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ABSTRACT 

The document discusses the status of technologies relevant 
to radioactive waste management and disposal, as defined by the 
INFCE Working Group 7 study. All fuel cycle wastes, with the 
exception of mill tailings, are placed in mined geologic reposi
tories. In addition to the availability of technologies, the 
document discusses the: a) importance of the systems viewpoint, 
D) importance of modeling, c) need for site-specific investiga
tions, d) consideration of future sub-surface human activities 
and e) prospects for successful isolation. In the sections on 
waste isolation and repository safety assessments, principal 
considerations are discussed. The document concludes that 
successful isolation of radioactive wastes from the biosphere 
appears technically feasible for periods of thousands of years 
provided that the systems view is used in repository siting an' 
design. 
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FOREWORD 

This paper i s w r i t t e n t o provide background in format ion on the 
s t a t u s of technologies r e l e v a n t t o r a d i o a c t i v e waste management 
and d i s p o s a l , as de f ined by t h e INFCE Working Group 7 s tudy. I t 
i s not poss ib le to acknowledge a l l work done by a l l count r ies on 
t h e s u b j e c t . However, i t i s the I n t e n t t o summarize the general 
s t a t e of development of these r a p i d l y growing technologies as of 
August 1979. The ass is tance o f many p a r t i c i p a n t s i n t h e INFCE 
Working Group 7 i s g r a t e f u l l y acknowledged. 

i 



STATUS OF TECHNOLOGIES RELATED TO 
RADIOACTIVE WASTE MANAGEMENT AND DISPOSAL 

1. INTRODUCTION 

This paper provides a summary of the status of scientific 
and technical knowledge relevant to the management and disposal 
of radioactive wastes, as described in the INFCE Working Group 7 
report.[1] The perspective is one of a rapidly advancing tech
nology for radioactive waste management and disposal in geologic 
repositories. With this perspective an understanding of the 
following is possible: 1) the information which must yet be 
made available; 2) the margins of safety which should be applied 
to the design and operation of repositories; and 3) the adequacy 
of geologic isolation of the wastes from the biosphere. 

The principal emphases of this paper are on the conditioning 
and disposal of high-level reprocessing plant waste (HLW) and 
spent fuel within mined geologic repositories in salt or hard 
rock formations. Conditioning and disposal of other wastes are 
briefly discussed and work on other geologic media is mentioned. 

The purpose of the INFCE Working Group 7 study was to 
compare selected nuclear fuel cycles with regard to their health 
and safety aspects, as well as their environmental impacts, costs, 
and risks they could present for diversion of nuclear materials 
to nonpeaceful uses; in addition, legal and institutional aspects 
were to be examined, including those of special interest to 
developing countries. In order to conduct the study, i t was 
necessary to select specific technical bases for waste management 
and disposal. However, use of these particular bases should not 
be interpreted as a specific requirement for radioactive waste 
management and disposal. Consideration of many factors may lead 
to adoption of different bases for management and disposal of 
specific wastes in a particular country. 

The bases used for the INFCE Working Group 7 report include 
several assumptions: 1) highly-radioactive materials (HLW and/or 
spent fuel) are cooled for an interim storage period of 10 years 
after irradiation before emplacement; 2) al l other fuel cycle 
wastes, with the exception of mill tailings, are placed in 
geologic repositories; 3) mill tailings are covered and stored on 
the surface near the mill locations; and 4) reprocessing plant 
gaseous wastes ( i . e . , B Kr) are stored in pressurized containers 
in surface faci l i t ies at the repository sites until disposal in 
repositories at the time of closures. 
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Geologic repositories for radioactive materials were 
chosen to provide long-term isolation from the biosphere. These 
repositories can be located in deep underground sites that are 
geologically and hydrologically suitable, sites that have remained 
stable for millions of years. Mined geologic repositories are 
appropriate because of the availability of adequate mining tech
nology ( i . e . , design, construction, operation and maintenance). 
Extensive, worldwide experience exists in mining for minerals and 
in constructing caverns. The technology is generally adequate to 
proceed on exploration and characterization of repository sites. 
Exploration work has been well developed for other purposes (e.g., 
for o i l , gas and minerals). 

2. SUMMARY AND CONCLUSIONS 

The status of technologies for conditioning of wastes and 
for isolation of radionuclides in geologic repositories are 
summarized according to: 1) the availability of technologies; 
2) the importance of the systems viewpoint in analysis; 3) the 
importance of modeling; 4) the need for site-specific investi
gations; 5) the consideration of future sub-surface human 
activities; and 6) the prospects for successful isolation. 

2.1 Availability of Technologies 

The technologies for mining and site-exploration and char
acterization are generally adequate and growing to meet the new 
requirements for geologic waste disposal. Technologies for the 
conditioning of most wastes for emplacement in geologic repositories 
exist. Improved waste packages are being developed. Additional 
engineered barriers, like overpacks and buffer materials, can be 
included in the system; however, their need and applicability must 
be determined for a specific site. The technology for handling, 
transportation and emplacement of conditioned wastes is a 
straightforward adaptation of established radioactive materials 
handling and transportation technology. The technology for safety 
assessment is well advanced and being developed rapidly; realistic 
scenarios of geologic and other disruptive events can be used to 
make comprehensive consequence analyses for evaluation. Research, 
development and demonstration work are under way in many countries 
to provide the remaining technical data required for use 1n design, 
licensing and operation of repositories for waste disposal. 
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2.2 Importance of the Systems Viewpoint 

The behavior of radionuclides over thousands of years in a 
repository will be determined by the hydrogeologic, geochemical, 
and tectonic characteristics of the environment. The behavior is 
also influenced by the physical and chemical properties of the 
host rock chosen for waste emplacement, the waste package, and 
other engineered features of the repository. Because no single 
property or characteristic alone will determine the behavior of 
the radionuclides, the waste package, the repository and the 
geologic and hydrologic environment of the repository should be 
viewed end analyzed as a system. 

2.3 Importance of Modeling 

The effectiveness of isolation provided by a repository 
system and the effects of geochemistry, hydrogeology, climate, 
alternative repository design, etc. can be adequately assessed 
through analytical and mathematical modeling. Relevant potential 
release and transport mechanisms need to be thoroughly considered. 
Additional work is needed to improve the modeling of ground-water 
flow through fractured media and to evaluate or remove other 
uncertainties. Sensitivity or parametric studies can be made to 
bound the uncertainties and to provide reasonable analyses of the 
expected performance of a repository system. Future work will 
provide further verification of models through supporting tests 
and calculations. 

2.4 Need for Site-Specific Investigations 

Site-specific investigations and evaluations are required 
to assess the suitability of: 1) a chosen host rock and its 
environment including natural barriers, 2) any particular waste 
form, container, and engineered barriers, and 3) proposed engi
neering features for a particular repository system. Geologic 
studies and/or safety assessments based on generic sites are 
useful for site selection and methodology development and general 
understanding, but site-specific studies are required to obtain 
basic information for a particular repository design. The level 
of confidence necessary for proceeding with a repository site 
1s achievable only when the characteristics of a specific site 
are established and used to evaluate that site. The natural 
variability of geochemlcal, hydrogeologic and tectonic conditions, 
as well as the heterogeneity of rock mass properties, complicates 
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or precludes the transfer of detailed earth science data from one 
region to another. 

