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Introduction 

It is generally agreed that the most proximate solution to the 
problem of radioactive waste disposal is to place the waste into 
deep underground repositories mined in suitable stable geologic 
formations.1'2/3 Alternative methods of disposal such as in deep 
ocean sediments or in deep bore holes may eventually prove to be 
feasible but they are much further from implementation than mined 
repositories. Although the latter disposal method is subject to a 
number of technical questions which should be resolved to provide a 
complete understanding of the phenomena involved, there is 
sufficient confidence that safe isolation of waste can be attained 
in geologic repositories that planning should proceed on that 
basis. Indeed, many of these technical issues have been addressed 
for salt repositories and have been either resolved or adequately 
bounded. Other geologic media, such as granite, basalt, shale, and 
tuff, have been considered for repositories only in the past few 
years and, consequently, are not as well understood in this context 
as is salt, which has been under investigation since the late 
1950's. Nevertheless, in the past couple of years numerous 
questions about the details of salt repository behavior have been 
raised which, while they may be conservatively bounded and addressed 
by appropriate engineering design, can only be fully answered by 
conducting tests under realistic conditions of scale and 
environment. The principal technical issues facing geologic 
repositories will be addressed in this paper in terms of salt 
repositories, but the general issues, in most cases, apply in 
differing degrees to repositories in other geologic media. 
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Geologic Issues in Waste Disposal 
Geologic problems fall into two major categories: 1) obtaining 

sufficient information on the existing geologic and hydrologic 
environment to determine whether present site characteristics are 
acceptable and 2) understanding local and regional geologic 
processes sufficiently well to predict whether unacceptable geologic 
events are likely to occur in the near geologic future. 

Present technology in geophysical exploration, drilling, 
logging, mapping, hydrologic testing, and laboratory testing is 
generally adequate to allow site selection and characterization to 
proceed.* it is evident, however, that improved geophysical, 
remote sensing techniques would be desirable to enhance confidence 
in subsurface interpretations without requiring extensive drill hole 
penetration to the repository horizon. For the foreseeable future, 
most potential sites will ultimately require some subsurface 
horizontal exploration by drilling or mining to provide the degree 
of site "verification" necessary to proceed with confident 
development of a geologic repository. Another area of site 
characterization not easily performed is the regional determination 
of hydrologic parameters in fractured aquifers. Local testing may 
not be representative and several locations must be examined to 
provide statistical confidence in the resultant model. There are, 
however, no major controversies about the ability to adequately 
characterize a site for bounding consequence analyses, given 
sufficient time and money. 

The second major geologic problem area, forecasting the future, 
is not as readily resolved. First of all, there is a lack of 
agreement on the length of time for which a geologic repository must 
maintain its integrity or provide isolation from the biosphere. 
Estimates of the required isolation time range from several hundred 
years to a few million years depending on one's point of view. If 
one is willing to accept comparisons of radiotoxic hazard indexes 
with those of naturally occurring uranium ore bodies, then 
high-level waste isolation times of 1,000 to 10,000 years are 
sufficient to attain comparable hazard levels.2f5 Many geologists 
would be comfortable about predicting occurrence or absence of 
significant geologic events in "stable" areas for times as short as 
1,000 or even 10,000 years. For longer times the confidence in such 
predictions decreases markedly. There has been little experience 
with such predictions, however, and feelings about predictive 
geology derive mainly from observations of the geologic record and 
knowledge of rates of present day geologic processes. Improvements 
in age dating techniques would be of value in understanding process 
rates and establishing past chronological details for most potential 
sites. Deterministic geologic predictions from first principles is 
not now generally possible nor will it be practical within the near 
future. Consequently, when evaluating possible impacts of geologic 
processes on repository isolation, it is necessary to adopt 
conservative standards to assure acceptable bounds on the potential 
consequences. Judgments of experienced earth scientists will 
remain the principal means of extrapolation and projection into the 
near geologic future. 
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Waste-Host Rock Interaction Issues 
Many of the questions which are not yet fully resolved concern 

phenomena that occur in the repository rock due to thermal and 
radiation loading or between the waste and its immediate 
environment. Some of more significant aspects will be discussed in 
subsequent paragraphs. 

