to provide information about

(a) flow directions, rates, and mean residence times of the ground-

waters in various parts of the system,

(b) dispersion of groundwater,

(c) cross-formational flow,

(d) water-rocfc reactions, as a portion of the information needed

for calculating radionuclide release to tbe biosphere, and

(e) retardation factors for radionuclides.

Understanding these processes and integrating that information with the

present structure, stratigraphy, and geomorphology of the site area and pre-

dicted changes will provide a method for predicting the future performance of

a repository.

COMPARISON OF LABORATORY VS FIELD DATA

Issue; Comparisons of experimental Kd's with Kd's derived from field exper-

iments

Importance; Experimental K Q s have artificially imposed restraints that may

not be present in the fie"*d. Among these restraints are surface area, homo-

geneity of minerals, porosity, redox conditions, groundwater composition, and

flow rates. Should these experimental K^'s be used for modeling?

Proposed Research; A two-part study is proposed to examine this question.

(1) Expansion of sorption experiments to field studies through the use

of radioactive aad stable tracers. Field experiments such as tbe

two-hole or two-well pumping tests can be used not only to determine
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hydrologic parameters but also overall sorption coefficients for

tracers in the bydrologic pathway of the test. Under these parti-

cular conditions, surface area, groundwater composition, porosity,

and exposed minerals have not been altered as extensively in the

field experiment as in the laboratory experiments. This is a

short-term experiment and directly comparable to laboratory time

scales.

(2) Use of naturally occurring radioactive disequilibria to estimate

retardation and mobility of elements that are the same or similar to

nuclear waste elements. Multivalency and high and low solubilities

are characteristics that are similar to those of the nuclear waste

elements in the radioactive disequilibria series. This gives a

long-term perspective of radionuclide sorption and transport in a

natural system where it is likely that chemical equilibrium has been

obtained.

A GENERAL STUDY OF SORPTION: AN OBJECTIVE CHEMICAL UNDERSTANDING

Issue; Is our understanding of sorption processes adequate to predict radio-

nuclide transport rates and concentrations?

Importance: A great deal of research has already been conducted on radio-

nuclide sorption in the laboratory, and radionuclide retardation has been

measured in field studies where groundwater movement was relatively rapid.

However, almost no attention has been focused on the problem of translating

the resulting data into models that describe radionuclide migration in very

slowly moving groundwaters in crystalline host rocks over very long periods of

time. The problem is acute because the effective surface area in a rock avail-

able for radionuclide sorption has not been studied in relation to radio-

nuclide adsorption, nor has matrix diffusion been evaluated for other than a

very few cases. Furthermore, host-rock environmental controls such as oxi-

dation state usually have not received adequate attention in the laboratory.

Finally, it is known that some sorption processes appear to be irreversible,

although their mechanisms are not completely understood. Therefore, an
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objective chemical understanding of the radionuclide sorption in relation to

field conditions is needed to predict meaningful radionuclide travel times an

concentrations through host rocks.

Proposed Research;

(1) Characterize surface are^s of rock fissures; joints, fractures, and

other nontransmissive discontinuities; pore and intergranular voids

and mineral interfaces that are subject to surface diffusion.

(2) Develop techniques for measuring surface areas in rocks that

are involved directly with the sorption of specific radioelements.

(3) Measure the effective diffusivity of chemical species in rock,

samples under host-rock environmental conditions, and characterize

rock-matrix geometry in terms of porosity and pore tortuosity.

(4) Evaluate surface diffusion processes and their significance.

(5) Develop testing procedures to measure radionuclide sorption and

retardation in host rocks under environmental conditions that are

similar to those in the field and correlate these procedures with

data from laboratory and natural analogue studies to verify the

comprehensive sorption models.

POSSIBLE RESEARCH TOPICS
IHITIALLY SUGGESTED BY MEMBERS OF THE PAKEL

1. Develop methods to determine the redox properties of groundwater and the

influence of mineral surfaces on those redox properties.

?.. Measure natural rates and amounts of sorption and retardation.

3. Study fracture transport, sorption, and matrix diffusion by means of

natural analogues.

4. Develop better methods to determine rock surface areas.

5. Use natural uranium ore deposits to study migration of minute amounts of

natural fission products.

6. Study hydrothermal or igneous veins cross-cutting low-temperature countrj

rock, as analogues to pressure and temperature conditions that could

develop near repositories.
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7. Develop ultrasensitive techniques to measure trace quantities of natural

radionuclides.

8. Study the fundamental chemistry of technetium as it relates to sorption.

9. Support the development of new centers for the analyses of 129i and
36C1.

10. Develop new geochemical techniques to measure regional dispersion.

11. Estimate Kd's in natural systems by using studies of the composition of

secondary minerals.

12. Study the flow of fluids through salt by using gross chemical and

isotopic analyses of fluids contained in the salt.

13. Use isotopic analyses of secondary minerals that fill fractures to help

understand the deformational history of salt, the time-dependent change

in fluid chemistry, and the periodicity of salt dissolution.

14. Study the reactions between rock fluids and both canister and overpack

material.

15. Use analyses of trace elements in natural analogues to draw conclusions

concerning potential migration of radionuclides from repositories.

16. Study the geochemistry of rare elements to be found in radioactive waste.

17. Hake available at least two "dating" methods for all groundwater

residence calculations. Develop critically needed methods for the 50 to
6

500, 40,000 to 150,000, and beyond-10 -year ranges.

18. Perfect the geochemical and petrographic methods to estimate past flow

and present permeability of very low permeability rocks.

19. Perform a comprehensive study of matrix diffusion.

20. Develop a combined hydrochemical and petrographic approach to evaluate

saline basin hydrology.

21. Develop an integrated hydrodynamic-geochemical method of calibrating

mass-transport models.

22. Study the fundamental chemistry of sorption.

23. Define the speciation of various radionuclides, particularly the

actinides and technetium.

24. Develop methods for reconstructing paleohydrology through isotopic and

trace chemical methods.

25. Use geochemical studies of water chemistry and secondary minerals to

determine the degree of interconnection among fractures in very low

permeability rocks.
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26. Determine if colloids can be transported through subsurface materials for

significant distances and if these colloids can transport radionuclides

from repositories.

27. Develop new analytical methods for 4 1Ca, 7 9Se, and other nuclides of

hydroehemical interest.

28. Support further work on the fundamental chemistry of technetium.
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INTRODUCTION

The development of computer codes for modeling geochemical systems depends

upon concepts and data from nearly every other field of specialization in the

broad area of geochemistry. Because of this dependency and strong degree of

overlap, the reader will recognize that some of the recommendations by the

Panel on Modeling duplicate those made by one or more of the other panels.

Many geochemical computer codes are already available to the scientific

community. Some of these are designed to model Just a portion of the overall

geochemical system. Other more comprehensive codes attempt to couple a series

of submodels to make meaningful predictions concerning more realistic systems.

Within the nuclear waste field, some of the "supermodels" include SQ3/6

(Lawrence Livermore National Laboratory), PHREEQE (US Geological Survey),

MINTEQ (Battelle Pacific Northwest Laboratory), and PROTOCOL (Lawrence

Livermore National Laboratory). The EQ3/6 package has been adopted by two

potential repository sites. The Panel generally agreed that parallel devel-

opment of specialized submodels will probably continue at many locations to

address problems of special concern to individual investigators and projects.

Such parallel development of specialized codes is useful because individual

programs will undoubtedly emphasize different processes and points of view,

resulting in a general strengthening of the overall degree of knowledge and

understanding.

A comprehensive geochemical computer model must incorporate mathematical

descriptions of a great many processes. These include dissolution and pre-

cipitation, chemical speciation, reaction kinetics, reactions involving

solid-solution minerals, surface reactions and exchange, the interaction

between fluid-flow and chemical reactions, the effect of temperature and

pressure, the possible formation and transport of colloids, and the role of a

vapor phase. The task becomes especially difficult in the near-field envi-

ronment, where steep gradients and nonequilibrium reactions may predominate.

The Panel on Modeling recognized the nearly impossible task of specifying

all the basic research that should be done to facilitate development of the
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comprehensive computer codes. Consequently, the Panel tried to identify and

emphasize a small number of very important topics in basic research that

should receive funding and support in the near future. For example, the Panel

agreed that it would probably be extremely difficult to license a waste re-

pository in the absence of adequate modeling for the processes of sorption,

kinetics, and interaction between chemical reactions and fluid flow.

The Panel also generally agreed that the development of useful predictive

models involves a sequence of steps:

(1) identification of the most important physical-chemical processes;

(2) development of mathematical descriptions of the most important

processes and, if necessary, incorporation into larger mathematical

models;

(3) collection of laboratory and field data required to use the model;

(4) verification and validation of the model; and

(5) development of methods to assess the effects of uncertainties in the

data and the mathematical manipulations.

Most geochemical computer models have three major identifiable components:

(1) the actual computer code that manipulates mathematical equations;

(2) the library of general thermodynamic and kinetic data; and

(3) the problem-specific input data on water compositions, solid-phase

identities, and intensive parameters.

Computer modeling and laboratory experiments should go hand-in-hand. In

most cases, the critical experimental and field data are best defined and

assessed by a dynamic interactive effort between experimentalists, field

personnel, and modelers. Sensitivity analyses using computer models can help

in recognizing and defining potential "bottlenecks" along the critical path of

data collection and can aid in assessing the relative importance of the

processes involved. Modeling can thus complement and strengthen all other

aspects of basic energy systems research. It is vital for experimentalists

and modelers to recognize that geochemical processes occur within the context

of a dynamic system. Of course, professional judgment must be exercised in

determining how to best apply and interpret the computer models.

61



The Panel did not address processes specifically associated with the

release of chemical species from various waste forms. The principal reason

was that it is not yet clear what waste forms will be of primary concern. The

Leaching Mechanisms Program at Battelle PNL has recently completed a major

study on the leaching of borosilicate defense wastes.

The Panel also did not include in its list of recommendations the develop-

ment and verification of comprehensive geochemical computer codes. Instead,

the Panel simply assumed that such development and "common sense" verification

will continue into the forseeable future. Panel members generally felt that

it would be useful to encourage interaction and dialogue among modelers from

different research groups but did not reach a concensus on how best to achieve

this goal; possible mechanisms might include workshops, site visits, and

participation in national and international working groups.

VALIDATION OF GEOCHEMICAL COMPUTER CODES

Issue; Validation of comprehensive geochemical computer codes

Importance: "Verification" of a computer code, in which the output is shown

to be numerically and mathematically accurate, is a necessary preliminary

step. In contrast, "validation" is defined as a comparison of computer code

output to independent experimental or field data, without artificial

adjustment of the parameters in the code to force a fit to the empirical data.

Without proper validation, results from computer modeling will not be accepted

by the scientific community, the public, or a licensing agency. Although it

may never be possible to completely validate a model and show that it is

"correct," it should be possible to show if it is "incorrect." The Panel

recognized that substantial benefits might be derived from the United States'

continued participation in international efforts to verify computer codes (for

example, the INTRACOIN WorIcing Group on hydrologic-mass transfer codes).

Proposed Research;

(1) Following careful review of existing data sets, basic research must

be funded to obtain experimental and field data specifically required
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to validate the predictive computer models. Such research may take

many forms, including, for example, determinations of mineral solu-

bilities, experiments involving laboratory columns, and careful

characterization of groundwater and geologic materials along the

potential flow paths.

(2) Although it is a relatively minor point, verification would be

facilitated if all the major computer codes had the same format for

their thermodynamic databases.

(3) Funding must be provided to support improved methods of analytical

chemistry, both to lower the limits of detection and to characterize

important aqueous species. This is particularly important for the

actinides.

(4) In some cases, it may be necessary to conduct laboratory and field

experiments that extend over many years. Funding should be available

for such long-term experiments.

KIHETICS

Issue: Development of kinetic data for primary and secondary minerals of

concern

Importance: It will be impossible to accurately model geochemical systems in

the absence of adequate information on the kinetics of the most important

reactions. The Panel recognized at least three levels of kinetic modeling:

(1) reaction-progress-variable models, in which the extent of reaction is

followed without regard for "real-time,"

(2) models that use relative rates of reaction and simple kinetic ex-

pressions, and

(3) models involving complete rate reactions.

Sensitivity testing and dialogue between the modelers and the experimentalists

and field personnel are absolutely essential to clearly define the type and

extent of kinetic data needed to construct the most useful model...

63



Proposed Research;

(1) Basic research should be funded to obtain Kinetic data and rate ex-

pressions for the dissolution and precipitation of primary and

secondary minerals of concern.

(2) Funds should also be provided for investigating the fcinetics of redox

reactions and reactions that occur primarily at the surfaces of solid

phases.

SORPTION

Issue; Sorption was defined by the Panel to include both adsorption (surface

reactions) and absorption (incorporation of atoms and ions into the structure

of solids). Most sorption modeling presently done can be classified as pheno-

menological and involves retardation coefficients or other parameters designed

to describe overall sorptive behavior. A more fundamental approach to

sorption is probably necessary.

Importance; Several members of the Panel felt that sorption may be the single

most important factor involved in modeling the mobility and transport of radio-

nuclides from the waste package into the far-field environment. Modeling

sorption is therefore of great importance; however, before we undertake basic

research in this arti, careful consideration should be given to identifying

which chemical species may be most significantly influenced by sorption. The

large body of existing data on distribution coefficients should be reviewed to

determine the usefulness of such data in predictive computer modeling.

Proposed Research; Basic research should be funded to develop improved

methods for describing, measuring, and realistically modeling sorption pheno-

mena.

COUPLING OF FLUID-FLOW AND GEOCHEMICAL MODELS

jTssue: The Panel agreed that coupling of fluid-flow models and geochemical

models is necessary, but no concensus was reached on the extent and detail of
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coupling thfac may be necessary. In the short term, because of the complexity

involved, coupling will probably be restricted to one-dimensional flow models

and will be chiefly applied to the far field. However, the Panel also recog-

nized that a coupling of flow models to noneguilibrium geochemical models for

use in the near and far field will probably be required eventually. Although

the task, may be difficult, there do not seem to be any insurmountable mathe-

matical difficulties involved in such coupling. Sensitivity testing using

these models is essential to identify the most critically necessary laboratory

and field data. Natural geothermal systems may offer an opportunity for vali-

dating such models.

Importance: Some flow of fluids will occur in any nuclear waste repository.

It is possible that the dynamics of fluid flow may influence various chemical

reactions. Similarly, certain chemical reactions, such as precipitation and

dissolution of solid phases, may influence the pattern and rate of flow of

fluids. Because of these potential dynamic interactions, it seems essential

to couple fluid-flow models to geochemical models.

Proposed Research;

(1) Basic research should be funded to identify and develop the most

efficient mathematical methods for coupling large flow models with

large geochemical models.

(2) Research should be conducted to obtain the most important laboratory

and field data required to test and validate the coupled models.

MINERALOGICAL PHENOMENA

Issue? Most thermodynamic data now available are restricted to pure end-

member minerals and simple solid-solution phases. New data are required for

complex solid-solutions, especially the clays. However, it is essential that

the clay minerals of interest be identified by repository site investigators

before much additional laboratory work, is done in this area.

Importance; It is obvious that a complex suite of secondary minerals and

alteration products will develop in the near field after a nuclear waste re-
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pository is closed. It will be impossible to adequately model tbe chemistry

of the water in this environment in the absence of good thermodynacic data on

such solid phases. Even for the far-field environment, it will be necessary

to have reliable thermodynamic data on natural solid solutions, especially for

the clay minerals and zeolites.

Proposed Research: Basic research should be funded for good therroodynamic

models and data for complex solid-solution minerals and secondary alteration

products. However, this work should be undertaken only after the minerals of

interest have been identified by studies at the potential repository sites.

MATHEMATICAL METHODS

Issue; Present mathematical methods seem adequate for solving the algorithms

as they now exist. However, as the models grow larger and more complex,

research must discover how to optimize the mathematical algorithms and how to

best solve the resulting systems of nonlinear differential equations.

Research is also needed to optimize the methods for propagating errors and

uncertainties through the modeling process.

Importance: Present mathematical methods appear to be adequate, at least for

laboratories and instituces with large computing facilities. This topic is

therefore not of the highest priority, but work in this area is needed for the

long-term goals.

Proposed Research: Funding should be provided to encourage basic research in

the area of mathematical methodology.

VAPOR-PHASE CHEMISTRY

Issue: It seems probable that water in close proximity to the waste can-

isters will boil within the early history of the repository. In addition,

gases such as hydrogen and chlorine may be generated as a result of chemical

reactions and radiolysis.

66



WILL NONHTDROSTATIC STRESSES AND IHELASTIC ROCK DEFOEMATIOF
SIGNIFICANTLY INFLUENCE THE GEOCHEMICAL INTERACTIONS

BETWEEN FLUIDS AND ROCKS IN NUCLEAR WASTE REPOSITORY APPLICATIONS?

by

Stephen H. Kirby and Andreas K. Kronenberg
Office of Earthquakes, Volcanoes, and Engineering

US Geological Survey
Menlo Park, California

I. INTRODUCTION

Under lov-grade metamorphic conditions, the strengths of crustal rocfcs

are controlled by the chemical interactions of aqueous pore fluids and the

host rock (see reviews by Kirby, 1983, 1984; Kirby and Scholz, 1984). This

conclusion is based on deformation microstructures and textures observed in

naturally deformed crustal rocks as well as laboratory deformation

experiments on rocfcs and minerals in the presence of water and aqueous

solutions. Both these chemical weakening effects and the well-known

physical weakening effect of fluid pressure reduce the effective normal

stresses and promote brittle fracture ai>3 frictional sliding (e.g., Hubbert

and Rubey, 1959; Hubbert and Willis, 1957). There are important

geochemical processes that occur in rocks in the presence of aqueous

fluids, such as adsorption, dissolution, crystal growth, intracrystalline

diffusion, and the phase changes involved in hydrothermal alteration and

prograde metamorphism. These have been identified with important chemical

weakening effects of water in the laboratory environment (for times less

than about 107 to 1014 s) and at temperatures from 90 to 700°C. Because

the exposure times and temperature of the waste repository environment (0 <

t < 1012 s and 25 <. T ± 300°C) are spanned by laboratory and natural

tectonic conditions, one can expect that the geochemical interactions of

water and rocks under stress are important in the waste repository

environment if the thermodynamic driving forces are of similar magnitude.

We restrict our attention to silicate host rocks because the literature on

the mechanics and geochemistry of rock salt have been more extensively

reviewed (e.g.. Carter and Hansen, 1983; Heard and 2yerson, 1982).
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II. CHEMICALLY ASSISTED CRACK GROWTH

Tensile microcrack growth is an important process that precedes

macroscopic failure by fracture under both compressive and tensile states

of stress and can obviously enhance fluid transport rates. Crack, growth

occurs, when the local stress at the cracfc tip exceeds the local strength of

the material at the crack tip (Simmons and Richter, 1976). The local state

of stress in the vicinity of a crack depends on the externally applied load

and the orientation and length of the crack. A measure of the tensile

stress near a cracfc tip is the stress intensity factor K^ for mode I

(tensile) cracks (Lawn and Wilshaw, 1975). A related quantity is the crack

extension force or energy release rate Gj, which is the amount of

mechanical energy released (per unit length of crack extension) from

elastic strain energy stored in the medium and from work done by the

applied load. According to linear fracture mechanics, Gj = 0K2-, where 0

depends on the elastic properties of the medium.

In an inert environment, rapid unstable cracfc growth occurs when Gj >

Gc = 27, where 7 is the intrinsic surface energy of the material (Fig. la).

