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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
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- 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 precipitated or species
edsorbed to explain the observed changes in ground water composition between
points along & ground water flow path [e.g. PHREEQE (Parkhurst and others,

' 1980) and EQ6 (Wolery, 1979)]. Some such models can also incorporate kinetic
terms (EQ3/EQ6, Wolery, 1983)

Some of the static and mass transfer codes have been enlarged to. include a
thermodynamic data base for radionuclides including U, Th and Ra. Both model’
types have until recently been limited in their epplication to dilute ground
waters (ionic strengths below about 0.1 m). This.makes them useful for
studies of most ground waters -in tuff, basalt and granite, but not in salt.
These models may be called ion pairing models. They employ Debye-Huckel or
Davies equations to correct for the effect of ionic strength on ion activity

coefficients.
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Since &bout 1980, the ion-interaction approach to electrolyte solutions
developed by Pitzer and his coworkers has been applied to the modeling of
natural water-rock reaction chemistry in brines (c.f. Harvie end Wesre,
1980). The model can accurstely determine the mineral ssturation state of
brines with respect to major evaporite minerals including carbonates, but
until recently had not been extended to the modeling of actinide geochemistry:
in brines. Since about 1982 the ion-interaction spproach has been successfully
used to model Ra and Sr (and Ba) reaction chemistry of brines (Langmuir and
others, 1983, 1984). Ongoing research will add Th end U(IV) reaction chemistry
to the model. |

Adsorption modeling and its transport coupling in radionuclide studies has
been largely restricted to the Kq approach. (A computerized data bank of
radionuclide Kg velues collected from worldwide sources is being assembled
at the Nuclear Energy Agency 1n'Paris.) However, the K¢ approacﬁ cannot
adequately account for expected variations in such edsorption-controlling
properties of & water-rock system as pH, redox conditions, ionic strength,
complexation, competitive adsorption, tempersture, and varistions in changes
in the surface properties of sorbing phases (see Muller and otﬁers, 1983).
Radionuclides sre generelly present in ground waters st treace concentrstion
levels, under which conditions they tend to be edsorbed specificelly, that is,
against the net surfaece cherge of sorbing minerals. A model which can incor-
porete all the variables that control and explain specific adsorption of
raedionuclides is the surface complexation ionization (SCI) model, introduced by
Davis and others (1978). This model has been successfully used to expleain-the
adsorption of U, Th, Ra and Pb by ferric oxyhydroxides (U), quartz and kaolinite
(Th, Ra), and birnessite (Pb) (see Catts and Langmuir, 1983; Hsi and Lengmuir,
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1980, 1983, 1984; Hsi end others, 1982; Langmuir and Riese, 1982; and Riese and
Langmuir, 1981, 1983). Cs edsorption by montmorillonite has similarly been
modeled by R. J. Silva and others (1979). The SCI model is embodied in
the computer program MINEQL (Westall and others, 1976), which has rece?tly
been combined with a transport code by Thomas Theis (Univ. of Notre Dame).
A modification of the SCI model is presently being worked on to predict and

explain redionuclide edsorption behavior in brines and st elevated temperstures.

6. Coupling Among Chemical, Hydrologicel, Thermal and Mechanical Effects

An excellent statement of the present capebilities end limitstions of
coupled modeling of effects is offered by Pearson (1983). The need to under-
stand CHTM coupled effects obviously increases with an increase in the teﬁp-
erature of the waste canister end the magnitude Fnd steepness of the thermal
gradient frbm the’ canister to the éountry rock. One CHTM coupled process is
backfill end rock dissolution near the waste with precipitation eway from the
waste at lower temperatures, which is likely in granite, snd may slso occur in‘
some basalts, but not in tuff in the unssturated zone. A second CHTM coupled
process is the precipitation of minerals such as anhydrite end calcite around
or on the canister because of their retrograde solubility with temperature.
This effect is most likely in saslt repositories where these minerals are
already near saturation in most ground waters. A third CHTM effect is the
. possible change in claey backfill hydrologicel properties because ‘of changes
in, for example, the Na/Ca ratio with clay'swelling at high Na concentrations.
A fourth possible coupled e?fect is the thermal alteration of clay backfill‘
materisls, thus changing their HTM properties. In eddition, thermohydrochemi-

cally coupled effects such as thermal diffusion, thermal osmosis, chemical
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osmosis, and ultraéiltration may occur. As pointed out by Pearson (1983),
available computer models cannot esccurately quantify effects such as described
gbove. For this reason, the only enswer st present is to design end perform
complex laboratory end in situ field tests that closely simulate the
conditions gxpected in & repository setting. ) :

7. Implications for the Engineered Design of Backfills

The use of a bentonite cley backfill has been recommended for several
reasons: first, because of the swelling properties of the cley and its low
permeability, aﬁd second because of the high adsorption capacity of the
bentonite for purposes of retarding radionuclide leakage.

A potentiel problem with such a backfill is the instability of bentonite
at temperatures above 100°C, and especially at 250°C. A number of zeolite
minerals are stable at the higher tempersture, end have similer or higher
adsbrption capacities for redionuclides (e.g. analcime, chabazite, heulandite,
stilbite end wairakite). These phases would be better choices than bentonite
for adsorption purposes.

Another additive of value would be sulfidized ilmenite. Reaction of st
with ilmenite produces pyrite, which would poise the Eh of the backfill at low
values and so minimize the oxidation of UOé and mobilization of uranyl species.
The second product of sulfidization is amorphous TiOz, which is emong the most
sorbent phases known for metel ions, including radionuclide cations.

Other possible approaches utilizing backfill, asre to saturate the backfill
with a water of higher salinity than the ground water in the country rock so that .

osmotic pressure effects would favor ground water flow towards the canister, not
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eway from it. This same water could be pre-saturated with anhydrite and cslcite
to encourage canister armoring with these phases, thus inhibiting corrosion.
If the backfill were mixed with, say 5% uraninite ore, this could reduce
the driving force for transport of urenium away from the canister.
Mixing in emorphous silica with backfill materiel would enhance the possib-
ility of clogging the backfill and adjecent country rock by silica precipitation

at lower temperetures, thus lowering permesbilities.

8. An Approach to Computer Simulstion of Coupled Chemical Processes

As mentioned aebove (section 5), computer modeling will be required to
assess many coupled processes, particularly those involving temperature,
chemistry, and hydrology. Ideally, the temperature-dependent chemical, kiretic,
and physical properties of &ll the possible phases that might be present over
the span of time that a repository is to be effective should be incorporated
into & transport code. The code should also handle double porosity medis,
chgnging physical and mechanical properties of the rock with changing tempera-
ture end changing minerelogy, two-phase fluid flow, and solutions of widely
ranging compositions and selinities. Even if all the required data were
available to put into such a code, it is unlikely that any presently aveailable
computer could handle the program. From a practicasl point of view, it is
necessary that we look at restricted parts of the coupled systems, using enough
variables to obtain significant results, but few enough variables to process in
reasonable times with present computers. This would ellow sensitivity tests to
be made to determine what factors are likely to be important in more complicated
models and what factors can be ignored. Some of these relatively simple
systems should be investigated experimentally in the laborstory to verify
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the ebility of the codes to predict what is observed. A second part of the _
verificetion process should be the epplicstion of computer codes to model the
evolution of well-studied natural enalog systems. If the "simplified"

codes can successfully predict the formation and/or redistribution of the
phases that actually filled fractures and changed the permeability, there is
little reason to use more.complicated codes that incorporate data fbr?phases
that ere unimportant to the coupled process. Once the coupled T-C-H effects
are in hand, the next step is to essume the time-dependent temperature end
permeability distribution results obtained in the sbove model(s) and then
incorporate that information within the computer models that deal mainly with
rock mechanics, or with the transport of trace elements, including radioactive
materials that might be releaesed from canisters.

Equations of state for reslistic compositions of repository fluids must
be aveileble in order to.model.coupled T-C-H processes. This is & trivial
problem if temperatures remain below sbout 200 - 250°C. At progreséively
higher temperastures this becomes & significent problem, especially if eppre-
ciable dissolved gas is present. As a first (and probably good) approximation
an equation of state for the system NaCl - H20 can be used. The main concern'
is that the computer transport codes be based on the properties of saline
solutions, rather than pure yater.