The first couple decades of work on geologic repositories 
assumed the geology and hydrology of the site would provide the 
principal long-term barrier between the waste and the biophere. 
More recently, the concept of "multiple barriers" has been adopted 
to provide increased confidence in the isolation system and to 
provide a degree of redundancy to compensate for the difficulty of 
predicting events and effects over very long time spans. 
Waste Form 

Within the set of barriers often discussed, the waste form 
itself may be considered the first barrier. Solid wastes which 
leach slowly under anticipated conditions of temperature, pressure 
and chemistry are desirable. Several such waste forms have been 
developed and tested in the laboratory.*>r7 There has been 
considerable debate in the past year over the adequacy of 
borosilicate glass, one of the leading waste form contenders. While 
it is true that borosilicate glass leach rates may be relatively 
high at temperatures in excess of 200°C, for temperatures below 
this level, i.e., those to be encountered in a repository, the leach 
rates are acceptably low. Other waste form contenders, such as 
"Synrock" (a crystalline material tailored to the environment) or 
"Supercalcine" may pro.o to have superior characteristics but they 
have not yet been produced on a large scale or received adequate 
testing.°»" Spent fuel itself has in recent years been considered 
as a possible waste form. Aspects of spent fuel not present in 
high-level waste - at least to the same degree - are the much larger 
quantities of transuranic isotopes and the presence of radioactive 
gases. The spent fuel contains about 100 times as much plutonium as 
high-level waste and this fact must be evaluated in long-term 
thermal loading of the repository, in criticality considerations and 
in concentration/dose estimates in repository failure scenarios. 
The gases put a higher premium on assuring canister integrity. 
These factors can all be accommodated by appropriate engineering 
albeit at additional cost. Thus, while the actual waste form has 
yet to be determined (and there may be more than one), there seems 
to be no technical impediment to producing an acceptable high-level 
waste form. 

Transuranic (TRU) waste is, at least to date, a waste type 
produced primarily by this nation's defense programs. Large volumes 
already exist, at several government facilities, either in shallow 
burial grounds (prior to 1970) or, since 1970, stored in retrievable 
fashion. Presently these wastes are unprocessed and the principal 
concern with respect to their composition relates to their organic 
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content and the potential for creating fire hazards, long-term 
generation of gases, and enhanced mobilization of radionuclides. 
Studies conducted for the Waste Isolation P?'lot Plant (?JIPPj 
indicate the jotential repository risks can be safely accommodated 
in tiie WIPP m ce-specific environment but other considerations 
and/or site environments may make incineration and stabilization of 
these TRU wastes desirable.^" This decision on whether or how to 
process defense TRU wastes has yet to be made. 
Waste Canisters 

Typically, in safety assessment calculations, waste canisters 
have been relied upon for isolation only during handling or storage 
of waste and not for long-tern isolation. The multiple-barrier 
concept, however, can effectively utilize the waste canister to 
provide complete protection for the waste for several hundred years 
after disposal. This period of time is significant because the 
fission products and thermal output (and consequently, chemical 
reaction rates for processes such as leaching) will reduce to much 
smaller values within this time span. Laboratory studies have shown 
several materials are candidates depending on the anticipated 
environment. Even in hot brines, which conceivably could contact 
canisters in salt repositories, titanium alloys will maintain their 
integrity for several hundred years.Hi 12 Laboratory studies have 
shown that radiation effects may accelerate corrosion and must be 
considered in evaluating corrosion rates of metals in fluids. 
Corrosion is a minor problem under dry conditions such as in a 
properly designed salt repository. In any case, existing technology 
is adequate to designate an appropriate canister design to assure 
complete containment for several hundred years or more if required. 

Backfill Barriers 
Another engineered barrier which may readily be employed is an 

appropriately designed backfill material placed around the canister 
and perhaps, in some repositories, in the drifts. This material 
must be highly sorptive for the isotopes of concern under the 
environment which could be present. Clay materials, such as a 
sand-bentonite mixture, have shown considerable promise in retarding 
isotope migration. Other materials may be preferable to reduce 
water penetration or to immobilize small quantities of brine. These 
backfill materials need to be evaluated under field conditions, as 
well as in the laboratory, to optimize their chemical and physical 
properties to the site specific requirements. Laboratory studies 
indicate that for a postulated WIPP environment which assumes the 
presence of brine, clay-based getters around the canister would 
retard TRU isotopes for more than 1,000 years and fission products 
for several hundred years. 1 3 

Thermal-Structural Phenomena 
Disposal of high-level waste or spent fuel in a geologic 

repository will heat the surrounding rock and establish a 
temperature and thermal gradient in the rock which depends on both 
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the waste and the rock characteristics. Maximum temperatures may be 
controlled by spacing of canisters, dilution, and/or aging of the 
waste. T^e phenomena of concern vary with rock type but some of the 
principal issues are the following. 