If a crack tip is exposed to a chemically aggressive fluid, slow crack

growth may occur over a range of Gj values between 27* and 27 (Fig. lb),

where 7* is the interfacial energy of the solid in equilibrium with the

environmental fluid (Rice, 1978; Segall, 1984; Parks, 1934). In addition

to this effect on the overall energetics of crack growth, the chemical

interaction of an environmental fluid with a crack tip also affects the

kinetics of crack growth, which describes the rate of increase in cracfc

velocity with increasing Gj > Gc* and with increasing temperature (Figs. 2

and 3). This rate control is due to the periodic activation barriers to

cracfc extension. These activation barriers are reduced by chemical

reactions at the stressed bonds at crack tips. For a pure-water

environment in silicates and silicate glasses, a hydrolysis reaction of the

following form is thought to occur at cracfc tips:

=Si-O-Si= + H2O^H^=Si-OH o OH-Si= . (1)

Here, the strong silicate bridge at the crack tip is replaced with wea'-

hydrogen bonds, thereby reducing the activation barrier to cracfc extension

(Atkinson, 1984; Wiederhorn et aj.., 1982). The water molecule is epecially
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effective in such a hydrolysis reaction because it can donate an electron

and a proton, thus facilitating the reaction (Michaelske and Freiman,

1983). As expected, crack velocity increases with increasing water partial

pressure (Fig. 3) or water activity in solution (MichaelsKe and Freinan,

1983). Crack velocity V follows rate laws of the form V «= VQ exp(-Qf/RT),

where VQ depends on Gj, and the Qf for crack growth ranges from 26 to 108

fcj raol"1 for most silicate crystals and crystalline rocks (Atkinson, 1984).

Details of the solution chemistry, such as the concentrations and

identities of ionic species, can also have marked effects on crack velocity

(Figs. 4 and 5)i indicating that the reaction at crack tips is more complex

than described in Eq. (1) for aqueous solutions with ionized species.

These effects of pH and solution species on crack velocities are very

similar to their effects on dissolution rates and solubilities of silicates

in aqueous solutions. It is not clear, however, whether dissolution is a

process that occurs at crack tips during crack growth or both processes

simply depend on surface chemistry.

The thermodynamic lower limit for slow crack growth is set at Gc* =

27*; in addition, slow crack growth can be inhibited by blunting of the

crack tip from dissolution and by plastic dissipation from dislocation

production and motion during crack growth (Lawn and Wilshaw, 1975;

Atkinson', 1984; Freiman et ajL. , 1975). These competing effects have not

be^n isolated in any geological material.

Chemically assisted crack growth is likely to be the most important

interactive process in rock-water systems under nonhydrostatic stresses

that originate from repository excavation, thermoelastic stresses around

the waste package, pore pressures generated by the heating of pore fluids,

and regional tectonic stresses. Obvious effects of fracture growth include

increased permeability and increased surface-to-volume ratios in the host

rock—effects that could help facilitate hydrothermal circulation,

dissolution, and sorption of transported radioactive wastes.

The following recommendations can be made.

(1) Determination of Surface Parameters. Because the most

conservative estimate of the lower limit of slow crack growth is

set by the interfacial energies of'the component minerals of a

rock in equilibrium with their pore fluids, we recommend that
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tbese surface parameters be determined calorimetrically [or

indirectly as outlined by Parks (1984)] on the principal minerals

in the matrix rocfc types found in the repository sites under

consideration. Grain boundary energies should also be measured

because crack growth can be largely intergranular in some rocks.

(2) Fracture Mechanics. Fracture mechanics tests should be performed

on the host rocks under consideration by using the double-

cantilever beam technique with the specimens in an environment of

water saturated with respect to the rock components at elevated

temperatures. The relations between cracfc velocity, temperature,

crack extension force, and the details of the process zone of

distributed microfracturing (Swanson, 1984) should be measured.

(3) Modeling. Modeling predictions of crack growth should be made

using the loads developed by excavation, thermal expansion around

the waste package, and expected regional stresses. The

approaches of Segall (1984) and Bruner (1984) are relevant here.

Incorporation of fluid flow into the zones of microfracturing

should make modeling of fluid flow and possible hydrothermal

circulation around the waste package more realistic.

III. SOLUTION TRANSPORT CREEP

Dissolution, solute mass transport through or with aqueous solutions,

and precipitation by crystal growth are coupled processes that may be

directed by nonhydrostatic stresses, (see reviews by Rutter, 1983; Green,

1984). Field and petrographic evidence indicate that these processes are

important in diagenesis and low-grade metamorphism. For example, quartz

overgrowths in many pelitic rocks result from dissolution at grain contacts

into fluid-filled intergranular pores where growth on stress-free grain

interfaces with the solution results in porosity reduction and

lithification of sediments. Nonhydrostatic stress greatly accelerates the

rate of porosity reduction (Sprunt and Nur, 1977), which is apparently

driven by the higher chemical potential of grain components at stressed

grain contacts. Mass transport may also be driven by differences in normal

stresses at grain boundaries, and the path would be along aqueous

intergranular films (see review by Rutter, 1983). Lastly, the scale of

mass transport nay be very large in structures such as stylolites or
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solution cleavage where dissolution occurs on large-scale interfaces and

transport is thought to be facilitated by solution flow along preexisting

joints and naturally formed hydraulic tensile fractures (Etheridge e_t al..

1984; Fletcher and Pollard, 1981). These types of solution transport

systems have the greatest potential for importance because the transport

distances in natural settings are as large as several kilometers (Etheridge

et al., 1984).

The following recommendations can be made:

(1) Dissolution Kinetics. Regardless of the thermodynamic driving

force, studies of dissolution kinetics are fundamental and should

be applied to the host rocks of the geologic repositories under

consideration.

(2) Analytical Models. Analytical models for solute transport of the

type suggested by Fletcher and Pollard (1981) should help

determine whether the driving forces caused by nonhydrostatic

stresses are significant compared with those under hydrostatic

conditions.

(3) Field Test. A field demonstration experiment would be very

useful in testing models of crack growth, hydrothern.al

circulation, and dissolution rates (see summary).

IV. HYDROLYTIC WEAKENIHG AND OTHER WATER WEAKENING EFFECTS

Trace concentrations of molecular water dissolved in the quartz

structure markedly reduce the ductile yield strengths of quartz (Fig. 6)

(Griggs and Blacic, 1965; Aines et at., 1984). The mechanism of weakening

is thought to be reduction of energy barriers to dislocation motion by

hydrolysis reactions ahead of moving dislocations; this is similar to the

explanation of the kinetic effect of water in promoting crack growth. The

crucial questions are: What is the solubility of molecular water in

crustal silicates? How does it vary with thermodynsmic conditions? and

What are the rates of diffusion uptake under hydrothermal conditions?

Using O diffusion data from hydrothermal annealing experiments on alkali

feldspars and quartz (Yund, 1984), we would expect penetration distances of

less than 1 JIR at T = 200°C, pH2O = 10 MPa, and t = 1000 years. Hence,
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this type of water weakening should not be promoted by diffusive uptake

processes that tend toward equilibrium concentrations. Preexisting water

concentrations in minerals of the host rock may be important and could be

established by new Fourier transform infrared techniques.

Hydrcthermal alteration could modify the strength of the host rock

simply by changing the mineralogy of the rock. Rate models could predict

the amount of alteration, and rock mechanics tests on partially altered

rock, could establish the effects on strength.

Recrystallization is a process that is enhanced by the presence of

water; rocks that are recrystallizing in the presence of water during

deformation are weaker than those under dry conditions. Grain growth

studies of quartz and calcite under hydrothermal conditions (Tullis and

Yund, 1982) suggest that grain growth at T = 200°C and pH2O of 10 to 100

MPa would be too slow to be significant under repository conditions. This

conclusion is obviously not applicable where the driving force for grain

growth is large, such as in very fine grained host rocks or host rocks in

which volcanic glass is a significant component.

V. SUMMARY RECOMMEKDATIONS

To properly evaluate the influence of nonhydrostatic stresses on

geochemical processes in rock-water systems, a research program should have

several components:

(1) detailed petrologic, geochemical, and microstructural

characterization of the host rocks,

(2) fundamental research on the surface and grain boundary energies

of component minerals and on the kinetics of dissolution growth

and hydration reactions under hydrothermal conditions,

(3) fracture mechanics tests on the relevant rocks and minerals in

the environment of the in situ pore fluids under simulated

repository conditions,

(4) model studies to evaluate microfracturing, hydrothermal

circulation, and solution transfer processes, and

(5) field demonstration experiments to test the validity of these

models by using test borings for temperature, fluid flow, fluid

pressure, solute composition, and nonhydrostatic stress

measurements.
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Presumably, the maximum source temperature and heat flow must be larger

than those in the repository environment to simulate differences between

the time scale of the experiment and the time scale of a repository. It

would also be desirable to control source temperature and stress

independently (perhaps by loading at the source) to sort out the relative

effects of temperature and stress in the host rock.

77



(a) WENT ENVIRONMENT
(b)

REACTIVE ENVIRONMENT
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Fig. 1. Schematic of the relations between crack, velocity c and the cracfc
extension force G.
(a) In an inert environment, crack growth can commence when G
exceeds twice the dry fracture surface energy 7.
(b) In a chemically reactive environment, slow crack growth can
proceed at G values below 27, with a lower limit set by G = G c =
2y*, where 7* is the surface energy in equilibrium with the
chemical environment.
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Fig. 2. Effect of crack, extension force (normalized by the critical cracfc
extension force Gc) on cracfc velocity V for Westerly granite in
water. The thermodynamic limit predicted for G*/Gc = 7 /71s also.
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Fig. 3. Effects of water partial pressure p(H20) and temperature on crack
velocity in synthetic quartz crystals (from Atkinson, 1984).
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Fig. 4. Cracfc velocity V vs stress intensity factor Kj in synthetic quartz
crystals immersed in acidic, neutral, and basic aqueous
environments (Atkinson, 1984).
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Note the differences in crack, velocity among solutions with
different solutes.
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Fig. 6. Plastic yield strength y^ temperature for high-purity, dry natural
quartz crystals and a synthetic crystal with a trace concentration
of dissolved molecular water.
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by
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I. INTRODUCTION

Permeability is a volume-averaged property of porous media that is a

measure of the ability of a medium to transmit fluids. The fundamental

importance of this parameter is intrinsic to quantitative description of flow

in porous media because of its' role as a proportionality factor in Darcy's

law. This can be expressed as

_ _ K 3h _ rka ah
q " "K as " u ds

where q is specific discharge, K is hydraulic conductivity, k is permeability,

7 is specific weight of the fluid, M is fluid viscosity, h is hydraulic head,

and s is the spatial coordinate in the direction of flow. Depending on

preference and application, either permeability or hydraulic conductivity can

be used in studying subsurface flow. However it is defined, the concept of

rock permeability appears simple at first glance, bat nature is indifferent to

the problems it can cause for simple models of phenomena. Most geologic

materials are in fact heterogeneous and anisotropic with respect to perme-

ability, and therefore an accurate description of subsurface flow can become

exceedingly difficult unless this detailed information is available. Fortun-

ately, a large body of research has addressed the problems of spatial hetero-

geneity and anisotropy from both an empirical and theoretical stand and in

light of deterministic and stochastic frameworks. A reasonably large amount

of data has also been collected and studied on permeability relationships

under conditions of multiphase fluid flow, particularly in regard to flow

through soils in the unsaturated zone. Much of the recent work on perme-

ability is devoted co the study of fractured rock systems—not only their
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hydraulics but also the coupled flow and stress-strain analyses of thermal

effects. In marked contrast, relatively little research has been done to

describe or quantify fluid flow in reactive geologic media or the subsequent

effects on hydraulic properties such as the permeability and porosity. Some

data on this topic exist in chemical and petroleum engineering, soil physics,

and groundwater hydrology. The effect of water-rock reactions on permeability

and its role in geochemical processes has received attention only recently,

although its qualitative importance has been recognized for some time in

weathering (Davis, 1969), diagenesis (Runnells, 1969), and ore genesis

(Roedder, 1968).

The purpose of this resource paper * s t o assess the importance of studying

the effects of water-rock, interactions on permeability and the implications

for nuclear waste isolation in subsurface repositories. It seems appropriate

first to review t.he theoretical foundations and past research on flow in

reactive media, then to describe the state of the art, and finally, to

present a perspective on the research needs of the next decade.

II. TRANSPORT IN REACTIVE POROUS MEDIA

The treatment of transport phenomena in porous media requires a continuum

approach, where volume-averaged values of media parameters are introduced in

order to pass from the microscopic, pore-size scale to a macroscopic, con-

tinuum level (Bear, 1972). This transformation is reasonably straightforward

in most groundwater systems, but there are inherent difficulties in fractured

rock (Bibby, 1981) and in accounting for the microscopic effect of chemical

reactions between the solid and fluid phases (Norton and Taylor, 1979). The

result of an averaging procedure is a set of transport equations that can be

used, in theory, to formulate a mathematical model of the subsurface flow

problem. The complexity of the mathematical model will depend on the nature

of the problem, the availability of information concerning the processes, and

our ability to solve the equations analytically or numerically. The past 20

years of research in the hydrological sciences have produced a spectacular

expansion of knowledge about the analysis of subsurface flow and mass trans-

port (Pinder, 1982); this is largely due to the advent of numerical modeling,

which has developed considerable capability (Huyakorn and Pinder, 1983). In

spite of these advances, more work is needed in model formulation and develop-

ment before a comprehensive analysis of mass transport can be made in three-



dimensional space, in reactive media, or in fractured-rocfc systems. To

achieve these overall goals, it is clear that effects of water-rock reaction

on permeability should be taken into account.

Quantitative assessment of the consequences of nuclear waste isolation in

a geologic repository ought to include the near- and far-field chemical

effects of water-rock interaction coupled to the thermal and hydrologic

regimes. As stated earlier, there have been few attempts to approach the

problem of flow in reactive geologic media. The theoretical aspects of

equation formulation have been presented in a variety of forms by Carnahan

(1975), Domenico and Palciausfcas (1979), wolery (1979), Nguyen et si. (1982),

Helgeson and Murphy (1983), and Rubin (1983), among others. For the case ot

nonisothermal-reactive flow, the ideal model would include equations of fluid

mass and momentum conservation, mass conservation, thermodynamic rate ex-

pressions for water-rock reactions, thermal energy conservation, multi-

component solute mass conservation, equations of fluid state, constitutive

equations for elastic parameters, and constitutive relations for hydraulic

parameters. Numerical solutions involving fluid flow and heat flow with mass

transport and chemical reactions have presently baen restricted to either much

simplified or uncoupled \<srsions of this ideal transport model (Norton and

Taylor, 1979i Li, 1980; Garven, 1982). Only the study by Li (1980) accounted

for the effects of reaction on permeability. This study was implemented

through the use of a known kinetic expression for quartz dissolution and

precipitation and an assumed empirical relation for permeability as a function

of porosity. As more detailed discussions of the role of mass transport,

thermal effects, reaction kinetics, and modeling are to be covered elsewhere

in this workshop, only the reaction-permeability aspects of water-rock inter-

action will be further considered here.

III. POROSITY-PERMEABILITY MODELS AHD OBSERVATIONS

The concept of permeability permits a phenomenological analysis of flow

through porous media, at a macroscopic level. Other properties must also be

used to fully characterize a porous media, including porosity, specific

surface area, connectivity, dispersivity, tortuosity, and in the case of

multiphase flow, the capillary pressure and interfacial forces (Greenkorn,

1981). All these macroscopic properties are interrelated because of their

mutual dependence on pore geometry and topology. Great effort has been made
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to deduce tbe relationships between the hydraulic parameters from both

empirical and theoretical approaches, and a large volume of literature is

available (Bear, 1972; Scheidegger, 1974; Dullien, 1979).

Perhaps the most sought-after correlation is between porosity and

permeability (in spite of the theoretical fact that permeability in a rock

cannot be predicted from porosity alone except in some simple cases). Efforts

to determine porosity-permeability correlations have usually taken two ap-

proaches: analysis of flow in conduits and analysis of flow resistance around

solid objects. Both methods are based on an assumed knowledge of the pore

structure. Dullien (1979) also distinguishes a third type of model used

mainly for uniform media; this model is purely empirical, although it may be

aided by theoretical considerations and dimensional analysis. One such

example is the use of the formation resistivity factor in correlations of

permeabilicy and tortuosity (Brace, 1977).

In the case of conduit flow, one can work, with "geometrical" or "statis-

tical" models. The simplest geometric permeability model consists of a bundle

of capillary tubes. Perhaps the most popular capillaric model is the Carman-

Kozeny approach, which is based on the hydraulic radius concept. Simpler tube

models can also be derived using Hagen-Poiseuilie-type flow assumptions for a

variety of capillary configurations (Scheidegger, 1974). Conduit theory can

be extended to formulate a fissure-type model, which finds significant appli-

cations to the study of flow in fractured rock (Bear, 1972). Statistical

conduit models are preferred for disordered media, in that some form of proba-

bility law is introduced to account for the random nature of the pore connec-

tivity. This approach has been especially important in deducing theoretical

permeability-dispersivity and permeability-tortuosity relationships. At the

other extreme, pure deterministic models have been formulated in which the

complete Havier-Stokes equations are solved for certain pore-throat geo-

metries. In practice, however, the empirically based and geometrical conduit

flow models have seen widest application in subsurface flow problems.

Specific examples of experiments involving the modeling of porosity-

permeability as a function of flow in a reacting porous media are not common.

Those reported in the literature are scattered throughout various disciplines.

Some of the most sophisticated analyses to date have beer, performed on the

problem of sandstone acidization in oil field reservoirs. Schechter and
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Gidley (1969) developed a one-dimensional flow model that used a statistically

based capillary tube representation of the media and-surface reaction kinetics

to predict the evolution of porosity and permeability in space and time.

Rapid (minutes) permeability changes of 3 orders of magnitude were indicated

in their modeling results. In another study, Lund and Fogler (1976) defined a

local empirical porosity-permeability relation that is integrated to calculate

a macroscopic average permeability as a function of diffusion-controlled

reactions. Subsequent research by both groups has led to model refinements

and extension to other rock types and multiple reaction zone analysis. The

models described above may provide a useful framework for assessing the impact

of leakage from a nuclear waste repository.

A review of the literature in other disciplines was successful in locating

only a few other quantitative assessments of the effects of water-rock

reactions. Li (1980) numerically simulated permeability changes in a cylinder

of granite subjected to a temperature gradient with an empirical permeability-

porosity equation, but he found that consideration of quartz dissolution/

precipitation alone could not explain the total changes in permeability

observed in laboratory experiments (Summers et. a_l. , 1978). Changes in perme-

ability may also be observed in subsurface environments as a result of the

chemical effects of other processes such as hydration, adsorption, microbial

action, and gel formation. Experimental observations by Goldenburg et al.

(1983) of the permeability changes in sands suggest that permeability can

decrease by a few orders of magnitude when the seawater/freshwater interface

shifts in coastal aquifers. They attribute the decrease to induced defloccu-

lation of clay particles and the formation of a colloidal gel.

The qualitative effects of electrolyte interaction with clays and of

microbial actions on the hydraulic conductivity of soils has also been well

documented (Quirk and Schofield, 1955; Frankenberger and Troeh, 1982), but

their influence on rock and sediment permeabilities is not well known.

According to Scheidegger (1974), the apparent increase in permeability

observed for increasing electrolyte concentration in clay-bearing sandstones

may be explained by the additional flux caused by electro-osmotic transport.

Reverse chemical osmosis also appears to be an important process in certain

rocks (Craf, 1982), yet its role has yet to be thoroughly quantified. Part of

this problem is the fact that although the theory of coupled phenomena in
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porous media is reasonably well understood, many of the transport coefficients

needed for the constitutive equations are unknown (Freeze and Cherry, 1979).

IV. CONCLUSIONS AND PROSPECTS

(1) Quantitative assessment of the near- and far-field effects of the

disposal of nuclear waste in deep repositories requires the development of a

capability to analyze coupled mass transport with chemical reactions in multi-

dimensional space. Crucial to this goal is experimental work to describe

reaction kinetics at the pore level, with further parallel development in

model equation formulation at the continuum level. Much more research in

numerical methods is needed to solve the coupled and nonlinear set of trans-

port equations efficiently.

(2) It is apparent that the effects of water-rocfc interaction can cause

permeability changes in geologic media of several orders of magnitude, but the

effects have only been documented for a few rock types in a limited number of

laboratory experiments. Changes in permeability around a repository site

could have a profound effect on local and regional hydrodynamics; these

water-rocfc interactions must not be ignored in hydrologic assessments of

contaminant mass transport. Further testing is indeed warranted in both the

laboratory and field, and hydrologic modeling that includes the effects of

reactions should be encouraged.

