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INTRODUCTION

Background of this Study

The assessment of the long-term performance of a nuclear waste repq;itory
involves the evaluation of the traevel time and raée of transport of radioac-
tive elements from the repository to the accessible environment. This
eveluation involves understanding the combined effects of many different
processes that may affect such trensport. A study was initiated with the
recognition of the need to have a multidisciplinary study of the coupled
physical and chemical interactions in geological systems involving heat
transfer, ground water hydrology, geomechanics and geochemistry that will
increase our understanding of the important processes affecting the long
term performance of & nuclesr waste repository. The focus of this study is
to identify systematically which coupled interactions esre important for
different geologic media. The project goals are: (1) identifying e
list of coupled processes, (2) evaluating these processes sccording to their
importance for the long term performance of the repository, insofar as this
is possible with our current state of knowledge, (3) ranking these processes
according to the uncertainties involved, end (&) suggesting possible approaches
" that might be taken to study these processes to reduce uncertainties and
resolve key issues. Published information on hydrothermal systems end other
natural water/rock systems that have experienced conditions similer to those
enticipated around s repository will be identified. In this way the foregoing
. issues may be better addressed and A.clearer understanding obtained of
whether and under what conditions the various coupled interactions are

important for the geoldgical disposal of nuclear waste. '



-To facilitate this study a Panel of experts was selected composed of
scientists representing the disciplines of ground water hydrology, rock
mechanics and geochemistry (see Panel membership list). The Panel is to
meet annually during the three years (FY 1984-86) of this project. This
Panel Report is from the first of these meetings, held on January ZS-Zi, 1984,
at Lawrence Berkeley Lasboratory. Therefore, the discussions end conclusions
are preliminary end tentative in nature. They will be re-evaluated at the
next two meetings based on new researéh results from verious ongoing projects
and information collected from hydrothermal end related fields. Any comments
and suggestions in response to this Report are welcomed, and should bé |

directed to the Panel Chairman, Paul A. Witherspoon or to Chin-Fu Tsang.

Coupled Processes

The investigation of the predicted performance of a nuclesr waste repository
requires a comprehensive view of the major physicsl processes likely to occur.
The major processes are Thermal (T), Hydrological (H), Mechanical (M), and |
Chemical (C). Among these four categories of processes there can be only 11
(i.e., 24 -5) types of couplings of various degrees of importance. They are
summarized in Table I.

In the course of the first panel meeting, we found it useful to draw
definite distinctions between different degrees of coupling in order to clarify
what we mean by coupled end uncoupled probesses. Teble II displeys schematically
several possible connections between processes. The fully uncoupled processes
conceptually have negligible influence or effect on one another, so that they
can be evaluated independently. The sequential case implies that one process
depends on the final state of another so that the order in which they are

evaluated becomes important.
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The one;way coupled processes demonstrate a continuing effect of one or

more processes on the otheré. so that their mutual influences change over
time. The two-way coupling (or feedback coupling) reveals & continuing
reciprocel interaction emong different processes, and represents in genersl
the most complex form of coupling. In this study, the term coupled processes
refers to either the one-way or the two (or more)-way couplings among ihe
physicel processes considered.

At its first meeting, the Panel discussed verious coupled processes,
their importeance and uncerteinties. A list of the coupled processes that
were identified end discussed is given in Teble III. In what follows,
the discussions by the Panel members are summarized in three sections:

(1) coupled chemical processes (geochemistry), (2) coupled fluid dynamics
processes (groundwater hydrology), end (3) coupled mechanical processes (rock:
mechanics). Each section is preceded by a table of contents. The sections
were written by different Panel members in their respective areas of exbertise,
and, except for some editing and reesrranging, the style end manner of
pr;sentation has been left according to their own contributions.

Following the Panel discussions is & section composed of a series of
tebles where the various processes considered are tentatively evaluated
according to their significance and tﬁe uncertainty of our knowledge concerning
them, plus some additional comments concerning ways in which they may be
investigated. These tables were derived from verbal discussions during the
three-day meeting of the Panel, so they should be teken &s only a preliminary
estimate of the ranking of the processes involved. The ranking is classified
‘qualitatively sccording to H = High, M = Mediun and L = Low, but for most
processes in the tebles the rankings asre high because discussion was centered

- on processes which are likely to be most significant for repository performance,



and therefore only a few processes of low importance were considered.
The tebles are useful mainly as an overall checklist to ensure that no
significant coupling has been overlooked, rather than as en established
priority list. These lists end their priorities will no doubt be modified
and improved during the next two Penel meetings. - .

