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FORE %*ORD
.

A major Federal effort is underway to develop methods of disposal of high-
level radioactive vaste. An important ele =ent of this program, scheduled
for early completion, is the development and promulgation by the Environ-
sental Protection Agency (EPA) of environmental standards for such materials.

In conjunctica with its efforts to develop these standards, E?A is using
state-of-the-art techniques to estimate the expected and potential environ-
mental impacts from potential waste repositories, including repositories in
deep geologic formations. It recognites, however, that there may be signi-
ficant uncertainties and centroversy regarding knowledge of rock properties,
hydrogeology, and other factors, especially as they relate to the ability to
provide long-term containment of radioactive wastes.

Therefore, in order to assure the protection of public health, EPA believed
that an expert panel was needed to evaluate objectively the adequacy of
basic knowledge in the perrinent earth sciences for reliably esti=ating

*

environmental impacts.

In March 1977, the Enviromnental ??otection Agency contracted with Arthur D.
Little, Inc. , Ca= bridge, Massachusetts for technical studies of high-level
radioactive waste disposal using deep geological repositories. Directive
of Work No. One under this contract, issued in June 1977, required that the
centractor, in conjunction with the EPA Project Officer, select the Ad Hoc
Panel of Earth Scientists comprised of nationally recognited experts in tha
fields of geology, geochemistry, gechydrology, rock =echanics and other
applicable disciplines in the earth sciences. The Panel's basic charge was
to perform an independent evaluation of the adequacy of the state of know-
ledge in the earth sciences for reliably esti=ating the environ = ental impacts

Ito be expected from the disposal of radioactive waste in deep geologic for=a-
tions, to provide guidance to E?A regarding the uncertainties inherent in Im

estimates based upon such knowledge. This report was prepared by the Panel
in response to its charge.

The Panel conducted its work and formed its conclusions independently of
Arthur D. Little , Inc. , EPA, or any other agency. EPA and its contractor
provided only administrative services and such procedural assistance as the
Panel requested.

v
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PREFACE

In August of 1977, a panel of geologists, geochemists, and geophysicistwas brought

Environmental Protection Agency (EPA) to evaluate the sta:e of knowledtogether by Arthur D. Little, Inc. , under assignment by the
s

in :he earth sciences relevant ge
to environmental aspects of the disposal

of high-level radioactive wastes (KLW), by deep burial on the continents
This report presents the results of the panel's work in 1977 .

.

This report
of individuals and research groups in government,contains our evaluation, based on the available written reports
versities; as well as =eetings of the panel, subgroups of it, industry, and the uni-
members with several individuals currently active in this field.or individual

Waste Isolation (OWI) at Oak Ridge. met as a group with members of the Arthur D. Little Staff and the Offi
We have

ce of .

We have tried to find out the nature of the pertinent efforts at other
government agencies and their contractors, including groups of the Depar:-
=ent of Energy (DOE), formerly the Energy Research and Dev l
(ERDA) and the Nuclear Regulatory Cc= mission (NRC), Arthur De opment Agency
Battelle Northwest . Little,

(USGS), Sandia Laboratories, Los Alamos Scientific LaboratoryLaboratories (BNWL), the United States Geological Survey
3erkeley and Lawrence Livermore Laboratories (L3L and LLL), and Lawrence

to have made a detailed and comprehensive survey of all of thisWe do not claim.

ti=e nor =anpower allowed : hat. work; neither

We have attempted to assess the research that has been or is being d: hat is planned, so as to identify what needs cost one, or
!

to be known in the earthsciences in order to per=1:
following deep burial. reliable prediction of the behavior of ELW

We do not sake judgments on the seri: !research effor: of any specific
!of any organication or individual.

out what is known and what is not. Our aim is simply to find

We have taken as our charge an assessment of the state of the ar:
depth under the land surface. geological sciences that relate to the disposal of radioactive wastes at somof :he !

e !

characteristics of the rock materials at depths comparable to those en-Ecw well do we know the physical and chemicalvisioned for waste disposal?
How reliably can we calculate such diverse

logic flew rates in lev-permeabilley rocks? quanti:ies as rates of chemical reactions around waste containers and hydro-

Can we predict iof changes
si:e in the future?in the current geologic regime that might affectthe likelihood :the storage'

!

Wa include in our charge judge =ent of the confidence with which wpredict the exten: of transport. e can

relates to cer:ain kinds of geologic formations in various tectonicof radioactive materials and how this
and surface environmental settings, but we do not j

assess the =erits iof any particular site.
We censider three phases of the problem: i

(1) what we can do now,
'

l

l

'

1 .

'
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(2) what we can find out within the short term--a year or two--
that will allow us to do much ,better, and

J

(3) what we can determine only after several years of well-
!planned, careful research.
!

I=plicit are the questions : do we know h'ov to formulate the right specific'

questions and can we expect to obtain answers of sufficient accuracy to
suffice for our needs?

Increasingly earth scientists are being called upon to predict future geo-
logic phenomena specifically. Earthquake prediction is relatively advanced
because of the important research of the past f ew years; prediction of
climatic change is an actively researched subject. Short-term prediction

of volcanic eruptions is possible now. On a less spectacular level, hydrolo-
gists can predict with f air accuracy the behavior of ground water flow under
various pumping regimes. Yet most of these predictions are valid over time
scales of days, or a f ew tens of years at most. In contrast, our ability

to predict in any but the most general way over times of thousands of years
is poor, yet this is the intetval over which we must forecast if an under-
ground HLW repository is to be safe for future generations.