(3) Understanding the role of chemical reactions in mass transport

processes appears to be governed by our ability to describe permeability-

porosity-dispersivity-tortuosity relationships as a function of reaction

progress. Rate expressions for surface-controlled reaction kinetics are also

dependent on pore geometry knowledge. Experimental and theoretical foun-

dations for these subjects have been established largely in the chemical and

petroleum engineering fields. Future work in the hydrogeochemical analysis of

deep repositories could clearly benefit from the extension of this theory to

the study of less permeable and fractured rock materials on both the near-

field and the regional scale.
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INTERACTIONS AND MASS TRANSPORT IN GEOLOGIC MEDIA

(MARINE PELAGIC CLAY)

by
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I. INTRODUCTION

Most experimental studies designed to model the chemical environment

in the immediate vicinity (near-field region) of a buried canister

containing high-level radioactive waste have been primarily concerned with

the effect of temperature on solution/mineral equilibria and adsorptive

processes. Numerous closed system, constant-temperature experiments have

been performed using solutions and solid forms consistent with various

waste disposal options. Results of these studies provide basic geochemical

information and are particularly important as a means of assessing chemical

exchange and secondary alteration for a system having sufficiently high

permeability so that infiltration dominates metasomatic processes. For

less permeable systems, diffusion will play an increasingly important role

in alteration processes; when this role is considered with the distinct

thermal gradient characterising the near-field environment, it becomes

clear that thermal dlxfusion will contribute, perhaps in a fundamental way,

to the modification of fluid chemistry and chemical transport processes. I

believe it is necessary to expand experimental programs to assess

rigorously the implications of thermodiffusional processes for various

nuclear waste disposal options.

Among the options presently being considered for long-term storage of

high-level radioactive waste is subseabed disposal. Desirable features of

marine sediments as 6 repository site include extremely low permeability

and high adsorptive capacity. The low permeability and high porosity of

marine sediments, however, suggest that thermod.if fusional processes will

probably play an important role in near-field geochemistry. The mechanism

of thermodiffusional mass transport in marine pelagic clay is probably
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similar to that which night occur in an on-land repository having

relatively impermeable, potentially porous filler materials in the

immediate vicinity of a heat-generating waste canister.

II. EXPERIMENT PROCEDURES

To document thermodiffusional processes active for the subseabed

system, I will review results of three experiments. The first two were

conducted in the hydrothermal laboratories at the University of Minnesota;

these experiments involved titanium-lined pressure vessel equipment

designed to provide a stable temperature gradient of 200°C between a "hot"

zone (300°C) and a "cool-1 zone (100°C) over a distance of approximately

30 cm at 600 bars pressure. The apparatus employed for these experiments

permitted removal of fluid samples from hot and cold zones at any time, so

that solution chemistry could be continuously monitored. One of these

experiments contained sediment and seawater as reactants, whereas in the

other, sediment and seawater were replaced by fine-grained alumina and an

artificial sea-salt solution, respectively. The latter ("control")

experiment was conducted to obtain data on diffusional processes in a

thermal gradient in the absence of sediment alteration processes. The

third experiment (in, situ heat-transfer experiment) was conducted by Sandia

National Laboratories at the Naval Ship Research and Development Center at

Annapolis, Maryland. This experiment used an autoclave sufficiently large

to contain 1 m3 of an illite-quartz-rich sediment overlain by 2 m 3 of

artificial seawater. Large volumes of sediment and seawater are required

to accommodate instruments that measure pore-fluid chemistry. Also, the

large volume of reactants mak.es this experiment more meaningful as a model

for natural events. An electrical heat source in the sediment maintained a

thermal gradient of 5 to 150°C in the vicinity of the pore-fluid sampler.

III. RESULTS

Analysis of hot- and cool-zone fluids from all experiments reveal

substantial concentration gradients. For example, analysis of fluid

samples from the control experiment reveals enrichment of Na +, Cl~, K+,

Ca , and Mg in the cool zone and depletion of these components in the

hot zone. These data indicate that thermodiffusional transport (Soret

effect) produces a large-scale flux of solute components down the thermal
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gradient. Steady-state conditions were attained after about 600 hours, at

which time the ionic strength of hot-zone fluid was reduced to

approximately half that of the cool zone. Results from the sediment

gradient experiment and the in, situ heat transfer experiment are similar to

those from the control experiment, although these experiments do exhibit

greater concentration gradients for Ca and Mg and lower gradients for

Na+ and K+. Furthermore, hot-zone pore fluid >rrom the sediment gradient

experiment reflects a distinctly acid pH. These differences in fluid

chemistry between the control experiment and sediment thermal gradient

experiments are caused by rocfc-water interaction effects.

IV. DISCUSSION

The movement of pore-fluid components in a thermal gradient can be

treated as the sum of two different flux terms: thermal diffusion and

chemical diffusion; i.e.,

Fi = " D^dCi/dz) - DTiCi(dT/dz) (1)

where for the i component, Fi is the net flux, D^ is the coefficient of

chemical diffusion, dCi/dz is the concentration gradient, DTi is the

coefficient of thermal diffusion, C^ is the mean concentration, and dT/dz

is the temperature gradient.

Assuming steady state, fluxes caused by thermal and chemical diffusion

are balanced and the net flux is zero. Thus, Eq. (1) becomes

dC±

C

The temperature, pressure, and composition dependence of s is poorly fcnown;

this information must be considered an important objective for future

investigations.

If we assume that s is a constant over the range of temperatures and

concentrations encountered during these experiments, integration of

Eq. (2) yields

AlnC = -sA . (3)
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Thus, changes in the log concentration of selected pore-fluid components as

a function of temperature permit us to compute apparent Soret coefficients

for these species from the slope of the best fit line drawn through the

data (Table 1).

TABLE 1

EXPERIMENTAL VALUES OF SORET COEFFICIENTS

Soret Coefficient ("c"1)

Element Control Experiment Sediment Experiment Sandia Experiment

Cl~ 0.0041 0.0040 0.0043

Ha+ 0.0040 0.0037 0.0031

K+ 0.0043 0.0039 0.0009

Mg2+ 0.0046 0.0109 0.0151

Ca2+ 0.0048 0.0065 0.0069

To distinguish the relative roles of temperature-dependent,

sediment/solution interaction (chemical reaction) and thermal diffusion on

the solute flux observed for the sediment experiments, we can compare data

from these experiments with similar data from the control experiment.

Soret coefficients from the control experiment represent "pure"

values—values unaffected by sediment alteration and phase precipitation.

The apparent Soret coefficients of Cl~ from the sediment experiments

are virtually identical to those from the control experiment (Table 1).

This suggests that Cl~ behaves more or less conservatively during sediment

alteration and responds primarily to thermodiffusional processes. The

apparent Soret coefficients for Ka+ and K+, however, are lower in the

sediment experiments than in the control experiments. This implies a Ha*

and K + flux from sediment into pore fluid for the high-temperature portion

of the pore/fluid sediment system. Apparent Soret coefficients for Ca2+

and Hg^+ are greater than the coefficients computed for these species from

the control experiment, which suggests tatt these are removed from solution

during high-temperature sediment alteration. This theory is consistent

with postexperiment sediment mineral analysis, which revealed anhydrite and
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chlorite formation. The Mg-metasomatism in response to chlorite formation

provides an important H+-generating mechanism and explains the relatively

low pH of hot-zone pore fluids from sediment thermal gradient experiments,

especially for systems where hot-zone pore fluids exceed 200°C. Thus,

chemical exchange for the seawater/sediment system under the influence of a

thermal gradient is characterized by exchange of Na and K in the sediment

for Ca and Hg in the fluid phase. Excess Mg removal from solution is

compensated for by H + generation. Cation migration in response to the

thermal gradient is balanced almost entirely by Cl~.

quartz, the dominant SiO2-bearing phase in sediment used for these

experiments, exhibits a well-known solubility increase with increasing

temperature. Thus, quartz dissolution in high-temperature pore fluids

causes a SiO2 concentration gradient in solution, which is superimposed on

the thermal gradient. When these gradients are considered together, it is

clear that an effective and important mechanism exists to redistribute SiC>2

within SiO2-bearing systems by thermal diffusion. This may be significant;

it could cause permeability reductions soae distance from the heat source

because quartz or amorphous silica precipitates and, thus, inhibits

communication between near- and far-field regions.

V. CONCLUSIONS

The purpose of this paper is to outline very briefly the role of

thermodiffusional processes in mass transport and sediment alteration for a

sediment/seawater system that is subjected to a thermal gradient and

maximum temperature and pressure condition not ur.lifce that envisaged for an

actual subseabed repository. For this particular disposal option, one

cannot overemphasize the importance of thermodiffusional processes on

alteration and mass transport. This underscores the need to investigate in

some detail the effect of basic physic.l and chemical parameters on Soret

coefficients for various electrolyte fluids. These experiments will

require the design and development of unique hydrothermal apparatus.

The importance of thermodiffusional effects for other nuclear waste

disposal options must be considered on a site-by-site basis.
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SURFACE ARBA, SURFACE CHEMISTRY, AHD THE MECHANISMS

OF PRIMARY SILICATE DISSOLUTION

by

George R. Holdren, Jr.

Department of Geological Sciences
University of Rochester

Rochester, New Yorfc

I. SURFACE AREA AND THE RATES OF DISSOLUTION

A. Background

For crystalline silicate minerals, it has commonly been assumed that the

rates of dissolution are proportional to the amount of surface area exposed to

solution. As a result, the reaction characteristics of a particular mineral

are frequently determined using only one size fraction. However, Nssed upon

theoretical considerations (e.g., Aagaard and Helgeson, 1982) and upoi. the

results of several observational studies (e.g., Wilson, 1975; Berner ana

Holdren, 1977, 1979), it is clear that dissolution reactions do not affect the

whole surface of a material equally. Preferential dissolution occurs at sites

of anomoiously high surface energy, such as at dislocation outcrops. At

present, there is little information about (1) the distribution of these

reaction sites within materials, (2) what determines those distributions, or

even (3) the relative importance of crystalline defects in controlling the

observed reaction kinetics.

For example, recent results for the feldspar-group minerals (Holdren and

Speyer, 1984) show that reaction rates are much less dependent upon exposed

surface area than we previously assumad. If the relation between surface area

and reaction rate is expressed as

rate = area11

where n describes the exponential power function between the two variables, we

find that the value of n is generally less than 0.4. This is considerably

smaller than the "expected" value of 1.0. Even at elevated temperatures

(Lagache, 1965, 1976), n attains a value of only 0.5. No comparable
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information exists for other crystalline silicate minerals, although it is

clear that sucb information is necessary to better evaluate the mechanism by

which the mineral is reacting.

Although it is not clear bow important such site-dependent reactions are

in controlling the rates of dissolution for materials that are being con-

sidered for the containment of nuclear wastes, it is clear that certain

assumptions about the relation between surface area and dissolution reaction

rate must be examined more carefully in the laboratory.

B. Recommendation

More studies must be conducted in which samples of different specific

surface areas (cm2/g) are employed in the dissolution experiments at all

temperatures. Results from such work should lead to a better understanding of

the mechanisms that regulate the dissolution processes. In addition to the

straight dissolution studies, moxe experimental manipulation of the samples

used in these experiments should be done. For example, two methods that might

be employed to study the importance of defects in controlling the rates of

dissolution would be to (1) hydrothermally anneal a material to remove

defects from the samples before conducting dissolution studies or (2) create

defects by "squeezing" the sample in a press or by irradiating the material

with high-energy particles that simulate the effect fissioning nuclides might

have on the containment material. Even if such experiments demonstrate that

defects play only a minor role in regulating the rates of rock (mineral)-water

interactions, the knowledge will provide greater confidence in our ability to

contain the wastes.

II. ANALYTICAL NEEDS FOR STUDYING REACTION MECHANISMS

A. Surface Area Measurements

1. Background. The need for determination of specific surface areas for

experimental materials is widely recognized. However, in the past, the inter-

pretation of such data has been given little attention, presumably because the

data are so straightforward. This may not be the case for many materials,

particularly if they require extensive preparation before being used

Grandstaff (1978) demonstrated that olivine surface areas increased markedly

during the course of a dissolution study, while at the sane time, the observed

reaction rates decreased. Similar results for fsldspar-group minerals
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investigator. A brief description of each method should be presented as a

means of illustrating their usefulness in elucidating reaction mechanisms.

2. Recommendations. Additional work should be done using these or re-

lated techniques. Information about the composition of mineral surfaces tl>at

have been exposed to leaching solutions provides a direct evaluation of the

reaction mechanisms postulated from the solution chemistry and kinetics.

Discrepancies between these postulated reaction mechanisms and those suggested

by changes in the surface chemistries should be examined carefully because

these are primary methods for distinguishing among the possible reaction

mechanisms.

This work was supported in part by NSF Grant Ho. EAR-8107490.
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GEOCHEMISTRY NEEDS FOE HUCLEAE WASTE ISOLATION

by
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Providence, Rhode Island

I. INTRODUCTION

This discussion will address four items:

(1) diffusion Kinetics of different elements in crystalline solids;

(2) transport kinetics along mineral grain boundaries;

(3) natural rock systems that have undergone water circulation and isotope

exchange, and what we can learn from them; and

(4) miscellaneous comments on the techniques, feasibility, and promise of

experimental efforts.

Because of the importance of 90Sr and 1 3 7Cs to high-level waste disposal, the

focus of my comments will be the transport of alkalis and alkaline earths.

There is considerable need for new information on TRU transport, which I shall

mention briefly, but which is not my own area of expertise.

II. VOLUME DIFFUSION

There is a growing body of literature on the diffusion of elements in the

major rock-forming minerals. This is experimental data, and it varies enor-

mously in quality. Because the diffusion rates are low, most of the kinetic

data are for rather high temperatures (in the range of 500 to 1000°C). I can

illustrate one case for potassium feldspar. We can make two important points

with this data: diffusion coefficients are low, and temperature dependencies

are modest to high. This suggests that extrapolation of this process to the

regime of interest here will make the transport negligible.

The feldspar results happen to be rather good data (because they are mine

or those of my students!), but the key is that they are low values. Further,

if they were wrong and the true value were an order of magnitude higher, the

conclusions about the low-temperature regime would still hold. Where the data

103



are of doubtful quality, the common observation is that subsequent measure-

ments, which are better, usually yield lower rather than higher diffusion

coefficient values.

These statements have direct applicability to repositories in basalt,

granite, related types of rock? and, to a more limited extent, volcanic tuffs.

There are, however, certain experiments that can be of considerable use in

answering waste isolation questions, and I shall address those experiments in

my fo'irth item.

III. GRAIN BOUNDARY TRANSPORT

If nuclides were transported from buried high-level waste repositories,

several known mechanisms probably would apply. I have discussed the transport

on the scale of 1 cm or less. Transport also occurs by migration through

porous, permeable media such as aquifers, by transport along fissures, and by

transport along grain boundaries. For low-permeability materials such as

igneous and metamorphic rocks on a scale of 1 m, the most effective transport

is likely to be along fissures for the major throughput, with grain boundary

transport that would permit fluids to reach between any given mineral grain

and a fissure.

We especially need to study grain boundaries and the transport along them.

We have already studied oxygen transport along a single grain boundary. When

this takes place within a mineral grain that started out as a homogeneous

crystal of feldspar and then underwent solid state precipitation to form a Ha

and K feldspar lamellar intergrowth (perthite), we find that the transport can

be modeled by a diffusion process. For quartz/feldspar or feldspar/feldspar

mineral boundaries, where the boundaries are not only noncoherent but also in

random crystallographic orientations, the transport is much iaster. This can

have important effects on nuclide transport in repositories.

Grain boundaries can influence nuclide transport in repository environ-

ments by (1) enhancing the removal and dispersal from the source, and/or

(2) allowing partially diverted transport along fissures. A sound under-

standing of the grain boundary transport process will require a combined ap-

proach of characterization of boundaries using such methods as TEM and oeasure-

raent of transport experiments using autoradiography or ion microprobes. These

results can be combined with bulk transport experiments in lab and field to

model the fates of the nuclides.
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To properly design these experiments on single grain boundaries, we re-

quire data of various sorts. Among the data needed are coefficients of

thermal expansion, equilibrium and kinetics of chemical reactions (as de-

scribed by others at this meeting), and the types and amounts of impurities

that exist along some grain boundaries.

IV. WHAT HAS HAPPEHED IN REAL ROCK SYSTEMS?

Natural systems that have undergone circulation of water solutions could

be studied further for information about high-level waste isolation, for

example, high-level igneous intrusions into basalts or other permeable rocks.

Oxygen isotope exchange between circulating meteoric groundwaters and the hot

or warm rocfc through which they migrate has left a record of the distribution

and extent of this throughput.

In some cases, the rocks have been studied sufficiently to permit a re-

construction of some thermal- isotopic balances and an assessment of the actual

durations and temperatures at which the processes occurred. Thus far, I know

of no effort to apply this sort of field setting to the needs of hig^-level

waste repository modeling. To do that, additional data will be needed, but

they are obtainable. Further, including laboratory data on diffusional

exchange with minerals can place good time/temperature constraints on the

process. Because some of this circulation has occurred in the intruded

basaltic or granitic rocks and these rocks never attained very high

temperatures, a direct comparison could be made with the waste cases.

I shall cite a few examples briefly. Data has been derived from work by

Hugh Taylor at XT and by those of us at Brown. It is clear that in both the

Alamosa River stock in the southeastern San Juan Mountains (approximately 100

miles from here) and samples from the Isle of Sfcye, western Scotland, ex-

tensive 180 depletion occurred. This depletion affected both the igneous

intrusives and the surrounding volcanics. In Skye, the host basalts were

warmed to give zeolite facies minerals over an extended terrane, which was 18O

depleted. The Key issue is that the water did permeate much of the basaltic

rocks, which means that it migrated along the grain boundaries.

Dickin, Exley, and Smith have studied both 180 and 87Sr migration in a

felsite in Skye. Again, the transport was along a fissure and then into the

host rock. The earlier data of Taylor and Forester also show extensive water

migration through the Skye granites.

105



With the advent of better normal oxygen isotope analyses using ion micro-

probes, plus the theoretical control by the use of diffusional kinetic data,

it should be possible to model such circulation closely. Further, we need to

know just how well the fluid is disseminated along all the grain boundaries.

V. ADDITIOHAL COMMENTS

Although further measurements are needed to assess the volume diffusion

rates for some cations, it is unlikely that this process will be very signi-

ficant to the high-level waste problem. This type of experiment may prove

useful for studying zeolites and related systems. Our understanding of the

mechanisms for exchange with zeolites may be enhanced by using ion probe

techniques, and the kinetics of such exchange should lend themselves also to

this approach.

Grain boundary transport has barely been touched upon experimentally. We

have looked at oxygen in quartz/feldspar and feldspar/feldspar systems, and

some work has been done on olivine by studying Fe and Mg. It would be of

interest to examine such systems more systematically, with a view to under-

standing the nature of the transport processes for alkalis, alkaline earths,

REE, and TRU. These results could then be related to those from studies on

adsorption and retardation factors. In some cases, the process should be

studied as a function of pH, Eh, and ionic strength, as well as temperature.

These experiments are really being done blind unless additional data are

obtained to characterize the nature of the boundary. I suspect that we should

develop a clearer idea of what aspects of the boundary must be characterized

and then devise a means by which to do the characterization. Perhaps an

iterative approach that combines analysis (for example, by TEM) with exper-

iments would be a good method. Another important issue is the relative

thermal expansion coefficients effect caused by dissimilar minerals or mineral

orientations. This subject has two aspects: the effects of the local warming

near the repository and the mismatch that results when igneous rocks from the

solids cool to room temperature.

To assess the final results of a process, it is lare that we can improve

on nature's end products. For the cases in high-level waste where basalts or

granite-like rocks are the geologic medium, a study of the meteoric water
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circulation systems mentioned above would be very useful. Time scales and

geometric scales may differ between the geologic setting and the waste model

by 1 or 2 orders of magnitude, instead of the 3 or more with which we are

frequently faced. Recent development of analytical tools and techniques malce

this approach very promising.
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I. BACKGROUND

The near field is normally taken to mean the part of the geologic setting

of a repository that is affected by mechanical or thermal perturbations re-

sulting from repository excavations and emplacement of radioactive waste. The

near-field host rocks, the waste package, and the intervening backfill con-

stitute a series of engineered and natural barriers that should be designed

to initially prevent and subsequently control radionuclide release.