It should be emphasized that this evaluation of the significance of
the coupled processes was done from & generel perspective. For any specific
gite the relative rankings of H, M; or L may be quite different depending on
the characteristics of the particular site; it is well known that geologicelly
each site is unique. Thus, we also should consider these processes in the
context of the geological systems of interest. For disposal of nuclear
waste, four major geological systems have been widely discussed with some
relevant characteristics summarized in Table IV. This Table along with Taple I

may provide a general framework for the following discussion.
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Table I

Types of Coupled Processes

(T = Thermsl, M = Mechanicsl, H = Hydrological, C = Chemicel;

Iype

T=C-

single line indicstes weak coupling, double line, strong coupling)

Examples
e.g. phase-changes
e.g. buoyancy flow
e.g. thermally inducéa fractures
e.g. solution and precipitation
e.g. hydraulic fracturing
e.g. stress corrosion

e.g. chemical reactions end transport
in hydrothermal systems

e.g. thermomechanical effects with
change of mechanicel strengths due to
thermochemical transformation

e.g. thermally induced hydromechanicel
behavior of fractured rocks

. 2.g. hydromechanical effects in frsctures
that may influence chemicel transport

e.g. chemical reactions and transport in
fractures under thermal and hydraulic
loading



Table II

Diagrams of Uncoupled and Cougléd Processes
(T = Thermal, M = Mechanical, H = Hydrological, C = Chemiczl)

Uncoupled Processes -

T M H c

Fully Uncoupled l l l J/
Sequentisal, e.g-. T Ny By (O

Coupled Processes

T M B c
— —_— —
One-way Coupling, e. g. > ' ——
— —_— —_—

T C E M

Two-way Coupling, €. g.
(Feedback Coupling)

o
l."l
bl



Table III

List of Coupled Processes

I. Thermochemiesl (TC)

Thermal Diffusion

Phase Changes--Equation of State of Solids
Solid Solution ;
Metastable Phases

I1. Thermohydrological (TH)

Convection Currents (1 or 2 phases) including Buoyancy Flow
Phase Changes &nd Interference
Thermophysicel Property Changes
Thermal Osmosis
Gas Diffusion:
Binary
Knudsen
Thermal
Coupled
Capillery - Adsorption

111. Thermomechanical (TM)

Induced Cracking
Fracture Deformation
Thermal Spalling
Thermal Creep
Thermal Expansion

IV. Hydrochemical (HC)

Specistion
Complexation
Solution

Depasition
Sorption/Desorption
Redox Resections
Complexation
Hydrolysis

Acid - Base Resctions
Diffusion

Chemical Osmosis end Ultrafiltration
Isotopic Exchange
Coprecipitation



Table 111 (continued)

V. Hydromechanical (HM)

Hydraulic Fracturing

Pore Pressure Change

Hydresulic Erosion of Fractures
Sedimentation of Particles
Sheer Effect Ceusing Abrasion
Veriastion of Fracture Apertures
Filtration of Particles
Ultrafiltration

VI. Mechanicel-Chemical (MC)

These processes will be modified by hydrologicel end thermal effects,
60 they ere included in processes VII and VIII below.

VII. Thermohydrochemical (THC)

Solution/Precipitation

Time-Dependent Solution and Precipitstion
Fluid Transport by Osmotic Effect
Chemical Trensport in Gas Phase

Partition between Gas and Solid

Particle Transport (Colloids)

Equation of State )

Thermal Diffusion (Soret Effect)

Thermal Osmosis

VIII. Thermomechanical-Chemical (TMC)

Phase Change in Mineral Phases
Dehydration

Creep

Hydration and Swelling

IX. Thermohydromechanical (THM)

Hydraulic Fracturing

Triggering of Latent Seismicity
Stress Redistribution
Pore Pressure

Opening and Closing of Joints
Stress Redistribution
Thermal Coupling
Pore Pressure

Spalling

Change of Strength
Stress Corrosion
Hydrolitic Weakening

Hydration



Table I1II (continued)

X. Hydromechanicel-Chemical (HMC)

These processes were eliminated from considerstion because without
thermal effects the mass transport is not sufficient to change the
geometry except for low temperature precipitation, pressure
solution, and ion exchange producing swelling (e.g. Na for Ca" in
Smectites) at epproximately 50°C or below.