Our study is intended to inform the EPA of the nature of the advice that it
is getting and can expect to get from competent earth scientists who are
knowledgeable about the various aspects of , and current developments in, the
background science of the problem. From such sources the EPA should expect
assessments and predictions that are solidly based upon current knowledge,
not hypothesis and extrapolation from inadequate or inapplicable field or
laboratory data. Above all it should be remembered that the Earth--or any
s=all part of it--is an extraordinarily complex and heterogeneous assemblage
of materials, constantly subject to slowly acting forces . Attempts to model
its behavior .La this case must rely not simply on the best data that are

_

readily available but on sufficientiv cood data that are truly pertinent
and on a consideration of all of the i=portant factors that =ay affect the

In any case, we must know the reliability of any estimates beforeoutcome.
we can use them as a basis for practical decisions.

In assessing the possibility of loss of integrity of a disposal site, we
; have considered that total contain=ent is desirable. Realistically, however,

some lo'ss of radioactive material, albeit small, appears likely. We have'

addressed the question of esti=ating the amount of contamination to the
biosphere. It is worth noting that estimates of (and regulations concerning)
=aximum permissible levels of radioactivity in different phases of the biosphere
have been lowered over the years since World War II, and we must assume that
this trend will continue into the next few centuries.

la preparing 'this report we have been assisted by the =any individuals who'

have talked with us, sent us reports of research in progress, and informed
us of where work is going on. We have consistently found a high de' gree of
cooperation, which has made this task easier, and for which we are grateful.

i

viii
|
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.;e acknowledge the important contribution of Arthur D. Little, Inc. , in
gtaging us together and infoming us of their work, f acilitating our task,
. nd seeing our report through publication and submission. k'e alene , however,
are responsible for the contents and conclusions of this report.
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pAgT I: BTRODUCTION AND STATE'.M OF THE PROBLEM

The L petus for addressing the questions we seek to answer is the necessity
for long-term storage or disposal of various kinds of long-lived radioactive
vastes that already have been generated by nuclear processing plants and
teactors and that will be produced by current and future nuclear power

We consider high-level wastes of two categories :reacto rs .

(1) those generated by the reprocessing of spent fuel rods, and

(2) the unprocessed spent fuel rods the=selves.

Vastes of both kinds must be stored in such a =anner that leakage from the
deeply buried repository to the biosphere will be inconsequential to public
health over the times during which the stored =aterials remain sufficiently
radioactive to be hazardous. Thus we consider a taximum ti=e scale of5hundreds of thousands (10 ) to a few million (100) years, but pay special
attention to the dangers of leakage over shorter ter=s up to a thousand
years , when the levels of radioactivity are highest.

Unlike ordinary engineering problems, there is no experience with long-
ters, sealed underground storage of such materials, and thus no foundation
of e=pirical knowledge upon which to build. Almost all of our experience
with underground openings relates to technologies designed for removal and
extraction, such as mining and pu= ping for water, oil, or gas. There is
some li=1ted knowledge from the underground storage of gas , oil, and water.
However, s=all leaks of these materials would not be significant and,therefore, are not studied.

The engineering design of underground openings such as those envisioned
under various ELW storage plans is like nothing ever developed previously.
This basic difference ste=s mainly from the addition of radioactive heat
to the normal geother=al temperatures at the relevant depths on the order
of 500 m.,

We asse e that a safe underground repository requires a volume of rock in
a stable geologic environ =ent. We envision s Jrage in an area that is
subject neither to frequent, high-enetgy earthquakes nor to volcanic eruptions.
'*ariations in the hydrologic regime due to cli=atic variations of rainf all.

and evapo-transpiration sust not jeopardize the safety of the biosphere
from HLW contamination. Abeve all, we assu=e that a rock environment is
requiied that is sealable and has a minimal permeability for fluids and
the radionuclides that =ight become dissolved in them.

The rocks that now seem to be most suitable are salt, shale , basalt , and
eartain rocks of the granitic clan, but anhydrite and some impermeable |
tuffs =ay be worth considering. Other co= con rock types , owing to their
per=eability or chemical reactivity, are not worth serious investigationat this ti=e.

i

l
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A central consideration for a great =any questions is :he type of vaste
to be stored. Until recently storage sche =es have been predicated on the
reprocessin3 of spent fuel to ELW and its subsequent combination in con-
centrated form to produce a calcine, ceramic, or glass cylinder encased in
a =etal canis ter. S=all in vole =e, these canisters develop high te=peratures

in the first f ew years , when short-lived radioactivity is at its highest level.
For the first 10 years or so the =aterial would have to be stored above ground

! in order to allow rapid heat loss. Af ter this ti=e, during the initial period
,

of underground storage, the canistars =ay reach ce=peratures of 300*C or = ore,
depending on the :hermal conductivity of the surrounding rock. Neverthe-
less, these canisters enclose the HLW in a for= that is designed to be
far = ore resistant to corrosion and leaching by formation waters than
unprotected spent fuel rods would be.

Storagg of spent fuel rods presents fewer hea: proble=s: the radioactive

=acerials are in less concentrated form and would not be expected to reach
te=peratures greater than 100*C. However, the rate of corrosion of the fuel
rods would be =uch greater, and great reliance would have to be placed on
the i=per=eability of the surrounding rock :o contain the ELW. Although
relatively li:tle work has been done on the leasibility of storing spent
fuel rods, current federal policy f avors this option.

Reprocessed ELW or unprocessed spent fuel rods both contain a mixture of
short- and long-lived radioactive ele =ents of two kinds, in addition to
the unconsu=ed 238U and 235U. These are the fission products such as
137Cs and 90Sr, and the transuranic (TRU) ele =ents such as Pu, Np, A=,

and C=. Fission products and transuranics have different che=istries,
as well as a range of radioactive half-lives, so that we =ust crnsider
a variety of geoche=ical reactions with host rocks over ti=e scales
ranging from a hundred years to a =illion years.