Nuclear Regulatory Commission regulations 10 CFR part 60 (US Nuclear

Regulatory Commission, 1983) specify that the waste package must not allow any

release of radionuclides for at least 300 years, and preferably 1000 years.

Thereafter, the release rate of any radionuclide is not to exceed one part in

105 per year of the inventory that is calculated to be present 1000 years

after closure.

These very necessary requirements place extraordinary demands on the

engineering design of the repository. Not only must the package system

function properly for times far beyond that expected of conventional engi-

neered structures, but they mus' do so without any maintenance and under quite

extreme environmental conditions. According to Raines et si- (1981), the peak

near-field temperatures in the host rock under reference repository conditions

would range from 160°C in salt to 225°C in tuff. Even after 1000 years, the

repository temperatures could still be as high as 175°C, depending on a

variety of factors (Apps gt aJL., 1982, p. 22). Furthermore, complete water

saturation of the repository will be expected in most cases.

Because the quantitative predictions of engineered and natural barrier

performance under such conditions are so uncertain, recourse is made to the

study of analogous natural systems to get some idea of projected long-term

behavior. Alternatively, the maximum operating temperature in the repository

is lowered to a range at which the long-term performance can be predicted with
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greater confidence (the policy in Sweden and other European countries). The

latter approach will, however, increase the size and cost of the repository by

ac indeterminate amount.

The principal uncertainties affecting the performance of the waste package

and backfill are geochemical in nature. Hear-field temperatures will be suf-

ficiently high and will be sustained for long enough to cause extensive hydro-

thermal alteration of the backfill and adjacent host rocks. This will, in

turn, modify the rocks' physical properties and the behavior of the near-

field host rocks toward radionuclide sorption. The modified geochemical

environment will also affect the oxidation state and pH of the groundwater

and, hence, canister corrosion rates and radionuclide solubilities.

Specific technical concerns raised in 10 CFR part 60 pertaining to engi-

neered barrier performance include interactions of the waste package with the

emplacement environment, such as dissolution, oxidation/reduction reactions,

corrosion, hydriding, gas generation, thermally induced reactions, radio-

lysis, radiation damage, radionuclide retardation, leaching and transport of

radionuclides and other chemical constituents of the barrier system, and

various perceived synergistic interactions.

Are we in a position to overcome these concerns with our present state of

knowledge? What further research will be required? Can this research be

accomplished in a timely fashion and with reasonable cost, so that geochemists

will be able to contribute significantly to the design of a waste repository?

Will we be in a position to suggest novel or innovative barrier concepts that

will enhance reliability and decrease repository construction costs? In this

paper, 1 will outline briefly recent developments and identify what 1 perceive

as important fundamental research in thermodynamics and related areas that is

needed to resolve some of the current uncertainties. I will restrict dis-

cussion to geochemistry of near-field host rocks, with particular emphasis on

alteration in basalts. This does not imply, however, that such concerns as

radiolysis and canister corrosion are less important to barrier design.

II. THE STATE OF THE ART

During the past 20 years, developments in the theoretical geochemistry of

mineral/aqueous phase interaction at elevated temperatures have revolutionized

our ability to evaluate quantitatively the chemical processes involving

mineral/water reactions. This revolution, pioneered principally by Helgeson
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and bis students (see Helgeson, 1964, 1969; Helgeson £t al.( 1970), has cata-

lyzed the systematic evaluation of the thermochemical properties of minerals

and aqueous species to *.he extent that most problems involving rock-water

interactions are now amenable to semiquantitative treatment. Nevertheless,

substantial gaps still remain in our knowledge of the thermochemical prop-

erties of many roclc-forming minerals.

Techniques to evaluate complex chemical systems and their chemical evo-

lution as a function of reaction progress have developed concurrently with

computers. Recently, an important step has been taken in which the chemical

affinity of a system has been linked to reaction rates (Aagaard and Helgeson

1982; Helgeson and Murphy, 1983), thereby providing the fundamental basis for

predicting the evolution of rock-water systems over time. Furthermore, W.M.

Murphy, UCB, and T.J. Wolery, LLNL, have separately incorporated this devel-

opment in Wolery1s reaction progress code EQ6 (Wolery, 1979). Therefore, a

framework exists for modeling the isothermal chemistry of barriers through

time.

Further developments are under way to incorporate chemical processes in

transport codes (e.g., Miller and Benson, 1983); these developments provide

the expectation that in the not too distant future there will be a computa-

tional capability to model all aspects of nonisothermal barrier behavior in

time and space.

There has been encouraging progress in interpreting thermodynamic rela-

tions in groundwater systems at elevated temperatures; this progress is due in

part to the stimulus provided by the development of geothermal energy. For

example, Icelandic scientists have evaluated the chemistry of groundwaters in

geothermal systems in Icelandic basalts (Palmason et al., 1979; Gunnlaugsson

and Arnorsson, 1982; Arnorsson e_t al. 1983a,b). Because of the many similar-

ities between these systems and the proposed BWIP repository near Richland,

Washington, their findings are of particular significance. Arnorsson et al.

(1983a) found that the chemical potentials of most rock-forming components

showed smooth trends v?ith increasing temperature. Furthermore, these

potentials correlated well with saturation of a variety of observed secondary

minerals. However, deficiencies in thermodynamic data on aluminum species at

elevated temperatures and the absence of thermodynamic data for clay minerals

and many zeolites precluded a complete analysis.
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The evaluation of thermodynamic relations between groundwaters and mineral

assemblages in intermediate and acid rock systems (i.e., granites and acid

tuffs) unfortunately is more limited and is confined mainly to speculation of

water compositions in fossil systems involving ore formation. However,

Giggenbach (1981) has studied rock-water interactions in New Zealand geo-

thermal areas. Studies pertaining to potential repository sites include that

by Storey and Lintern (1981) on granite and that by Dibble and Tiller (1981)

on tuff.

Host laboratory experiments of rock-water interactions relating to near-

field barrier conditions have emphasized conditions pertinent to BWIP.

Research by Grandstaff (Temple University) and Holloway (Arizona State

University) on the dissolution of basalt at elevated temperatures is reported

by Apted and Myers (1982). Earlier work by investigators at Pennsylvania

State University (e.g., McCarthy et «ii. , 1978a,b; Komarneni et a_l., 1980) and

independent studies conducted at PHL are summarized in Smith (1980). Experi-

mental work on granite alteration at elevated temperatures has been done by

Savage and Chapman (1982) in support of the British repository program.

There is also extensive literature on laboratory experiments to study

basalt interaction with seawater. Research by several investigators (Hajash,

1975; Hajash and Archer, 1980; Hajash and Chandler, 1981; Mottl and Holland,

1978; Mottl et al., 1979; Mottl and Seyfried, 1980; Seyfried and Bischoff,

1979, 1981; Seyfried et al., 1978) provides insight into the expected chemical

evolution of groundwaters, the rate of "equilibration" with primary and secon-

dary minerals, and some indications of the controlling parameters affecting

oxidation state and pH. This research has some relevance to hydrothermal

alteration in a basalt repository, particularly when such experiments are

conducted under "rock-dominated" conditions. Moody et al. (1983) conducted

hydroth^rmal experiments at even higher temperatures to study greenschist

formation.

So far, the rigorous application of thermodynamics to interpret the

results from these experimental studies is quite limited, partly because

(in most cases) the chemical analyses of the aqueous phase are insufficiently

comprehensive.

Progress made to date in rock-water interactions that are relevant to

repository conditions bodes well for future success, although a number of

deficiencies (listed in the next section) have hindered further progress.
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III. DEFICIENCIES IN GEOCHEMISTRY THAT AFFECT THE MODELING OF JJEAE-FIELD

REPOSITORY PERFORMANCE

Curreat interpretation and modeling of experiments and field data in-

volving rocfc-water interactions at elevated temperatures are hampered by a

lacfc of the following:

(1) satisfactory algorithms describing solid-solution properties in.

clay minerals and phyllosilicates;

(2) theory relating trace-element, substitution in mineral hosts;

(3) thermodynamic properties of potential radicelement hosts lifcely to

form in natural environments, e.g., epidote, sphene, zeolites,

etc.;

(4) data on high-temperature complexation of certain critical

radioelements, expecially the actinides Ra, I, and to a lesser

extent, Tc, Se, Sn, Pd, and Mo;

(5) data on aluminum speciation in water at elevated temperatures; and

(6) the thermodynamics of surface adsorption of critical radioelements

(see 4 above) at elevated temperatures.

Although they are of somewhat lower priority at present, there is the

need for:

(1) a more precise electrolyte model for strong mixed electrolytes at

elevated temperatures than that commonly used in roclc-water

modeling;

(2) the thermodynamic properties of zeolites and their role in

retarding radionuclides in basaltic host rocks;

(3) rate constants involving the dissolution of roclc-forming minerals;

(4) means of measuring the effective surface area exposed to the

aqueous phase minerals in a rock; and

(5) the consequences of hydrothermal alteration on rocJc-specific

surface area, sorbtivity, porosity and permeability, as determined

from field samples.

In the future, the diffusive transport of chemical constituents in a

thermal gradient may require evaluation because such processes could affect
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the permeability and porosity of the near-field host rocks and an isothermal

treatment may be inadequate. Finally, consideration should be given to both

hydrothermal alteration in a low-pressure steam environment and the possi-

bility of vapor phase transport of radioelements because such information is

relevant to burial of waste in undersaturated domains, which is the current

conception of a repository at the Nevada Test Site.

IV. CONCLUDING REMARKS

None of the forementioned research deficiencies is impossible to rectify.

In fact, recent progress in several areas may minimize or redirect research

needs (for example, recent studies of aluminum hydroxyl speciation at elevated

temperatures by Kuyunko et al., 1983). Recent techniques in extrapolating

dissociatiop constant data to elevated temperatures using the balanced charge

approach, e.g., Lindsay (1980); Cobble et al. (1982); Phillips and Silvester

(1982, 1984), and methods to incorporate general equilibrium equations

developed by Clarke and Glew (1966) also show considerably more promise than

earlier methods.

Much worfc has been accomplished with a precise electrolyte model for

strong mixed electrolytes at low temperatures, which was developed by Pitzer

and his students (Pitzer, 1973, 1975; Pitzer and Mayorga, 1973, 1974; Pitzer

and Kim; 1974; Pitzer and Silvester, 1976; Pitzer et si., 1977, 1978; Pitzer

and Peiper, 1980; Peiper and Pitzer, 1982; Pitzer et gl., 1983). The model

has been applied to complex evaporite sequences (Eugster et al., 1980; Harvie

and Weare, 1980; Harvie gt al., 1982; Harvie et ai., 1984). More recent worfc

has applied Pitzer's electrolyte model at elevated temperatures (Holmes et

al.. 1978, 1979; Holmes and Mesmer, 1981, 1983; Pitzer et al., 1983; Rogers,

1981). This model will be especially important for studies involving a salt

host rock. However, much remains to be done before the model will be a viable

tool for our purposes.

Wood and Walther (1983) have shown that zero-order surface dissolution

rate constants of a number of rocfc-formiag silicate minerals appear to be

similar over a wide range of temperatures. This finding, if valid, would

make prediction of hydrothermal alteration rates of rocks at elevated

temperature more tractable. However, Murphy and Helgsson (1984) have recently

disputed this finding. Furthermore, Allard et al. (1980) observed that the

room-temperature sorptive properties of various silicates of several radio-
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nuclides were also similar, a characteristic tbat is even nore liJcely to hold

at elevated temperatures. If indeed thi£ proves to be the case, then radio-

nuclide transport at elevated temperatures may be less conplex than at lower

temperatures. Thus, whereas it may seem to be overly ambitious to model

near-field rock alteration in repository barrier systems, the groundwork has

already been laid, and the careful selection of research projects at this

stage can be particularly effective in meeting these goals.
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THERMODYHAMIC PROPERTIES OF ACTINIDES: BASIC RESEARCH NEEDS

by

R. J. Silva
Lawrence Berkeley Laboratory

Berkeley, California

I. INTRODUCTION

Computer models have been developed to predict the compositions of radio-

active waste in spent fuel and high-level reprocessed waste. These calcu-

lations show that the actinides, U through Am, are major contributors of waste

radioactivity for storage times of 1000 years or longer. In the event that

the canisters and waste forms fail to contain the radioactive waste materials,

actinides will enter the local groundwater system, and if moving, the ground-

water is expected to provide the main mechanism by which these elements could

be transported to the accessible environment. The released actinides can

react with various components of the system, i.e., components of the ground-

water, dissolved waste form, backfill, ar?d host rock., to form insoluble phases

and solution species that will control their solution concentrations and

migration rates. The identities and solubilities of solid phases and the

nature and concentrations of solution species will depend on the oxidation

states of the actinides (as determined by the redox properties of the system),

the nature and concentrations of precipitating and complexing ions in the

modified groundwater, temperature, and ionic strength. The nature of the

actinide solution species will also determine to a large extent their degree

of sorption by the backfill and host rock. The formation of insoluble phases

and their equilibria with the solution species are much more complicated

processes under dynamic groundwater conditions than those usually encountered

in laboratory measurements. However, laboratory-generated thermodynamic data

on the solubilities of simple compounds and the formation of solution species

likely to form under the groundwater conditions can provide the building

blocks for delineation of the important interactions and parameters of the

system, interpretation cf site-specific waste leaching, solubility and

sorption measurements, and computer modeling studies. This information will

be needed to adequately assess the ability of the potential storage sites to

•eet established performance standards.
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II. BASIC RESEARCH NEEDS

A number of inorganic components present in groundwaters can form

insoluble compounds and solution complexes with the actinides. Hydroxide,

carbonate, phosphate, fluoride, sulfate, and silicate would be important

anions. Tables I and II, taken from Apps et al. (1982), are an attempt to

summarize the state of knowledge about 3 years ago and are included for

reference here. Although many of the gaps in the database have been filled in

the last several years, several major areas of study still must be pursued.

Because they are of a basic or non-site-specific nature, these areas are

usually given low priority in the site-specific research plans. Some of the

important areas are listed below.

(1) Reliable values for the solubility-product constants for the

tetravalent actinide dioxides and for the higher hydrolysis product

[An(OH)^ and An(OH)g] and carbonate complex formation constants are

needed for predictions of solution concentrations over the pH range of

environ1 ental interest. The proposed amphoteric behavior of these

ions has oeen seriously questioned.

(2) Nearly all the thermodynamic data on actinides in aqueous solutions

result from measurements conducted at room temperature. Because

elevated temperatures are expected in repositories, a reliable and

experimentally verified method or database is needed to extrapolate

the thermodynamic constants to elevated temperatures.

(3) Actinide thermodynamic constants have seldom been determined at more

than one ionic strength aud the span is rather wide. Also, the ionic

strength of the groundwaters is expected to vary considerably between

different sites, e.g., rather low for the tuff site and rather high

for the salt site. Therefore, a reliable and experimentally verified

method for extrapolating data from one ionic strength to another is

needed.

(4) Actinides are known to form colloidal suspensions to varying degrees

under certain solution conditions—Pu(IV) polymer being the best

known. Because colloidal and dissolved species can exhibit different

chemical behavior, there has been some concern regarding possible

enhanced transport of colloids relative to dissolved species in

repository settings. Therefore, an attempt should be made to

elucidate the exact nature and behavior of characterized colloidal
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species; the goal should be to develop a quantitative method for

predicting the formation, precipitation or coagulation, sorption, and

desorption properties.

(5) Because PuO^ is considered an important species in near-neutral

solutions, a thorough study of the complexation chemistry of this ion

should be initiated.

(6) Because there is very little information on actinide silicate

compounds or complexes, an evaluation of the possible importance of

silicate ions to actinide solubilities is desirable.

(7) In solution, U, Hp, and Pu can exhibit a variety of oxidation states,

depending on the redox properties of the system. To predict their

behavior, a knowledge of the Eh of the groundwaters is needed.

Electrode measurements give unreliable results for many groundwater

systems; therefore, an adequate method is needed for determining the

redox properties of poorly poised groundwater systems, which then can

be used to calculate actinide oxidation state distributions.

(8) Actinides tend to exhibit very low solubilities in neutral and basic

solutions, particularly under nonoxidizing conditions. Solution

concentrations of 10 to 10 M are frequently encountered. To

investigate actinide speciation under these conditions, very sensitive

techniques are required to provide oxidation state and structural

information in addition to concentrations. Standard electrochemical

and spectroscopic methods can provide such information but are usually

limited to solution concentrations of 10~5 to 10 M for the

actinides. Thus, more sensitive methods for detecting and identifying

actinide solution species at ultralow concentrations must be

developed.
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TABLE 1

REPRESEHTATIVE SOLUBILITY-PRODUCT COHSTAKTS OF

ACTINIDE COMPOUNDS RESULTING FROM REACTION WITH GROUNDWATER ANIONSa

Compound/K
sp

State OH CO, PO, SiO,

M(OH)3 M 2(CO 3) 3 MF3 MPO, N.D.1

10 10" 10' 10"

4+(M4+) MO2 N.D. MF, M(HPO4)2 MSiO.

10-60 10-21 10,-27.5 10"

5+(MO2) MO2OH N.D. N.D. K.D. N.D.

10-9

6+(Mo|+) MO2(OH)2

10-23 10-13

MO2HPO4

10-12

Ca(MO2)2(HSiO4)2

f

10-44

(MO2)3(PO4)2

10~ 5 0

aTaken from Apps et al. (1982), p. 109.
''N.D. = no credible data.
cAssumed similar to Nd 2(CO 3) 3.
dAverage of rare earth phosphates (10~25) and questionable PuP04 (10"27).
eValue for coffinite.
fValue for uranophane.
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BEPRESEHTATIVE COMPLEXATIOH COHSTAHTS FOR REACTIONS OF ACTINIDES WITH GROUNDWATER LIGAHDSa

Ligand Species

rx.v(logfl)1

valence
State

3+(K3+)

4+(M4+)

1

1

1

1

OH

. 1 (7.5)

,1 (12.5)

,4 (46)

,5 (54)

co3

H.D.C

R.D.

1

1

1

1

1

1

1

1

,1

,2

,3

,1

,2

,3

,4

,5

F

(3)

(6)

(9)

(8.5)

(14.5)

(20)

(24)

(26)

1

1

1

1

1

Cl

.K-O.l)

,2 (-0.7)

,1 (0.2)

.2 (-0.1)

.3 (-1)

1

1

1

1

1

1

H

,1

,2

,1

,2

,3

,4

»3

(0.2)

(-3)

(1.5)

(0.2)

(0)

(-0.5)

1

1

1

1

so4

,1 (2)

,2 (-3)

,1 (2.5)

,2 (3.5)

1,

1,

lr

1,

1,

1,

1,

1,

PO4

H2,

H2,

H4,

H,

K3,

H3.

H4.

H5,

1

1

2

1

3

3

4

5

(2)

(4)

(7)

(13)

(24)

(33)

(43)

(52)

SiO.

N.D.

H.D.

1.1 (5) 1.1 (6.0)

1,3 (16.0)

1,1 (6) 1,1 (-D 1.1 (-0.25) K.D. l.H.l (3) H.D.

6+(MO§+) 1,1 (8.5) 1,1 (10) 1,1 (3)

2,2 (21) 1,2 (16) 1,2 (6)

3,5 (52) 1,3 (21) 1,3 (8)

1,2 (16) l.l.OH (23)

3.7 (68) 1,1,OH2(22)

1.1 (0.15) 1,1 (-0.75) 1,1 (2) 1, H2,l (3.5) 1, H3Si04(7.5)
C

1.2 (-0.3) 1,2 (3) l.H.l (10.5)

Taken from Apps et al. (1982), p. 111.

"Refers to reaction xM + yL HxLy. Log 0 = log over-u formation constant. 1,H,1 refers to reaction with protcnated ligand,
i.e., MHL.

^H.D. = Ho credible data
dValue for «.
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OBSERVATIONS ON THE APPLICATION OF GEOCHEMISTRY
TO DISPOSAL OF NUCLEAR WASTE IN SALT FORMATIONS

by

Charles W. Kreitler
Bureau of Economic Geology

University of Texas at Austin
Austin, Texas

I. GEOCHEMICAL APPROACHES FOR NUCLEAR WASTE DISPOSAL STUDIES

The application of geochemistry to nuclear waste studies falls into three

broad categories: (1) the geochemical stability of the repository, (2)

groundwater transport of radionuclides from the repository to the biosphere,

and (3) geologic characterization studies. These three areas are outlined

below.