X1. Thermohydromechanicel-Chemical (THMC)

Piping~-Selected Dissolution and Tunnel Corrosion,
Inhomogeneous Leaching
Precipitstion
In Fractures
In Matrix
Hydrothermal Alteration of Rock
Heat Pipe Effect with Dissolution/Precipitation
Vertical Vapor-Liquid Cycling Near Cenisters
Pressure Solution
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Teble 1V

Geological Systems

Formations Outstanding Features
Tuff Partially saturated
High porosity !

Fractured-porous
* Low thermal conductivity

Basalt Saturated
Fractured-porous
High permesbility
High sorbing and reducing capability

Salt (Bedded and Domed) Low permeability
High thermal conductivity
Homogeneity
Plesticity and creep

Granitic Rocks Satursted
Structural stability
Chemically steble
Low porosity and permesbility
Fractured

Regions of Interest: Neer Field
Fer Field

Subsurfece fluids: Water
Steam-water

Air-steam-water
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DISCUSSION ON COUPLED CHEMICAL PROCESSES:

Key Issues and Significant Uncertainties

Summary

Many coupled end uncoupled geochemical processes that can control .
the mobility of radionuclides from s breached tepdéitory ere not adequatély
understood. Mobilization of radionuclides end releted substences in ground
water may occur by dissolution, desorption or coclloidal deflocculation.
Transport may carried out by asdvection, diffusion, membrane transport, or polymer-
collocidel movement. Deposition may occur by precipitation or coprecipitation,
aedsorption, filtration, and flocculation and settling of colloids. Most of
these processes cannot be rigorously understood without adequate thermodynamic
end kinetic date bases. Empirically derived éhermodynamic end kinetic date for
.radionucliqes and related substances are largely lacking above.ZS‘C and 1 bar
pressure, although in some cases sufficiently accurate estimates of such dats
are now possible. Computer programs that can evaluate the status of reactions
| in water-rock systems ass well as predict such reactions ere sveileble. Such
programs and data bases are essentiasl to define ground water conditions prior
to repository siting end to predict rebository performance after emplacement of
waste.

Perhaps the most important coupled thermochemical process that can occur
near a repository is the precipitation of secondary minerals. Studies using
' -granite -have -shown that gilice 'leached ~from-the rock near ‘@ canister will
precipitate st some distance sway at lower temperatures, clogging pore space-in
the rock. At the same time minersls with retrograde solubility such as celcite
and anhydrite ere likely to precipitate on canister walls and may inhibit
corrosion of the canister. Research gquantifying these processes for the

several rock types under repository conditions is needed.
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Background water-rock conditions and the degree of isolation of the water--
~ rock system musf be known for potential repository sites. Sucﬁ information can
be gained through a combination of methods including ege dating of the water
using Cl-36 and isotopes of He, Ne and Ar; measuring steble oxygen end hydogen
isotopes in the water; and modeling the status of water-rock reactions with

computer codes such as WATEQ end PHREEQE.

The composition of backfill eround & cenister can be designed to minimize'
nigrﬁtion of raedionuclides from & breached canister and to reterd cenister
corrosion. This can be accomplished in part by enhancing the precipitation of
silicates in pore spaces at & distance from the caenister and the precipitation
of carbonates and sulfates on canister walls. Other compositional designs can
be used to reverse chemical potentisl gradients so that rediocnuclides will
migrate toward rather than away from the canister.

Numericel simulation by digital computers will be required to essess
coupled thermochemicel aend thermchydrochemcial processes in repository enviéon-
ments. Valuable insight into the evolution of systems including these processes

can be gained by study and simuletion of natural hydrothermal systems that can

be used as analogs of & repository.