We know all of :he decay constants for thesa materials sufficiently accu-
rately, but there is a wide disparity in our knowledge of their che=istry
and geoche=istry. In particular we know lictie aboun how these =a:erials
react with real rocks and =inerals at the te=peratures and pressures expected
in the subsurface. For exa=ple, the few laboratory da:a on the adsorption of
Pu on " desert soil" or even "=ent=orillonite" a: 25'C and at=ospheric pressure'

fro = relatively dilute solutions are inadequate for predicting the sorption
of Pu on a rock at a te=perature of 200*C and pressure of 150 bars. Such a
rock =ay contain an asse=blage of =inerals : hat includes partially devitrified
volcanic glass ; several :eolite =inerals such as analc1=e, =ordenite, and
clinoptilolice; plagioclase feldspars; and several varieties of s=ectice
=inerals, each with its own variable chemical ec= position and different ion-

|
exchange characteristic . The ock =ay contain highly concentrated brines

j with a mix:ure of dissolved salts that =ay radically alter cation exchange

|
reactions.

l The reliabili:y of our esti=ates of the geologic future of a repository for=a-
tion f alls of f Jr:=atically wi:h ti=e because of the long time scales of =any!

geologic processes and the unpredictability of =ane geologic events. Beyond a

few hundred years our estimates beco=e rather une nin; beyond 10 thousand

2
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years they becoce marginally reliable; and for times greater than a million
years they become so poor that they become little better than guesses. Of
course the reliability also depends on where the reposito.ry is with respect
to the tectonic framework of the continent. We can be =uch = ore confident
of the stability of old granites on a Precambrian shield than of young
basalts near a cectonically active continental =argin such as the Pacific
coastal regions of the U.S.

|Finally we =ust confront the issue of retrievability of the ELW over a !

specified time period. Because high-grade uraniu= ore resources are limited,
it may be desirable at so=e future time to recover unprocessed fuel rods and
reprocess them for what =ay have become much needed Pu and U. Indeed,. it
would appear that a breach of the repository in order to cine the U and Pu
could be a serious probles for the future.

:

The geological si:e selection criteria for and engineering design of re-
{positories will be strongly affected if retrievability is dee=ed to be de-
|sirable. It is unlikely, for exs=ple, that spent fuel rods could be safely j

recovered from a repository in sale = ore than a few tens of years af:er emplace-
=ent and backfilling, for by then the salt would have completely sealed the open- )
ings. Storage in granite or shale sigh: be more desirable if long-ter= =echanical I
stability is required. As yet there is no firs policy. We =ust consider
the state of knowledge concerning the reopening of underground workings in

,

the rock types proposed for storage and how such reopenings--or =aintenance 1

of a tightly sealable, open shaf t--aff ect the choice of storage repositories. {
.

Eere again we are faced with lack of experience, for in ordinary mining
operations, openings are usually abandoned after working, with no thought
of returning. Though there has been seme reworking of sines in a few places,
these are highly ha:ardous because of the danger of roof-f alls in a deterio-
rated =ine. It is well known that keeping any underground sine open and
clean requires constant maintenance and checking of rooms and entries. The
deeper the mine the greater the danger of rock bursts and floor heaving,
the = ore so because accumulated strain in surrounding rock may build up over>

a long period of ime and then suddenly give way by failure.

Retrieval =ay only be feasible so long as an active crew is kept at the
repository site, perhaps then for only a relatively shor: nu=ber of years,
5 to 10, while :he repository is being filled. Ne assume that cons tan t
underground hu=an surveillance for significantly longer periods of ti=e is
unlikely.

In the sections that folicw we discuss specific details of the integrity
of the storage asse=bly itself, the nature of the various rocks in relation
to their suitability for storage, the transport of radionuclides through !|rock barriers, the hydrologic regimes , and the probability of disruptive i

| geological events.

i
.

3 |
,
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PART II: THE CONTENTS AND PROPERTIES OF THE CANISTER

Most planning to date for possible designs of HLW storage and disposal
systems deep underground has included several stages of containment in
case parts of the system were breached. These stages usually include:
the resistance of the waste, in whatever form, to leaching and transport;
the resistance of the metal canister to corrosion or other loss processes;
possible special materials placed immediately around the canister; the
geological for=ation intc which the repository is to be placed; and the
nearby geological for=ations surrounding the host formation itself. These
containment stages have permitted computation of a variety of ti=e delays
prior to possible release of the HLW to the biosphere. The various medel
computations utilized have differed in the nature of the materials employedand their geometries.

The nature of the ELW-containing " vessel" cannot be defined clearly because
no firs decisions have been made concerning a number of parameters to be
listed below. By " vessel" is meant the canister and its concents, plus any
packing placed i==ediately around the canister on out to the undisturbed
rock wall. The parameters that have not been defined include:

The composition of the canister waste contents. Tha* is
e

the relative proportions of fission products (238g + 13ag),
and TRU elements are not defined because 1: is not known
if the nacerials will have been reprocessed, or even if
spent fuel cods will be placed in the canisters directly.

The compositicn and phases of the canister contents. This
e

includes the iner: (radioactively) =aterials used as " binders."
Glasses, calcines, and cerz=ics have all been suggested as

.possible candidate sacerials into which the ELW could be
inco rporat ed.

l

The "=1x" and concen: ration of the ELW in the canister.e

This affec:s the heat production este and its variation
with time.

|The nature of the canisters. It is generally assumed thate

the canisters will have approx 1=ately a 1-f t inside diameter
and an approximate 8-f t length. It is not clear what mate-
rial (s) will be used to make the canisters. Steel, stain-
less steel, and molybdenum have been named as candidates,
but this is clearly not an exclusive list. Wall thicknesses ,

*

appear to have been considered for purposes of transport or
.the contents to the repository only, ',i

iThe nature of the packing around the canisters. This has !;
e

included as candidates: metal sleeves useful if recovery '

at a later date is desired; :eolites or clays with high
| ion-exchange capacity; crushed rock of the type in which

.

h
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|
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the repository is placed; this same rock or other material
cemented together; some combination of these.