Given the availability of eppropriste computer codes that can model
transport of boiling saline fluids through double-porosity rocks, the next
step is to investigate ‘the-solution, -trensport, ‘and deposition of various
individual minerals. This requires knowledge of equilibrium solubilities and
the kinetics of reactions as functions of temperature, saslinity (ionic -

strength), pH, and, possibly, fugacities of oxygen and cerbon dioxide. Minerals
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that should be modeléd individuaslly first and then in coﬁbination include
quartz (and its polymorphs), calcite (and aragonite), and iron oxides.
Computer codes and thermochemical plus kinetic information are currently
available to model the behavior of quartz in dilute, hydrothermal solutions.
Laboratory experiments are needed to verify the results of the computer -
simuletions. In order to make T-C-H computer models applicsble to real
systems, feldspars and one or more ferromagnesien minerals must also be
included as starting phases. This immediately requires that provision be
made to eccount for the possible formation of solid solutions of many

different hydrothermal alteration products, including clays, micas, and

-epidote.

9. Naturel Analogs of Coupled Chemical Systems

Much attention is now being devoted to characterizing initisl geo-
logic, mineralogic, hydrolegic, and rock stress conditions that gre likely to
be present within the verious types of suggested repositories. This work is
valuable and necessary to determine initiasl end boundary conditions. Less.
attention has been given to studies of analog natural hydrothermal systems
that sre presently st temperatures similar to those that ere expected in
repositories. These.studies can provide information sbout (1) the minerals
that are likely to form as hydrothermal elterstion products, and their
thermal and chemical stabilities, (2) the chemicel and isotopic properties of
the solutions, (3) the rates of movement of fluid through the systems, (4)
the "instantaneous" distribution of thermal energy (temperature) in advecting
and convecting situations, (5) the type, smount, and distribution of vein -
fillings, and (6) redisfributions of the kinds of trace elements that are

expected to be in the waste canisters. An excellent review of hydrothermal
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alterastion studies that have been cerried out in many kinds of rocks is given
by Browne (1978).
Many studies of elterastion in active hydrothermal systems in basslt in Ice-
land have been published (Kristmannsdottir, 1976; Kristmannsdottir end
Tomasson, 1976a, 1976b). In the United States there are numerous hot-spring
systems in basalt in Washington, Oregon, end Idaho that could be studied. *° °
There ere many published studies of "fossil™ hydrothermal alteration related
to ore deposition in granitic rocks. The solutions that were responsible for
much of this alteration probaebly were much more acid than those that ere
likely to be present in a waste repository. There are few studies of alteration
of granitic rocks in presently active hydrothermal systems because these
kinds of rock have been less explored for geothermal resources. Hot-spring
systems in granitic rocks have been drilled at Steamboat Springs, Nevada
(Sigvaldason and White, 1961, 1962; Schoen and White, 1965, 1967) and at
Coso, California (Hulen, 1978; Fournier and Thompson, 1980). A series of
dismond cored holes at the margins of the Coso System are scheduled to be
drilled by the Californie Energy Company. Low- to intermediate-temperature
hot-spring systems that occur in grenitic rocks could be investigated in

Ideho, Montana and Colerado.
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DISCUSSION ON COUPLED FLUID DYNAMICS PROCESSES:

Coupled Processes of Potential Signficence

General Remarks

The most important mechanism through which redionuclides could be
brought from a repository to the biosphere is the transport by groundwater.
Such a process would stert with the leaching of the waste, then the gfanSport
through the backfill end eventually through the rock formation to the surface.
The leaching is by definition a coupled hydrochemicel process, elso coupled ’
with thermal effects during the initial period when the waste is above

ambient temperature.

Treansport through the backfill (or eny kind of engineered barrier) may
be driven by pressure gradients, temperature gradients, osmotic effects or
chemicel gradients, or a combination of them. But the main concern sbout
the backfill is its chemicel or mechanical stebility over long periods of
time. Mechanicel erosion cannot be ruled out in some circumstances, e.g.
for élays (Push, 1983). Chemical transformation may increase the permeability
(e.g. Na to Ca Bentonite transformation, Bentonite to Illite transformation),
and such phenomena cen occur in localized sreas of the backfill (piping),
bresching the barrier. Gas production from corrosion of the eanister, or
mostly from alpha-rasdioclysis by Fhe waste, cen perhaps breach the backfill
by gas pressure buildup and fracturing. In salt, such gas production has
been estimated to be on the order of & few m3/yr per cenister at & pressure
of 9§ MPa (Storck, 1984). Thie gas production can also play a role in the
geosphere. Mechanical stebility of the backfill cen slso be affected by
seismic events (e.g. fracturing, compaction) or by the mechanical stability
of the rock formation itself. Easch of these smechanisms can enhance the
transport of solutes towards the geospherg, thus being coupled with hydraulic

effects.
—
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Transport through the geosphere can tske place either through the
naturel porosity of the rock, or through discontinuities in the rock resulting
from the existence of the repository. Perhaps the major discontinuities are
the tunnels and shafts themselves, and the disturbed rock immedistely
adjacent to them. Whether this disturbed zone end the repository backfill
in the shaft and tunnels can play a major hydraulic role in transport of .
radionuclides through the geosphere depénds upon the value of the permesbility
and porosity of these zones, compared to that of the undisturbed rock. It
also depends upon the flow boundary conditions of the system, e.g. if @
shaft or tunnel cen be a short-circuit in the system between two more
permeable zones of different hydraulic heads. Finally, the properties of
the repository backfill may change with time, raising the same sort of
question as the staebility of the cenister backfill.

Transport through the geosphere in the far field, eway from the repository,
is uncoupled only for nonreactive solutes. Any kind of interaction with the

rock or other elements in solution makes it a coupled hydrochemical process.

In the following discussion a few items of concern for flow in the

geosphere are outlined.



1. Thermohydrologicel Currents

For saturated media, the coupling T-H of the buoyancy effect is'ptesently
well understood and modelled in porous media; the uncertainty is (i) in the
geometric description of the medium, especislly for fractured systems, and
also (ii) in the coupling with natural fluid pressure gredients and/or
natural salinity and density variations in the media.

Methods of investigation are for (i) field studies, experiments and
lerge scale testing, and for (ii) modelling studies.

It should be kept in mind that the thermally induced convective currents
in & repository may bring to the waste containers ground waters of different
geochemistry (e.g. salinity, redox potential) coming from deeper of shallower
horizons. These waters may not have time to equilibrate chemically with the
rock surrounding the cenisters, and thus they may modify the geochemical near
field in which corrosion and leaching occur.

For unsaturated media (e.g. tuffs), much less is known because of
complex two-phase flow effects in porous-fractured medis. Extensive lsebora-
tory studies, modelling and in situ testing are required. Among the principél
uncertainties are phenomena relasting to interference between the movements of
liquid and gaseous phases, including (&) relstive permesbility, (b) cepillary
. .and .adsorption effects,. and (c) .vapor pressure lowering. The mechanisms of
gas phase transport (Darcy flow versus verious diffusive mechanisms) need to
be quantified for conditions applicable to the Yucce mountain tuffs. Alsd,

some unusual mechanisms for liquid flow (chemical and thermal gradients) may
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be significant end ghould be studied. Many of the indicated effects may
depend on temperature.

For salt, the potential influence of the convective currents induced by
the heat load in the edjacent equifers must be investigated along with
salinity effects, especially by modelling studies. Thermally induced
migration of fluid inclusions in the salt is presently under investigation.

2. Thermomechanical Effects on Fluid Flow

fFor fractured sysiems, very little is known ebout the quantitstive
prediction of the consequences of the thermally-induced stress field on the
hydraulic conductivity of the system. The uncertainty lies in both the
initisl closing of joints during heating end the leter reopening of the
Joints during cooling, because they may not return to their initial condifion.

Uncertainties ere present both at the single fracture level (e.g. validity

. of the cubic lew for large stresses) end at the network of fractures level.
Both leboratory studies and large scale in situ experiments aere required,
because field studies under the sppropriste stress levels cannot be dupli-
cated in the laboratory. Thus, to investigate the thermomechanical effects,
one must use the underground rock mass as the leboratory and keep in mind
that the scale of the experiment must be large enough (tens to hundreds of
meters) to realistically reproduce the repository conditions. No small-scsale
laboratory experiment can achieve this.

The possibility of the crestion of new pathways is particulerly important,
e.g. by hydraulic fracturing because of pressure buildup if the permeabili@y
has dropped, or fracture openings caused by the development of tension
stresses, or by piping effects (see also thermochemical effects). For

salt, the problem of pathway creation should be investigated.