Early access to potential sites is important to allow time 
for site investigations and related activities and ensure the 
timely development of repositories. On purely technical grounds 
no particular geologic environment is an obvicus preferred choice 
at this time. The choice will most likely be predicated on the 
availability of a suitable geologic environment in a country 
considering the siting of a repository. 

2.5 Consideration of Future Sub-Surface Human Activities 

Attention must oe given to the possible consequences of future 
human activities at a repository site and the means available to 
the present generation to preclude or reduce such consequences. 
Because tne possibility to restrict the activities of future gener
ations is limited, site selection criteria and repository design 
criteria should be developed so as to reduce the impact and/or 
likelihood of potentially deleterious human activities far in the 
future. In the development of these criteria, i t should be 
recognized that the potential hazard of wastes decreases signifi
cantly with time. 

2.6 Prospects for Successful Isolation 

Present scientific and technical knowledge is adequate 
to proceed with siting and preliminary design activities for 
potential repository sites. No scientific or technical reason 
is known that would preclude these activities from proceeding. 

The capability of a particular site for safely disposing of 
radioactive waste in a mined geologic repository can be finally 
assessed only on the bases of specific investigations at, and 
determinations of the suitability of that particular site. 
Information obtained at each successive step of site selection 
and repository development will permit better evaluation of 
uncertainties and the capability of the site and repository to 
isolate wastes. Such evaluations will lead either to a decision 
to proceed further or to disqualify the site. A suitable site is 
one which provides a high degree of assurance that radioactive 
waste will be isolated from the biosphere for periods of thousands 
of years. Some uncertainty will always remain. Reliance on the 
use of conservative engineering practices and the use of multiple 
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barriers to reduce and retard potential radionuclide transport 
are believed to be adequate to compensate for the lack of total 
knowledge and degree of uncertainty involved in the predictive 
capability for a site. Thus, successful isolation of radioactive 
wastes from the biosphere appears technically feasible for 
periods of thousands of years provided that the systems view is 
used in repository siting and design. 

Finally, it is not expected that the choice of the fuel cycle 
will influence the prospects for successful isolation of wastes. 
However, some of the features for packaging and emplacement will 
have to be modified to meet unique requirements for specific 
wastes from different fuel cycles (e.g., vitrified HLW vs. spent 
fuel). 

3. WASTE CONDITIONING AND HANDLING 

3.1 Types of Wastes and Logistics 

The INFCE Working Group 7 study[1] identified seven generic 
types of wastes arising from the fuel cycle operations and handled 
their disposal by generic methods. These waste types and disposal 
methods are summarized below: 

Waste Types Storage Geoloi gic Disposal 
Surface Surface Unshielded : Shielded Steel 

Ore processing 

(Covered) 

X 

Containers Drums Drums Cani sters 

1 Ore processing 

(Covered) 

X 

Containers 

2 Refining, 
conversion, 
enrichment X 

3 Fuel element 
fabrication X 

4 Reactor X X X 
5 Spent fuel X 
6 Reprocessing X X X X 
7 Decontanri natl on i & 

decommis$1on1 ng X X X X 
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The decontamination and decommissioning (D&O) wastes can be 
viewed in two parts: a) the wastes arising from decontamination 
of facilities are liquid and solid chemical wastes, similar to 
non-HLW from reprocessing plants, which will be handled like 
reprocessing plant wastes; and b) the decommissioning wastes, 
after facility decontamination, which will be handled within 
either unshielded or shielded drums according to radioactivity 
levels. Reactors were assumed to be entombed and other facilities 
were assumed to be dismantled, per the INFCE Working Group 7 
basis. The treatment and handling of D&O wastes will not be 
discussed further in this paper. 

The handling and transport of packaged radioactive materials 
have been conducted on a routine basis for many years by many 
countries of the world. The technology for current transport 
systems appears to be adequate to support each of the fuel cycles. 
Adaptation of this technology for radioactive waste disposal is 
straightforward but is only partially done. Systems currently in 
use or envisioned for use are described in Reference 2. 

3.2 Categories for Waste Conditioning 

Four categories of conditioned waste are listed below: 

o covered surface storage of ore processing wastes ( i . e . , 
mill tailings); 

o pressurized containers for storage of gaseous wastes 
( i . e . , tt Kr) from reprocessing plants; 

o unshielded and shielded iron drums or containers for 
disposal of low- and medium-level solid wastes; and 

o steel canisters for highly-radioactive solid materials, 
including spent fuel and vitrified HLW. 

The reference technology for conditioning the wastes in each of 
these categories is summarized below. 

3.3 Technologies for Conditioning Wastes 

3.3.1 Mill Tailings 

The reference technology for conditioning and disposal of 
mill tailings, resulting from the processing of ores of uranium 



7 

(and small amounts of thorium), is being used. Tnese finely 
ground tailings are usually Impounded in ponds or piles. The 
environmental impacts of such tailings ponds or tailings piles 
(called repositories in the INFCE Working Group 7 study) differ 
from those from other ore processing operations only as a conse
quence of the fact that the bulk of the radioactivity originally 
present in uranium ores ends up in the tailings. For this reason 
special precautions are required for the long-term stabilization 
of the tailings to reduce exposure of the public to radiation 
from these materials. 

The principal pathway for public exposure is from radon gas 
and its daughter products. Radon, a noble gas, is the f i rs t 
decay product of Radium. With a half - l i fe of about four days, 

Radon emanates continuously from the tailings. Direct gamma 
radiation is a secondary source of public exposure from tailings 
sites. Leaching of radium into ground and surface waters is also 
an important pathway in areas where acidic, high-pyrite ore and 
rainfall provide a means for slow leaching of the tailings into 
these waters. 

Some countries now require th?t new tailings impoundment areas 
be lined with bentonite clay or other material to reduce seepage. 
Stabilization procedures for the tailings areas following cessation 
of f i l l ing may also be required to reduce direct gamma radiation 
and radon emanation from the surface of a stabilized pile. In the 
United States the objective is to reduce the radon emanation rate 
to about twice background.[3] This is expected to require a 
minimum of three meters of compacted earth cover, but a thicker 
cover may be required if a more porous material were to be used. 
Use of a more effective sealant would reduce the thickness 
markedly. For example, an evaluation is under way on the use of 
a few centimeters of asphalt emulsion for providing a diffusion 
seal on tailings piles. Following stabilization of these tailings 
repositories a responsibility exists for maintenance, monitoring 
and surveillance for a limited period to ensure that radon 
emanation has been reduced as planned. 

3.3.2 Gaseous Wastes 

Radioactive gaseous wastes r Kr, l z ' I and C) are assumed 
in the INFCE Working Group 4 study[4] to be recovered in the 
reprocessing plant and thus require disposal. Tha INFCE reference 
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technologies and relevant new developments for conditioning these 
wastes are briefly described below: 

85 o Recovery of Kr has not yet been usedjor environmental 
control. However, the technology for Kr recovery by 
cryogenic techniques is available for design of a system 
on a reprocessing plant scale[5,6,7] although high recovery 
efficiencies have yet to be demonstrated. The storage of 
8 Kr in pressurized cylinders is an available technology.[8] 
At least, two new recovery processes are under development 
which yield solid products for disposal. The f i rst involves 
ion implantation into a solid matrix which is generated by 
sputter deposition[9]. The second process under high 

>erature and high pressure conditions encapsulates the 
JKr in theft»ineral "sodalite" where i t is fixed.[10] 

Both solid Bt>Kr-containing products potentially could be 
packaged in disposal drums, with or without a concrete 
binder, with due consideration for heat release rates. 