1. AIntroduction

when one ccnslderg the geochemical and related problems sssociated with
the disposal of high level nuclear wastes in rocks including tuff, dome and
bedded salt, basalt and.qranite, it becomes clear that numerocus couplgd and
uncoupled qeochemical processes that must be understood to ensure the safe
disposal of the wastes are not understood. Teble V is a schematic general
statement of the processes that mobilize radionuclides and other minor end
major elements, that transport these elements, and that lead to their depo-
sition. The diasgram applies to the mobilization of elements from a breached
canister and their deposition in backfill materials, @s well as to their
mobilization, transpert and deposition in surrounding geclogical media. The
transport process will generally (but not always) be via sn aqueous phase
{i.e. qround watei). Except for redicactive decay occurring nithiq a solid phase,
an understanding of all the processes listed always demands an understanding
of their coupling with the hydrology or fluid dynamics of the ground water
system.

vhether and how a major element species or trace radionuclide is mcbil-
i1zed, transported and deposited, depends on the thermodynamic properties of
the aquecus species and solid phases involved, and also on the rates of the

reactions among those aqueous species and solids.

2. The Thermodynamic Data Base

Thermodynamic data for most rock forming minerals is available for 25°C,
and also for temperatures well above 250°C, the maximum temperature thouqhi i

likely in a repository adjacent to the waste (see Robie and others,  1978).



Mechanisms of Mobilization, Transport and Deposition of Radiocnuclides ° °
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Table V

and Other Chemical Substances in Ground Water-Rock Systems

Mobilization

dissolution
desorption
d

eflocculation

transport

Iransport

|

|

| membrane
| advection, transport,
|

|

| diffusiom, polymer-
| colloidal
|

[

Deposition

precipitation &
coprecipitation

adsorption
filtration

settling
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Similer data have beéﬁ published (in large part estimated) for major electrolytgm
species and some minor elements in relatively dilute solutions (c.f. Helgeson
end others, 1981; and Arnorsson end others, 1982). However, compareble
thermodynamic date for trace elements and especially for most radionuclides

is lacking. Such data as exists for redionuclide solutes end minerals is
generally for 25°C only,.and must be estimated for elevated temperstures end
pressures. Other major problems with the radionuclide thermodynamic date
include the facts that much of the tsbulated date is either inaccurste or
internally inconsistent, and that important aqueous species or minerals have

not been considered.

A number of researchers have addressed these problems, and have attempted
to estimate thermodynamic properties for potentially important substances
(c.f. Langmuir, 1978; Langmuir and Herman, 1980; Phillips, 1982; Phillips and
Sylveéter, 1983; Edelstein and others, 1982; Krupkes and others, 19833 Phillips
and others, 1984 ). The empirical data from which to calculate thermodynamic
properties of the radionuclides and related species at elevated temperatureé
is u;ually unavailable. However, extension of a recently recognized generali-
zation regarding reaction heat capacities (Murrsy and Cobble, 1980; Cobble
and others, 1982) may make it unnecessary to obtain such high temperature
empirical data for many reactions. For example, it has been observed that for
reections such ses

Bas0,(c) + ReZ* = Ras0,(c) + gal*

HCO3

z OH + COz(aq)
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where equal ion cherges occur on both sides of the equation, the hest capacity
of the reaction will remain néarly constgnt sbove 25°. Estimastion of the
thermodynamic properties of ionic species ebove 25°C by other methods, includ-
ing the correspondence principle of Criss end Cobble (1961) based on measured
or estimated entropies at 25°C, are often unrelisble above 100°C. :

Major thermodynamic data needs are: 1) reliable thermodynamic dats for’
many redionuclide aquo-complexes at 25°C and above;iz) thermodynamic dsta for
radionuclide solid solutions in major rock forming mineresls (a likely fate
via coprecipitation of, for exemple, Ra and Sr-90); end 3) thermodynaemic data
for the exotic metastable minerals including alumino-silicates phases likely
to form adjacent to the canister and backfill st the elevated temperatures
of the repository. These phases need to be identified experimentally as well
@s characterized thermodyﬁamically. _

It must be emphesized that the inadequacies in our thermodynamic data'
base are far less serious at 100°C than at 250°C. This in itself is en argu-
ment for reconsidering our choice of the maximum repository temperature, per-
haps deciding es the Europeans have, that & maximum temperature of 80-100°C |

is desirable.