3. Thermochemical effects

The problem here is the quantitative prediction of the effect on the
flowpath of the precipitation/dissolution of minerals in the rock. For frac-
tured systems, this concerns both the fracture walls end fracture filling
(Ribstein, 1983). For other rock medis, it is especially related to the
porosity. The effects of concern are:

- totel clogging by precipitetion, with e possible gubsequent hydraulic
fracturing effect. .

- partiel clogging, generating e piping effect, i.e. narrow passages in
the fracture (or porous) network, in which the fluid velocity is higher,
and the ﬁumber of sites for edsorption much smaller. Radionuclide
migretion to the biosphere due to the thermal (or natural) currents
would thus be much faster. Localized corrosion oﬁ,the canister, or

- locelized transformation of backfill could elso result from piping.

- clogging of the pores of the matrix sdjecent to e frecture, thus
making matrix diffusion ineffective as & mechanism for slowing down
redionuclide migration.

- dissolution (chemical dissolution, or pressure solution) capable of
having a similer piping effect.

- for tuffs, the two-phase counter current flow (heat pipe effect) will
generate precipitstion towards the canister, and dissolution by the
vapor phaese and/or the capillery-attracted liquid phase, with possible
chemical reaction (e.g. acid formation in the presence of chloride).
These effects need to be investigated in cerefully designed in situ
‘field projects.

Another domain of interest is the study of the natural rate of clogging

of fractures. The verious fracture fillings of a system cen constitute a

record of the past rete of fracturing of the formation.
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&. Dispersion in Fractured Media (C-H coupling) -

Dispersion in single fractures due to the interpley between parabolic
velocity profiles end molecular diffusion is well understood (Taylor disper-
gion). Very little is known about dispersion in fracture networks. Large
values of the diapersivity for fractured media asre reported in the literature.
This effect must be understood and quentified. For exemple, the degred of
connectivity within a network of fractures must play a key role in controllinb
dispersivity. To study such phenomena requires that one work with realistic
fracture systems in the field.

As dispersion is a measurement of the variability of the velocity in the
medium, it is directly related to natural "piping" phenomena in the media.

Such effects are well-known in hydrothermal systems in fractured volcanic rocks,
where tracer tests often show very rapid migretion of tracers between wells.
For many redionuclides of relatively short half-lives the confining powér of
the geologic barrier is brougﬁt ebout by the assumed small fluid velocities in
the system, so variation in velocity is of utmost importance. If, for instance,
10% of the water flux has a velocity 10 times higher than the average, the
resulting consequence (doses) can be orders of magnitude larger.

Of concern elso is the effectiveness of matrix diffusion in the walls
of fractures as a mechanism for slowing down transport. Here, analog studies are

the best method of investigation.

5. Colloid Transport

Colloids can be present in a repository due to leaching of the waste,
corrosion of the canister, degradation of the backfill, natursl colloids in the
groundwater, and precipitation processes. Colloids can contasin radionuclides
if they result directly from the leaching process (e.g. waste hydroxide col-
loids), but also if radionuclides in solution are sorbed on existing colloids,

or if radionuclides ere involved in coprecipitation reasctions. Colloids tend
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to be uﬁstable at ﬁigh temperatures, but stable at low temperatures (i.e.
below 50°C, et some distance from the waste, or during the cooling phase).

Colloids may or ma; not be sorbed, precipitated or "filtrated" (filtered)
by the medium, depending on their electricel charge, which is & function of pH
and groundwater composition. Migration of radionuclides to the biosphere in a
colloidal (or complex) nonsorbing phase has been of concern for some time
(Avogadro end de Marsily, 1983).

Very little is known of colloid behavior in fractures. The "hydrodynamic
chromatography" effect must be high (i.e. velocities of small particles up
to 1.4 times the average water velocity). Filtration must be present but less
important than in porous media. Aggregation, precipitation and clogging must
also be studied. Experiments sre required both at the single fracture and the
fracture network level.

In tuffs, very little is known of the behavior of colloids in the unsatu-
rated zone, although the role of colloids in soil formation is quite importent.
Experimental studies should be initisted.

6. Aerosol formation

In the vicinity of a high-level waste packasge emplaced in unsaturated rock,
vigorous boiling may occur which could eject emall liquid droplets into the gas
phase. An serosol may form which can be transported slong with the gas phase, and
could carry liquid-soluble contaminants towards the binsphgre. Laboratory experi-

- ments and-theoretical studies ‘should-be -undertaken to quantify this mechanism.

7. Gas Production -

Chemical reactions (e.g. canister corrosion) and radiolysis can be & source
of gas production in the medium. If the smount of gas production is large
enough, & gas phase can develop, even in a saturated medium, when the sqlggility

limit of the gas in the water is exceeded. In the safety study of waste
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disposal in salt st Gorleben, Federal Republic of Germany (F.R.G.), & figure .
on the order of a few m> of gas per year per canister st & pressure of 9

MPa has been estimated (Storck, 1984); the main source of this gas is in
alpha-radiolysis by the waste. Such & gas production cen creete a fluid
pressure buildup, if the medium is impervious. More likeiy, it can also
create a two-phase flow system, where ges bubbles rise towards the surface,
end in aeddition generete convective currrents in the liquid phase. Tests on

these mechenisms are under way in the F.R.G.

8. Fracture geometry

Any fluid dynamic celculstion in fractured media requires as a prerequisite
an sdequate understanding of the fracture network geometry. The present way of
thinking is that the density and properties of the fractures themselves may
dictste the approach that cen be used for describing the medium:

- porous media equivalent for densely fractured media

- statistical description of the fracture network for low density

frectures

- localization and description of each fracture for & very low density

(sparsely fractured) network.

The development of mathematicel models upon which prediction of long
range effects rests so heavily must rely on the epproach thet is indicated st
eny given repository site. Recent work by Long end Witherspoon (1984)
suggests that measurement of the density end average length may provide a
way to build & dimensionless number that can be used to characterize the .
site. This points to the need for field work on this problem. The mapping
-that must be carried out requires access to en:undergound test facility;
otherwise the necessary details to describe the fractures cennot be obteained.

Proof that the model is accurate will depend on certain in situ tests (hydraulic
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and tracer) being carried out in the same rock mass. This kind of combined
theoretical end epplied research éhould lead to methods of model validetion
that ere crucisl to other overall problems of site characterizstion.

Ancther fundamental need is to be sble to generslize the fracture geometry
as obtained from detailed measurements in the underground to the total’ rock
mass through which migration is expected to take place. This means that the -
methods of geostatistics (Matheron, 1971; Delhomme, 1978; Journel end Huijbrecht,
1979; Beucher, 1983) must be investigated to detemine the field date that are
needed to verify the spatial variebility of the critical properties of the
frecture network. The problem of extrapolating from the repository site to
the flow system in the down gradient direction is the crucial issuve. The
applicebility of geophysical techniques both between boreholes (e.g.
tomography) and from the surfece (e.g. sonic) to the underground elso needs

to be investigated as part of this oversll problem.

9. Suggested Priorities for Fluid Dynamic Studies

Assuming the fracture system has been mapped in sufficient detail to
provide & relisble model of the flow geometry, the following is a list of
suggested priorities.

a. Lsrge scale thermohydromechanicél effects (see section 2)

b. Colloid transport (see section 5)

c. Thermochemical (precipitation/dissolution) (see section 3)

d. Thermohydrologicel currents (for tuff)

e. Dispérsion effects (see section 4)

As & prerequisite we need a good understanding of the' fracture geometry (see

section 8).
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Table VI. Diacussion'an Coupled Fluid Dynamics Processes

Single Phase Flow snd Transport (Saturated System = Far field)

A.

Two

Single Frecture - .

a - Effect of eperture, roughness and stress
(tortuosity and connectivity for single fracture flow)

b - Effect of deposition of material and infill material

d - Effect of dissolution (pressure solution, chemical dissolution)
e - Phenomena that control piping

f - Diffusion into the matrix

g - Taylor dispersion

Network of Fractures

8 - Geometric description and distribution

b - Effect of deformation (thermal, mechanical)
¢ - Deposition/dissolution in network

d - Buoyancy flow coupled with natural flow

e - Dispersion, tortwsity, connectivity

Phase Flow and Transport (Coupled Fluid and Heat Flow)

A.