Brine migration is an issue only for salt repositories. There 
are two principal concerns: canister corrosion and alteration of 
the physical properties of the salt around the canister. Brine 
migration has been studied intensively in the laboratory and the 
magnitude of the adverse phenomena can be bounded even though 
complete understanding does not yet exist. 1 4 Full resolution of 
brine migration questions will require extensive field experiments 
where realistic repository conditions can be simulated or 
reproduced. However, the total amount of brine which could be 
expected to migrate into a high-level waste canister from a host 
rock with 0.5% brine inclusions is on the order of 10 to 20 liters. 
This amount of fluid can readily be isolated from the canister by 
either chemical or physical means. Even if canisters susceptible to 
corrosion were used and no preventive measures taken, the amount of 
brine available would only cause minor corrosion before being 
depleted. Consequently, the canister corrosion aspect does not 
represent a hazard for either possible retrieval or long-term 
isolation. The remaining issue, alteration of physical properties 
of the salt, has not yet been as thoroughly examined. The principal 
concern is that as the brine inclusions migrate up the thermal 
gradient, multiple chemical phases can develop and lead to a 
relatively large mass of fluid in proportion to the amount of water 
present. Laboratory experiments are underway to determine whether 
the shear strength of salt is significantly lessened by the possible 
accumulation of brine along grain boundaries. Calculations of the 
anticipated phenomena lead one to expect that major weakening of the 
rock will not result and, consequently, major canister migration 
will not occur. This question, however, needs to be tested in the 
field under realistic conditions of environment. 

Creep deformation of repository host rock is a concern limited 
to salt or shale repositories. This behavior, while desirable for 
long-term isolation, is a phenomenon that must be well understood to 
allow rooms and drifts to be designed for short-term stability. For 
salt there is a large amount of laboratory rock mechanics data which 
establish its general behavior as a function of pressure, 
temperature, and time.15rl6 some field data exist from 
measurements in potash and salt mines and from Project Salt Vault. 
The latter project evaluated the effects of heat and radiation on 
salt in an existing salt mine in Kansas. These data are adequate to 
bound such problems as canister and/or repository buoyancy but 
aspects such as short-term repository room stability must be 
evaluated utilizing site-specific parameters.1'>18,19 A s with many of the preceding issues, in situ, site-specific experiments 
will be required to allow optimized design. 

For shale and hard-rock environments, the mechanical behavior of 
the surrounding rock mass is less well understood. In most brittle 
rock the medium, when heated, will not react as a solid homogeneous 
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mass but as an assembly of discrete blocks bounded by joints or 
fractures. Predicting behavior of this type of repository system is 
more difficult, in part because it is difficult to characterize the 
rock mass well enough to model it accurately and in part due to the 
state of the art in modeling fractured brittle rock subjected to 
heat and stress. 

Another phenomenon requiring modeling is that of thermal effects 
on the hydrologic system. This is more significant for hard rock 
repositories where fracture permeability may allow groundwater 
movement close to the heat source. If the hydrologic system is 
defined, calculations can now be performed and the consequences 
bounded. Full-scale testing to evaluate this phenomenon may or may 
not be useful depending on site specific parameters. Field tests 
and in-situ experiments are particularly important in hard-rock 
media to gain experience and confidence in numerical calculation of 
repository behavior. 
Radiation Effects 

Radiation effects on the host environment have been studied in 
the labor-tory. Concerns about "stored energy" due to 
radiation-induced crystal lattice defects have been alleviated by 
establishing the limits on the energy involved and by evaluating the 
consequences of releasing the energy.2" Gamma radiation may cause 
radiolysis of water or brine near the canister, and this may affect 
other processes which are due principally to the thermal field. 
Canister corrosion can be accelerated due to radiolysis of brine and 
local radioisotope sorption may be decreased by radiation induced 
redox reactions. Neither of these phenomena need present a problem 
as long as they are anticipated by the engineering design. 