3. The Kinetic Dats Base and Non-Equilibrium Processes

Although the thermochemicsal properties of squeous species end minerals
can provide & basis for predicting the limiting conditions to be expected in
subsurface environments given sufficient -time, many reactions -important-to high
level nucleer waste disposal are either kinetically inhibited, or tend towards
product species that are not simply predicted from the thermochemical dats.

For example, adsorption of Pu can be practically irreversible, and the high
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temperﬁture dissolution of a clay backfill end of ealumino-silicate country rock
is likely to be an incongruent process, leading to the precipitation of such
phases es zeolites and reletively emorphous mixed metal oxyhydroxides.

Kinetics and the irreversibility of reactions is most importent under near
field conditions where thermal and chemicsl gradients ere pronounced.-

Raedioactive decey rates are generally-.well known, however, rates of
most other reactions for anticipated near field and far field conditions
are not. In terms of repository performance prediction and uncertainty,
the most important of these rates ere the slowest. Rates which have half-
lives of years or longer most need to be studied and understood. At temp-
eratures below 50-100°C rates of many redox end precipitation-dissolution
reactions are slow end poorly known. In contrast, at temperatures near
250°C rates of the same reactions will usually be fast enough to be ignored.

Wood and Walther (1983) have suggested that between 0 and 700°C silicates
follow zero-order kinetics controlled by the surface erea of reacting phases.
Of more direct importance to the prediction of repository performance is the
work of Moore and others (1983). These workers found that water passing
through granite elong & thermal gradient from 250-300°C to 80-100°C, reduced
the permesbility of the granite from 3 to 70 times. This reflected leaching of
the rock at the higher temperatures, end the precipitation of silicate phases,
closing off porosity et the lower temperatures. Similar work has apparently
not been performed with tuff, salt or basalt.

Date is availsble on the solution rate of U0z, the predominant component
in spent fuel in oxidized solutions at low temperatures, (c.f. Grandsteff,’
19763 end Amell and Langmuir, 1978), but not for reducing conditions or ele-
vated temperatures. Wolery (1980) has estimsted the effect of temperature on

the dissolution rate of UD2 for oxidizing conditions.
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Aﬁsorption end desorption reactions ere generally complete in the range of
seconds to minutes et 25°C unless they are diffusion controlled. Rates of such
reactions ere therefore fast enough to be ignored et higher temperatures.

Rates of alteration of backfill materials such es bentonite above 100°C are
poorly known, as is the nature of such alteration products. *

Diffusion retes in the presence or absence of thermal gradients ere
poorly known for the radionuclides at low or high temperatures. Based on a
literature survey, Apps and others (1982) assumed the diffusivities of radio-
nuclides to be in the range from 1-5 x 10~10 m2/gec. Based on such
diffusivities, and assuming an unreactive backfill, significant concentrations
of Pu were computed to escape through a 1 m backfill in less than 10 yrs, and
through a 9 m backfill in less than 10,000‘yrs. The reactivity of an ectual
backfill would greatly retard these diffusion rates.

Empiricel ion diffusivities have been measured for Cs, Sr, end 1 in clay
backfill end grenite (Birgersson and Neretnieks, 1983). Skagius and Neretnieks
(1982) messured effective diffusivities of 1-2 x 10-12 mZ/sec for Cs and Sr
in granite, and 0.7 - 1.3 x 10~13 m2/gec for iodide in granite. Rasmuson
and Neretnieks (1983) suggest that this unexpected result may reflect migration
of the Cs and Sr by both pore diffusion end by transport of the sorbed ions
along intrapore spaces. However, the empiricsl data to esteblish the actual
transport mechanism(s) is lacking.

On theoretical grounds ionic diffusivities can be expected to increase
repidly with temperature, however little or no data is svailable above 100°C
for major ions, end none for uranium or the transurﬁnics. Limited empiricsal
data (Skagius end Neretnieks, 1983) show & reduction in the diffusivity of

iodide with en increese in hydrostatic pressure (& 60% reduction for sbout



-19-

- 235 barg). In summary, not only are the diffusivities of radionuclides under-
repository conditions lergely unknown, @ theoreticel basis for their prediction
is also lacking.