Tuff (Frectured - porous media)
a - See 1B
b - Reletive permeability effects
- capillarity end adsorption
¢ .~ Gas diffusion (Einary, Knudsen, Thermal, Coupled)

d - Counter-current two-phase flow, heat pipe effect
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Teble VI (continued)

e - Permeability changes due to phase change
- dissolution by vapor end condensate
- deposition from liquid end from vapor
- enhancement of chemical concentration end effects thereof
- fluid flow driven by concentration gradients

- change in thermophysical parameters (density, viscosity,
vapor pressure)

f - Thermal osmosis

g - Advection, dispersion, and dead-end pore diffusion .
Repository resaturation ("near-field")

a - Relative permeability effects

b - Dissolution of air

c - Leakage of air (pathway formation)

d - Capillarity aend adsorption

Particle Transport (colloids)

A.

B.

c.

Single Fracture

a - Hydrodynamic chromatoqraphy in fractures
b - Filtration in fractures

¢ - Clogging of fractures

d - Colloid egqregation and precipitation

-Network of Fractures

a - Transport and filtration

Tuff

a - Filtration of colloids in the unsaturated zone

b - Aerosol formation and transport
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D

concentration gradients
Concentration-dependent changes
in thermodynamic properties

P e S GAAS SEES Gumy

Table VI ‘Coupled Fluid Dynamics Processes

— =S e S e e
| | I ol 8| | o | i
| | | 8I1B6 1 o ID9I B
| Dynamics of Fluid | Compling | S 1L 1 8§ 193 | Proposed Investigation Methods |
| ' | 128 1381 & |88 | |
| ! 153 128 1 % 153 | |
| | loa 8w | g [Ew | |
| _ | | Ll Rl | |l | — |
| : | | | | I | |
| 1. Single Phase Flow and Transport | | | | | | |
| A. Single Fracture : | | | | | |
| a. Aperture, roughness, stress } 5-HM ] B | H | R | M | Lab measurements, large samples
| be. Deposition of material | 4=HC | B | R | &8 | B | iden
i c¢. Dissolution (chemical) | 4-HC | R | 8 | B | " | idenm
| d. Dissolution (pressure solution)| 10-MCH | H | H | ®H | ® |} iden
| e. Piping ' j11-T7MCH | H | H | & | B” | idem |
| f. Diffuaion into matrix | 4-HC | B | B | H | M | Analog studies and lab measurements on analysis
) B. Network of.Fractures ) | | | | |
| a. Geometric description | none | B | 8 | B | H | Field investipation, large scale experiments |
| b. Deformation ) | - | H | #H# | B | M | Large scale experiment
| c. Deposition-dissolution, piping | 7-HCT | H | H | H | H | Analog - Large scale long term experiments
| d. Buoyancy flow coupled with | | | | | | |
| natural flow . | 2-TH | B | B | # | B | Modeling - Field experiments
| e. Dispersion in network = 4=-HC : M = n = M 'l H l Modeling - Field experiments
| .
| 2. Two-phase Flow & Transport | | | | | | |
| A. Tuff (fractured-porous media) | | | | | | ' |
| a. Behavior network f.p.m., see 1B| all | B H | B | H | Modeling - Field Fxp. Analogs - Large Scale Exp
| be Relative permeability effects | 2-TH | R H | B | B | Lab studies = modeling
| c. Gas diffusion (binary, Knudsen,| | | | | | |
| thermal, coupled) | 7-TCH | R H |8 | 8| idem |
| d. Counter current 2-phase flow | 2-TH | n H | H | R | Modeling - In situ experiment |
| e. Permeab. change due tomineral | 7-TCH | H | H | H | H | Lab Studies - In situ experiment |
| redistribution | | | | | | |
| f. Thermal osmosis | 1-TC | B A | &8 | B | idem |
| ge Advection, dispersion, pore | | | | | |
| diffusion | &4-HC | R H | B | M | Modeling - lab studies |
| h. Capillary & adsorption effects | | | | | "t |
| i. Fluid flow driven by chemical | | M M | M | M | Lab Studies - Modeling |
| | | | | | ' |
: | I | | i |
| l l [ ] ] l
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Table VII (continued)

13

b. Aerosol formation and
transport

| | | ol 8| | ol |
| | ‘ | | 81581 g 1891 |
| Dynamics of Fluid | Coupling | Wmu | = B | g BN Proposed Investigation Methods \
| | 1281381 & 188 |
| l | 8E1381 8 1841 [
| | loztl fwl B | 8wl |
] ] Bl Ralhll I | e
| : : | | | I | | |
| B. Repository Resaturation | | | | | | |
| a. Relative permeability effect | 2-TH | M | R | M | M | In situ tests = Modeling }
| b. Leakage of air pathways | S5-mM |l n | 8 | 8 | B | idem |
| c. Dissolution of air | a-cn | L | n | M | M| idem |
= d. Capillary & adsorption effects % | = = = : :
. |
| 3. Particle Transport (colloids) | | | [ | | |
| A. Single Fracture | | | | | | |
| a. Hydrodynamic chromatography | | | | | | |
| in fractures | 4-HC | # | & | B | H | Lab studies - modeling |
| b. Filtration in fractures | 4-HC i | o | 0} M| idem )
| e¢. Clogging of fractures | 4-RHC i 0 | n | B | 8| idem |
| d. Colloid aggregation & precipit.| 4-HC | A | & | B |} 8 | idem |
| B. Network of Fractures | | | | | | |
| a. Colloid transport in fractures | 4-HC | R J - | R | 8 | In situ test - modeling |
| C. Tuff | | | | | | |
| a. Colloid transport in | | | | | | |
| unsaturated zone | &-HC Il B | 8 | H | B | Lab studies - modeling - in situ tests |
| | | | | | | |
| I | | | | | |

v
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DISCUSSION ON CUﬂPLED MECHANICAL PROCESSES:

gpeniggggnd Closiné of Existing Frectures and Development of New Fractures

General remarks

Changes in the spertures of preexisting cracks in the host rock sre likely
to occur during the service life of a nuclear repository. These movements may
influence the degree of containment if they result in an incresse in the oversall
hydraulic conductivity. Changes in the opening of fractures ere particularlf
important for those rock types in which water percoletion tekes place primarily
through fracture networks, i.e. in hard rocks and to some extent in tuff. As
the conductivity in such rocks is highly sensitive to the change in eperture of
existing fractures and to the generation of new fractures, & detsiled enalysis
of the underlying processes is recommended.

The discussion below follows the Outline of Coupled Mechenical Processes

listed in Teble VIII.

A. On "Opening and Closing of Existing Fractures":

1. Excavation of & Repository

A repository typically consists of a main shaft and a system of tunnels.
Their excavation inevitably causes & redistribution of the initial state of
stress in the surrounding rock, which in turn leads to deformations. Basicslly,
two major phenomena may occur in an.interactive way: deformation of the intact
rock blocks bounded by discontinuities, end displecements of the blocks as a
whole, resulting in opening and/or closing of the existing cracks. The extent
of the change in the asperture depends on such factors es:

o Joint spacing, direction end persistency
o deformability of intact rock

o stiffness of joints

o initial stete of stress

o size of the openings

o method of excavation (smooth blasting, mechenical excavation).
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Table VIII OQutline of Coupled Mechanical Processes

Coupling
A. Opening snd Closing of Existing Fractures | .
1. Excavation of a Repository { 3
2. Swelling of Fracture Fillings = 9, 5
3. Thermal Expansion { 3 9 11
4. Piping {_ 11, 10
5. Solution and Precipitation in Fractures { 10, 11
6. Creep in Salt ! 3
7. Movements due to Regional Seismicity : S
8. Fluid Pressure Opening and Closing Fractures = 5 9
B. Fracture Initiation |
l. Excavation of a Repository = 5
2. Triggering of Latent Seismicity = S5, 9
3. Thermal Cracking : 3,9
4. Thermal Spalling } 3, 5, 9
S BHydraulic Fracturing and Bydromechanical : 5, 9
Effects |
6. Stress Corrosion : 11
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Theoretical investigations based on a continuum model show that peaks of
redial extensional straeins and circumferential compressive streins occur st tge
excavation walls. They decrease, however, with increasing distance from the
opening. This finding indicates that in a jointed rock mass those fractures
which run tangential or nearly tangentiel to the walls of a shaft or of &
tunnel will be particularly prone to opening. Existing joints which ryn nearly
parallel and nearly radial to the exis of these excavations will tend io close.
Between these two extremes any intermediste pattern may occur. In tunnels with
horizontel exes, Elock movements in the roof may be exascerbated by grevitational
forces scting toward the opening. In tunnelling this process is referred to es
"loosening™. The best way to assess the extent of fracture opening end closing
around en excavation in e given rock type and at a given depth using & specific
method of excavation, is to perform direct field measurements in large scele
tests. Such tests may include the measurement of changes in the propagation
speed of seismic waves through the fracture zone, and relastive displacements in
the rock using multiple point borehole extensiometers.