(1) Geochemical stability

(a) Geochemical characteristics of radionuclide waste

(b) Geochemical characteristics of the host rock (mineralogy, compo-

sition, and quantity of fluid inclusions)

(c) Interactions between (a) and (b). Examples: stability of the

canister with the impact of neutron flux, heat, and corrosive rock

media; decrepitation; and engineering stability

(2) Radionuclide transport in groundwater from the repository to the biosphere

(a) Conservative approach; geochemical retardation is not significant;

contaminants migrate at the same speed as the groundwater. Geo-

chemistry is important in characterizing the groundwater flow

systems.

• Chemical composition and stable isotopes are of value in defining

sources of water, flow paths, possible rocfc-water reactions, and

(indirectly) ages.

• Radioactive isotopes are of valuta in defining ages of waters or

geochemical reactions associated with the waters.

(b) Nonconservative approach: geochemical retardation is an important

factor; radionuclides may be retarded by chemical reactions with the

rock matrix.
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• Chemical composition and stable isotopes are of value in defining

the geochemical environment of the repository and the rock matrix

along flow paths to the biosphere.

© Some radioactive isotopes are analogous to nuclear waste. The

occurrence of these species in the water or rock matrix may

indicate whether specific radionuclides in nuclear wastes will be

retarded or not.

(3) Application of geochemistry to geologic characterization of repository

environment: geochemistry is important in geologic characterization,

whether it be for microstratigraphic correlation of evaporite facies,

dating of fault movements, or dating of salt dome implacement and for-

mation of salt-dome cap rock.

II. HYDROLOGIC-GEOCHEMICAL-GEOLOGIC CHARACTERIZATION OF BEDDED SALT

IN THE PALO DURO BASIN AND DOME SALT IN THE EAST TEXAS BASIN

The US Department of Energy is evaluating three different types of salt

rock: (1) dome salt in the interior basins of the Gulf of Mexico, (2) bedded

salt in the Palo Duro Basin of the Texas Panhandle, and (3) anticlinal salt

in the Paradox Basin of Utah. The Bureau of Economic Geology has been in-

volved in the hydrologic-gecchemical-geologic characterization of bedded salt

in the Palo Duro Basin and salt domes in the East Texas Basin. I will de-

scribe the overall setting of these two basins and then comment on some of the

specific geochemical investigations associated with each specific basin.

A. Palo Duro Basin

1. Hvdrogeologic Setting. The Palo Duro Basin is a subbasin of the

larger Permian Basin of Texas, New Mexico, Oklahoma, and Kansas. The salt

beds being considered for a repository are within the Permian San Andres

Formation. The San Andres is part of a thick Middle and Upper Permian evap-

orite section. The halite beds represent only one unit of irultiple evaporite

cycles of dolomite, siltstone/mudstone, and gypsum/anhydrite. Thickness of

salt beds depends on the scale of investigation. Discrete halite beds are

centimeters thick, correlatable salt beds are a few meters thick, and halite

sections of an overall evaporite cycle range up to 30 m thick. Halite beds

are often admixtures of halite, mud/silt, and anhydrite. The salts have under-

gone extensive diagenesis that has occurred from Permian time to the present.
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The salt section constitutes a thick aquitard separating the overlying

Mesozoic and Cenozoic terrigenous elastics (called the Upper aquifer or the

High Plains aquifer) and the Deep-Basin Brine aquifer, which is composed! of

Lower Permian and Paleozoic carbonates and elastics. The High Plains aquifer

contains fresh groundwater and is an important water supply. The Deep-Basin

Brine aquifer contains Ha-Cl brines. Potentiometric surfaces can be con-

structed for the deep-basin brine aquifers, which indicates that there is an

active integrated flow system beneath the evaporite section. Based on numer-

ical modeling, estimates of groundwate- flow times across the basin are from 2

to 4 million years. The potentiometric surface of the Ogallala aquifer (part

of the High P.'.ains aquifer) is up to 500 m above the potentiometric surface of

the Deep-Basin Brine aquifer, indicating that there is potential for downward

flow if there is leakage through the evaporite aquitard by either natural

processes or boreholes.

2. Geochemical Studies. The following outline summarizes some of the

geochemical studies being conducted by the Bureau of Economic Geology and

other research organizations studying the Palo Duro.

(1) Geochemical stability of the evaporite rocks

(a) Chemistry and mineralogy of the evaporite rocks: petrographic and

geochemical studies of halite beds indicate a complex history of

different depositional environments and diagenetic history.

(b) Water content of salt rock: water is present (up to 2* as in-

clusions, along grain boundaries, and associated with clay minerals).

(c) Chemistry of fluid inclusions: brines with high Mg concentrations.

(d) Items (a), (b), and (c) relate to the engineering stability of the

host rock and the canister-corroding potential of the rock.

(2) Radionuclide transport from repository to biosphere: characterization of

regional flow systems

(a) Leakage through evaporite aquitard: studies of the petrography and

geochemistry of salts, chemistry and isotope chemistry of fluid inclusions,

and chemistry and isotope chemistry of brines in the Deep-Basin Brine aquifer

are being conducted to determine if water is leaking through the evaporite

aquitard.

(b) Groundwater flow in the Deep-Basin Brine aquifer: studies on fluid

chemistry, stable isotope chemistry, radioactive isotope chemistry, and noble-
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gas chemistry are being conducted to characterize sources of water, directions

and rates of flow (ages of water), and rock-water interactions.

(c) Geochemical environment of regional flow system to evaluate geo-

chemical retardation: studies of the chemical composition of the waters

(inorganic species, organic species, and dissolved gases), chemical compo-

sition of the rocks, and solubilities of uranium decay series elements are

being done to evaluate the potential for geochemical retardation.

Future directions for geochemical research associated with the Palo Duro

Basin are listed below.

(a) There should be continued effort in those areas previously listed.

(b) Age dating by noble-gas methods is not in agreement with numerical

modeling approaches. Additional work is needed to validate geo-

chemical age dating techniques for old groundwaters (greater than a

million years old).

(c) A better understanding is needed of the chemistry of salt dissolution

and salt dissolution and recrystalization.

(d) Most of the geochemical and hydrologic work has addressed potential

leakage from a repository to the biosphere. There has been little

study of the potential for contamination of shallow aquifers, such as

the Ogallala aquifer, by accidental spills at the surface or within

shafts. Hydrologic and geochemical studies are needed in this area.

B. East Texas Salt Dome Basin

1. Hvdrogeologic Setting. The East Texas Salt Dome Basin is an interior

basin of the Gulf of Mexico and contains approximately 20 shallow salt domes.

Many of these domes penetrate the shallow Tertiary sandstones, which contain

fresh groundwater and represent the major water supply for the region. In

contrast to sediment infilling of the Gulf of Mexico Basin, much of the in-

filling of the East Texas Basin occurred during Cretaceous times. Major salt

mobilization, dome growth, and cap-rock formation also occurred during that

time. By comparison, dome growth has been minimal during the Cenozoic.

Hydrogeologically, the basin can be subdivided into two major systems:

the shallow fresh-water aquifers are composed of Tertiary sediments, and the

deeper saline-brine aquifers are composed of Jurrasic and Cretaceous for-

mations. Groundwater movement in the deeper saline system may be relatively

stagnant. The brines have an isotopic signature of altered meteoric, conti-
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nental water; the waters, however, appear to bt Cretaceous in age. Anhydrite

cap rock is the; residium from salt-doma dissolution; many of the cap rocks

also appear to have formed during Cretaceous time and nay have formed in the

deep brine aquifers. Because of this early formation of cap rock, many domes

may be shielded from continued dissolution. The chemical types evident in the

deep basin brines are Na-Cl waters and Ha-Ca-Cl waters. The Ha-Cl waters

result from salt-dome dissolution. The Ka-Ca-Cl waters result from salt disso-

lution and subsequent albitization of feldspars. There may be hydrologic

communication between the shallow and deeper aquifer systems by leaking along

dome flanks and faults. Basinal recharge and discharge processes are not well

understood.

2. Geochemical Studies. The following outline summarizes some of the

geochemical studies that have been conducted by the Bureau of Economic Geology

and other research organizations on salt domes and their associated sedi-

mentary basins.

(1) Geochemical stability of dome salt

(a) Chemical and mineralogical studies of dome salt indicate clean,

massive halite with minor amounts of anhydrite. Sylvite has been

observed in the Grand Saline salt dome.

(b) Water content of -Jome salt is generally less than 0.1*.

(c) Isotopic compositions of fluid inclusions suggest a deep-basin origin.

(d) Petrographic and geochemical studies of salt-dome cap rock indicate

different types of cap rock, based on the isotopic compositions of

the calcites and the crystal morphologies of the anhydrite. Some cap

rocks may be impermeable barriers that will prevent future dome disso-

lution. Other cap rocks are the result of ongoing dissolution.

(2) Radionuclide transport from repository to the biosphere

(a) Geochemical studies of shallow fresh-water aquifers indicate few

saline plumes around salt domes. Information for most plumes that

have been investigated previously is based only on electric logs. No

saline plume has ever been carefully drilled out and tested. Ana-

lyses of ^Cl and S from shallow groundwaters on the flank of the

Oakwood salt dome indicated an atmospheric source for the Cl and a

cap-rock source for the S0 4. From these analyses, halite dissolution

was not evident.
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(b) Geochenical investigations of shallow fresh-water aquifers proximal

to salt domes in the East Texas Basin indicate varying conditions.

If there is surface recharge at the dome, waters are young and oxi-

dizing. If there is no recharge, the waters are older (low flow

rates, based on 14C end numerical modeling) and reducing.

(c) Chloride mass balance studies between salt missing from (1) original

Louann or (2) domes yj; salt in solution within the saline aquifers

indicate that much of the NaCl could result from dome dissolution.

These studies also indicate that much of the dissolution may have

taken place very early.

(d) Geochemical and petrographic studies of false cap rock, over the

Butler Dome, East Texas Basin, indicate fluid flow up the dome flanks

and associated faults of Butler Dome.

Future directions for geochemical research associated with candidate salt

domes are listed below.

(a) Use geochemical and petrographic approaches developed during studies

of the East Texas salt domes and basin hydrology of the East Texas

Basin to investigate candidate domes and their associated hydro-

geologic basins.

(b) Develop good working hypotheses for basin hydrology and geochemistry

for the North Louisianna and Mississippi Basins, and then test them

through hydrogeocbemical models. As noted for the East Texas Basin,

recharge-discharge relationships and overall basin hydrology are not

well understood.

(c) Develop dating programs for determining ages of waters in North

Louisianna and Mississippi Basins.

(d) Develop a better understanding of the role of cap rock in sealing

salt domes from future dissolution.

(e) Develop a better understanding of the potential for fluid flow along

dome flanks. Determine if there are geochemical approaches that

would identify leakage from deeper saline formations.
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RESEARCH NEEDS RELATED TO
ELEMENT MIGRATION AND FIXATION

by

Stanley N. Davis
Department of Hydrology and Water Resources

University of Arizona
Tucson, Arizona

Regulatory requirements (40 CFR 191) will necessitate a scientific investi-

gation of the possible migration of radionuclides released from repositories

into the nearest aquifers. Projections of radionuclide migration in ground-

water must extend at least 10,000 years into the future and perhaps as long as

100,000 years. Unfortunately, transport equations based only on available

hydraulic data gathered during the past few decades cannot be extended beyond

a few hundred years without requiring dramatic "leaps of faith." The apparent

precision of many modern transport models is misleading because present

conditions are assumed to continue indefinitely. Significant fluctuations of

climate will affect hydrogeologic systems, as will the slower effects of

tectonic uplift and subsidence, stream erosion, and changing ocean levels.

These natural perturbations will never be reconstructed in the detail that may

be desired to make future predictions with elegant models, but there is no

other choice but to try to understand the nature of these perturbations and

the presence of any long-term trends, which will not be registered in conven-

tional hydrogeologic measurements.

The imprint of paleohydrogeologic events that should be understood in

order to make meaningful long-range predictions must be sought in the geologic

record (this includes the hydrogeochemistry of aquifer systems). Conservative

and moderately conservative dissolved constituents in the water retain im-

portant historical information concerning the hydrogeologic systems within

which they are found. In addition to the potential contributions of the more

conventional T, D, 1 8 0 , and 14C studies, recent work with 36C1, 1 2 9 I , 3 5 l 3 7ci,

and the noble gases has demonstrated that we can make many useful statements

concerning the paleohydrogeology of groundwater considerably older than

100,000 years. These statements would include conclusions regarding the

megadispersion in the system under study, importance of diffusion in fissured
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systems, age of the water, velocity of movement of natural-radiomiclides that

may be analogues for artificially produced radionuclides, extent of rocX-water

interactions, and long-term average velocity of the groundwater.

Research should include analytical improvements for the determination of

3 6C1, 8 1Kr, and 1 2 9 I . Basic analytical developments are also needed for deter-

mining small natural concentrations of " T C and *^Ca. Field studies are

needed to further confirm the usefulness of the foregoing radionuclides.

Lastly, there is a great need for integrated hydrodynamic-environmental

isotope models. These models will be far superior to existing hydrodynamic-

based models for long-term projections of contaminant transport.
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RADIOMETRIC METHODS FOR ESTIMATING POTENTIAL NUCLIDE MIGRATION RATES
FROM HIGH-LEVEL NUCLEAR WASTE REPOSITORIES:

PRESENT STATUS AND FURTHER RESEARCH

by

Fred M. Phillips
Geoscience Department and Geophysical Research Center

New Mexico Institute of Mining and Technology
Socorro, New Mexico

I. INTRODUCTION

This resource paper will focus on the application of radiometric tech-

niques to high-level nuclear waste disposal problems and will not deal vith

the chemical interaction aspects, except insofar as they pertain to the radio-

metric methods. Rapid technological progress is being made in developing

these methods, and thus any evaluation must remain tentative. Five years ago,

many of the techniques discussed in this paper had not yet been demonstrated

as feasible. However, the advantages of radiometric dating of groundwater in

the vicinity of proposed nuclear waste repositories were as obvious then as

now. These advantages include the following points.

(a) Radiomefcric dating provides a direct method of measuring water

velocities., and thus, potential radionuclide transport rates.

Direction of water movement can also be inferred from the age

distribution. This constitutes a major advantage over physical

hydrologic methods that infer rates of movement from local measure-

ments of hydraulic conductivity and head—measurements that cannot be

guaranteed to be representative of the system as a whole. This

advantage is particularly strong in the low-permeability rocks

normally selected for potential repository sites.

(b) In addition to its use in predicting potential migration of the

wastes, radiometric dating can also provide a positive demonstration

of long-term isolation from the biosphere. Even though hydrologists

may repose considerable confidence in travel-time estimates that are

based on indirect measurements, a direct demonstration (by means of

radiometric dating) of hundreds of thousands or millions of years'

isolation from the surface will help build public confidence in re-

pository security.
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In addition to these advantages, certain disadvantages must also be

recognized. One of these problems stems from the uncertainty inherent in

interpreting subsurface geochemistry. All radiometric groundwater-dating

techniques rely on geochemical models of the element (or elements) involved,

and the water ages are obviously no more certain than the geochemical basis.

Another difficulty arises from inferring water movement by tracing particles

of some constituent through a system that, although uniformly water saturated,

may not be uniformly permeated by the constituent. This may lead to the

phenomena of matrix diffusion (Neretniefcs, 1980) and aquitard diffusion

(Sudiefcy and Frind, 1981). These processes may prove hard to account for in

real systems. Nevertheless, in spite of these difficulties, it is clear that

much more information should be obtainable through a combination of radio-

metric and physical techniques than by physical means alone.

II. METHODS

The most promising methods of dating are briefly evaluated below, but the

list is by no means exhaustive.

Tritium and 1 4C. Although these methods are well established, the half-

lives of these radionuclides are too short for application to the very old

waters associated with most proposed repository sites. Possible exceptions

are vadose-zone sites such as those at the NTS. These techniques should be

useful for detecting mixing and contamination, even at sites with very old

water.

Uranium Series Methods. Although these methods have considerable appli-

cation to unraveling the geochemistry of radioactive waste transport, the

chemical complexity makes it difficult to draw conclusions about hydrologic

properties.

Buildup of Noble Gases from Subsurface Radioactive Decay. This category

includes the buildup of 4He, 4 0Ar, 2 1Ne, and 1 3 6Xe. Recent results from the

Palo Duro Basin have shown promise (Zikowski gt aJL., 1983). However, dif-

fusion from below is likely to present major problems for dating, at least

with 4He (Heaton, 1984). In spite of this problem, the buildup methods are

probably the best hope for waters older than several million years.

Chlorine-36. This method has been proven very effective. It should be

generally applicable in the time range 10 5 to 10 6 years, except where large

amounts of chloride are introduced into the system. Even here, the subsurface
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buildup of 3 6C1 may allow dating. Other noteworthy applications include use

of 36C1 as an "early warning" monitor for repository failure and tracing of

bomb-produced Cl to determine unsaturated flow rates at vadose-zone storage

sites.

Iodine-129. Analysis of this nuclide at natural levels has only recently

become possible and therefore data are few. Results to date (FabryKa-Martin

et al., 1984) indicate that subsurface sources may dominate the distribution

of I. This method may prove very useful in waters older than 10 years.

Further research is definitely warranted.

Krypton-81. The analysis of 81Kr at natural levels is a formidable

problem that has not yet been overcome, although resonance ionization spectros-

copy may be on the verge of doing so. It appears to be an ideal groundwater-

dating agent, having a relatively constant input, long half-life, inert

chemistry, and no subsurface sources or sources of stable krypton. As such,

it merits a high priority for further research.

III. POSSIBLE DIRECTIONS FOR FUTURE RESEARCH

Groundwate'r Dating in Saline Aquifers. Chlorine-36 appears to meet dating

requirements up to an age limit of 1 to 2 million years in aquifers with non-

saline water. However, solution of large amounts of chloride quickly dilutes

the 36C1/C1 ratio below measureable limits. In favorable circumstances, the

subsequent buildup of Cl by subsurface production may be used for dating

such brines. Nevertheless, a more generally applicable tool would be

desirable. Krypton-81 appears most suitable. For very old brines, the

buildup of radiogenic noble gases holds the most promise.

Analysis of Dispersion. Dispersive processes (both classical and matrix-

and aquitard-diffusion types) produce characteristic patterns of radionuclide

concentration with distance from the source area (Sudicfcy and Frind, 1981).

Acquiring dispersive properties of the flow medium from the distribution of

long-lived natural radioisotopes would have a major advantage over tracer-test

determi ictions in thet the scale of the measurement would be at the scale of

the system. One of -.ii& most interesting approaches to this problem is the

dur-i-radioisotope-'rracing method proposed by Gupta et al. (1981). Although at

pres-^ there is no radioisotope pair with half-lives sufficiently long to

apply this method in typical high-level nuclear waste disposal settings, the

development of 81Kr analysis would make 36C1 and 81Kr an ideal pair for such

an application.
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Comparison of Sorbed and Honsorbed Tracers. The dual-radioisotope-tracing

methods mentioned above could produce results especially useful in nuclear

waste migration problems if one of the tracers was conservative (such as Cl

or °1Kr) and the other sorbed (such as 10Be, ^6A1, or U-series elements).

Tandem-accelerator mass spectrometry may even allow the analysis of trace

natural levels of actual nuclear waste elements such as plutonium. These

techniques would permit determination of retarding properties in the actual

geologic system around the repository (rather than merely analogous systems)

on a field scale.

Field Relationships Between Hydraulic and Solute Transport Properties.

Recent tracer-test results by Walter et al. (1983) have indicated the

possibility that present mass-transport theories may not be capable of

adequately predicting conservative solute movement in fractured media. They

found that transport rates varied (in a systematic fashion) more than an order

of magnitude above and below the rates predicted from well-defined hydraulic

parameters. Possibly this discrepancy may be the result of directional perme-

ability or heterogeneity. This problem merits further investigation. In

particular, studies should be carried out on a regional scale to determine if

these results from local tests can be extrapolated to entire hydrologic

systems.