129 For I , recovery of radioiodine isotopes on solid sorbents 
(e.g., silver zeolite) is a demonstrated technology which 
^s been successfully applied in several reprocessing 
plants.[11] Another chemical sorption process, being 
developed in the Federal Republic of Germany, involves the 
use of silver nitrate-impregnated silicic acid.[10] A gas 
phase chemical approach to removing organic iodides directly 
as precipitates is being developed in Canada[12]. These 
soli'' I-containing products could be packaged in disposal 
drums in a concrete binder. Leaching tests of chemisorbed 
iodine in concrete are underway; however, the complete 
process is yet to be demonstrated. 

Recovery of * C from reprocessing of spent fuel has not yet 
been.done for environmental control. However, i f recovery 
of L C from off-gases of plants reprocessing LWR, HWR and 
FBR fuels is required, i t could be recovered concurrently 
with Kr.[5] A new technology is being developed which 
would also be useful for recovering the larger amounts of 
1 C from the HTR fuel and would yield a solid product. The 
most promising process Involves reacting C(L gas with a 
solid barium hydroxide hydrate to yield a barrum carbonate 
product.[13] This 1x-contain<ng product could be mixed 
with concrete and cast 1n drums to provide a waste form 
suitable for disposal. 
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Research and development are continuing on the above new 
technologies in order to proceed to demonstrated systems for 
recovery and conditioning. Mo acceptance criteria or tests have 
as yet qualified these waste forms for disposal in a repository. 

3.3.3 Low- and Medium-Level Solid Waste 

Low- and medium-level wastes arise during all operations of 
tne fuel cycles from refining through reprocessing, as described 
in Chapter 2 of the study report.[1] As a reference conditioning 
method for the 1NFCE Working Group 7 study, the fixation of these 
wastes in concrete in drums is assu.ned. The preconditioning and 
solidification of these wastes generally involve use or adaptation 
of existing technologies;[5,14] however, waste disposal criteria 
based on relevant research are yet to be set in most countries. 

Prior to solidification, the different wastes are pre
conditioned for the following purposes: a) volume reduction, 
b) decontamination of liquids, and/or c) adjustment of physical-
chemical properties. Methods of preconditioning for solids involve 
pressing, shredding, melting, burning, and/or calcination; for 
liquids, distillation, sorption, precipitation, and/or filtration 
and burning of organics are used; treatment concentrates of liquid 
effluents and solid wastes have also been conditioned by high 
temperature slagging incineration[15]. These different methods 
are used in various combinations, depending upon the specific 
wastes involved. Because of the multiplicity of wastes and 
preconditioning methods and the minimal importance of the details 
of these technologies to the purpose of the INFCE Working Group 7 
study, they will not be discussed in detail here. 

Following preconditioning, the wastes are placed in 200-liter 
steel drums. Liquid wastes are mixed with appropriate quantities 
of cement and vermiculite to eliminate free liquids and stirred to 
a homogeneous mixture; solid wastes are placed in the drums with 
concrete. After the concrete sets, the drums (unshielded or 
shielded depending on the radioactivity levels) are transported 
to their disposal site in accord with appropriate transportation 
methods.L2] Extensive experience also exists with conditioning 
of waste concentrates by dispersing them 1n a bitumen matrix.[16] 

3.3.4 High-Level Reprocessing Plant Waste (HLW) 

Research was Initiated more than two decades ago to develop 
radiation resistant and chemically inert forms for high-level 
wastes from reprocessing. [17-23] Boroslllcate glass was selected 
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as the IMFCE Working Group 7 reference form on the basis of this 
research and the production experience in France [24]. Borosilicate 
glasses in steel canisters are the leading candidate waste package 
for use in ini t ia l waste repositories in various countries.[17,19] 

Borosilicate waste glasses are: a) suitable for remote 
processing into canisters, as demonstrated in actual radioactive 
operations[24,25]; b) able to accommodate different types and 
concentrations of high-level wastes[22]; c) radiation resist-
ant[20,23]; and d) generally stable under dry conditions at 
temperatures up to 500 C.[22,26] As temperatures increase, the 
devitrification rate increases with resultant increases in 
leachability usually no more than 2 to 4 fold.[22] 

Borosilicate glasses in common with most materials are 
decreasingly stable under wet conditions as temperatures are 
increased. For example, leach rates at 20°C range between 10 
and 10 g/cnr/d for different radionuclides and different glass 
compositions;[23] these leach rates increase with temperature, being 
10 times higher at 70°C and 35-50 times higher at 100DC. Higher 
temperature (250 and 350 C) leach tests have shown that glass 
is comparable to other ceramic materials and that al l materials 
corrode at accelerated rates.[20] 

The overall significance of these temperature effects and the 
hydrothermal behavior of v i tr i f ied HLW are discussed in the context 
of Section 4.2 (Waste Form and Waste-Rock Interactions). However, 
mention should be made at this point that the temperatures of the 
HLW waste packages emplaced in a waste reposi ry can be limited 
through use of variable design parameters: a) the predisposal 
cooling time of the waste; b) the geometry of the waste canisters; 
c) the waste concentration in the glass; and d) the spacing of the 
canisters in a repository. Within the practicable range of these 
parameters, i t is possible to ensure that waste glasses will not 
exceed an acceptable temperature level. Nevertheless, alternative 
waste forms and container materials are being sought to widen the 
choices of design parameters for use in specific situations. The 
principal aim of these investigations is to reduce the potential 
breakdown and/or leaching of the waste form under normal and poten
t ia l ly abnormal conditions in a repository (e .g . , sa1t[27] and hard 
rock[28]) and potential transport of radionuclides by the ground 
water, as discussed in Section 4. 

During recent years, work has been initiated on inorganic 
poly-crystalline waste forms for HLW (e.g. , ceramics, including 
synthetic silicate and titanate materials) which might prove 
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even more resistant than glass to corrosion In a given geologic 
environment.[29,30,31] Isotopic geochronologlc studies with 
silicate minerals such as zircon, pyroxenes, and feldspars 
Indicate that many of these minerals have retained elements such 
as strontium, rare earths, and actlnldes over geologic time 
periods. Waste form configurations such as metallic matrices, 
cermets, and microspheres of waste coated with Impermeable 
pyrolytlc carbon are also under study.[32-34] In concept, ttese 
waste forms could be parts of a waste package system composed of 
some or all of the following components: a) a waste form (e.g. , 
Supercalc1ne[29], SYMR0C[30]); b) the pnyslcal nature of the 
waste form (e.g. , powder, pellets, monoliths); c) coatings on the 
waste form (e.g. , A1„03, pyrolytic carbon); d) a matrix material 
that surrounds the waste form (e.g. , metal, concrete); and e) a 
canister and/or overpack to contain and protect tne waste forms. 
Additional components could also be designed as part of an 
engineered repository. The system performance could be designed 
with emphasis on a single component or be balanced over several 
components. At least 10-15 years of research and development 
would be required before any of these other waste forms would be 
developed and evaluated from the technical, engineering, produc
tion, and geologic performance viewpoints. Cost/benefit type 
evaluations are needed to determine how much effort on these new 
concepts is warranted. 