Reference: Terzeghi, K.: Introduction to Tunnel Geology in R. V. Proctor and
T. L. White: Rock Tunnelling with Steel Support, Youngstown,
Ohioc (1946 and 1968)
NAGRA, Investigations of the loosening around e tunnel in hardrock,
Switzerlend (Report in prepratation). '

2. Swelling of fracture Fillings

Filling is the material separasting the adjaéent rock walls of discontin-
-uities, and commonly consists of calcite, chlerite, silt, fau1t~gauge, breccia,
clay, etc. Clay,‘having a8 grain size less than 0.002 mm, has the pafticular
property of volume expansion due to adsorption of water. Among the differént
clay minersls, the members of the montmorillonite group exhibit the greatest
swelling capacity. In soil mechanics it is known that swelling is strongly

related to stress relief. The relationship between swelling capacity and the



logarithm of the normal stress in a consolidation épparatus is linear. Two -
parameters are sufficient fo define this relationship. These are the swelling
pressure index (pressure which is meassured at zero volume change)-and the free
swelling strain index (which is measured at unconfined swelling). If the
fractures of the host rock contesin clay minerals, stress relief due to excavation
of the opening will occur end cause swelling. Tﬁe prerequisite for this,
however, is seepage of water from the rock to this erea. On the whole, swelling
has a sealing function. Swelling and consolidation are well understood processes
under room tempersture conditions. The question of the long term properties of
clay at elevated temperatures (over 100°C) is, however, not so well understood.
References: Int. Soc. of Rock Mechanics, Committee on Leboratory Tests,

Suggested Method for Determining Water Content, Porosity,

Density, Absorption and Related Properties and Swelling and

iz?kg;ggfability Index Properties, Int. J. Rock Mech. Min. Sci.

Kassiff, G., Sharon, A. B. (1971): Experimental relationship
between swell pressure and suction, Geotechnique 21.

Komornik, A., David, D. (1969): Prediction of swelling pressure
of clays. Proc. Am. Soc. Civil Eng. 95.

3. Thermal Expension

Thermal éxpansion is the change in shepe and volume of a system due to
tempersture change. The host rock will be subjected to an incréase end a
subsequent decrease of temperature during the service life of the repository.
On scales much larger than the individual grein size only volume change seems:
to be relevent; differential thermal strains between crystals do occur and this
leads to microcracking that may affect the intrinsic permeability end porosity
of the intact rock. In the host rock, thermal expansion takes plsce under
confined conditions. This means thet if the expansion of a given rock block is
hindered, thermal stresses will be induced. However for every thermally
induced compressive stress in a confined body, & reduction must occur in

compressive stress elsewhere to maintain equilibrium. Volumetric expansion of
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rock blocks may cause the closing of existing cracks an& fractures, leading to
& reduced overall éﬁnductivity of the system, but the corresponding reductions
in compressive stress m;y cause other crecks end fractures to open elsewhere.
The extent of these changes in joint epertures depends on the thermal expansion
coefficient of the rock and on the compressibility of the fracture surfaces.
During the cooling period the reverse process is_expected to take plece. The
average thermal expansion coefficient for the common types of rock in the range
of 20 - 100°C is ebout 10°°/°C. The change in edge length of a cube having

the size of 1.0 x 1.0 x 1.0 m due to 100°C change in temperature emounts to 1.0
mm. How thermsl expansion actually influences fracture opening and closing in
8 particuler rock mass can only be reliebly answered by means of & large sceale
heating test, although the changes can be estimated using thermomechanicsal
models.

Reference: S. P. Clark (Editor) Handbook of Physical Constants, The Geological
' " Society of America, Inc., 1966, p. 94.

4. Piping

Piping is a process b} which the flow conduits for fluids in media containing
discrete zones of permeability may be enlarged. The enlarged opening permits
accelerated flow, which can leasd to further growth of the conduit. Piping
occurs by both selective chemical solution and physical erosion (eluvia-
tion) of the walls of the conduit. The process is & function of the velocity:
and chemical state of the fluid, and the physical strength and solubility of
the wall materiel. -Physicel piping is & common csuse of- serious damage in
poorly constructed or natural dams where erosion of fine-grained soil part;cles
can produce collapse of the dam. Chemical piping plays an important role in
the develpment of karst topogfaphy by selectively dissolving limestone along

fractures. It slso is observed in the development of hydrothermal ore deposits.
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Piping is & cqmplex combination of chemical, hydraulic, mechanical
and (sometimes) thermal effects. Though piping seems unlikely to occur in
e waste repository, caereful review of the literature on this subject end
investigation of possible piping in the vicinity of & repository will be

needed.

5. Solution and Precipitation in Fractures

Solution and precipitat;on within fluid-bearing fracturés is a coupled
thermal,, hydreulic, chemical end wmechanical process that controls the evolution
of the fluid flow through fractures. As individual fractures become clogged
with precipitates, local hydrostatic pressure may build up, new paths mey be
formed, end flow velocities along other fractures may change. Solution
and precipitation will be affected by thermal, pressure and chemical gradients.
When properly designed, with backfill of eppropriete composition, thé repository
may be able to seal itself by means of a "precipitation front" forming at some
distance from the repository. If the fractures sre effectively sesled, could
unsafe fluid pressure form around the canister? High fluid pressure could
cduse renewed fracturing or dissolution of precipitsted components. If redio-
nuclides sre precipitated with the major constituents, we should be confident
that the constituents could not be redissolved from the precipitated state &s
conditions change with time. The first step to evaluating solution and
precipitation phenomena is to define the geochemistry of the site, and particu-
lary of the expected fluid phases, thoroughly. This process is common end

reasonably well described, qualitstively, in the literasture on ore ‘deposits.

6. Creep in Sslt

One of the principal edventages of s&lt es a rock in which to excavste
a repository is the prospect that excavations in rock salt will close by creep
and that the wastes will eventually be encapsulated entirely, so that there

will be no way by which the wastes can be released to the enviromment. If
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encepsulation were to occur in & usefully short period of time, say less than
1000 years, the problem of proving the long term performance of waste packages
and other engineered barriers would be allevisted. Existing laboratory and
field data concerning the creep of rock salt do not cover the renges of
stresses, temperatures end times that are likely to be epplicable to the
closure of repository excavations by creep of rock salt, so that it is diffi-.
cult to decide with confidence whether or not complete encepsulation will ocecur
or how long it may teke. However, the creep closure of rock salt around waste
containers and repository excavsetions can be modified by changes in stress
concentrations, which depend upon the geometry of the excavations, and tempera-
ture, which depends upon the asge of the wastes and the density at which they
aere emplaced in a repository, end the nature of any backfilling of the
excavation. Coupled mechanical end thermal models ere-needed to investigate
the interaction between these factors to determine whether or not encapsulation
may occur within & usefully short period of time end to determine key condi-
tions for creep so that lengthy laboratory measurements of creep can be
focussed on the most relevant conditions.

Reference: Handin, J. W., Russell, J. E., Carter, N. L., Transient Creep of

Repository Rocks: Mechanistic Creep Laws for Rocksalt, Finel
Report ONWI/SUB/79-£512-00500.

7. Movements Due to Regional Seismicity

The sbsence of seismicity at a site does not necessarily exclude seismicity
as a consideration in eveluating the perfbrmance of a repository. Although -
distant earthquakes are not likely to damasge the excevations of & repository,
‘major earthquakes are thought to have brought sbout extensive changes in
groundwater levels and flows at distances of hundreds of kilometers from

the focus of these earthquakes. Proximate to the focus of en earthquéke,,~r
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changes in stress may account for the cbserved groundwater changes. At great
distances it is difficult to imagine how 'such changes occur, although it is
presumably a result of the passage of the seismic waves.} To produce changes
of the magnitudes that have been observeﬁ, the effect of the seismic waves may
be that of triggering letent instabilities in strein or dilsetation. The pro-
cesses involved have not been defined clearly but include, presumably, +coupled
effects between rock streéses end groundwater pressures. These effects are
likely to be more complicated than would be expected from the simple theory of
effective stresses, so thét egain coupled mechanicel and hydraulic processes

are involved.