IV. CONCLUSIONS

Within the general category of geochemical methods for determining the

hydraulic properties nf groundwater systems suitable for high-level nuclear

waste disposal, the following research areas are suggested as having a high

priority:

(1) development of analytical techniques for Kr at natural levels,

(2) further investigation of radiogenic noble-gas buildup in very old

(greater than 106 years) groundwater systems, and

(3) regional-scale studies to examine the relationships betwen hydraulic

parameters, conservative-tracer transport, and sorbed tracer trans-

port.
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VALIDATION OF GEOCHEMICAL MODELS

by

Everett A. Jenne and Kennetb M. Krupfca

Pacific Northwest Laboratories
Richland, Washington

I. INTRODUCTION

Validation studies are used to establish the accuracy and reliability of

geocheraical model calculations for specified conditions. A validation study

tests all aspects of the modeling process. Validation studies and associated

sensitivity analyses permit more objective estimates of simulation errors and,

thereby, increase the credibility of geochemical model calculations. In

addition, subsequent users of the model are relieved of any responsibility to

demonstrate model competency. These validation efforts therefore remove a

considerable burden from the technical community that uses the validated

geoehemical model in safety assessment of proposed nuclear waste repositories.

Additional benefits can be realized by performing sensitivity analyses in

concert with a validation study. These analyses may permit a selection be-

tween contradictory thermodynamic values by comparing the ability of alter-

native stability constants to simulate the experimental data. Validation

studies may also be used to identify published solubility experiments that

have a high probability of containing significant errors and, therefore,

should not be used to derive thermodynamic data or for further validation

purposes. Finally, sensitivity analyses carried out during the validation

study may help researchers establish priorities for further research.

II. DEFINITIONS

Definition of terms contributes significantly to scientific communication

and to progress in a given field of research. Because some of the terms em-

ployed in this report are currently used in the literature with significantly

different meanings, it is useful to define them here.

We understand a geochemical model as the integration of mathematical,

thermodynamic, and fcinetic relationships on which the geochemical calculations

are based. We use model validation as the integrated test of the accuracy

with which a geochemical model and its thermodynamic database simulate actual
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chemical processes. These definitions are consistent with usage in the

published literature. For example, Silling (1983) defined validation as "the

assurance that a model as embodied in a computer code is a representation of

the (nitural) process or system for which it is intended." Ross et. si. (1983)

similarly defined validation as a test, of the adequacy with wliich theory

describes the behavior of an actual system.

In contrast to validation, verification is a check of the accuracy with

which the subroutines of the model perform their numerical calculations.

Verification is an important aspect of model development. However, first-time

users of a model frequently carry out an overall verification wherein the

results obtained with a new model are compared to those obtained with a extant

reference model- Agreement with the reference model establishes the correct-

ness of the model being evaluated. The results of this type cf verification

are, of course, dependent upon the correctness of the reference model and the

appropriateness of the t'ata sets used to verify the new model. Geochemical

model verification primarily establishes the accuracy of the mathematics and

computer coding, whereas validation is primarily a check of the theoretical

concepts underlying the chemical models and one or more of the thermodynamic

databases.

It may also be useful to distinguish between mathematical models and

computer codes. A mathematical model is the quantitative description of

processes or reactions, which in turn represent a conceptualization of some

actual process(es). For example, the DeBye-Huckle equation and the virial

coefficient equations represent two different models to account for nonideal

behavior of dissolved electrolytes as a function of ionic strength. As

another example of contrasting models, an appropriate set of surface com-

plexation reactions is quite a different model of adsorption behavior than

that represented by a distribution coefficient. In contrast to a model, a

computer code is the set of instructions that permits a computer to execute a

model (Silling, 1983). However, in practice, the term "code" often implies

the totality of a model and its computer program.

Geochemical models generally consist of speciation, solubility (i.e.,

saturation index), adsorption, mass transfer (i.e., precipitation and disso-

lution), and occasionally, kinetic submodels. Validation of each of these

submodels is required. Validation of the adsorption and kinetic submodels

includes their respective databases.
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III. APPROACH

Three approaches to validating geochemical models are being considered by

those involved in the performance assessment of nuclear repositories. These

approaches vary in the type of experimental data required and in the submodels

that are validated. One validation approach uses charge-form characterization

with ion exchange resins; another uses available ejrperimental solubility data

obtained in the laboratory; and the third uses observations made in the "real

world."

The speciation submodel is fundamental to all other submodels; therefore,

its validation is essential to validation of other submodels. This inter-

relationship suggests that there is merit in validating the speciation sub-

model as the first step in validating the entire geochemical model. Kinetic

calculations serve primarily to modify the saturation index and mass transfer

calculations. Therefore, it seems that validation of the kinetics submodel

should be subsequent to that of the saturation indices submodel. There does

not appear to be a rationale for any preferred order to validate adsorption,

mass transfer, and kinetic submodels, so long as kinetic constraints are not

used in the validation of the adsorption and mass transfer submodels.

A. Charge-Form Characterization

The appropriate use of ion exchange resin columns mattes possible a partial

validation of the speciation submodel. In this approach, the quantities of a

given dissolved element present in cationic, neutral, and anionic forms are

determined by resin columns and compared to speciation simulations. The vali-

dation is limited to the specific water composition modeled. However,

carrying out such validations over a range of water types establishes the

accuracy of the calculation used to estimate the mass of the major individual

chemical species. More importantly, this approach may be the most viable to

validate the speciation submodel for elements for which there is little

reliable experimental solubility data.

B. Experimental Solubility Data

Speciation and saturation indices (i.e., solubility) submodels may be

partially validated using available solubility data. Experimental solubility

studies are first evaluated for the adequacy of their description of the
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aqueous-phase chemistry, including composition, pH and EH, and character-

ization of the reacting solid(s). Solution composition data taken from those

solubility experiments where adequate characterization is available are

modeled using the speciation and solubility submodels. For elements that form

relatively strong hydroxyl and carbonate complexes, it may be desirable to

modf" the experimental data in the following order: oxide/hydroxide, car-

bonate, single-ligand, and then multiple-ligand solid phases. This order

permits the validation of hydrolysis constants first because they are funda-

mental to the validation of all other complexes. The carbonate complexes are

validated next because, unless the utmost care is exercised, dissolved C0 2

will be present in laboratory solutions. Even so, complexation by dissolved

carbonate may be important even at low concentrations. Alternatively, if

relatively weak carbonate but strong phosphate complexes are formed, one might

elect to next validate the phosphate complexes.

Continuing the validation in a systematic manner, .single-ligand solids are

evaluated first, followed by multiple-ligand solids. Solubility data from

single-phase solids are preferred because the source of the dissolved con-

stituents is not ambiguous. The study then progresses to multisolid systems.

Our limited experience using solubility data for geochemical model validation

leads us to recommend that these studies be carried out on an element-by-

element basis. The process of working through the various solid phases and

reviewing the associated aqueous chemistry for a particular element provides

insight into the limitations of experimental systems, which may have escaped

earlier reviewers of the thermodynamic data.

C. "Real-World" Characterization Data

A third approach to validating the possible geochemical models uses charac-

terizations of the natural or simulated multicomponent aqueous systems

(ISherwood and Wolery, 1984). Experimental data taken from hydrothermal

testing of geologic and nuclear waste materials have been suggested for

possible use in geochemical model validation. Field sites considered for use

in a "real-world" validation test would include those where evidence indicates

that equilibrium exists between water and minerals in the geologic system.

This approach is intuitively attractive. It could, however, yield ambiguous

results because natural heterogenous geologic materials nearly always contain

solid phases that are in disequilibrium with the associated water. Small
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amounts of poorly crystalline solids, moreover, can significantly affect the

dissolved concentration of their constituent elements. Analytical problems

associated witto identifying solid phases that are present in small amounts or

that are poorly crystalline are well known and may impede identification of

the actual solubility controls. Even laboratory hydrothermal experiments have

resulted in sizable amounts of amorphic solids (Harward and Brindley, 1966).

P. Validation of Other Submodels

Aspects of validating mass transfer and adsorption submodels are briefly

discussed below; they and the Kinetic submodel are not further discussed in

this brief paper.

As far as the authors are aware, an explicit validation of a mass transfer

model has not yet been performed. Wolery (1978) used a reaction-path geo-

chemical model and obtained partial coherence between model simulations and

observational data for both mineral assemblages and the concentrations of

dissolved constituents. Plummer et al. (1983) have pointed out that it is

difficult, if not impossible, to obtain a unique solution for a particular

site-specific mass transfer model of groundwater aquitiers. Present limi-

tations in modeling solid solution in layer silicates and other minerals are

also likely to complicate validation studies in natural systems.

We expect that validation of the adsorption submodel, which uses the

surface coordination description of adsorption, will involve a sequence of

steps similar to those outlined for validating speculation and saturation index

submodels that use experimental solubility data. Obviously, adsorption rather

than solubility experiments are sought, evaluated, and used in the modeling

process.

IV. VALIDATION STUDIES

A geochemical model validation study employing charge-form character-

ization data for U from two natural water samples and validation studies for

Cu(II) and U using experimental solubility data have been carried out at

Pacific Northwest Laboratory for the Department of Energy. A solubility-data-

based validation of Pu has been started.
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A. Copper (II)

A critical review of the thermodynamic literature for Cu(II) complexes and

solids identified three complexes [cu(OH)°.. CuHCoJ, and CuCl+] for which un-

certain or contradictory thermodynamic data could not be resolved (cowan gt

al., 1984). A validation study with the MIHTEQ model (Felmy §t al<. 1984),

which resulted in coherence between the speciation-solubility modeling for

tenorite (CuO) and experimental data, permitted the log K°,298 o f "13.7 to be

accepted (Cowan et al., 1934). Similarly, coherence between model simulation

and experimental results for malachite [Cu2CO3(OH)3] led to the conclusion

that CuHCOg is not a sufficiently strong complex to warrant its inclusion in

Cu speciation calculations. The data for actacamite tCu2(OH)3Cl] were in-

adequate to evaluate alternative log K°-«298 values for CuCl+.

B. Uranium

A charge-form speciation characterization study on two natural water

samples showed that the calculated speciation of U was within the accuracy of

the analytical determination of U in different charge forms (Jenne e_t al., in

press).

A validation study using experimental solubility data was carried out for

U (Krupfca et ai., 1983). Excellent agreement was obtained between the

modeling results and experimental data for uranyl[u(VI)] hydroxides. Sensi-

tivity analyses, however, demonstrated that the particular polynuclear,

anionic uranyl complex chosen for inclusion in the database has a large effect

on the total dissolved U calculated to be in equilibrium with individual U

minerals at pH values above 8. The modeling results also indicated probable

errors in the prior laboratory studies of uranyl phosphate solids. Ground-

waters associated with uraninite [UC^] deposits were calculated to be signif-

icantly oversaturated with this solid as well as coffinite [USiO^].

The following data needs were identified in the course of the U validation

study:

(1) additional spectroscopic studies to permit discrimination among pro-

posed polynuclear, anionic hydroxyl complexes as well as relevant experimental

data to allow the derivation of stability constants for these complexes;

(2) careful field sampling, water analyses, and mineralogical character-

ization to resolve the uraninite and coffinite oversaturation problem; and

(3) reliable solubility studies of uranyl phosphates and uranyl carbonates.
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C. Plutonium

K.M. Krupka and E.A, Jenne (unpublished data) liave taken the initial step

to validate the MIKTEQ geochemical model for Pu. Validation of the geo-

cttemical model for PuO2 and Pu(0H)4 is affected by uncertainties concerning

the redox status of the solutions and the effects of alpha radiation on Pu

solids and solutions.

V. LIMITATIONS

The technical community must understand the limitations as well as the

merits of geochemical model validation because the term may imply signifi-

cantly more than can be attained with available experimental data. A state-

ment that "geochemical model XXX has been validated" is devoid of meaning.

All geochemical model validation efforts are seriously data-limited; hence,

they constitute "partial" validations.

When employing the charge-form characterization technique, care must be

tafcen to use resins that retain ions only by simple electrostatic exchange

reactions. It is also necessary to use resins saturated with ions that do not

significantly change the pH of the water as it passes through the column.

High flow rates and short columns may be necessary to minimize possible re-

equilibration among the various chemical species of the element as it passes

through the resin column.

As a first step, it is useful to model the experimental solubility data

used to calculate the thermodynamic data (e.g., AG°12gg) for a particular

solid in the database. Obtaining coherence between these experimental data

and the simulations with the model will verify that errors in the pertinent

tbermodynamic data and code are absent or are not significant. Obtaining

coherence with another solubility data set for the same solid will validate

the model for the range of chemical and physical conditions covered by the

experimental solubility data. The validation, however, is only partial be-

cause (1) the range of solution compositions and physical conditions found in

individual solubility studies is limited; (2) the number of solids for which

appropriate solubility data are available is limited: and (3) the number of

solubility studies involving a particular solid is limited.

Inadequate characterization of the aqueous solution, the solid phase, or

both prevents the use of numerous solubility experiments in a validation

study. In carrying out validation studies with experimental solubility data,
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it is sometimes necessary to estimate values for certain variables (such as

pH) from initial solution compositions and volumes titrated during the course

of the experiment. A problem frequently occurs when an investigator may have

assumed congruent dissolution of the starting material and has not analysed

for subsequent precipitation of secondary solids. Hence, the solution con-

centrations of dissolved constituents are assumed to be proportional to that

of one constituent that is measured. This can lead to errors in the estimated

concentration of dissolved constituents. The characterization of solids

formed in the course of a solubility experiment is often inadequate. Some-

times it is assumed that a particular solid has formed on the basis of the

composition and crystallinity of the solid used at the start of the exper-

iment. Thus, a lack, of coherence between the simulated equilibrium solid and

the solid .identified or presumed to be present in the experimental study may

be due to inadequacies in the experimental data rather than errors in the

thermodynamic data for the relevant aqueous species and/or the presumed solu-

bility control. For this reason, it is very helpful if multiple solubility

studies for individual solids can be found.

There are two problems common to the use of solubility data and field

data. Equilibrium is a necessary assumption, but evidence that it was at-

tained is frequently lacking in the solubility studies and will not be obtain-

able in the field validations. Another problem is that the solubility of

surface layers of a solid equilibrating with its associated solution may be

different than that of the bulk, of the solid. For example, the average

valence of the surface layers of U(IV) oxide particles in oxlc, aqueous

solutions may be higher than that of the bulk of the particles (Wang, 1981).

For redox sensitivity elements, valence-state analysis of the surface layers

of the solid (where possible) as well as of the dissolved portion are

important measurements. Validation using "real-world" data (e.g., from field

sites) will be a formidable task. Geologic materials are always beterogenous

and generally contain a quantity of poorly crystalline solids whose character-

ization is difficult. Because these solids can contribute significantly to

groundwater chemistry, their inadequate characterization may seriously limit

the test of coherence between model simulation and identified mineral

assemblages.

Despite these limitations, progress in establishing the validity of geo-

chemical simulations using solubility data is well worth the effort required.
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In addition, identification of tbermodynamic data that are suspect or that, if

known more accurately, would potentially effect the greatest reduction in

overall uncertainty of geochemical model simulations is a valuable benefit

that can be obtained from sensitivity analyses conducted during the validation

studies.
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GEOCHEMICAL TEAHSPOET IN A MULTILAYER SYSTEM

by

Abraham Lerman and Mark. A. Bosko
Department of Geological Sciences
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Evanston, Illinois

I. INTRODUCTION

A geochemical transport model presented in this paper describes release of

a chemical species from a source and its subsequent migration through one or

more layers along a one-dimensional path. Although the mathematical formu-

lation of the model is fairly general as far as the different geochemical and

environmental conditions are concerned, its development was primarily aimed at

the release and transport of radionuclides in water, from buried nuclear waste

outward through a series of engineered barriers and further into the host roctc.

Figure 1 is a schematic representation of a nuclear fuel waste package in

a waste repository in basalt. The central core of the package consists of the

waste form encased in one or more canisters that are protected on the outside

by a layer of backfill. Farther out, the layer next to the backfill is a

disturbed-rock zone grading into the undisturbed basalt. As long as the can-

ister has not been breeched, there is no contact between nuclear waste and

groundwater. The transport model tak.es over and treats the processes that may

occur if the protective canister has been breeched or corroded and groundwater

begins to react with the nuclear waste. As shown in Fig. 1., the time before

water comes in contact with the nuclear waste is referred to as the contain-

ment period; the time after the physical integrity of the container has been

breeched is termed the isolation period. During the isolation period, the

backfill and the host rock must retard the radionuclide transport.

From the preceeding brief description it may be clear that radionuclides

from the solid nuclear waste that react with groundwater can migrate through

the backfill, the disturbed-rock, zone, the host rock., and beyond. Thus, the

main goal of any transport model should be to predict the amounts of indi-

vidual radionuclides and other chemical species that can migrate with time

from the waste form into the surrounding rock.. Such transport models of

greatly varying degrees of detail and complexity have been developed by a
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number of investigators and teams in the last several years. To nane a few,

B. J. Wood (1980, 1982) described a one-dimensional model based on diffusion,

advection, and adsorption of radionuclides in basalt; be applied this model to

an analysis of the migrational behavior of a long list of radionuclides in

high-level nuclear wastes. These studies have demonstrated the importance of

adsorption properties of the backfill material and the host rock, in retarding

many nuclides. A multilayer model to predict breeching of the individual

barriers, such as the canister and the backfill, was developed by Lester et

al. (1981) and was given the abbreviated name WPPE. Another more compre-

hensive and generic model of the waste package performance assessment resulted

from an extensive team effort and was published under the abbreviated name

WAFPA. Both WPPE and WAPPA models are comprehensive and deal with a variety

of processes taking place within the waste package, including many processes

that are outside the domain of the geochemical treatment. Because of their

very broad scope and extreme detail, the WPPE and WAPPA models art* not imme-

diately or easily usable for geochemical analysis, particularly when the

latter is performed by individuals who are not familiar with the intricacies

of the detailed models and their computer codes.

The one-dimensional multilayer model described in this paper is not as

comprehensive or detailed as the WPPE or WAPPA codes. First, the present

model deals with radionuclide migration only during the j-elation stage. The

time from sealing of the repository until the presumed end of the containment

stage (i.e., to the time when waste begins to react with groundwater) is,

generally, not of immediate concern in studies of the geochemistry of the

waste package system. The time from emplacement to canister failure can be

highly variable, as estimated by different investigators, and it depends on

such factors as the canister material and thickness, mechanical stress,

chemical composition of the groundwater, and the intensity of radiation from

the waste form. The geochemical, oi isolation, life of the waste package

begins with the reactions between groundwaters and the waste form. This point

in time was recognized by B. J. Wood (1980) and Lester et al. (1981) as the

starting point for modeling the nuclide transport through and out of the waste

package.
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II. COHFIGURATIOH OF THE SYSTEM IH THE MODEL

In a one-dimensional case, the main compartments or layers of the system

are moving progressively outward: waste form, backfill, disturbed-rock zone,

and host rock (in this case, basalt). Radionuclide transport takes place in

the direction indicated by arrows:

waste form +- backfill »- disturbed zone

Layer 1 Layer 2

The system is considered saturated with water, so that the components of the

waste form dissolve into the groundwater, migrate, and react with the solid

components of the successive layers. In general, the physical characteristics

of the system—temperature and porosity—can vary from one layer to another,

or they can vary within each layer, thereby affecting the transport charac-

teristics (diffusion coefficients and water flow rates) and certain chemical

processes within the system, such as exchange between the solution and the

solids or dissolution rates of the silicate and metallic components of the

waste package. Following the model designs of the waste package for a nuclear

waste repository in basalt (Smith, 1980; Anderson, 1982), the following

dimensions of the individual layers were adopted for our model:

waste form 25 cm x 1 cm2, to the left of x = 0

Layer 1 backfill boundary coordinates from x = 0 to x = 15 cm

Layer 2 disturbed zone boundary coordinates from x = 15 to x = 115 cm

Layer 3 host rock boundary coordinates from x = 115 to infinity

The 15-cm-thick backfill, 100-cm-thick disturbed zone, and host rock are

represented on the x-coordinate axis as follows:

waste form 0 backfill 1 5 disturbed zone ^ g host rock
x (cm)

III. MODEL EQUATIOHS

A. Chemical Transport Equations

Concentration of a chemical species C as a function of time t and distance

from the source x can be given in a form of the following differential equa-
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tion, which is based on Ficlt's law of diffusion, advective water flow, and

chemical reactions.

where <j> - the volume porosity of the medium, the fraction of the volume

space filled with water,

D = the molecular diffusion coefficient of a chemical species in

solution (cm yr ),

U = the water flow velocity in the x direction (cm yr"1), and

Ri = any chemical reaction rate that either removes or supplies the

species to solution (mass cm yr"1).