It should be clear that much of :he uncertainty concerning the basic
charac: eristics of the repositcry resices in two steas : policy decisions
have not yet been made and accepted generally, concerning whether or not
the materials will have been reprocessed, and whener or not to provide
f or retrievability of the EW for time scales of cecades. The consequences
of these policy decisions concerning the mode of EW disposal night, in
fact, eventually result in revision of the choices =ade with respect to the
form of the vaste, storage, rock type, and site.

II.1 TE INTEGRITY OF T*G EW AND ITS MATRIX

Several materials have been proposed for mixing with *the EW so as to pro-
vide a solid composite that would resist leaching or other loss of the EW
in the event of canister breaching. Included are calcines, ceramics, and

glasses. The possibility that the leaching solutions would be acid has
argue.; c. gainst the use of calcines, since they are not very resis: ant to
such attack.

The u s of cara=1cs may be viable, but not enough work has been done to
de=enn rate that. In view of some of the dif ficulties with glasses to be

discussed shortly, ceramics =ight well be worth more intensive study. They
-

hr". :he advan age tha: they are already crystallized so that devitrifica-
::. :n :.s not a problem. Questions concerning their stability and resistance ,

to leaching under :he local pressure and temperature condi:1ons of the solu- |

tions that are likely to exist need to be explored. |

Various glasses have been suggested as suitable products to be placed into
the canisters. The ability to make a homogenecus phase that will fully
occupy the canister shape, the good compressive strength, and the =oderate
resistance to solu:icn, all are posi:1ve arguments for :he use of glass.

There "e two phenomena that can generate serious problems in the use of'

glassas, however. These are that glasses are not stable, but will tend to
devitrify; and that it is possible that e *.utions of high ionic strength
will leach the glass at the ambient temperatures around the canister.

Two aspects af f ecting the possible devitrification of glhsses have not been
adequately investigated. The first is the high radiation flux from aloha

particles. These can create considerably more recoils and damage than beta
particles and gac=a rays. It is pri=arily :he latter that have been used in
tests for devitrification. With the new possibility that unprocessed fuel
rods will be used, or that the EW might be mie into a glass without prior
separation of the U and Pu, the dose of alphe tarticles will in.rease
= ark 2dly. The devitrificaticn will also be s. .inced by the pres nce of
wa:rr, particularly high ionic strength solutt ns, at somewhat elevated
te=peratures. We are unaware of any tc . s cot. . .cted on any of the proposed |j'
types of glasses that show the effects : high dosages of alpha particles '

imposed on glass during i==ersion, in likely corrosive solutions, at the
various temperatures from 300*C on down. It would not be at all surprising

|
-
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ito find that the integrity of the glass was lost over ti=e scales of a I

decade, instead of the millenia that are now computed on the basis of the
resul:s of dry tests with ga=ma and beta radiation. {

.'-

The consequences of devitrification are the formation of one or morecrystalline phases. Such processes co==only result in the for=ation of
materials with simpler chemical compos 1:1ons than the glass. The newphase excludes impurities.

If the impurities include che class of,nuclides i
that

are the fission produe:s or TRU's, then these will end up in inter- n
granular boundary areas.

Leaching of these would then be relatively easy,
and the bulk of the original glass need not even go into solution, but could :.

!remain as relatively non-radioactive crystals.
E'

The other area that
if no devitrification is assu=ed to occur. requires demonstration is the leaching of glasses, even
with solutions at Experiments need to be conducted

temperatures as high as those that =ay occur in the can-
ister, clearly higher than 300*C in some cases and possibly in excess of500*C.

These solutions should include the likely ones for the p;cposedsetting:
such as concentrated brines, including the variety of bic: erns

'

: hat exis: as fluid inclusions in some rocks. !

!
At this point,

tion into a glass will ensure resistance to si nificantthe Panel believes that there is no evidence that incorpora-
3 leaching over timescales of a decade.

We wish to make clear that this is an area in whichexperiments can be done.
able to answer the question reasonably well.If carefully controlled, such s:udies should be

,
'

IIn the event that contain=ent by the glass was necessarily a short-term t

phenomenon, che primary defense against migration of radionuclides to the
'

,

biosphere would clearly have to reside in the other containment
'

referred to at the beginning of this sec: ion. We assume that it is ofstages

little i=por:ance whether the glass releases some radioactive vaste in ti=es |
of a decade or hour, since the ef f ec: !
conpared with the ci=e scales of interestwould be essentially instantaneous Ifor RUJ. We shall assu=e , there-fore, : hat

ing solutions.the glass presents no significant barrier to transport by leach- ,

i
S

If the spent fuel rods are placed direc:ly into the canisters, or are no:
&

changed chemically (that is, they may be crushed and pelletized), we know {Lof no data concerning the ease with which such =aterials will be leached.
It would be expected that the =aterial, is so far out of chemical equili-

'

brium with the hot solutions that can reach it, however, that a significan \.
a=ount of solution would occur. We see no safe alternative at this point fkbut to assume instantaneous access to leaching solutions.
constraint we see here, as w1:h the glasses, is the degree to which theThe li=iting i|
individual ions are soluble, either as those ions or as complexes.