Transport of solutes along & thermal gradient (Soret effect) is thought
by some to be an important potential transport mechanism for radionuclides,
particularly through the cley backfill materisls surrounding the canister.
Thornton end Seyfried (1983) measured the Soret effect between 300 end 100°C,
at 600 bars over a distance of 30 cm in marine pelaegic clasy saturated with
sea water. Msgjor thetmai diffusion effects were observed within 100 hrs with
respect to Na, K, Mg, Ca, Cl, pH end ionic strength. The most important obser-
vation is perhaps not that enhanced ion transport occcurred, but that water-
rock reactions led to & reduction in cley permeability. This was caused by
cley and enhydrite precipitation st the lower temperature. Soret effects will
in any caese be less significant ﬁt the lower aﬁticipated temperatures (below
250°C) and for the greater thickness of clay backfill expected in & repository
than used in the experiments of Thornton and Seyfried.

Osmotic effects (thermal osmosis and chemicel osmosis) may also be impor-
tant controls on redionuclide transport through clay backfill materials. Only
theoretically predicted osmotic effects ere available for repository conditions.
Apps and others (1982) point out that such effects may lead to hydraulic gred-
ients either towards or away from a canister, depending on the salinity
difference between waters in the backfill and in surrounding country rock,
and on the thermal gradient.

In summary, & variety of rate phenomens and irreversible prﬁcesses will
influence the mobility of radionuclides released from a repository. Probably

the most important of these is the likely clogging of porosity and resultant
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reductioﬁ in perheability caused by solution of backfill or rock nesr the
canister and the precipitation of secondary minerals in fractures and pore
spaces at lower £emperatures eway from the canister. However, this phenomenon
has not been studied experimentally in rocks other than granite. The results
of the interplay of rate phenomena end irreversible processes under repository
conditions cannot now be confidently predicted. Experimentsl studies are .
needed both to understend individual kinetic processes and irreversible reac-
tions, and to examine the net effects of such reactions and processes for

conditions expected in & repository environment.

4. Characterization of Background Conditions

It is essential that natural background conditions be esteblished before
repository construction end waste disposal. Such information is needed so as
. to allow prediction of the consequences of disposal, including proof after the
fact of whether or not the biosphere has been conteminated. Accurate charac-
terization of background conditions at repository depths demands the collection
and analysis of ground waters and rock samples without their aslteration or
contemination by the sampling process. Ground water contamination by drilling
mud is also likely when drilling in rocks of low porosity and permeability
such as granites (c.f. Landstrom end others, 1983). With adequate care,
such problems can apparently be avoided. Thus, three flowing subsurface
boreh;les drilled into granite in the Stripa Mine were evidently sampled
without significent contamination (Fritz and others, 1979).

According to Hubbard (1984) contamination by drilling is not significant
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in the case of ground waters sampled from the Wolfcamp Formation and granite
wash facies in the Palo Duro Basin of Texas. These sediments underly salt beds
being considered as & repository. The relstively high porosity and perme-
ability of the Wolfcamp and granite wash have produced sufficient ground water
pumping -rates to permit thorough flushing of any drilling mud prior to’ground
water sempling. Hubbard (1984) recommends downhole sampling for gases, but
not for trace elements, which he has found to be lost by edsorption onto
sampler walls.

The determination of in situ ground water pH end Eh conditions remains
e problem. In most cases such conditions can be better computed than measured.
Thus for deep boreholes the tempersture, CO; pressure, and slkalinity cen be
used to compute the pH, as can temperature and COz data, and the essumption
(if reasonable) of calcite saturation. Eh calculstion is best derived from
information on the relstive concentrations of electroactive species'in the
ground water, such as HpS and native sulfur, or Fe2* and suspended ferric
oxyhydroxides, and the presence of minersls such as pyrite, ferric oxyhydrox-
ides or siderite (see Thorstenson, 1970; and Lindberg and Runnells, 1984).