The near-field phenomena discussed in preceding paragraphs can 
be verified by performing experiments and comparing results with 
laboratory based or calculational predictions. Far-field effects, 
in most cases, cannot be directly validated because of the long 
times required for the phenomena to manifest themselves in a 
detectable manner. Confidence in far-field predictions can only be 
obtained by establishing the accuracy of near-field, short-term 
predictions coupled with development of sufficient understanding of 
the processes involved to permit extrapolation to the long term. 

Borehole Plugging 
Since all geologic repositories will utilize access holes and/or 

shafts from the surface, complete isolation of the wastes will 
require satisfactory means of plugging this access. The design of 
plugs will be dictated by site-specific conditions and vary in 
chemical and physical properties to accommodate those conditions. 
All plugs must provide good initial seals against penetration of 
water and in addition must provide a high confidence in their 
longevity. Present engineering technology has established that 
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competent short-term seals can be obtained from cement-based 
grouts. Extensive laboratory and field test experiments are 
presently underway to extend this capability and to understand the 
reaction kinetics so th<=i-. the longevity of the grout-rock seal can 
be established.21 For ,:ocks which creep, such as salt, plugs of 
natural materials similar to the surrounding rock may be used in 
intervals where rock deformation is anticipated. Compaction and 
recrystallization can then be counted on to provide an eventual plug 
virtually indistinguishable from the host rock. Experiments are 
underway to better understand the rate at which this behavior will 
proceed. 

Safety Assessment 
Many public concerns for repository safety are asssociated with 

long-term effects which are not expected, and cannot be measured, 
over the short term. Therefore, the only way of quantitatively 
assessing long-term safety is to perform calculations using the best 
available models of the site geology and hydrology and the best 
understanding of the many interactions between the waste and the 
host rock. Typically, where some uncertainty may exist, 
conservative values of parameters are used to assure that the 
calculations bound the deleterious effects. Some repositories may 
have an anticipated natural "failure"' mode whereas others may 
require that various failure scenarios be arbitrarily assumed. 
Non-natural failures, such as penetration by man, must be considered 
a possibility for every repository. The consequences of such 
repository breaches can be determined in terms of isotope 
concentrations in aquifer waters or potential doses of radiation to 
man.22 once a repository breach is assumed to have occurred, the 
most significant portion of the pathway to the biosphere is the 
hydrologic system and the behavior of isotopes in that system. 
Consequently, it is important to develop good models of the 
hydrologic transport, including such aspects as flow due to fracture 
permeability and isotope retardation due to sorption and chemical 
interactions. Generic studies of these features are well advanced, 
but site-specific and mo/e realistic modeling are necessary to 
achieve adequate confidence in the predictions. To extend 
consequence calculations to obtain "risk" estimates requires that 
meaningful probabilities be assigned to the occurrence of geologic 
events or man-made intrusions which could breach the repository. It 
is unlikely that meaningful, quantitative probabilities will be 
agreed upon in most instances. For most realistic failure scenarios 
the consequences must be relatively benign or the site must be 
considered unacceptable. For some catastrophic failures with large 
potential consequences (such as a large meteorite impact) and for 
which some basis of estimating probability exists, risk assessment 
may be an appropriate way of viewing long-term repository safety. 

Summary 
The status of technical understanding regarding radioactive 

waste repositories in geologic media is improving at a rapid rate. 
Within a few years the knowledge regarding non-salt repositories 
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will be on a par with that which now exists for salt. To date there 
is no technical reason to doubt that geologic repositories in 
several different geologic media can be safely implemented to 
provide long-term isolation of radioactive wastes, indeed, for 
bedded salt, there is now sufficient knowledge to allow all the 
identified phenomena to be bounded with satisfactory resultant 
consequences, it is possible to now proceed with technical 
confidence in an orderly development of a bedded-salt repository at 
a satisfactory site. This development would call for in-situ 
experiments, at the earliest possible stage, to confirm or validate 
the predictions made for the site. These in-situ experiments will 
be necessary for each repository in a different rock type. If, for 
non-technical reasons, repository development is delayed, field test 
facilities should be located as soon as possible in geologic 
settings typical of proposed repositories. Extensive testing to 
resolve generic issues will allow subsequent development of 
repositories to proceed more rapidly with only minimal in-situ 
testing required to resolve site-specific concerns. 
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