With regard to canisters for disposing of vi tr i f ied HLW in a 
salt repository, materials with greater resistance to corrosion than 
the reference stainless steel, such as mild steel, Hastelloy C and 
alumina, are presently under consideration.[35,36] Steel canisters 
are expected to be satisfactory for the dry conditions normally 
encountered in a salt repository. However, i f large amounts* of 
water were to enter the repository inadvertently, these containers 
could be substantially corroded and potentially breached within a 
short period. Thus, research is under way to seek designs for a 
canister-overpack system which could survive the corrosive 
environment i f a flooded condition in a salt repository existed 
and protect the glass from leaching during the greatest thermal 
output and greatest reactivity, i . e . , for several hundred years 
after emplacement. 

*Note the discussion in Section 4.2 (Waste Form and Waste-Rock 
Interactions) regarding the quantities of water associated with 
brine inclusions. 
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Ground water is expected to be present in a repository in 
hard rock. In one situation an elaborate canister-overpack system 
has been proposed for disposal of vitrified HLW.[37,38] The 
chromiura-nickel-steel container in whicfo£he vitrified HLW is 
delivered from the reprocessing plant is not credited with any 
protective l i fe of its own; the real protection is afforded by an 
overpack made of lead and titanium, both possessing good resistance 
to corrosion. The lead also serves *s a radiation shield reducing 
the radiation level and the radiolysis of the groundwater so 
that these contribute l i t t l e synergistic influence on corrosion. 
Under the geologic and hydrologic conditions expected to prevail 
around the canisters in the repository, the titanium casing is 
expected to remain intact for a long time. General corrosion of 
the lead is delayed by the titanium casing; however, i f the 
titanium is penetrated, some pitting corrosion of the lead is 
expected on the exposed surface. I t is estimated that pitting 
will penetrate the lead lining at the earliest about 1000 years 
after the titanium casing has been penetrated. 

3.3.5 Spent Fuel 

A variety of conditioning methods to prepare spent fuel for 
disposal have been studied for engineering feasibility.[39-42] 
At this early stage of development, relative to HLW conditioning 
methods, several methods appear to be feasible. 

Substantial progress has been made in understanding the 
significance of the spent fuel's thermal ent.gy in repository 
media; preliminary thermal criteria have been postulated for 
different host rocks. Assessments of the potential for c r i t i -
cality in a sealed spent fuel repository have concluded that 
such events are not only highly improbable but also of minimal 
significance in terms of a health hazard.[41] The potential 
long-term radiological impact is another aspect considered in 
addition to the potential thermal and criticality problems 
related to disposal of spent fuel. Spent fuel disposal increases 
the quantity of uranium and plutonium in a repository typically 
100-fold above that associated with fuel cycles involving fuel 
reprocessing. However, this aspect Is unimportant because of the 
^ery low mobility of uncomplexed uranium and plutonium (due to 
precipitation, the sorptive properties of geologic media, etc.). 
Thus, on the basis of work to date there appear to be no reasons 
why spent fuel cannot be disposed of in the same way 2i waste 
materials from reprocessing cycles. 
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Research is under way on a number of other considerations 
associated with spent fuel disposal. Specifically, i t is neces
sary to conduct further experimental work to determine the 
chemical reactions among the fuel pellets, their cladding, the 
spent fuel container, and the potential host rocks. In addition, 
more should be known about the chemical forms of the fission 
products and actinides in the spent fuel pellets and cladding, 
and about the resistance of these forms to leaching or reaction 
with repository rocks. For example, comparative data at 20 C and 
with distilled water indicate that cesium in irradiated U(L 
pellets leaches at rates similar to those for vitrified HLN[43]; 
also, the leach rates, based on cesium and plutonium, are not 
affected py burnup;[44] however, temperature dependence and other 
effects, such as those with natural ground water, have not yet 
been determined. I t is also of interest to determine whether the 
fission gases in the spent fuel present potential problems in 
the repository, either during the operational phase or after 
closure. 

Work is continuing on the development of thermal guidelines 
for the design of a spent fuel repository which takes into account 
the differences in the long-term heat generation of spent fuel, due 
to the presence of actinides, as opposed to high-level reprocessing 
plant waste. Results of these studies are not expected to influence 
the choice of the fuel cycle because of the flexibility available 
for spacing the waste emplacements to control the long-term heat 
dissipation characteristics. 

Current concepts for spent fuel disposal assume that the 
assemblies will be placed within metal canisters that are filled 
with a heat transfer material and sealed by remote welding.[41] 
This packaging will be done after an interim storage period of at 
1 east 10 years after di scharge of the spent fuel from the reactors 
in order to allow the heat dissipation rate to decrease.[1] A 
comprehensive study[39,45] of packaging spent fuel for disposal 
in a wet geologic repository in hard rock calls for 40 years of 
Interim storage of the spent fuel prior to emplacement in the 
repository. Subsequently, the fuel rods would be packaged in 
thick copper canisters, filled with lead, and placed in holes in 
the repository floor which are lined with bentonite. Much 
simpler concepts (e.g., helium-filled canisters) are considered 
for dry repositories. Other concepts under study as technical 
alternatives Include canisters with a metal matrix f i l l or sand 
f i l l , other glassy or ceramic materials, and multiple-barrier 
encapsulation of the spent fuel and canister.[41,46] Simple 
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gas-filled canisters with intact spent fuel assemblies have been 
produced and are currently undergoirj testing. 

Generic work on packaging highly-radioactive materials pro
vides relevant information whether the waste form is borosilicate 
glass, spent fuel or another material. However, site-specific work 
is also required because many of the waste package requirements may 
be specific for specific geologic media. As discussed in Section 
4.2 (Waste Form and Waste-Rock Interactions), further work is 
required on the performance of materials in geologic repositories 
primarily to provide the degree of redundant safety desired by a 
particular country for a particular geologic system. I t is 
expected that cost/benefit and technical evaluations of waste 
forms, canisters and overpacks will continue through to and even 
beyond the time when a country emplaces its f irst waste in a 
repository. 

In conclusion of this section, i t can be stated that the 
disposal of either HLW (as borosilicate glass or an alternate 
form) or spent fuel, even though they differ significantly in 
characteristics, can be accommodated in geologic repositories. 
However, each waste will likely have a particular set of 
protective barriers for a specific repository. 

4. WASTE ISOLATION 

4.1 Repository Site Selection 

Important steps for establishing a radioactive waste 
repository are site investigation and site selection. These 
steps produce the data necessary for safety assessments and 
for the design and operation of the repository. 