'

-

{
In dealing wich questions of devitrification kinetics, solution of the k

various co= pounds and glasses, or solutien of the apent J 1

rials the=selves, some ite=s should be noted. fuel rod = ate- {
Perience of those of us who work in this area- It is the repeated ex- !

,

,

,' ','

'
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e that rates measured in dry systems of ten are orders of
magnitude slower than those measured in wet syste=s ;

i
that races measured with pure water or dilute solutionse
are often far slower than those in concentrated solutions,

particularly if the latt.r are at high or low pH; and

e that complexing of ions (by making chloride cocplexes, as
an example) may per=it considerably higher concentrations
of the cation in the solution.

Transport of ions in such cases would clearly be faster for the same
i

volu=e of solution.

The use of some data in this area in the mathe=atical =odels that have
been constructed for HLW is justified as the only information then avai'lable.
Eovever, we should not lose sight of the major discrepancies possible between
availaole data and those that are needed to bear directly on what the models

are trying to determine.
;

Until it 13 demonstrated otherwise, we conclude tentatively that a loss of i
in e.;rity of the ELW matrix in a repository would result within a very short '

time of the e= place =ent. This short ti=e could well be less than a decade.
In view of the need to =aintain isolation for ti=e scales of centuries to
one si..Lon years, it appears safest to consider the materials in the canis-
ter primarily f rom the aspect of what is being dissolved and transported
racP r f .n as barriers of any consequence.

Soc: cor.cnts are in order concerning the nature of the solutions that sight
,

attack the canisters and th nr con: its. It is clear that the rock type
will affect to scme extent the nature of th; solutions.

A f. .nently discussed candidate lithology for a . ep. f ttory . sal . Ob-
serva.- n in salt eines has shewn that chambers cut into son-- salt lepositse

rcrain cry indefinitely, suggesting the long-term safety fron water that .s

dc -d for ELW. Closer inspection of salt, however, reveals that the
crysta : do contain significant a=ounts of water as fluid inclusions and i

along intergranular boundaries, t..-k done by Roedder and by Stewart (to |

be discussed in Part IV) suggest:. cat a potential hazard exists hers. The
fluid inclusions in the salt decrepitate (burst on heating) at comparatively |;

! low .: atures , which seans that they are reasonably certain to do so in !
the vie. 'ty of the canister as the te=perature rises following emplacement. (
Decrepitaston is quit- likely to acur at temperatures in the general
vici,ity of 150*C. If we assume r.tt the wall temperature of the canister

; will ea_h 300*C, a stinificant . : r of water . 4e be available. This is
'

most lit in bedded ,alts where water =ay be ir .; cess of 1.i of :e rock.
It becocs; t= perative to deternine if similar acc.. ts of watet exist in the

salt of salt do=es. |
|
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The process of =igration of va:er up ther=al gradients in salt has been ..

described numerous times. It is cited here to =ake the point that the ;
canister is likely to be bathed in water soon af ter e= place =ent. This ;
water would, of course, be saturated wi:h salt. At the te=peratures en- i
countered at the wall, the concentration is considerable (as will be i

discussed). E
=
E

The availability of water in shale deposits is considerable. This is !

water nor= ally tied up as water of hydration in the clays or as OH ions [
in the structures of the' clays and =icas. The high te=peratures a: the _E

canister wall will suffice to release sc=e of the water. Again, the water

will contain a variety of salts in solution. These will derive from the
'

cations in and on the clay particles. As a result, the co= position will

differ fro = that of an evaporite unit in which the salt unit itself will
tend to dominate the co= position. If the sal: is largely halite, so will _

be the solution. In the case of the shale, the solution =ay derive from

sal:s : hat were present during deposition and diagenesis, plus the con-
tribution from the particular clays in the shale and neir degree of dia-;

genetic change.
,j

E

The granite clan rocks and other igneous rocks will contribu:e wa:er from j
rwo sources. The rock itself is sligh:1y per=eable, and there will have :

been long ti=es available for the water to enter the rock as it would in [
any other per=eable rock. Most crystalline rocks of this sor: are not
:otally =assive, be: have join:s and shear :enes on nu=erous scales . These
will again permit water to en:er. In this connection, it should be noted
that =uch of the water obtained in New England fro = "ar:esian" wells drilled
in these crystalline rocks is actually fro = fissures in the rock. The rock
1:self is relatively i=per=eable if a particular speci=en is tested, bu:
the unit of rock is =uch = ore per=eable cwing to these fissures. In :he
event that RLW is stored or disposed of in such rocks, it is not clear what
the =axi=u= surf ace te=perature of the canister would be. The ther=al con-

ductivity of both these rock types is less than : hat of sal: by a fac:or of
about 3, a difference suggesting so=e higher ta=perature unless different
concentrations of the fission ec=ponent of the KLN were used.

A source of water frc= =inerals che=selves would not be a proble= in the

" anhydrous" rocks such as basal: or the granuli:e f acies rocks such as
charnockites or anor:hosites. These =ay contain quartz, feldspars, and
pyroxenes, in various proportions. 3asal:s are co==on, but the granulite

f acies rocks are = ore rare.

Any of these crystalline rocks, when heated in the presence of water, will
contribute ions to for= a solution, the co= position of which will depend

,

on the rock co= position, including 1:s fluid inclusions.

II.2 THE INTEGRITY OF THE CANISTER

|
The canister into which the RLW would be placed is usually described as a

cylinder of approxi=stely 1-f: inside dia=eter and 8-10 f in length. I:
1 is assu=ed tha: it would be =ade of so=e =ecal, that it would be sealed by

9
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volding, and that it would be able to withstand both the high te=peratures
that would result when the =olten glass or other =ol:en sacerial was poured
into it, and the stresses during transport to the burial site. The wall
thickness is not known to us , but would presumably be on :he order of
1/4 inch to perhaps 1 inch.