Equation (1) strictly applies to one chemical species, and the chemical

reaction rate term should describe the processes that affect its concentration

in solution. Such processes include changes in concentration of a diffusing

species because of complexation in solution, adsorption or exchange on solids,

dissolution, co-precipitation, and radioactive decay. At present, the infor-

mation on the fcinetics of radionuclide removal from groundwaters is not gen-

eral enough for a transport model such as Eg. (1). More worfc, however, has

been done for the exchange and adsorption on basalts, their alteration pro-

ducts, and the individual clays that are candidates for the backfill layer,

such as bentonites, various forms of sepiolite, and bentonite-basalt mixtures

(Wheelwright et al., 1981; Ames et al., 1981; Salter e£ ai., 1981; Wood et

al.• 1982; Barney and Smith, 1984). The adsorption of different radionuclides

on different solids under a variety of solution conditions appears to variably

follow a simple exchange equilibrium and the Freundlich and Langmuir adsorp-

tion isotherms. It has also been reported that, at least under some experi-

mental conditions, desorption of radionuclides is much slower and weaker than

adsorption, which suggests that the latter is not a truly reversible process

(Barney and Smith, 1984). A simple exchange equilibrium between a species in

solution is

Cs = KdC , (2)

where Cs is concentration of the exchanging species in the solid (g/g), C is

its concentration in solution (mg/^), and Kd is a distribution factor (//ng).
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If the exchange between the solution and solid phases is not a reversible

equilibrium, then removal of the radionuclides from solution is not an instan-

taneous exchange, as given in Eq. (2), but a removal reaction of a mathemat-

ically different form. The differences between an equilibrium exchange and a

slower irreversible removal reaction can be particularly pronounced over short

periods, as long as the distribution of a dissolved species between the

solution and the solid has not yet attained a steady state. For longer times,

if a migrating radionuclide in groandwater is exchanging with the surrounding

solid phases, the equations describing its transport and reaction are (compare

Lerman et aj.. 1979, p. 374)

= (D )
at ax ax ax

and

s_ = — 0XC_ , (4)
at

where X is the radioactive decay constant (yr ) and the other parameters are

as explained under Eq. (1).

Assuming that the radionuclides in solution exchange reversibly with the

solids as given in Eq. (2), both concentration terms Cg and C can be expressed

in units of mass per unit volume of pore water and the exchange coefficient Kd

is converted to a dimensionless coefficient K:

K = Kd p{l-4>)/<t> . ( 5 )

where p is the solid density and <j> is the porosity.

The next section discusses further rearrangement of Eqs. (1) through (5)

to a form suitable for computation.

B. Radionuclide Transport Equations

Molecular diffusion in solution, as expressed by the diffusion coefficient

D, is a function of temperature, geometry of the free diffusion path, and the

size of the diffusing species. If, in a general case, temperature T and

porosity change with distance x and time t, then diffusion coefficients also

become distance and time dependent. Thus the dependence of the diffusion

coefficient on the environmental parameters can be of the form
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D = f[T(x,t), 0(x,t)] . (6)

In sandstones, sands, and clays, diffusion coefficients of ionic species

in pore waters appear to decrease with some power of the sediment porosity.

Some of the relationships between D and 0, as compiled from the literature

(Lerman e_t al. 1979, p. 91), indicate a second-power relationship:

(7)

The temperature dependence of D is

= D25exp [f (^ - J)] , (8)

where D 2 5 is the value of the diffusion coefficient at 293 K, R is the gas

constant (R = 1.987 fccal deg'^mole"1). and E is the activation energy for dif-

fusion (E = 4.5 fccal/mole).

Chemical exchange reactions, of the simple equilibrium exchange or any

other type, are also likely to depend on temperature and the porosity of the

medium, as given in Eq. (5). Thus, the exchange coefficient K can be a

function of distance and time:

K = f[T(x,t), <*(x,t)] . (9)

The flow of water in the x direction through the system, represented by

the flow velocity U, depends on the cross-sectional porosity of the medium.

For the flow to be conserved, the mass flux of Water must be constant within

the system:

0U = constant . (10)

Equations (3), (4), (2), and (7) can be combined in one equation de-

scribing the rate of change in pore-water concentration as a function of time

and distance, when the diffusion coefficient D, porosity <j>, and chemical ex-

change coefficient K can also vary with time and distance:
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= A + A j a £ + A C (ll)
at A 2 a ? + A i ax + Ao c ' {11)

Diinensionally, the above equation consists of a diffusional transport term

given by the coefficieiic A£. an advective term given by the coefficient A^,

and a chemical term given by AQ. The individual coefficients are

(cm2 y . " 1 ) . (12)

S!
and

A ,= x + I M +
o 0 at K+i at

0 3t V0 3t (1-0)(K+l) (yr ) . (14)

In Eq. (14), the derivative of K can be written as

3t 30 at 0(i—0) at .

The term 3K/30, obtainable from Eq. (5), gives the dependence of the ex-

change coefficient on porosity, and hence, on distance and time, insofar as #

is a function of both.

IV. COMPUTATIONAL MODEL

In a simple case of constant D, 0, and K, transport Eq. (11) can be solved

explicitly. Solutions for a one-layer system consisting of a semiinfinite

layer and for a two-layer system consisting of one finite and one semiinfinite

layer were compared with our numerical model, and they produced a very good

agreement. Comparison of the numerical solution and the explicit solutions

for a one-layer and a two-layer case is shown in Fig. 2. For the case of a

constant concentration at the source boundary at x = 0, the concentration-

against-distance curves computed for 50 and 100 years are practically indis-

tinguishable from the explicit solution in a one-layer system? in the two-

layer system they differ by not more than 6% near the layer boundary. This
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difference is due to the computational method in which the boundary concen-

tration is determined from the points on both sides of it by using the flux

continuity condition.

Equation (11) was solved numerically by the forward finite-difference

method. The computer program code NEWFIN allows the following method. The

one-dimensional space can be divided into 1,2,...,6 layers. Concentration at

the source boundary x = 0 can be either constant or a prescribed function of

time. The conditions of the flux continuity are maintained at each of the

layer boundaries. In a most general case, the environmental variables

(temperature T and porosity <p), the transport coefficients (diffusion coef-

ficient D and flow velocity U), and the chemical parameters (exchange coef-

ficient K) can be functions of distance x and time t, and these can vary from

one layer to another.

The choice of the boundary condition of constant concentration at the

source boundary implies that release of the radionuclides into groundwater is

controlled by the solubility of the solid phases in the source. This assump-

tion can be defended insofar as the times of transport are fairly long

(hundreds or thousands of years), making it conceivable that solubility would

control the radionuclide release after a relatively short time. Studies on

the release rates of radionuclides from different forms of spent fuel and

high-level wastes, carried over variable lengths of time, give no clear

indication of whether saturation can always be attained or whether the rates

of release by leaching can vary in a consistent manner with time (Westsik et.

al.. 1983). Although the transport model code NEWFIN allows a time-dependent

concentration at the source boundary, the results reported below are based on

an assumed constant concentration at x = 0 for lack, of any other information

on long-term rates ~ ie..aase from the waste.

A sample of the : ^ults obtainable with NEWFIN is shown in Fig. 3. The

system consists of three layers—backfill, disturbed-rock zone, and host rock;

boundaries and x = 0, 15, and 115 cm. Transport by diffusion and flow (but in

the absence of chemical adsorption or radioactive decay) is shown for both 100

and 250 years. After about 100 years, there is significant migration into the

host rock, where concentration at the boundary x = 115 cm reaches a value of

about 15* of the source. In this case, when neither the backfill nor the rock

retard the released species, migration away from the source takes place

rapidly.
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V. RESULTS

The results obtainable from the NEWFIN transport model show that uptake of

the released nuclides by solids in the backfill and the rock is the main

factor that can significantly slow nuclide migration into the far field.

Other environmental parameters, such as temperature and porosity, affect the

rates of migration to a much smaller extent. Temperature variations in basalt

[from approximately 65 to about 200°C near the heat-generating waste

(Altenbofen, 1981)] and uniform temperatures within this range produce only

small differences in concentration-distance curves at times up to 1000 years

after the start of the release. Similarly, porosity changes of the individual

layers (from about 2 to 10*) have only small effect on the rates of migration.

The much stronger retarding effects resulting from uptake by solids are shown

in Figs. 4 to 6. The increasing uptake is reflected in the values of the

exchange coefficient for the backfill layer: Kd = 0, 10, 20, and 30 mj/g.

The values of Kd listed in Table 1 for smectites and basalt range from a low

of 0 (no adsorption) to very high values for plutonium. The group of three

species—the isotopes of Se, Tc, and I—is characterized by low values of K^,

which indicates that there may be little retardation of these nuclides by the

backfill and rock material, as concluded previously by a number of investi-

gators. At the higher value of Kd = 30 m-t/g, as taken in our computations,

virtually all released material is confined to the backfill.

In Figs. 4 through 6, the area under each curve is the total amount re-

leased into the pore water over such periods as 25, 500, and 1000 years. The

total amount present in the layer is the sum of the amounts in pore water and

in the solids. In the concentration units as given in Figs. 4-6,

concentration at the source boundary is 100* or 1 arbitrary mass unit/cm3.

The integrated area under each curve gives the amount in mass units per square

centimeter (cm"2), as shown in Table 2.

The mean rate of release into the backfill pore water over some period of

time t is

_ mass in pore water
time

_ 1 7 <frC dx (mass cm^yr"1) (16)
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TABLE 1

ESTIMATED SOLUBILITIES OF SEVER ELEMENTS FROM SPENT FUEL
AND THEIR ADSORPTIOH COEFFICIENTS OH SMECTITES AND BASALTS3

Solubility

Elementb (mole/-*)

Oxidizing Reducing

Smectites

25 63

Basalts

Temperature (°C)

23 63 150 300

1x10-8

Np 1x10-5

Pu lxlO"

2x10 *"

100-190(r)

lxlO"10

70-150

160-950

4X10"10

76

70-150

25-70(o)

37

180-300

2600

1000-14000

14000

1450

54

3300

770-8400

8400

1.5

20

10 140-2800 1000-20000

20

25 30-300 30-100

S lxlO"3 5X1O"8

T 1x10 5 lxlO"9 0(0) 0(0)

280(R) 160(R)

1x10-2 14

Am 1x10,-8 1350 1S00

aData from Ames g£ al- (1981); Barney (1981); Early et al. (1981); B.J. Wood

(1980); M.I. Wood g_t al. (1982).
b(o) = oxidizing conditions and (r) = reducing conditions.
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TABLE 2

MASS OF A CHEMICAL SPECIES (M, IK AHBITRART MASS UHITS/CM2)

RELEASED FROM THE SOURCE INTO PORE K\TER AS A FUNCTION

OF EXCHANGE COEFFICIENT IN THE FIRST LAYER (FIGS. 4-6).

MEAN RELEASE RATES ~ FROM EQ. (16)

Exchange
Coefficient

Kd

(m-l/g)

0

2.5

10

20

30

250

M

(cm"2) (

175

3.1

2.1

1.7

vears

cm

1

8

6

P
-2vr-l)

.3X10"2

.3xlO~3

.7X10"3

500

K

(cm~2)

7-Oxlo"1

12.6

4.9

3.3

2.5

vears

P

(cm^yr"1)

2.5X10"2

9.8xlO~3

C.6xlO~3

4.9X10"3

(cm~

3.

1000

M

ll

7

vears

P

(cm^vr"1)

3.7X10"3

The mean release rates, computed for 250, 500, and 1000 years for certain

values of the exchange coefficients Kd, are listed in Table 2. In two-layer

systems, when a substance diffused from one finite layer into another, semi-

infinite layer, the flux across the layers' boundary varies approximately with

the square root of times

."1/2
boundary (17)

The latter condition has been mathematically demonstrated for relatively

simple systems where concentration at the source boundary is either constant

or it is initially uniform in the first layer (Carslaw and Jaeger, 1959,

p. 322; Lerman, 1971, p. 38). In terms of our model, assuming the nuclides

are uniformly dispersed through the waste form, one would expect relationship

(17) would hold either if the nuclides were diffusing out of it into the

bacfcfill or if the concentration at the origin (in this case at x = -25 cm)

remained constant with time. In the more complex model presented here, the

results obtained numerically show a similar dependence of the mean release flux

P on time. For the higher value of the exchange coefficient K^ = 30 m//g,
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the mean release fluxes at 250, 500, and 1000 years increase nearly linearly

with t"1'2, as is shown in Fig. 7. Fractional release rate from the solid

waste can be written as

R = F Co/Mf (yr"1) , (18)

where P i« the mean flux over some period of time, as defined in Eq. (16), CQ

is the solubility of an element (mole cm"3), and Mf is the mass of the element

in the waste source.

In this model, we took for the waste source a volume of 25 cm x 1 cm2. In

a spent fuel, approximately 96* of the mass is made of UO2; abundances of the

individual elements and their isotopes are tabulated in Smith (1980, p. 2-145)

and Woodley et §1. (1981). Using the abundance data for the spent fuel from

the latter two sources at 1000 years after discharge from the reactor, the

solubility values from Table 1, and the mean fluxes from Table 2, a range of

the fractional release rates [defined in Eq. (18)] for each element was

plotted as shown in Fig. 8. The band of P values in the figure corresponds to

the range from about 3 x 10" 2 to 3 x 10~3 cm^yr"1, as computed for the time

of release from about 250 to 1000 years. The fractional release rate con-

sidered acceptable at this time is not greater than 1 part in 100,000 per year,

or 10~^yr~1. This release rate and the rates higher and lower, 10 and

lO^yr"1, are also shown in Fig. 8. The wide range of the solubility values of

the individual radionuclides determines the wide spread of the estimates of the

release rate; Si, I, and possibly Hp are characterized by the fractional

release rates higher than the admissible lO^yr""1. In the case of Tc, if it is

not adsorbed on the solids as some of the data in Table 1 indicate, then its P

values, and hence the fractional release rates E, would be substantially

higher.

Computations of the amount of a nuclide released as a function of time

must also keep track of tne available inventory. Although it is obvious that

the amount released to pore water and stored in the backfill and host rock

cannot exceed the amount in the source, it is not immediately obvious that the

clays and rock particles may become saturated by adsorption and thereby change

the chemical characteristics of the system. Although saturation by adsorption
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is probably not attainable for many of the radionuclides from the waste source,

it could become a factor for such a major component as uranium in spent fuel or

silica in a borosilicate glass waste form.

VI. SUMMARY

A transport model based on diffusion, flow, and adsorption was developed

for a one-dimensional multilayer system. The model allows up to six layers,

and it treats the physical and chemical parameters (diffusion coefficients,

adsorption, porosity, and temperature) as time and distance dependent.

Numerical computations were performed for a range of adsorption coef-

ficient values Kd from 0 to 30 mP/g, producing the masses and average fluxes

of the released species over time period of up to 1000 years. Adsorption

exerts a major effect on release of the species to pore water.

Partial verification of the numerical results was obtained by a comparison

with explicit mathematical solutions for one-layer and two-layer models, as

well as with the dependence of the average flux on time (Figs. 2, 3, and 7).

According to the results of the model, fractional release rates for the

individual elements from spent fuel fall both above and below the permissible

rate of lO^yr"1. During a 1000-year period, the fractional release rates are

very sensitive to the radionuclide solubilities from the source. In the

model, the input to the system is concentration at the source boundary, which

may either be constant or a known function of time. In view of the uncer-

tainties involved in extrapolating the dissolution or leaching rates from

relatively short-term experiments, use of the solubility as a source input

function offers a theoretical edge for at least some of the source components.
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TO TRANSPORT
MODELS

WASTE f ORM

CANISTER

BACKFILL

HOST ROCK
(BASALT)

INTERACTIONS RELATED TO
THE CONTAINMENT PERIOD

A BASALT + WATER (SITE)

B PACKING + WATER (A)

C CANISTER + WATER (B)

INTERACTIONS RELATED TO
THE ISOLATION PERIOD

D WASTE + WATER (C)

E WASTE + CANISTER + WATER (D)

F WASTE + CANISTER + PACKING
+ WATER (E)

G WASTE + BASALT+ WATER (F)

Fig. 1. Flow of groundwater through the host rock and back-fill and its

reaction with the waste form. (M.J. Apted, 1983. By permission of
the author.)
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Fig. 2. Verification of the model.
(a) One-layer model, curves computed from the model for 50 and 100

years are practically indistinguishable from the explicit
solution C(x,t) - CQ erfc[x/(4Dt)

1/2].
(b) Two-layer model, curves computed from the model for 50 and 100

years and curves from an explicit solution for the same times
(Carslaw and Jaeger, 1959, pp. 321-322). Layer 1: D = 1.0}
layer 2: D = 0.5.
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Fig. 3. Diffusion and flow in a three-layer system. No adsorption on solids.
Concentration profiles shown for 100 and 250 years from start of
release. Parameters: T = 105°C, concentration at source boundary C Q

= 100* (arbitrary mass/cm3), porosities $ = 0.05, 0.10. 0.0E, flow
rate 0TJ = 0.05 cm3 cm"2 yr"1.
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Fig. 4. Release with diffusion, flow, and adsorption on solids. Concentration
profiles after 250 years for the values of the exchange coefficient Kd

backfill (m^/g) shown in the figure. Uppermost curve for Kd = 0, 5.5,
11, 16.5, In the sane order as the Kd value for the bacfcfill shown.
Host rock Kd = 0. Other parameters at the same values as in Fig. 3.
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Fig. 5. Concentration profiles after 500 years for the Kd values in the bacfc-
fill as shown in the figure. Other parameters as in Figs. 3 and 4.
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10 15

Distance (cm)

20

Fig. 6. Concentration profiles at 500 and 1000 years after the release start.
Backfill Kd = 30 ntf/g. Other parameters as in Figs. 3 and 4.
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Fig. 7. Verification of the model. Data from Table 2. Backfill Kd values
(m-̂ /g) shown in the figure. Vertical error bars are +5%.
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log Co/Mf
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Fig. 8. Isolines of the fractional release rate E [Eq. (19)] drawn for the
values 10~4, 10~5, and 10~6 yr"1. The band of P values brackets the
mean release fluxes during the first 2000 years after the release
start. Within this band are plotted the estimated data for six of
the waste elements. High-ratio solubility/source-mass results in a
higher value of the fractional release rate. Total amount released =
(mass in pore water)x(K+l), where K is an exchange coefficient.
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RESEARCH KEEDS FOR COUPLING GEOCHEMICAL
AKD FLOW MODELS FOR NUCLEAR WASTE ISOLATION

by
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Houston, Texas

I. INTRODUCTION

Those assessing the performance of proposed nuclear waste isolation

systems ask geoscientists to predict when and at what level radionuclides of

concern will appear in the accessible environment. The agent considered most

likely to transport radionuclides is flowing groundwater, so knowledge of the

principles of groundwater flow and the ability to model it in chosen areas are

needed. The amount of nuclide entering the environment is determined by its

concentration in the groundwater, as well as by the groundwater flow volume.

To predict concentrations requires both the ability to model chemical reac-

tions between nuclides in transport and the host rock and the knowledge of the

source term—the rate of nuclide r?jease from the waste form to moving ground-

water .

Models of groundwater flow in a number of systems have been made success-

fully. This suggests the existence of both an adequate understanding of the

principles of giroundwater flow and a satisfactory ability to collect the data

needed to apply these principles to a system of interest.

Similarly, successful models of geochemical reactions in groundwater have

been made. This suggests that the geochemical principles controlling the

bahavior of some systems are known and that sufficient data can be collected

so they can be modeled.

Obviously, all principles of geochemistry and groundwater flow are not

known, nor are all the generic and site-specific data required for their

applications. If they were, there would be no need for meetings like this.