8. Fluid Pressure Opening and Closing Fractures

Fractures generally provide the main conduits for the transport of fluid
aend mass in dense, crystalline rock masses. The conductivity of these fractures
cen be & very sensitive function of their eperture end hence of the fluid
pressure and deformability of the fracture, while the fluid pressure-itself
depends importantly on the conductivity. In other words, the fluid flow is
coupled to the deformability of the medium in which it takes place (Noorishad
and others, 1971), through the effective stress law and Darcy's law. Constructioﬁ
of a repository, placement of the waste and the seeling off of the repository
each cause perturbations of the fluid pressure field et the boundaries of the
excavations. The effects on the fluid flow and hence its transport potential
mey be dramatic st each stage as spertures very. Therefore, it is cruciel to
address this phenomenon along the lines of current investigations (Ayatollehi
and others, 1983) on coupled hydromechanicel effects.
References: Noorishad, J., Finite-Element Anelysis of Rock Mass Behavior uﬁder
Coupled Action of Body Forces, Flow Forces, and External Loads, Ph.D.
Thesis, University of California, Berkeley 1981.
Ayatollashi, M. J., Noorished, J. and Witherspoon, P. A., Stress-fFluid

Flow Analysis in Fractured Rock Masses, J. Eng. Mech., Div. ASCE, Vol.
1, pp. 1-13, 1983.



B. On "Fracture Initiation":

1. Excavation of a Repository

The excavation of shafts and tunnels not only causes existing fractures
in the vicinity of the excevations to open but it may elso initiste t;e develop-
ment of new fractures. The fracture initiation may be triggered by the stre;s
redistribution sround the opening end by blasting effects. The last factor,
of course, is non-existent in the case of the application of a full face
boring machine. Depending on the initial state of stress, the tensile strength
of the rock, and elsc on its brittleness, the extent end degree cf fracturing
will differ. It is felt that new fractures will only develop in the close
vicinity of en opening, i.e. in a range less than half the width of any free
face of the opening. The roof area of a tunnel is especially prone to fractu;e
initiation due to the direction of the gravitational force a;ting toward the
opening. The greatest effect of new fractures on the hydraulic conductivity of
the rock mass may reside in the enhanced interconnections between existing
fracture conduits.

The importence of the excavation of the repository both on opening and
closure of existing fractures and on fracture initiation must be cerefully
assessed. If the transport of nuclides to the biosphere eslong cracks and
fractures adjascent to the tunnels and the vertical shaft turns out to be
unacceptsble, then counter-measﬁres have to be considered such as the

artificial filling of cracks by grouting.

Reference:  Jaeger, C., 1979, Rock Mechanics and Engineering, 2nd ed.,
Cambridge Univ. Press, 523 p.



2. Triggering of Latent Seismicity

Major structures, such es large dams &nd mines eppesr sometimes to have
perturbed tectonic equilibrium sufficiently to trigger local earthquakes,
including quite large earthquakes (M>4) in regions thought not to be seismically
sctive prior to construction. In regions that have been tectonically ;ctive,
Fuch as Nevada end the Pacific Northwest, rocks may be in & virgin state o; .
stress very neer failure at present. Even small changes in this state of
stress brought about by the construction of a repository, or the superposition
on the virgin state of stress of thermslly induced stresses and changes in
water pressure, could trigger seismic events of eny magnitude. Although mines
and dams as structures have proved to be quite resilient to earthquakes, it is
not cleer what effect locsl seismicity may have had on the hydraulic conductivity
of the rocks around the structures. If the seismic activity were to involve @
new fracture in & major stratum with log permesbility, the effect on groundwater
flow may be quite adverse. Conceivably, even the reasctivation of a preexisting
fault may also change its hydraulic conductivity sufficiently to have & signifi-
cant effect. Effects such as these have not been studied extensively nor are
they well understood. The processes involved are coupled in severel ways.
Triggering of latent seismicity could result from the perturbation of the
virgin stresses in the rock by the excevetion itself, but more likely, by
thermal stresses or changes in water pressure. Although the seismicity itself
may not be ‘hazerdous, the resulting -changes in hydraulic conductivity of the

strate could change groundwater travel times significantly.

it may be quite difficult to decide -how close to instability is the virgin

~ state of stress st & specific site. In all probebility, rock stresses throughout
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& site vary in magnitude end direction in response to heterogeneities in the
rock, especially jointing. Some parts of joints or faults may be very néarly
unstable against sliding whereas other parts wmay be quite stsble. The magnitude
and distribution of these regions of different stsbility presumably determine
the magnitude end distribution of seismic eventsithat will occur if tﬁ; virgin
state of stress is perturbed sufficiently. The stresses that perturb the rock
are induced by excavation, changes in water pressure, and thermal expansion,
end these induced stresses can be estimated by numerical calculation. In situ
stress measurements cen be used to obtain estimates of the virgin stresses in
the rock at those pointe where the measurements sre made. ‘The induced stresses
can be superposed on the virgin stresses to determine the resulting total
stresses at these points. Whether or not these total stresses will produce
instebility depends upon the strength.properties!of the rock. In heterogeneous
rock, especially near joints end faults these properties are not known precisely,
so that it is difficult to predict instabilities that will be induced by the
changes in the conditions of totel stress.

An slternative approach is to perturb the rock by & known emount and to
measure seismically whether such perturbastions produce instabilities. Prior
to excavation, the rock cen be perturbed by known amounts through chenges in
pore water pressure brought about by pressurizing boreholes. The magnitude of
changes in pore water pressure necessary to produce instabilities provide a
direct measure of the effects of changing the virgin stete of stress. Further-
more, injection experiments can be designed to test the stébility of quite
large volumes of rock. Injection experiments must, however, be used with
circumspection lest they produce hydrsulic fractures that might impair the

ability of the site to contein wastes.
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Reference: First Intefnational Symposium on Induced Seismicity, Engineering
Geology, Vol. 110, 1976.

3. JThermal Cracking _

 The development of heat in the repository will ceuse & tempersture field
to develop in the host rock. The intect rock consisting of an agQrega;e of
minerals with more or less pronounced enisotropy is, even on e smsall acéle, a.
heterogeneous materiasl. When subjected to changes in temperature, stresses
will occur which may lead to cracks either slong the grain boundaries ﬁr
through the grains themselves. Crecking or fracturing due to thermal effects
is enhanced by the gradient of the temperature field. The gradient of the
temperature field is expected on a large scaele to show & decrease with increas-
ing distance from the opening. On the other hand, a temperature gradient in
blocks of rock bounded by conductive fractures may also occur due to_the heat
carrying capacity of the circulsting water. Thus it is‘possible for new cracks
to occur parallel to the existing ones, end in any other direction depending on
the locel tensile strength of the materisl, the initisl stress state, and the
péwnmgmuMIQMRm.NmtthpwﬂMemﬂmmethmﬂcmwMQ
on the overall hydraulic conductivity of the rock mass? On the one hand, some
of the existing cracks may close but, on the other hand, other cracks may open
and the interconnections between fractures may increesse to some extent. All
these effects largely depend on the operating conditions of the repository,
i.e. on the meximum permitted tempersture in the host rock end on the properties

of that rock.

4. Thermal Spalling

Thermal spalling occurs as a result of high, thermelly induced compressive
stresses parsllel to & free surface. These stresses ere most severe in the case of

thermal shock when the temperature of a& surface is suddenly raised to & high
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valuve. It is & dynamic process in which new surfaces are subjected to
thermal shock as they asre exposed by spalling. Thermal spslling is ﬁost
pronounced in hard, brittle rocks end requires temperatures of geveral hundreds
of degrees Celsius. Such temperatures are unlikely to occur even on the wslls
of boreholes in which waste canisters are pleced. However, thermally induced
stresses can also enhance conventional stress concentrations on the wails of
boreholes or tunnels. As the combined.value of the thermal stress and that dJe
to the stress concentration epproach the uniaxial compressive strength of the
rock, progressive degradation of the walls can be expected. Such degradation
was predicted and observed in the experiments at Stripa.
Reference: Cook, N. G. W., Myer, L. R., "Thermomechanical Studies in CGranite
at Stripa, Sweden," Advances in the Science and Technology of the

Management of High Level Nuclear Waste, Battelle, Ohio, 1981, ed.
by P. L. Hofmann and J. Breslin.