Numerous techniques are used in site investigation and 
geologic exploration processes. These include remote sensing pro
cedures that outline broad geologic features and reveal lineaments 
which may reflect boundaries, faults and the significant geologic 
features. Magnetic and gravity maps are used to infer the depth 
and dimensions of igneous intrusions and regional structural 
features. Conventional geologic field techniques supported i>y 
laboratory studies are used to determine the stratigraphlc 
sequence, the llthology, mineralogy and petrology of rock types, 
the areal distribution of and lateral changes in formations and 
rock types and the structure, including folds, faults, and joints 
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exposed at the surface or near the surface. Seismic profiling, 
vertical electrical surveys, analyses of cores from boreholes and 
borehole geophysical techniques are used to determine the position, 
extent, and physical properties of rock types below grade. Temper
ature surveys in boreholes can be used to determine the geothernial 
gradient. Age-dating of rocks by a variety of techniques can 
provide information regarding the age of igneous intrusions and 
volcanic rocks which when coupled with the geologic history of the 
area and the tectonic setting can be used to evaluate the possibil
ity of recurring volcanism in the area. Evaluation of the seismic 
history of the area permits the compilation of seismic risk maps 
for the short term and when considered with the tectonic setting 
and geologic history may permit the estimation of seismic risk for 
longer periods. Borehole to borehole radar, electric and ultrasonic 
techniques hold promise of providing methods for evaluating the 
presence of discontinuities such as faults, joints, and other 
fractures within a host rock being considered for a repository, 
tridimensional in situ stress withi.. the rocks can be determined 
in boreholes by the hydrofracture technique. Other physical 
properties of rocks are measured in the laboratory on rock 
cores. 

Techniques used to determine the hydrogeology of a site 
depend largely on field measurements made in boreholes which are 
supplemented by laboratory measurements of pertinent parameters 
on samples of cores and chemical analyses of fluids from wells. 
Hydraulic heads in aquifers can be determined directly by measur
ing water levels with steel tapes in wells, by electric-wire-line 
devices, or by pressure transducers. Hydraulic properties of 
aquifers are determined by aquifer response to pumping or injec
tion of fluids, by drill-stem tests, and by pressure-pulse decay 
techniques supplemented by laboratory measurements on cores. 
Well-to-well tracer tests permit determination of flow rates over 
limited distances and estimation of dispersion coefficients. 
Estimates of total porosity can be obtained in the laboratory and 
from neutron-neutron logs run in boreholes; effective porosity is 
usually calculated indirectly from analysis of aquifer tests. 
Compilations of potentiometric maps provide information on the 
direction of ground-water movement and the hydraulic gradient and 
may provide information on the location of hydraulic boundaries. 
Numerical models of ground-water flow systems are used to estimate 
the travel time of water from a potential repository to areas of 
ground-water discharge and to evaluate the degree of interconnec
tion of multiple-aquifer systems. Adequate knowledge of the 
geochemistry, including the sorption properties of rocks for 
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radionuclides along flow paths, permits use of transport models 
to estimate travel time for various nuclides from a potential 
repository to the biosphere. 

A normal process for site selection can be considered as 
a set of information screens proceeding from general ideas to 
specific details, from large areas to small, well-defined ones, 
and from surveys of the literature to measurements in the 
field.[47] This information screening process involves a pro
gressively more stringent investigation of site characteristics. 
Generalized geological criteria for radioactive waste repositories 
have been proposed[>8-51]; detailed criteria for suitability of a 
particular site cannot be specified not only because of the 
complexity of geological settings but also because initial 
site selections may be made on the basis of nontechnical factors. 
Nevertheless, the site selection process must include examinations 
of the specific site in detail and comparisons of results against 
the underlying radiological and environmental safety criteria. 
These criteria include general Geological considerations such 
as:[51] 

o depth from surface environment. 

o dimensions and properties of host rocks, 

o tectonic stability, local and regional, 

o hydrology of host rock, 

o resource potential of host rock and of overlying and 
underlying formations, and 

o muHi barriers. 

One of the above considerations ( i . e . , resource potential of 
host rock) relates to future human activities. Because the 
possibility to restrict the activities of future generations is 
limited, site selection criteria and repository design criteria 
should be developed so as to reduce the Impact and/or likelihood 
of potentially deleterious human activities far in the future. 
An analysis of the potential situations indicates that if appro
priate site selection criteria are applied the probability of 
deliberate or Inadvertent intrusion of a repository or Its 
Immediate environment should be negligible.[52] 
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The multibarrier criterion listed above indicates that the 
repository medium and site should provide multiple components 
( i . e . , host rock, media above and below the host rock, and the 
hydrologic regime of the repository medium) which will act 
together to retard radioactive waste migration and enhance 
isolation. Significant characteristics of these multibarrier 
components are determined by the geological considerations listed 
above. In addition to these geological considerations, there are 
numerous other technical areas to be considered: 

o bases for repository design, 

o bases for waste forms and containers (engineered barriers), 

o waste management cost issues, and 

o operational and post-operational impact issues. 

A geologist's overall perspective of the uncertainties 
that may arise during the construction and operation of a geologic 
repository in a selected site is articulated below:[53] 

"Construction of a repository and emplacement of waste will 
init iate complex processes that cannot, at present, be 
predicted with certainty. Tne inability to predict can be 
offset in part by adoption of «; multi-barrier or 'defense-in-
depth' philosophy for radionuclide containment. Such a 
philosophy provides a succession of independent barriers to 
nuclide migration. The waste package, the host rock, and 
the groundwater flow path al l provide potential barriers." 

More research is needed to evaluate and measure the efficacy 
of these barriers and to obtain a better understanding of the 
processes involved. The following sections discuss various aspects 
of the technology related to use of geologic repositories for waste 
isolation.[54,55] 

4.2 Waste Form and Waste-Rock Interactions 

Chemical and radiological interactions among the host rock, 
i ts contained fluids, the waste form, and the canister could lead 
to failure of the canister and gradual dissolution of the waste. 
The extent to which this might happen and the consequences 1f i t 
happens will depend on the properties of the container and waste 
form, the rhemical properties of the host rock, the availability 
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of ground water and its characteristics, and on the pressure, 
temperature, and duration as well as the init ial time of exposure 
when and i f water contacts the was.e. Research and development 
data on waste-rock interactions, some of which are presented in 
this paper, are extensively discussed in References 42 and 56. 
The related properties of HLW waste forms and spent fuel and 
their containers are discussed specifically in Sections 3.3.4 and 
3.3.5. Additional information related to waste-rock interactions 
is presented in this section, especially about research underway 
to define requirements for waste packages sufficiently compatible 
with specific geologic media, e.g., salt and hard rock. 