Even if a great deal more were known about geochemistry and groundwater flow

as separate disciplines, there would still be a set of unknowns that would

require study before geochemistry and flow could be treated as a coupled

problem (Pearson, 1984).
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This paper will examine simple versions of equations used to describe

groundwater flow and transport. This will provide a framework in which to

discuss certain principles of system behavior that are poorly known at present

but which must be understood if modeling activities in support of nuclear

waste isolation are to be successful and their results defensible.

II. APPROACHES TO COUPLED MODELS

A conservation of mass equation for the species i can be written in terms

of its fluid concentration:

where C^ = concentration of dissolved species i (fcg/m fluid);

(j> = porosity of the medium (m fluid/m matrix);

D = coefficient of hydrodynamic dispersion (m2 matrix/sec);

IR = net rate of production (or consumption) of species i (fcg/m3

matrix - sec); and

v = specific discharge (Darcy flux) (m3 fluid/m2 matrix - sec).

In this equation, the first expression represents the rate of change of

mass of the species in solution in a volume element. The second expression

represents the net mass flux of the species into and out of the volume by

convection (the first term in brackets) and dispersion (the second term in

brackets). The R terms represent all sources and &inks of the species, in-

cluding reactions between the fluid and the matrix and, for radioactive waste

problems, species decay or production, waste form leaching, and so on.

Equations of this type are the basis of the present generation of solute

transport models. However, in developing the equations so they can be

evaluated, a number of assumptions are often made that limit their physical

generality and must be eliminated for successful nuclear waste isolation

modeling.
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A. Chemical Effects on Flow

The water flow v in Eq. (1) can be written

where K = intrinsic permeability of the medium (m 2);

p = fluid density (fcg/m3);

g = gravitational acceleration constant (m/sec );

u = dynamic viscosity (kg/m-sec);

p = fluid pressure (kg/m-sec2);

h = hydraulic head (m); and

x = the flow direction, which is not necessarily horizontal.

In present transport models, it is commonly assumed that the flow regime is

unaffected by chemical reactions. As Eqs. (1) and (2) show, this assumption

is equivalent mathematically to stating that <j>, D, K, U, p, and p are

independent of "^. These parameters can be grouped into rock properties,

fluid properties, and pressure effects.

B. Fluid Properties

The variations of fluid density p and viscosity u with composition are

reasonably well known and have been included in several transport models

(Bredehoeft et al. , 1976; INTERA, 1983). In these models, density is ex-

pressed as a function of salinity as well as of pressure and temperature, and

viscosity as a function of salinity and temperature. Salinity is simply a

dimensionless concentration, such as the normalized concentration of total dis-

solved solids, chloride, or NaCl, against which density and viscosity vari-

ations are expressed (Muller gjb al., 1981). Salinity is transported but does

not undergo any reactions. Thus, even in these models there is no back

coupling of chemical reaction to flow.

C. Rock Properties

Water-rock reactions can rhange the porosity <j>, coefficient of hydro-

dynamic dispersion D, and intrinsic permeability K of the matrix. There is no

porous-medium model that considers this coupling, probably because there is no

acceptable theoretical or engineering procedure for calculating macroscopic
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values of intrinsic permeability or dispersivity from the changes in the

microscopic properties of a porous medium. A chemical model will give the

changes in the mineral masses per volume element, which could easily be trans-

lated into a change in total porosity. A number of equations have been pro-

posed relating porosity to permeability; some are empirical, and some are

based on idealized matrix particle geometries. Freeze and Cherry (1979,

Section 8.7) discuss the problems, and Lerman (1979, Table 2.1) provides a

list of equations that have been proposed. Hone has received wide acceptance.

An accepted expression for the permeability of fractured rock, does exist,

however, and can be written (Norton and Knapp, 1977)

(3)

where 2b = fracture aperture (m) and

n = fracture frequencey (LI )

The porosity through which this flow occurs is the ratio of the fracture

volume to the total volume, and it equals n(2b).

Norton and Knapp (1977) examined the porosity characteristic of a number

of fractured rocks. They found that although the total porosities ranged from

1 to 20*, diffusion porosities were in the range of 0.1 to 0.001*—the same

range generally taken to be representative of the flow porosities in fractured

rock. These small porosities suggest that the volumes of solids precipitated

or dissolved in a fracture system need not be large to change a fracture

aperture (2b) by enough to significantly affect the flow rate. Experiments re-

ported by Witherspoon et gl. (1980), which were undertaken to verify Eq. (3),

also illustrate that only small bulk rock volume changes can significantly

change K.

A recent thesis (Ribstein-Coudrain, 1983) presents a model for coupled

fluid and heat flow and silica transport in a fractured medium. The results

for a number of tests of parameter variations are given, but no field or

laboratory validation was attempted.
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D. Pressure Effects

The fluid pressure p could be affected either by geochemical reactions

sucb as mineral hydration or dehydration or through osmotic effects. No

attempt has yet been made to include these mechanisms in any chemical and flow

models, but they have received attention from hydrogeologists and geochemists

(Graf, 1983; Hanshaw and Bredehoeft, 1968; Marine and Fritz, 1981).

E. Geochemical Concerns

The geochemical part of the problem is contained in the E term of Eq. (1).

The representation of this term in many transport models was selected less for

its chemical accuracy than to permit structuring of the resulting transport

equation in a form for which a closed mathematical solution could be found.

Because we Know little about reaction kinetics and we need to generate

simple solved expressions, it is commonly assumed that reactions are equi-

librium controlled. (That is, we assume the rate of change for the

concentration of a species resulting from chemical reactions is so much faster

than the rate of change resulting from convection and dispersion that all

chemical reactions can be treated as if they were at thermodynamic equilibrium

at all times.)

The R term in most equilibrium-controlled solute transport models ex-

presses the concentration in the fluid as a function of the composition of the

solid in the volume element. Under these conditions, the solute transport

equation can be written

^ r ] =0-

where Ci = concentration of constituent i in solid phase (fcg/fcg matrix),

and p^ = bulk density (leg matrix/m matrix).

•-»

The relationship between C^ and C^ most widely assumed for radionuclide

transport modeling is the linear isotherm

fc, = C./C. , (5)
a xi

where * d = distribution coefficient of i (m
3/fcg).

177



To account for radioactive decay (or any other first-order production or

consumption reactions in the system), additional E terms must be included of

the form:

(6)

where X = radioactive decay constant for i (sec ), and

+ Pjj^i^ = t o t a l «nass of i in the volume element.

From these expressions, an equation for the equilibrium controlled trans

port of a trace radionuclide emerges:

+ X0C.U + -£-3) = 0 (7)
l 0

The expression in parentheses in Eq. (7) is the retardation coefficient Rd,

which is the ratio of the transport velocity of i to the velocity of an ideal

tracer in the system.

Two points about such a description of transport are unsatisfactory to

geochemlsts. First, the expression of water-rock reactions in terms only of

C- and CJ is a gross oversimplification. Second, .he assumption that equi-

librium prevails will often be unacceptable.

F. Water-Rocfc Equilibria

A number of geochemical reaction models are available and do not need much

discussion in this group. Such models by themselves have been used to sim-

ulate the spatial changes in roclc and water chemistry that are observed in

groundwater systems and ore deposits (Plummer et ai., 1983). These spatial

changes result from increasing reaction progress with fluid flow, and thus

their simulation is, implicitly at least, a coupling of geochemical reaction

modeling to flow. Papers by Thorstenson et. a^. (1979) and Kwong et ai. (1982)

are recent examples of this approach to a regional aquifer system and an ore

deposit, respectively.
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A number of transport models have been developed to include more realistic

representations of water-rocJc reactions. For example, Rubin and Janes (1973),

Valocchi et ai.. (1981), and Miller and Benson (1983) have included ion

exchange reactions with varying degrees of thermodynamic rigor.

Several models that couple more complex geochemical reactions with flow

have also been described. These make use of (1) the large body of experience

developed while simulating the transport of nonreacting or simply reacting

solutes and (2) the availability of theoretically sound and efficiently coded

chemical reaction models. These models begin with a flow model for non-

reacting solutes to transport constituents through the system. After each

time step of transport, a geochemical model is called and the material in each

block is allowed to react to equilibrium before talcing the next time step of

transport.

Grove and Wood (1979) developed such a model to describe the chemical

changes during an artificial recharge experiment. They consider mineral dis-

solution-precipitation reactions, the formation of complex ions in solution,

and cation exchange. The transport considered is one-dimensional and includes

longitudinal dispersion. A finite difference method centered in space and

time was used for its solution. Grove and Wood did not mafce use of an

existing geochemical reaction model but constructed their own reaction routine

for their specific problem.

More recently, Walsh et. al. (1982) described a more complex model of this

type. Their intent was to simulate the chemical changes accompanying sand-

stone acidization with HF/HC1 mixtures and to examine the permeability re-

duction that often occurs at the start of such treatment. Their chemical

model, which makes use of at least Icey parts of the geochemical code MINEQL

(Morel and Morgan, 1972), includes 7 elements, 20 aqueous species, and 14

minerals. The simple one-dimensional flow model used was evaluated with an

explicit bacfcward-in-space, finite difference technique. The numerical dis-

persion introduced by this solution technique was used to account for physical

dispersion.

Although the aim of Walsh et al.'s work was to simulate permeability

changes, these changes were not included in their chemical-flow model. In-

stead, following the simulation, porosity changes were calculated from the

specific volumes of minerals dissolved or precipitated in each block.. These,
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in turn, were used to calculate new permeability values by employing an empir-

ical equation. ID spite of its shortcomings, this approach is the most am-

bitious coupling of flow and chemical models yet undertaken.

G. Reaction Kinetics

Local equilibrium is assumed not only in most solute transport models, but

in geochemical reaction models as well. This is an obvious theoretical short-

coming, but for several reasons it is likely to remain common practice for

some time.

Acceptable reaction rate expressions and constants are generally not avail-

able, although they are beginning to appear in the literature (Aagaard and

Helgeson, 1982; Reddy et aJL., 1982; and Rimstidt and Barnes, 1980, for

example). In addition, the geochemical mass transfer models available for

coupling with flow models do not have the capability to consider rate controls

on the reactions they simulate. Notable exceptions are the reaction path

codes developed by H. C. Helgeson and T. H. Brown and their colleagues and the

EQ6 code of Wolery (1979). With sufficient rate data, these codes could pro-

vide rate-controlled reaction descriptions if coupled to flow codes.

Many systems can be adequately modeled using the simpler equilibrium

approach, and this has limited the incentive to develop kinetic reaction terms.

III. CONCLUSIONS

From this overview a number of research needs are apparent. Some are well

known and will certainly have been identified during other deliberations of

this workshop. These include the need to develop principles of geocheraical

kinetics and the data in support of them.

Research in support of the coupling of flow and geochemical models is also

needed. It is especially important to understand the effects on fluid flow by

changes in rock fabric brought about through water-rock reactions.
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I. INTRODUCTION

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

capable of modeling chemical processes that are important in the study of

nuclear waste disposal (e.g., Apps et al., 1982). Both the US Department of

Energy (DOE) and the US Nuclear Regulatory Commission (NRC) will rely on

computer generated predictions of radionuclide migration to evaluate potential

repository sites. This heavy reliance on computer models is the only tech-

nically 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 must be capable of modeling the

thermodynamics and kinetics of reactions that control processes such as

sorption and precipitation.

To identify fundamental research needs for nuclear waste isolation, we

should first look at the areas of geochemical code and database development

already planned by the tuff (Nevada Nuclear Waste Storage Investigations,

NHWSI) and salt (Office of Nuclear Waste Isolation, ONWI) programs. They will

provide us with a basis for recommendations of basic research areas that will

complement the modeling work now under way or planned. It will also give the

workshop participants an opportunity to critique the selection of geochemical

modeling related tasks that are considered essential to site evaluation by

NNWSI and ONWI and that will have an impact on the direction of future

modeling efforts.
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II. CODE DEVELOPMENT TASKS

The KKWSI and OKWI have developed a geochemical modeling task plan

(Isherwood and Wolery, 1984; Basham et aJL. , 1983) that is designed to meet the

immediate needs of the National Waste Terminal Storage Program; this plan is

based on time schedules mandated by the Nuclear Waste Policy Act of 1982. It

is a 5-year plan of code and database development for the geochemical code

package EQ3/6 (Wolery, 1983; Wolery, 1984). 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, which are listed with the year for which they are planned. Modeling

tasks that involve code development already accomplished (e.g., mineral disso-

lution 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

wnich tlie tasks are scheduled indicates their relative priority, given the

resources available to do them. Like any plan, its successful completion will

depend on the continuing support of its sponsors. In the luture, the granite

(OCRD) and basalt (BWIP) programs may choose to join the tuff and salt pro-

grams and make EQ3/6 the single geochemical cod« used by all four. This would

avoid duplication of effort, which costs time and money, and should make the

comparison of geochemical modeling results from different candidate repository

sites easier to interpret.

A. Precipitation Kinetics

In FY 1984, we will begin to add basic precipitation kinetics to EQ6, the

reaction path model. This addition 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 that control precipitation. The ability to include precipitation

kinetics is critical to both modeling of laboratory experiments (Knauss et

ai., 1984) and evaluation of solubility limits on radionuclide migration.

B. Fixed Fugacitv

In FY 1984, we added the capability to model systems that are open to

gases by defining a solid phase of each gas as a fictive mineral (i.e., a
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fixed fugacity model; Delany and Wolery, 1984). The fugacity of the 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 talcing place in the unsaturated zone, where the void space is con-

ceptualized as a large external reservoir of 02 and C02.

C. Sorption

In FY 1985, we will begin a 3-year period of code development that will

give us the capability to model sorption processes. Sorption is often con-

sidered the single most important process affecting radionuclide migration in

crystalline rock. At first, we will incorporate only the simplest of models,

the linear isotherm model, into EQ3/6. We may wish to include modified

versions of sorption submodels used in other geochemicpj. codes (e.g., Westall

and Hohl, 1980). Our eventual goal is the capability to model complex

sorption isotherms, sorption Kinetics, and nor, -iuilibrium sorption processes

that control radionuclide migration. We must reach a point where the model is

"good enough," that is, it can employ a scientifically defensible approach

using the data and models available.

D. Glass/Water interactions Model

Beginning in FY 1985 and continuing into FY 1986, we plan to complete a

glass/watsr interactions model. The first step will be the evaluation of

models currently used to describe leaching (e.g., White, 1983; White and

Claassen, 1980). The EQ6 code 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 glass is. dissolving. This

will allow us to handle reactants, such as glasses, that are nonuniform in

composition (before and after reaction). This capability is important when

modeling both waste glass leaching experiments and reactions involving tuff

units that contain amorphous glass that has not devitrifled.

E. Redox Disequilibrium and Kinetics

In FY 1985, we plan to begin a 1-year effort to add to EQ6 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., Fe2+/Fe3+ and
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SO%~/S ). Redox kinetics will later be incorporated into EQ6 to help model

corrosion experiments and other related experiments involving canister and

overpack materials.

F. gadioj.ysis

Completion of the above task is a prerequisite for the addition of a

radiolysis submodel. This capability is needed for evaluating the waste

package design and interpreting corrosion experiments done in a radiation

field. We will use a database of G factors to evaluate the production of

radiolysis products. These G factors are the parameters that relate radiation

flux to the production of radiolysis products.

G. 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 approach is the site-mixing concept, which

recognizes that cations substitute for one another on we3.l-def ined 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 tuff. Los Alamos is working on a site-mixing model for zeolites.

Stoessell (1981) has one for illites, and Kerrick and Darken (1975) have a

model for plagioclase. Success in modeling illites will allow us to add other

phases of interest, such as montmorillonites.

All 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

less importance and may be delayed or omitted, depending on the needs of NNWSI

and ONWI at that time.

H. Geochemical Flow Model

Changes in EQ6 will be made to model flow-through leaching experiments by

conceptualizing a reaction vessel where tl>e rock, waste form, and secondary

precipitates will remain stationary and in contact with flowing solutions.

The solution will fill the /essel, reactions will take place, the solution

(whose composition presumably has changed) will be flushed out, and new

solution will be added. This sequence of events will be repeated as the

experiment continues.
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I. Isotopic FractioaatjLon

The need to model the preferential substitution of one isotope fcr another

of the same element in a solid or aqueous phase has not been established. The

concept has limited usefulness to NNWSI and OHWI and would require a database

of fractionation factors that are specific to nuclear waste in addition to the

fractionation factors that are currently available (e.g., the ratio of 1 3C to

C to be expected in calcite precipitated from groundu-ater in contact with

atmospheric C0 2).

III. DATABASE DEVELOPMENT

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

products) must be added to the thermodynamic database. We recently added

technetium and ruthenium aqueous species and solid phases to the database and

upgraded the databases for uranium and Plutonium. Kerrisfc (1984) provided us

with a database 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 pacfcage (copper, zirconium, tin, chromium,

cobalt, and nickel). Upgrades of the ejtisting data or the more common species

are also needed. The completeness of the final product will depend on the

available data because there are no provisions in our plan for experimental

worfc to solve the problems of missing or inadequate thermodynamic data.

In many areas, the database suffers from a lacfc of even minimal data for

temperature corrections (i.e., values for any two of the following: Gibbs

free energy, entropy, and enthalpy^. Table 1 illustrates our recent ex-

perience. For uranium, which has been studied extensively, the data are

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 are generally poor. These deficiencies inhibit our ability to model

the repository environment where temperatures are expected to be approximately

100 to 200°C.

IV. VALIDATION ISSUES

Validation is a test of how well theory 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
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values. We can only validate a model by studying a real system where there

are sufficient data to clearly describe that system without resorting to

estimates for the system's parameters. In other words, validation studies

should not require "tweaking" either the code or system data that were based

on estimates to get the desired agreement.

TABLE 1

HUMBER OF SPECIES WITH HIGH-TEMPERATURE
DATA (HT) VS TOTAL KUMBER OF SPECIES (TOT)

Solids Aqueous

Elament

Tc

Ru

U

Pu

TOT

15

9

52

14

HT

8

7

46

12

TOT

8

26

64

48

HT

1

3

40

The major complaint concerning the use of models for long-terra predi-etions

is the failure to validate. This is also true of the EQ3/6 codes. The dif-

ficulty faced by modelers is the lack of sufficient data for use in vali-

dation. The necessity for modelers and experimentalists to design experiments

and field studies that meet the needs of both groups is often discussed, but

little progress has been made. To describe a system adequately, 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, even though

they are involved with the same project. How can we improve the situation?

Basic research requirements identified by this workshop should include

guidelines for the use of experimental data in models. Modelers should

identify specific data that are necessary to validate specific models (e.g.,

redox kinetics).

V. RESEARCH NEEDS

Basic research needs are associated with each of the code and database

development tasks summarized earlier. The lack of existing data necessary for

a particular model may defeat our efforts to develop that model (e.g., rate
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laws for modeling precipitation growth kinetics). Research needs include but

are not limited to:

(1) measurement of basic therraodynamic data at elevated temperatures for

species identified by modelers as potentially important;

(2) evaluation of substances that control or limit precipitation and/or

nucleation kinetics;

(3) sorption studies specifically designed to provide data needed for

modeling (including the rate of sorption and desorption and the

characterization of solid and aqueous phases);

(4) site-mixing models and thermodynamic data for secondary minerals that

form solid solutions;

(5) development of standard techniques for measuring rate laws for

precipitation and dissolution kinetics; and

(b) measurement of rate laws describing redox kinetics, dissolution, and

precipitation involving aqueous species and solid phases of interest

to geochemical modelers.

VI. SUMMARY

The objective of this workshop is to identify critical unknowns and

special problems in geochemistry from a basic research perspective. The key

word here is "critical." The identification of research needs is relatively

simple compared to the chore of determining what's really important to the

success of the nuclear waste program. It will be necessary to set 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 by

milestones and schedules set by others. Experimental studies designed to meet

validation needs and b^sic research to generate missing data are often left

out of program plans in favor of those tasks that directly support site

characterization and performance assessment. This workshop provides an oppor-

tunity to pull together a research program that can bene/it both science and

the nuclear waste program.
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Break 10:00 a.a.

Recommendations/Discussions 10:15 a.m.

End of Workshop 12:00 p.m.

199