5. Hydraulic Fracturing and Hydromecheanicel Effects

When water pressures in rock exceed the normal stress across eny plane
end the tensile strength of that plane, & hydrsulic fracture is produced.
In solid more or less isotropic rocks, the plene of & hydraulic frecture will
tend to be oriented so that it is normal to the direction of the minimum
compressive stress in the rock. In bedded and jointed rocks, the strength
of these surfaces of discontinuity may be so low compared with the tensile
strengtﬁ of the rock that hydraulic frasctures may propageste aslong, and open
up, such wesknesses more eesily than producing e new fracture. Surfaces of
weakness in rock are not necessarily oriented so that they coincide with the
directions of the current principsl stresses, end shear stresses may exist -
scross such surfaces. (In such cases, the reduction of normal stress across
these surfaces by the pressure of the water may reduce frictional resistance to

sliding by en amount sufficient to sllow sliding motion between the surfaces.

e
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Such motion may occur in en unsteble manner as @ seismic event. Seismic

events have been discussed'seﬁarately under section 2, Triggering of Latent

Seismicity.) Opening of new or preexisting surfaces by hydraulic pressure
will change the hydraulic conductivity of the rock. Hydrauliec fracturing
phenomena must, therefore, be considered in determining the performance of a
repository. - .

Prior to excavation, hydraulic heads in the rock et a repository site are
likely to be closer to hydrostatic values than to lithostetic vaelues. Drainage
into the repository excavations during construction and until some considersble
time after closuré of the excavations will have the effect of decreesing
hydraulic pressures from their virgin values. The oversall effect of diminishing
hydraulic pressure is to stebilize the rock and to close any fractures or
Joints that may have existed originally. Some period efter closure of the
repository ‘the residual voids will become filled with water. Should this
occur while temperatures in the repository are still incressing, the pressure
of thé water will increase as a result of the high coefficient of thermal
expansion for water (4x107%/°C) compared with that for rock (107°/°c).

If such an increase in volume is produced by thermal expansion, the pressure

of this water will rise until it either produces & hydreaulic fracture or opens
preexisting surfaces of discontinuity of the rock essuming that the resaturated.
medium has become impermesble (e.g. by clogging due to precipitation); otherwise,
the pressure buildup will cause the'groundwater to flow (convective currents).
The water pressure needed to do this must be grester than the value of the
minimum principal stress in the rock.

Potentisl problems involving the possibility of hydraulic fracturing produced
by thermal expansion should be considered and resolved during the design of s&ny

repository. It seems that if the peak of the temperature pulse occurs before the

repository excevations become refilled with water, hydraulic fracturing may not

P
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become a problem. Even if this cennot be achieved, it should be possible to
errange the period of the refilling cycle, the period of the temperature

pulse, and the volume of water in the repository excevations in relastion to

the properties of the surrounding rock end the state of stress in it, such that
hydreulic fracturing poses no threat to the performance of the repositery.
Clearlf, this evalustion involves considerstion of thermal, mechanicel end
hydraulic effects.

Reference: Workshop on Hydraulic Frecturing, Menlo Park, 1981, ed. M. Zoback,
and B. Haimson, National Reseerch Council, Washington, D. C. 1982.

6. Stress Corrosion

Stress corrosion is the process of differential weskening of & rock at
the tips of cracks due to chemicsl sttack. This process is &pparently res-
ponsible for both the creep of brittle rock and subcriticel crack growth in
the presence of a chemically sctive species, including liquid water or water
vapor. Because the crack tip is a highly stressed location, corrosion takes
place st &n accelerated rate. The experimental measurement of the effect and
the chemical explanation of the phenomenon are still the subject of a consider-
gble amount of research (e.g. Costier and Mecholsky, 1983; Johnson, 1983; both
in Proc. 24th Symp. Rock Mech., Texas A%M). In terms of repository design and
performance, it has the effect of diminishing the tensile strength of the rock

and hence esccentuating cleavege fracture phenomena.
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S. Tables of Coupled Thermo-Mechanical-Hydro-Chemical Processes

Table 1:
Table 2:
Table 3:
Table 4:
Table 5:
Table 6:
Table 7:
Table 8:
Table 9:
Table 10:

Table 11:

Thermochemical Processes
Hydrothermal Processes
Thermomechanical Processes
Hydrochemical Processes
Hydromechanical Processes
Mechanicsel-Chemical Processes
Thermohydrochemical Processes
Thermomechanical-Chemical Processes
Thermohydromechanical Processes
Hydromechanical-Chemical Processes

Thermohydromechanicael-Chemical Processes
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E for high temp
near Backfill

f1 T=C- THERMOCHEMICAL PROCESSES
| | | | .
i : | | | Misc: Methods of
I Process | Sigoificance | Uncertainty | Investigation, other
| | | | comments
| | | |
| | | |
| Speciation | H | /B for Nuclides |
| | I{ componeants |
| Complexatiocn | B I\L for major |
| | |) species | .
| Thermal Diffusion | B |\ components | ’
| | | /8 for high temp. | .
| Phase Changes | B I{ and press. |
| Equation of State | B I\E for kinetics |
= (see #4 HC) ’ = : {
| Solid Sclution | H } |
| | |
| Metastable Phases | B for low temp. | |
| | (phase type | |
| | dependent) | |
| | | I
| | | |
| | | |
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#2 TeH EYDROTHERMAL PROCESSES
| | | |
| { : { | Misc: Methods of
| Process | Significance | Uncertainty | Investigation, other
| } | | comments
| | |
| | |
| Convective Currents | B L% | Problem of path
| 1 or 2 phases l ’ = determination
| o i
| Phase Change and | B H for Tuff in | Problem of character-
| Interference | Near field and | fzation of fractured
| | | Far field | porous media
| | | B for other rock |
i | | types in Near |
| | | field |
| ) | |
| Thermophysical Property | B for Tuff | B for Tuff |
| e | | |
| Thermal Osmosis | B for Tuff | B ]
J | B for all 4n | |
: = Backfill l :
| Gas Diffusion | 2 for Tuff | B for Tuff | Experiments
| Bipary | e |
| EKnudsen | | |
| Thermal | | |
e : | |
= Capillary-Adsorption ’ H for Tuff } E }
| | | |
| ] |

% Question of mocdeling behavior assuming HaCl solutioas.
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Misc: Methods of
Uncertainty | Investigation, other
| comments

Process Significance

Uplift or Subsidence

Induced Cracking’ M M |
I .

Fracture Deformation M M |

|

Thermal Spalling E for Near field L |

|

Thermsl Creep B for Salt B |

L for others |

|

Thermal Expansion M L ]

|

|

|

|

|
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#6 B = C HEYDROCHEMICAL PROCESSES
I i |
| | | Mise: Methods of
Process | Significance | Uncertainty | Investigation, other

| | | comments

] | ]

| | | -
Solution | ) { | | Temperature | ’

| | { L 25°C ] .
Deposition | B | B T>100°C |

| | |
Sorption ) B | {\Concentration |

| | L Dilute |
Desorption = H | < H Brines =

|

Redox Reactions | E | Phases |

| , | L Gas phase |
Complexation | E | at low |

| | temperature |
Hydrolysis | 4 | E Cas phase |

| | \ high temp. |
Acid-Base Reactious | B | |

| | |
etc. |- | |

| | |
Diffusion = H = =
Chemical Osmosis | E | E in unsaturated|

I |  rock I
Isotopic Exchange | B | {

| |
Co-precipitation | H | |

I | |

| | |

A ] |

s G e S ST G S C— — . —— — GERS S GRS LR CEE T G M I G G G ey S SR S — G G — G—




-71=

Apertures

Experiments

#5 H=M HYDROMECBANICAL PROCESSES
| | |
| | | Msc: Methods of
| Process | Significance | Uncertainty | Investigation, other
| | | | comments
| 1
| |
| Hydrauliec Fracture | M : M =
| |
| Pore Pressure Change = B { L | -
| |
| Mechanical Erosion of | ¥ for wvater as | L | .
= Fractures | the fluid | |
| | |
| Sedimentation of | M | L §
| Particles | | |
| | | |
| Shear Effect | L | L |
| Causing Abrasion | | |
| | | |
| vVariation of Fracture | B | H |
| | | |
| ] 1 ]




#6 C~M MECHANICAL~CHEMICAL PROCESSES

Misc: Methods of

i

Process Significance Uncertainty | Investigation, other
|
B!

comments

These. processes will be modified by water flow and the thermal field, so they should be
incorporated into processes #7 THC and #8 TMC.
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T THERMOHYDROCHEMICAL PROCESSES

Misc: Methods of

Unknown for Salt

Chemical Transport in Gas
Phase;