The chemical and physical interactions between waste and 
host rock, and also the effects of temperature and of the 
presence of a fluid phase, have been studied extensively for 
salt.[18,57-59] Salt is considered an attractive medium for 
disposal of radioactive wastes because of i ts relative abundance, 
ease of excavation, relatively high thermal conductivity, 
impermeability, low water content, plasticity and self-sealing 
properties, and absence of fracturing. These characteristics 
are common to both bedded and dome salt deposits. Salt is water 
soluble and in the presence of water is corrosive to materials 
such as steels that may be used as waste containers. However, 
under dry conditions in a salt repository corrosion of painted 
mild-steel containers of non-heating waste was found to be 
minimal after periods of up to 12 years.[60] 

Research is under way on the complex physical and chemical 
properties of brines and bitterns (brines containing high con
centrations of magnesium chloride and lower concentrations of 
calcium chloride).[61] The phenomena of a) brine migration under 
thermal gradients toward higher temperatures and b) formation of 
multiple chemical phases might be of importance to the emplacement 
of HLW waste forms and spent fuel whereas they would not be 
important for packaged, non-heating wastes.[47] With regard to 
the f i rst phenomenon, small quantities of brine (up to approxi
mately 1% by volume) and occasional brine pockets are included 
in s I t formations. Laboratory experiments indicate that brine 
inclusions move up thermal gradients above a threshold level (not 
yet defined).[62] I f inclusions were to reach the canister, the 
brine would corrode the canister. However, this phenomenon is 
apparently a localized one involving relatively small amounts of 
fluid (e.g. , a few liters per canister); i f so, the brine inclu
sions could only minimally corrode canisters and would not leach 
the waste or provide a means of transporting radionuclides away 
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from a salt repository. With regard to the second phenomenon, 
i t has been hypothesized that the formation of multiple chemical 
phases during brine migration can result in a relatively large 
mass of fluid in proportion to the amount of water present and a 
weakening of the rock; however, studies to date indicate that 
there is no problem of canister movement to be expected. As 
indicated in Section 3.3.4, appropriately low thermal gradients 
can be established during the design of the repository system to 
limit the effects of these phenomena. Nevertheless, further 
experimental work is needed to understand the potential extent of 
the phenomena in a repository. 

Other temperature effects in a salt repository relate to the 
strength of the salt and its tendency to creep. As the salt is 
heated oy the waste, i t expands and closes around the container 
over a period of years because of plastic deformation and creep. 
These salt movements around the waste canister are probably 
beneficial, but they must be considered in design and operation. 
From a radiation standpoint, no effects which are significant to 
performance of a salt repository have been observed.L£2J Salt 
offers approximately the same shielding protection against radia
tion as concrete. Gamma radiation may give rise to limited 
chemical changes in the salt itself and to the small quantities of 
brine and gas in the salt surrounding a canister of HLW or spent 
fuel. Gamma radiation may cause a higher corrosion rate and tests 
under actual conditions are important. However, all of these 
effects are expected to have a negligible effect on the performance 
of a repository because they are so highly localized. 

While several countries have placed major emphasis on salt, 
other countries with abundant crystalline rocks (e.g., granite) 
have oeen evaluating these rocks as repository media.[39, 63-65] 
As bodies of igneous rocks, granites are considered attractive 
media for disposal of radioactive wastes because of their age, 
stability, wide distribution, lack of resource potential, and a 
distinct characteristic that they are relatively bottomless and 
enlarge with depth.[SI] Their interstitial porosity is low, 
normally with l i t t l e to no natural moisture content; however, 
most granites have fracture porosity with significant ground 
water. Mineral components of granite are almost inactive 
chemically under ambient temperature and pressure conditions. 
However, more data are desirable regarding waste-granite 
reactions under repository conditions. 
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A study related to disposal of spent fuel in granite is men
tioned here to illustrate one concept.[39] Early investigations of 
three geologic areas in Swedish bedrock granite showed a potential 
for water flows of O.i to 0.2 1/m /yr. The ground water at the 
depths of the repositories (300-500 m) he 3 reducing characteristics 
and contains l i t t le natural dissolved oxygen; however, radiolysis 
of water could provide additional oxygen. A buffer material 
proposed for use possesses extremely low water permeability, so 
material transfer through the buffer mass is controlled by diffu
sion. [66] Thus, the available quantity of oxidants which can 
attack a proposed copper canister is low and the supply rate of 
oxidants is extremely slow. The canister can therefore be 
expected to have a very long l i fe and thereby limit exposure of 
radioactive materials to the ground water. Such a system is 
placing the isolation role on the combination of the container, 
the buffer system, and the other significant barriers of the 
geochemical, hydrologic and geologic systems. However, each 
repository site will require specific analysis to determine the 
appropriate use of engineered barriers in combination with 
natural barriers. 

Sediments such as argillaceous sediments, in particular 
sha1es[67] and clays[68,69], are also being investigated as 
potential host rocks. Each argillaceous sedimentary layer has 
to be examined for its own merits. In general, and as far as 
waste isolation is concerned, the high plasticity of the material 
gives self-healing properties to the formations and the high 
sorption capacity of the material constitutes an efficient barrier 
against migration of buried radionuclides. However, the intersti
tial water can be corrosive to waste packages. The low thermal 
conductivity of the argillaceous materials requires that the thermal 
loading of heat-generating wastes in a repository be lower than 
those acceptable for salt and granite formations. Reference [70] 
describes a preliminary conceptual design of a repository in plastic 
Tertiary clay. Due to the rheological properties of the considered 
clay formation, the concept of the repository differs considerably 
from those generally adopted for salt or granite formations. 

An important consideration for specifying allowable operating 
conditions of dry or wet repositories is the selection of tempera
tures as they relate to waste-rock interactions. Temperatures of 
dry repositories (e.g., dry salt) may be permitted to be higher 
than those in wet repositories if there is assurance that the dry 
condition will be maintained. Tests are underway to evaluate the 
effects of specific characteristics of waters, Including brines. 
Preliminary data[71] indicate that virtually all solid materials 
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show extensive corrosive attack at tenperatures between 250C and 
350°C. Other waste-rock interaction studies are underway to deter
mine more about the effects of temperature and solution type on a 
variety of solidified waste Materials.[72] 

When tne above studies are completed, they should indicate 
whether the presence of water is a concern which will require 
either improvements in the waste package or more conservative 
design conditions for a repository or both. Several methods are 
possible for making waste packages more compatible with the 
repository environment. One of the most direct is the use of 
more corrosion resistant materials for canisters, particularly 
as discussed in Sections 3.3.4 and 3.3.5. Another is to use a 
buffer material as mentioned in the concept described above for 
spent fuel disposal in a granite repository. For example, in the 
INFCE reference repository for granite[28], the hole for emplace
ment of a canister is backfilled with bentonite that provides a 
degree of protection that could be sufficient without an elaborate 
canister. Many combinations of canisters and buffers as surround
ing materials are expected to be possible. 

Theoretical or experimental verification needs to be done to 
determine the performance of the canister in relationship to the 
waste and in relationship to the materials emplaced around the 
canister. In-situ experiments are necessary to verify laboratory 
results on waste-rock interactions. Waste package performance 
criteria are needed that specify conditions that make the waste 
packages suitable for specific repository environments. Although 
criteria are planned and under development by several countries, 
they yet require extensive verification of their suitability. 

4.3 Thermal and Mechanical Response of Geologic Media 

Within a nuclear waste repository a substantial accumulation 
of thermal energy from the radioactive decay of the emplaced 
wastes must be dissipated into the environs at an acceptable rate. 
The design of a waste repository system (e .g . , sa1t[27] or hard 
rock[28]), including the waste emplacement parameters cited above, 
must consider this thermal energy accumulation and i ts potential 
to alter both the stress state and the structure of the surrounding 
rocks. The thermomechanical response of rock relates to problems 
of long-term waste isolation to the extent that i t would affect 
the hydrologic characteristics of the geologic media in the 
vicinity of the repository site. 
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Rock mechanics aspects of repository design are somewhat 
better understood for salt than for other rocks.[57,73-75] Ana
lytical models that represent the near-field response of a mass 
of rock salt have been developed and checked against a data set 
generated by vn situ tests utilizing spent fuel and electric 
heaters.[57] The applicability of these models, developed for 
bedded salt, to domed salt is being determined through vn situ 
heater experiments.[76] With appropriate engineering and careful 
evaluation of existing data and analyses, current knowledge of 
rock mechanics is adequate to permit a successful design of 
repositories in salt. 