In all cases , a pure =etal or .a alloy appears to be the choice for the
=aterial. Suggesticas include: steel, stainless steel, =olybdenus,
citaniu=, and copper. Each has different struc: ural advantages and dis-

edvantages, which are not part of our concern. The resistance to corrosion
does, however, concern us. We know of no tests that have shown that any of
the candidate metals will resia: corrosion by the salt solutions that are
likely to be at the canister surface for a significantly long time. Again
we stress -hat the solutions will be at te=peratures of approximately 300*C,
will have a high ionic strength, =ay have very low 72, but probably will
have very low starting concentrations of :he =etals of the canister. Under
these circu= stances , it is likc 'y cha: the canister could be breached within
ti=e scales of a decade or less.

For this reason, we do not censider the canister :o be a significant barrier
to :he solutions, : least for the ti=e scales of cc: uries to a =illion
years with which we are dealing. In passing , we =igh. note that it is not

es.-encial : hat all ce=ponents cf the canis:er be resistant to leaching or
at:ack. The op:isu= canister cay prove to be one that is highly effec:ive
as a con ainer and transport vessel and one that does not enhance a::ack
by solutions on the canis:er concen:s by adding corrosive =aterials to the
solucion that will ultimately breach the canis:er.

II.3 T.E INTEGRITY OF THE CANISTER SURROUR INGS

Acc:rding to our nomenclature, :he i==ediate surroundings of the canis:er
at: par: of the " vessel." That is, the vessel ex ends fro = the canister,
thr: ugh the packing around the canister, and out to the undisturbad rock.
If :he canister is to be re:rievable, the packing would include a metal

s

sier e to per 10 easy withdrawal of the canister. Around this =ight be

paci.:d crushed rock si=ilar :o the hos: rock of the repository or some
c:her =2:erial. ,

The =etal sleeve would doub:less behave in a =anner similar to :he canister
=ecal. It is assumed that the same =etal would be used, since the use of
dissi=1lar se:als could well set up an electrolytic cell, with the con-
sequent possibili:y of H2 pr duction and rapid corrosion of the =etal wa__..
The co==ents above for iae canister apply to the sleeve =aterial as well.

An packing wculd have a porosi:y and permeability tha: are much greater
ths;. rould :he undisturbed rock. If grouting =acerials were used to ce=en:
the pm: king =aterials, :5' result would be a less porous and per=eable ,

packing, but the grouti: would still be susceptib le to attack by the |

solutions.;

oyo wnpr 3
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The variety of possible packing =aterials is infinite, and it re=ains *o
be shown that the selected =aterial would enhance the resistance a#
vessel to attack by solutions. Theuseofzeolitesorother1o5eN'5e

~

-

changers might help in the chemisorption of the HLW as it moved through
.he packing, thus delaying the =igration of the radioactivity. The amount
o. such packing might not be suf ficient to make a significant difference
however, because teolites lose their water (and so their cation-exchange
capacity) at te=peratures well below 300*C. To be effective, the zeolite
packing would have to be far enough from the canister to re=ain cool.

Based on the above considerations, we assu=e that the near-in stages of
contain=ent cannot be relied upon to ef fect any significant retardation
or .he release or the HLW. We include in the near-in stages all the com-
ponents et what we call the " vessel," that is , the HLW in its = atrix' the'

canister, any sleeve around the canister, and the packing around the

{anisterorsleeva. By significant retardation, we mean for times longer
...an a decade.

.
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PART III: MECHANICAL PROPERTIES OF ROCKS

The introduction cf a repository into a geologic unit poses a nu=ber of
mechanical require =ents on the rock: the need for sufficient strength
to allow safe excavation and occupancy until the repository has been
sealed; mechanical integrity despite the subsequent high temperatures;
icw per=eability; and absence of discontinuities like jointing or bedding;
or a very small number of these. Knowledge of the =echanical properties
for the various candidate lithologies varies considerably and some un-
certainties re=ain for all rock types.

The Arthur D. Little report on " Assessment of Geologic Site-Selection
Factors"(1) outlines problem areas fairly well, but it neither assesses
nor criticites the state of the art that is currently available to re-
solve these problems. Nor for that =atter does any other recent document
known to us except for the NAS (National Academy of Sciences) draf t report
on " Rock-Mechanics Limitations to Energy-Resource Recovery and Development,"
which should be published in early 1978. (2) We concur with the conclusion
of its Subpanel on Nuclear-Waste Disposal that "present rock-sechanics
technology is not sufficient to predict the full range of thermal eff ects
on site containment caused by the e= placement of heat generating radioactive
waste. The Subpanel believes , however, that the improve =ents in technology
needed to make such predictions within defined and acceptable bounds of
accuracy can be acquired with the proper research and development effort."

The engineering design of mines and other underground works is largely
empirical, but it is firmly based on =any hundreds of years of cractical
experience. Except for rock bursts in deep =ines in strong rock in which
residual stresses can be very high (as in South Africa), accidents that
threaten human life rarely occur these days because of failure of the rock
itself. (The risks of flooding and explosion of accu =ulated gas remain
all too high.)

s

The expectable configuration of a repository is essentially that of a room-
and-pillar mine. In practice, excavation is designed for the =aximum rate
of extraction that is allowed by the short-ter= stability of the roof. In
salt =ines the rooms may close eventually, but gradually and non-cata-
strophically, long after they have been worked out and abandoned. In
principle, long-ters stability can be achieved by increasing support--
reducing the open area relative to that of the pillars and, if necessary,

'

providing lining and other reinforcement. Thus, the state of the art is

such that a mechanically safe cavity could ordinarily be placed in virtually
any rock, provided only that cost effectiveness be judged not by the value
of the rock extracted but by the critical need to isolate high-level waste
f rom the biosphere.