Partition between

Gas and Solid

H in Near field | E in Near field

Particle Transport H in Near field | H for all
(Colloids) except
.- L for Salt**
- Equation of State B H for high temp.
Thermal Diffusion L except
(Soret Effect) E for high temp.
gradient

S GENp GEED GEED GEN) GHSL GUEE GENS G GEER SHEN GRS Seewe (hiye Gy Gmme Gl GMUS (s Ghng Chn SMSD GRS GEND GRS GEMD CELS SIS S b S Gl SRS
bt e e e G ST GEE SN G Gue S G SR G S e Sl S SIS GEE ST G S S GNP S S S _-———_
o e S e G G S e S S G S CH S S G GEMS S G e St SED S GEEE @ik Gl Sees e henn s SUE S Gee

Process Significance Uncertainty Investigation, other
; conments
Solution/Precipitation H for all rock | L for Salt
types M for Basalt
. H for Granite
Solution and Precipitation L for Salt* L for Salt Analog studies
Eipetics B for all others| H for all others| More modeling; most
important at low temp
Fluid Transport by Osmotic H for Tuff E for Tuff Experiments
Effect B for Backfill | E for Backfill

Lab; Theory; import-
ance of boiling

s Dilute systems,
temp .

gk

*Miperals in salt deposits equilibrate with water rapidly.
*kColloids are unstable in saline waters.
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THERMOMECHANICAL-CHEMICAL PROCESSES

Misc: Methods of

and Backfill

| | | |

| | | |

| Process | Significance | Uncertainty | Investigation, other
| | | | comments
| ) | |

| | | |

| Phase Change in Mineral | L | M | .

| Phases . } | | '

| ' . | | |

| Dehydration | M for Near field| L |

= : and Backfill i :

| Creep | May be important | |

| | for Salt and in .| |

; { Backfill = =

{ Hydration and Swelling = H for Near field { L {

| | | |

| | | i

NHote: Could be included in #11, THMC
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THERMOHYDROMECHARICAL PROCESSES

Misc: Methods of

, . Bydrolytic Weakening

Hydration

| |
| |
Process | Significance | T©Uncertainty | Investigation, other
| } ; | comments
J. |
Hydraulic Fracturing | B for impermeable| M Calculation; Field
| | brictle rock, | experiment; analysis
| | with water = }
|
Triggering of Latent | M | B | In-situ stress
| Seismicity | | | measurement; maybe
{ a. Stress Redistribution | | | prevented by careful
= b. Pore Pressure | | = screening
| |
| Opening and Closing of | E for all rock | M | Field experiment;
| Joints ‘ | types except | | vncertainty in
| a. Stress Redistribution | Salt 1 | properties
| b. Thermal Coupling | | i
| c. Pore Pressure | { = v
| |
| Spalling | L ] M. } Could be under #8 TMC
| | |
| Change of Strength | 24 | M |
| | | |
| | | |
| | | |
| | | |
| | ] 1

Could be under #Q ™Cc




-76-

M
£10 :: HYDROMECHANICAL-CHEMICAL PROCESSES
C
Misc: Methods of
Process Significance Uncertainty Investigation, other

comments

B for all rock
- types except
Salt

Isothermal Precipitation M for Far field

(clogging pores)

=
=

Stress Corrosion

o aus e aae a—— ae w—— e c— c— —
e e, s e v w— et S w— ——
_————-—— et —

This category of coupled processes was eliminated from consideration because without the _

temperature gradient the mass transport is not sufficient to change the geometry, except
for low temperature precipitation and pressure solution, T < 30 C.

. e Gu CEL G SRR S — G S — S
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11 TMH TEERMOHYDROMECHANICAL=CHEMICAL PROCESSES
M c
| | i
| | | Miscs Methods of
Process | Significance | TUncertainty | Investigation, other
| | | comments
] |
| |
Piping | 8 for Salt and | g | Review of data in
a. Selected Dissolution | fracture | geothérmal, dams,
and Tunnel Corrosion | f1llings for | salt etc.; may inter=-
be. Inhomogeneous | hard rocks | connect repository to
Leaching | | existing fractures
| | |
Precipitation | M I B |
a. i{n Fractures | | }
b. in Matrix : = =
Hydrothermal Alteration | | |
of Rock | | |
| | |
Heat Pipe Effect with | B £or Near field | B |
Dissolution/ | | |
Precipitation | | |
| | |
Vertical Vapor-Liquid | | |
Cycling near Canisters | | |
| | |
Pressure Solution | B for Near field | H |
| | |
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6. CONCLUSION

The present report summarizes the discussions and findings of the first of
three Panel meetings planned over FY 1984-86, - ' .

The scientific end technical problems associated with the oétimal design
-of an underground nuclear waste repository are multidisciplinary. This
report attempts to address processes which result from couplings emong
phenomena studied by different scientific disciplines, such as geohydrology,
geomechanics, and geochemistry. Since we are interested in the long term
performance of e repository over thousands of years or more, some coupled
processes not normally expected to be significant over & 10 - 50 year period
may become very importent. Hopefully this report, with its tables, has
identified most of these processes.

All of the tables and discussions presented here are preliminery in
nature and will be modified end improved during the next two Panel meetings,
based on comments from the scientific community and new research findings.
Below we shall bring out & few initial observations of particular interest,
which are not meant to summarize the report nor to be all-encompassing recommen-~
dations, but to draw attention to certain issues considered to be significant
with our present knowledge. The readers are encoureged to review the whole
report.

1. There are substential reesons to limit the maximum temperature in

the neer field (and, of course, the far field) to below 250°C, and,
if possible, below 100°C. There appears to be & particular lack of

various hydrochemical data, especially in the range of 30 - 250°C.



2.

3.

4.

-79-

In additibn, solubility and other temperature dependent properties
undergo a drastic change at approximately 250°C. So it is suggested
that the maximum temperature be kept below ZSD‘C; Furthermore, all
chemical resctions (e.g. corrosion of the canister, trensformation of
the backfill, etc.) are considerably slowed down es temperatuyre
decreases, thus improving the safety of disposal. If the ma#imum
temperature is limited to 100°C, the potential development of a vepor
phase is also eliminated. In addition, because of the lack of an
adequate data base of hydrochemical data, a lower limit is desirable
since extropolations of data to 100°C may be done with more relisbility
than extropolations to higher temperstures.

One process that has not received much attention is the piping
effect--i.e. the formation of fluid flow channels due to pressure
solution, etc. Such effects are known in the fields of mining end’
goil mechanics. A review of the literature and some leboratory

tests are needed to determine its significance in the design of &
nucleer waste repository, initislly in the canister and backfill,

but also eventually in the host rock.

In medis other than salt, most problems sppear to revolve asround the
behavior of discontinuities in the rock, such as joints and fractures.
The thermal, mechanical and hydraulic processes occurring in these
features are not well unde;stood, particularly when they are coupledf
A number of other processes deserve further attention, particularly

steam-water counter flow and its coupling with chemical dissolution

"and deposition, if the maximum temperature limit is greater than

100°C. There sre important unanswered questions of the significance
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of a number of other processes, such as colloidal transport of
radionuclides, gas production by rediolysis, seismicity triggered by
thermomechanical loading, and permesbility changes due to various
chemical and mechanicel processes. . .
5. There is a wealth of data on hydrothermal systems, especially in the .
areas of geochemistry and econogic geology. A carefully planned
and thorough study of naturel analog systems would yield useful
information for the design of a nuclear waste geﬁlogical repository.
6. The need for leboratory and large-scale in situ testing to study
and determine the significance of various coupled processes cannot be

overemphasized, as it seems to be the only way in which some of these

questions can be answered.

Summary

Four basic physical proéesses, thermal, hydrological, mechanical and
chemical, are likely to occur in 11 different types of coupling during the
service life of en undergound nuclear waste repository. A great number of
coupled processes with verious degrees of importance for geological reposi-
tories were identified and erranged into these 11 types. A qualitative de-
scription of these processes and a tentative evasluation of their significance
and the degree of uncertainty in prediction is given. Suggestions for methods
of investigation generally .include,.besides theoretical work,.leboratory and .
large scale field testing. Great efforts of e multidisciplinary nature are
needed to elucidste details of seversl coupled processes under different
temperature conditions in different geologicel formations. It was suggested
thaet by limiting the maximum temperature to 100°C in the backfill end in the
host rock during the whole service life of the repository the uncertaintie§’15

prediction of long term repository behavior might be considerably reduced.