Inasmuch as considerable experience already exists in the 
development of large underground cavities in a variety of rock 
types, the existing rock mechanics technology appears to be 
adequate for developing a stable cavity suitable for a waste 
repository in hard rock types like granite.[63,64] The major 
uncertainty to be resolved with regard to the use of such a 
cavity for emplacement of heat-producing waste is the identifica
tion and experimental confirmation of the potential deformation 
modes as related to initial stress states. The approximation of 
continuum mechanics that has been applied effectively to salt is 
not applicable to a jointed and fractured rock mass. 

Quantitative answers to rock mechanics question.[77-82] in 
non-salt formations are being actively pursued. lt\ situ heater 
experiments under way in granite, shales and clays in several 
locations are intended to establish the deformational response of 
these rocks, Including mechanical properties and the time- and 
temperature-dependent relationships. For example, an experiment 
in Sweden at the Stripa mine is indicating less expansion of 
fractured rock mass than anticipated.[83] In addition, major 
experiments with spent fu?l are planned at other locations to 
evaluate both thermal and radiological effects. Collectively 
these experiments will provide data for use in evaluating 
analytical models that describe the response of the "rock mass" 
in the near field. 

I t should be emphasized that models validated by in situ 
testing for short term (operational period) and near-field 
mechanical effects cannot be fully alldated for long-term and 
far-field effects because of the great length of time required for 
measurable mechan1c.il effects to be realized at large distances 
from the repository. Although i t is expected that far-field 
effects would be Insignificant, confidence in the ability of such 

http://mechan1c.il


23 

models to predict far-field deformations over long periods must 
necessarily be based on the accuracy of short-term predictions 
together with increased understanding of long-term processes. 
Evaluation, for some periol yet to be determined, will be useful 
to assure the accuracy of the predictive models for the short-term 
and to provide an early verification of the models in order to 
allow adjustment of the repository conditions, i f required. 

More effort could be devoted to analyzing far-field effects 
to gain a better understanding of the mechanical response for a 
refined analysis of layered media; however, bounding limits can 
be determined with existing knowledge. The results would 
indicate the likely locations and magnitudes of displacements in 
the media, and those regions in which the rock strength might be 
exceeded. Thus, design conditions could be adjusted accordingly. 
Far more difficult, and beyond the capability of present models, 
is an estimate of the fracture density and other fracture charac
teristics important to assessing potential changes in ground-water 
flow properties of tSe rocks. Such information will have to be 
obtained from a comoined analysis of results from mathematical 
modeling, experimental work, and theoretical studies. Because 
excessive thermal expansion could have serious consequences, the 
different mechanical responses produced over time by high-level 
reprocessing wastes and spent fuel are a matter for additional 
careful analysis, particularly for the design and construction 
phases of a repository. 

Although the above discussions indicate several uncertainties, 
these uncertainties will be studied with test facilities (in salt, 
granites, shales and clays) which are either in place or being 
considered to permit extensive testing, demonstration, and verif i
cation. With this type of testing activities, i t is expected 
that the required technical data particularly for the near-field 
region will be available on a timely basis for use in design, 
licensing and operation of waste disposal repositories. 

4.4 Hydrogeologic Transport of Radionuclides 

After a repository is fully loaded and sealed, the geologic 
mechanism for potential release of radionuclides to the biosphere 
is by dissolution and transport in ground water. Numerous disrup
tive events which could initiate migration of radionuclides to the 
biosphere over thousands of years have been postulated and analyzed 
to define potential consequences. The modeling to represent hydro-
geologic transport of radionuclides 1s well advanced altnough 
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limitations s t i l l exist on input data; however, many of these input 
limitations can be overcome through use of bounding calculations. 

Transport of radionuclides by ground water is influenced by 
the solubility of the waste, the sorptive properties of media 
along the ground-water flow paths, the chemical properties of the 
ground water (e .g . , pH, Eh, impurities), and the rate of ground
water flow. Once radionuclides are transferred to the ground 
water as dissolved, complexed, or colloidal material, other 
fa.tors—namely, radioactive decay, sorption, and dispersion, 
—also operate to determine the concentrations of radionuclides 
as they are transported through the host rock. 

The number of variables affecting radionuclide transport by 
ground water, the complexity of their interrelationships, and the 
need to evaluate their relative importance by sensitivity analysis, 
necessitate use of mathematical models to forecast the sub-surface 
movement of radionuclides from a waste repository and their concen
trations under a variety of assumed conditions.[84,85] By varying 
the boundary conditions and input data such as permeability, 
poros- i ty , and sorotive properties of geologic media for specific 
radionuclides> mass transport models yield a measure of the 
relative importance of flow path length, flow velocity, and 
aquifer sorption characteristics as barriers to radionuclide 
transport. Results from several operational models indicate that 
i f a repository is sited where flow paths are on the order of 
kilometers, such as may be found in regional aquifer systems, 
where flow rates are wry low or rock sorptive properties are 
high, then retention of radionuclides in the lithosphere for many 
thousands of years is probable. A consequence analysis for a 
hypothetical repository in sal t , Made in connection with the INFCE 
Working Group 7 study[86] and summarized in Section 5.2, is an 
example where mathematical models have been employed to evaluate 
hydrogeologic transport of radionuclides; a similar consequence 
analysis for a hypothetical repository in hard rock is described 
in Reference [87]. 

Improved methods and input data needed for mass transport 
modeling of radionuclide migration in ground-water systems are the 
focuses of laboratory and hydrogeologic f ield work in many coun
tr ies. Modeling the flow of fluids through near-field fractured 
rock or through rocks of very low permeability Involves the 
development and testing of methodology for better characterizing 
such rnedia. Experimental data on the sorptive properties of common 
rocks for selected radionuclides are being obtained. Specifically, 
data on waste leaching[72,88], and isotope d1stribut1on[89] under 
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equilibrium conditions have been obtained for realistic 
environmental conditions expected either in a wet repository or in 
a deep aquifer environment; more recent experiments are focusing 
on kinetics of the phenomena rather than equilibrium conditions. 
In practice i t will not te possible to validate directly the mass 
transport model predictions for a particular site because of the 
extremely slow migration over thousands of years. 