The f acts are, however, that the design of an ELW underground repository is
not ordinary, and there is no fund of previous experience because the wall

! rock will be subjected to temperatures greatly exceeding those due to the
average geother=al gradient. The temperature will depend principally on
the ther=al conductivity of the rock and the ther=al load i= posed, which

_
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depends in turn on the time allowed for heat dissipation during previous
surf ace storage and the si:e and distribution of canisters in the floor
of :he reposi:ory. Te=peratures .ts high as 300*C s:.ald be expec:ed in
a hi hly conductive rock like sa . *daating to as much as 500*C =ight

3
well occur io a relatively poor ndue:or like dry grani:e. Our knowledge
of the =echanical proper:ies of tucks under long-ter= loading in :he labo-
ratory a: the relevant te=peratures (300-500* C) and confining pre.<sures
(100-;' . bars) is fairly good for rock salt. It is prac:1cally nil for

all other rock types.

Much experi= ental work has been done on the high-te=perature creep of
single aystals and artificial aggregates of salt, and work on natural
sa=ples from the Weste Isolation Pilot Plant site is progressing at RE/ SPEC
(a consulting fir = in Rapid City, S.D.) and Sandia Laboratories. The labo-
ratory d :a on low laws are being incorporated into non-linear numerical
=odels orde. :o predict the behavior of cavities in salt. A1:hougn
extra ..a:icn of labora:ory data =us: still be :ested and the codes =ust be
validated by careful =easure=ents in the field, our ability to predic: the
for=ati:n of sal: should soon be adequa:e, given the curren: level of re-

i

search e;; ort throughou: the world.
;

We are far indeed from the capability to predict, with sufficien: accuracy,
-he behaviors of any other rocks because: ,

(1) data on mechanical properties under relevant condi:icns
are lacking and

(2) =ost rocks cannot be treated as continus because dis-
continuities like jointing and bedding are nearly
ubiquitous.

,ecause the need for underground isolation of EL'J has been recognized for
some 30 years , the long postpe c=en: of per:inent research on rock other
than sal: is unfor:una:e. The proble=s will not be solved quickly. The

h is inheren:1y ti=e-consuming because :he critical data are attain-resen.
able on fro = creep tests of =enths-long durat;on. Further= ore, :he required

te=pera:ures of 500*C,testing nachines (:o acco==odate 10-c= spect= ens, a:

under pressure of 200 bars, and for a duration of several thousand hours) do
not even exist. I: =ay ta.3 a =ajor research effor: of 5 years to build :he
necessary laboratory facilitics; to collect adequate da:a; to develop real-
istic. -hree-dimensional, non-linear, large def ac=ation cedes; and to vali-
date pp. dictions in the field.

In addition to the streng:h of rock, which rels es to long-ter: =echanical
stability, we must know a lot .e than we do t: ther=c-elas:ic expansion,

|
ther=o'. conductivi.e, and perte4 bill:r, partict' ely as they are affec:ed by

! ther=al cracking. These parameters relate not - to =echanical but also to
hydrologic stabil*:7 A moder. 2xperimentti ef : is .nder way at Terra Tak,
the U.C. Geological Survey, an few universi: u and 1E labora:ories..

Several heater tests in the field are in p:cgress or p'. : ned f or :he i==edia:e
future (Avery Island sal: doce, RE/S?IC; g ranite , Stri;.a mine, Sweden, L3L;

-r
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I granite, C11=ax stock, Nevada Test Site, LLL; basalt, Kanford, L3L;
{-Conestauga shale, Oak Ridge National Laboratory, Sandia; Eleana shale,

Nevada Test Site, Sandia; norite, Sudbury, Canadian Govern =ent) . Valuable
. . _% 1data on ther=o-elastic defor=ation and per=eabili:y =ay be obtained in situ

Iwh2re they count. However, sericus questions can be asked about the choice :

of sites and the scale of these tests, relative to the na: ural joint spacing. 5
Of ten site selection see=s to have been either geologically naive or directed j;~.
poli:ically rather than technically. :E

F
We feel co=pelled te e=phasi:e , once again, the significantly diff erent con-
scquences of the alternatives of disposal and storage of HL'J. Mus t the
f acility re=ain stable only for a decade while 1: is being filled? Can the
cavity then be back-filled with rock and the access shaf ts per=anently sealed?
Mus; it stay open for several decades, perhaps indefini:ely, so that spent
fusi rods can be retrieved and ulti=ately reprocessed so as not to lose a
valuable store of energy; so that =istakes couta be correc:ed should isola-
tion be incomplete; or so that canisters could be =oved should :he site f ail
al:ogether? A weak, ductile =ediu: like salt should be =echanically ideal
for per=anent disposal but =igh: be poor indeed for long-ter= storage with
the option of retrievability. Salt will certainly flow readily at 200*C i
under expectable in situ stresses. Canisters will have to be isolated fro

'

the surrounding rock, and artificial suppor: of the cavity would have to be ;

provided.

Excavating a strong rock like granite is =uch = ore expensive, and because 1: ,

is bri::le and always jointed to some degree, i: =ay not be as good a candi-
'

date for per=anent disposal. On the other hand , granite , basalt , or other -

s:rong rocks see= preferable for storage, at least wi:h regard to long-ter=
=achanical stability.