Recent studies by Krishnaswami and others (1983), and Laul and others
(1983) have shown that analyses of the activities of naturally occurring
daughter products of U, Th and Ra in ground water allows one to understand
the geochemical behavior of these nuclides. Based on sctivity ratios of
parent and daughter products one cen infer, for example, that edsorption
controls the dissolved concentration of the nuclide in question, and can
compute the kinetics of the sdsorption-desorption resction. Such studies -
help one to predict the fate of nuclides of “the ‘same elements ‘that might

be released from 8 repository into the same water-rock environment.
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Equally valuable is information on radionuclide mineral saturation
state that can be computed from & ground water analysis using solution-minersal
equilibria computer codes such es WATEQ described below. Such computations,
based on enalyses of ground waters in Swedish granites (Landstrom end others,
1983), and using en ion-interaction code for br%nes from the Palo DurQ Basin
of Texas, indicate that in both cases natural concentrations of U and Th are‘
limited by the solubilities of uaé and ThO; of intermediate crystallinity.
This suggests that precipitastion rather than adsorption will limit maximum
concentrations of U and Th isotopes released from & ;epository into the
country rock. The cslculation also indicates what the maximum concentrations
of these elements will be (Langmuir, 1984). The shorter~lived nuclides of U
and Th will be affected by‘solution-precipitation reactions in proportion to
their relative concentrations compared to those of the long-lived isotopes.
This asssumes that rates of solution and precipitetion sre fast compared to
the isotope half lives.

Also essential to the background characterization effort is ege-dating
of the ground water. Ground waters that contain tritium or C-14 ere either
surface conteminated, or so young (less than about 50,000 yrs) that the
associated geologicsl formstion should not be considered for & repository.
U-234/U-238 dating can sometimes give & useful relstive ege, but it is
often of limited use because of unkéown sources or sinks of uranium, es-
pecially in anaerobic water-rock systems. More useful for ground water
dating ere C1-36 (half 1ife 3.01 x 10° y) (see Phillips end others, 1983),
and radiogenic isotopes of He, Ne and Ar (Hubberd, 1984). The use of C1f36
is most aeppliceble to fresh ground waters. In the high chloride brines
associated with salt beds and salt domes Cl1-36 is produced from Cl-35 by

neutron activetion st depth, thus reducing the sensitivity of the dating
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method. Hubbard (1984) prefers dating saline ground waters with the radiogenic
isotopes of He, Ne and Ar, which he suggests-indicate en ege of ebout 130 my
(between 60 and 260 my) for brines in the Wolfcamp Formation in the Palo Duro
Basin of Texas.
Stable isotope data (especially oxygen and Qeuteriumfhydrogen) for ground
waters, fluid inclusions, and fracture and pore filling minerals such as
clays and carbonates, provides uniquely valuable information regarding past
end present sources of the ground water, whether meteoric or otherwise. Such
date should be obtained along with e detailed petrographic study of the para-
genesis of secondary mineral phases in the rock. Solution-mineral equilibria
calculations for the ground water should yield mineral saturation results
consistent with the presence of minerals shown petrogrephically to be of
modern or youngest origin. | .
The concentrations and nature of occurrence of, for example U, Th and
Re in the country rock is also of considereble importance if we ere to
predict the fate of additional concentrations of these elements released from
a repository breach. Are these elements present in the rock as discrete
minerals, or in solid solution in carbonate, silicate, oxide or sulfste

minerals for example? If so, what are the thermodynamic and kinetic prop-

erties of these phases in contact with the ground water?

S. Computer Simulation of Ground Water-Rock Reaction Chemistry

LComputer models that allow calculetion of the .status of ground .water-rock
reaction chemistry have numerous epplications to problems of high level
nuclear waste disposal in geologicel formations. In most cases such models

assume thermodynamic equilibrium, slthough a few such models include simple



kinetic functions, -such es those dealing with redicactive decay (see Pearson, -
1983). Pesrson (1983) adequately summarizes the charecteristics of the
diffferent types of models. Our discussion will be limited to model features,
capabilities and limitations not covered in his narrative.

The two basic model types are static reaction state end mass tran§fer
models (see Nordstrom and others, 1979). The static models [e.g. WATEQ
series (Plummer end others, 1976), end SOLMNEQ (Khareks end Barnes, 1973)] . ‘
calculate the instentanecus thermodynamic condition of the water. Specifically,
with input ground wster chemical enalysis, they celculaste the thermodynamic
activities of dissolved species end the degree of saturation of the water with
respect to minersls. Complexation, redox, acid-base end gas-solution equilibria
are also evaluated in the celculations. Kinetics and ground water flow are not
considered. The second group of models, the mass transfer models, cen cslculate
the amount; of mineral phases that must be dissolved or precipitate