The adequacy of plugging and sealing techniques for boreholes 
and shafts is vital for: 1) eliminating potential pathways for 
transport of radionuclides between a repository and subsurface 
water, surface water and the biosphere; and 2) preventing abnormal 
water flow into a repository. However, borehole plugging and shaft 
sealing are not new techniques.[90,91] Many research and develop
ment and in-field experiences are associated with borehole plugging 
in oil and gas production, in deep well disposal of chemical wastes 
and brine, and in other technical fields. There has also been 
substantial experience in sealing shafts, such as underground 
installations for storage of hydrocarbons and gases and in some 
types of mining and civil works. During recent years significant 
research has been underway to determine whether state-of-the-art 
sealing materials and sealing techniques can be applied to meet 
the more stringent requirements for geologic repositories. 
These requirements involve both the penetration and completeness 
of sealing or plugging and the unique longevity aspects. Research 
and development work on improved techniques for long-lasting seals 
and plugs is underway; additional work, both generic and site-
specific, is necessary to assure that initially adequate seals and 
plugs maintain their integrities and that test methods are avail
able for confirmation through localized monitoring of potential 
failure points. 

!>. REPOSITORY SAFETY ASSESSMENT 

An acceptable waste repository is one that is sited, designed, 
constructed, operated and observed in such a way that society can 
be assured that the risk of radionuclides leaving a repository and 
entering the biosphere in amounts or levels harmful to the public 
health is negligibly small. The safety of a repository is depend
ent upon all of the aspects discussed in the previous section on 
waste isolation, especially the site-specific features and the 
facts that the hazards of radionuclides decrease markedly with 
time through the natural decay and dilution processes. The 
technology for safety assessment, discussed below, 1s well advanced 
and being developed rapidly. 
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Actual tests of the behavior of a repository system cannot be 
performed. Therefore, mathematical models must be relied on, using 
data collected over relatively short periods of time, to assess the 
long-term behavior of a repository system. This is the principal 
means for understanding the effects of changes in the properties 
of a repository system, the effects of various design features of 
a repository system, and the effects of a repository on the 
environment. The assessment of safety is possible i f reasonable 
predictions can be made of the phenomena that might occur in a 
repository or i ts environment. (Because the f i rs t thousand-year 
period after waste emplacement is of primary importance,[92] 
existing conditions and relatively short-term seismic history are 
the most important geologic information needs.) Safety assessment 
basically consists of two types of activities-failure analysis 
and consequence analysis. 

5.1 Failure Analysis 

The f i rs t aspect of failure analysis, failure mode analysis, 
aims to identify mechanisms by which radionuclides could leave a 
repository, travel through surrounding media, and enter the bio
sphere. The most important part of failure mode analysis is the 
development of plausible scenarios with sequences of events and 
processes by which a repository system, with i ts multiple barriers, 
allows the release and transport of radionuclides from emplaced 
wastes. The end result is an estimate of the concentration of 
radionuclides reaching the biosphere with time. Such estimates 
require modeling of the geology, hydrology, and waste-rock 
interactions comprising event sequences. 

Much of the safety or risk assessment work to date has dealt 
with failure mode analysis for generic systems.[93-98] Although 
identification of dominant mechanisms of release should De a 
primary goal, the results of published work are inconsistent in 
this regard although the final outcomes agree as regards the low 
consequences of failures. This inconsistency largely reflects, 
as yet, a lack of knowledge of a system and how i t might behave 
in the future; assessments dealing with site-specific systems 
should have fewer limitations. More detailed analyses, now in 
progress, may lead to consistency in identifying dominant 
mechanisms, and possibly to event sequences that contribute most 
substantially to those mechanisms. 

Once dominant mechanisms have been identified, i f meaningful 
probabilities can be estimated, a second aspect of failure analysis 
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involves estimating the probabilities of the steps identified in 
the failure node scenarios occurring. Subsequently, the failure 
analysis leads to a risk assessment. For example, the potential 
risks associated with selected scenarios might be minimized either 
Dy reducing the consequences (e .g. , placement of the repository at 
greater depth to protect against major events at the surface), or 
by lowering the probabilities of an occurrence (e .g . , location of 
the repository in a stable geologic environment to guard against 
the possibility of volcanism or faulting). Risk assessments can 
also aid in development of meaningful site selection cr i ter ia, the 
application of which can reduce to negligible levels at least the 
risks associated with disruptive events and processes.[52] 

However, an important limitation in the abil ity to assess 
risk quantitatively lies in estimating probabilities of geologic 
processes and events ( i . e . , disruptions) occurring. Therefore, 
safety assessments may be based on: 1) seta of conservative but 
realistic scenarios developed and modeled for consequence analyses 
supplemented with 2) analyses of the sensitivity of the system to 
scenarios with more severe conditions than the realistic scenarios. 
This approach has precedent in other areas of nuclear safety and 
policy analysis directed primarily at near-term considerations. 

5.2 Consequence Analysis 

The final step in this repository safety assessment approach 
is the determination and evaluation of the consequences of the 
potential releases of radioactive materials as identified in the 
failure analysis. Codes are developed which typically quantify 
these potential releases in terms of radiation doses or human 
health effects. The results of the consequence analysis for a 
nypothetical geologic waste repository in salt[86], performed for 
the INFCE Working Group 7 study, wil l be summarized as an example. 

A severe geologic perturbation of this generic waste repository 
soon after sealing was assumed as a failure mode, although from a 
geologic viewpoint no sudden disruptive events would be expected to 
occur in a time frame of a million years to release radionuclides 
to the biosphere. Even with a great deal of conservatism (maximum 
fracture of repository, ^/ery high dissolution rates of waste, etc.) 
built into the scenario modeled, only two radionuclides (x I and 

Ra) eventually arrived at. the river 1n the defined site with 
ground-water concentrations above the maximum permissible drinking 
water limits. These concentrations must be seen in perspective 
by noting that salt-saturated ground water is about 1000-times 
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above the recommended drinking water standard for salt content; 
furthermore, when the ground water reaches the river it will be 
diluted by a factor of 106 to 10 . Thus, doses from river water 
were calculated and not from contaminated ground water because 
its salt concentration would preclude use as a water supply; 
calculations of these doses included all pathways associated with 
uses of river water. Even with all of the conservatism built into 
the scenario modeled, wastes reaching the biosphere resulted in a 
dose to the most highly exposed individual less than four percent 
of background dose. For this study, only one scenario was con
sidered; for an actual repository, more comprehensive studies 
would include numerous conservative but realistic scenarios as 
well as sensitivity studies to indicate which parameters would 
cause the greatest variations in concentrations and dose results. 
Thus, these parameters could be identified as critical to the 
repository siting and design processes and be given more emphasis 
in site characterization studies and repository design. 

In conclusion, it should be acknowledged that the accuracy 
of a safety assessment will be directly proportional to the degree 
of understanding of the system under analysis, the adequacy of 
mathematical models to describe phenomena of significance to the 
system, and the completeness and accuracy of the data. Given the 
uncertainties associated with predictive capabilities in the earth 
sciences,[99] with mathematical oversimplification of complex 
processes, and with the variability of rock properties and hydro-
geologic characteristics, totally accurate safety assessments of 
radioactive waste disposal in deep geologic formations may never 
De achieved; however, such accuracy is not required. Calculations 
of variations in key parameters are expected to suffice and 
provide the necessary degree of confidence in a safety assessment 
for a site. At present, the development of disruptive event 
scenarios and the analysis of consequences has progressed to the 
point that a particular site can be modeled and the dose to a 
population far in the future calculated. If calculated doses are 
very low, as shown in the example described above, even though 
further improvements in safety assessments may be desirable, they 
are not necessary for meaningful consequence analyses. 
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