*

In su==ary, we shall know enough in a year or two to compute the consequences
of EL'J disposal in dry, homogeneous , ductile salt tha: would be =echanically

~

=a:as:able for at least a decade, perhaps indefici:ely if we are :o pay the
price fer artificisi support. On the other hand, we know very little indeed
about either the long-ter= strengths of jointed, brittle rock = asses at'

:e=pera:ures on the order of 500*C, or the effects of ther=al cracking on
:he flow of fluids through he=.

.

|

|

15



t

^

'

t
,

t
.-

De

PART IV: CANDIDATE LITH 010CIES ;
.

Several different rock types have been discussed as possible hos: lithologies
-

for the ELW repositories. Important tandidates are: salt, shale, granitic . jk,

clan rocks, and basal:. Because of the undemons: rated securi:y of the assen- .js
, 6;blages of =aterials in and i= mediately around the canisters, the contain=ent

by the rock that is the host of the reposi:ory becomes of paramount importance. _ j),

j This is probably the last stage of containment of the HLW prior to entry into gg.

circulating ground waters and con:act with the biosphere. gpt

We do not attempt to review the properties of the dif ferent lithologies.
Rather, we focus on the, physical and chemical properties that bear directly
on the question of ELW transport.

The first category discussed is salt. This occurs in rvo ways in nature,
Be-as bedded sal: deposits in a sedimentary sequenca, and as salt doces.

cause their characteristics are quite differen:, they are created in dif-
.1:
7. .ferent subsections. f
I. .

IV.1 S ALT BEDS 5...

Bedd+d sal: deposi:s are coc=only believed by those unf amiliar with the _*
:o be =assive, thick, pure beds of the sineral halite (NaC1), and this is1

the usual basis for =edel s:udies. Though there are a f' r local places
where such beds can be found, =ost salt beds are more t* cally somewhat
thin-bedded, may alternate with other evaporite deposi: such as anhydrite;

t

(CaSO4) or other sal:s (of the kcl-MgCl2 groups), and are frequen:ly
separated by thin beds of shale. Sal is co=monly interbedded with lime-
stones or dolomites or may interfinger with them laterally. Sal beds =ay

also grade laterally into sandscones.

On a microscopic scale, i: can be seen that many halite crystals contain
a

liquid (brine) or solid (anhydrite) inclusions. A recent report by Roedder -

and Belkin estimates the volame of these inclusions to be less chan 1" but
"an addi:ional possibly even greater volume ~ fluid is present in si:u,
filling intergranular pores."(3)

There is abundant evidence for post-depositional recrystallization, dif-
ferential solution, redeposition in cross-cutting veins, and mass flovage
in evaporite deposits. The textures produced in salt beds by these processes

There is also
.f increase the heterogenetty produced by deposizional processes.

a=ple evidence of solution channels being established along veins and li:ho-'

logic breaks.

Because salt is so soluble it rarely crops out at the surface; thus its
stratigraphy and detailed lithology are mainly known frem drill hole records.
Though individual distinctive la=inae have been traced for long distances
through the study of drill cores, most of our information comes from geo-Neither is ade-;

physical logs of drill holes or shallow seismic profiles.'

quate to show the amount and number of thin shale, anhydrite, or limestone
breaks in salt beds. For this reason, si:e testing needs a carefully de-

17
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signed drilling progra= that includes provision for continuous coring that
would detect all lithologic brecks. No geologist can predict the presence
of a crul;; hc=ogeneous bed of sal: 30 = thick withou: such a drilling ca=-
paign plus detailed, including microscopic, study of :he core samples to
da er=ine their brine and solid inclusion con:ent.

Realistic esti=2:es of water and brine con:ent of salt beds are critical
to proper esti=acica of the face of canisters sealed in a sal: repository,
for, as indicated earlier, such hot briny solutions =ay effectively corrode
the =etal canister, leach the HL*a' =a:rix, and transport dissolved radio-
nuclides. Water content is also i=portant in affectiss the creep rate of
salt.

Recent experi=ents in the Experi= ental Geoche=is:ry and Mineralogy 3 ranch
of USGS by D. 3. Steware and others(4) have shown tha: at 200*C, water
in a rock salt including po:assiu= and =agnesiu= co=ponents can contain
approxi=ately 70 w: % of dissolved sales. This i= plies : hat as lic:le as

1 we % H O in a salt bed =ay yield fluid that is 3 we % because of the high2concen::ation of the solution. The dissolving pcuer of such brines sh.iuld
not be underesti=ated. We know fro = =any hydrother=al experi=en:s :ha: be-
cause of changes in hydrolysis constan:s and the association of ion pair
co=plexes, highly saline solu:icas at elevated te=pera:ures are highly
acidic--the pH can be as low as 2.

It should be noted tha: the pressure-te=perature conditions near the canister
=ay result in the brine beco=ing two phases (liquid and vapor) , uhich could
retard brine access .co the canisters . The ac:ivity (in a che=ical sense) of
the brine co=ponents would still be ::.e sa=a in the two phases , however, and
:he liquids would still act as buffers to =aintain the corrosive at:ack on
the canis:ers.

These solutions would s:rongly at:ack any =etal and ef fectively leach glass.
There is also the possibility that per=eation of these solutions along glass
grain bcundaries and incipient frac:ures would speed up devitrification,"

which would then feed back posi:ively to enhance leaching.

3scause of the high density of the canister, i: =ight sink in any salt bed
cha: contained the above quan:ities of saline water solutions, being corroded
and leached as i: =oved downward. Many beds of sal: overlie permeable li=e-
stone for=ations and :he canisters =ight end up there, in the pa:h of ground
uater =ove=ent. Any li: hologic breaks in the sal: =ight impede that move =en:
depending on the thickness and the rock s:reng:h. But solution =ove=ent =ay

also be enhanced along those very breaks.
1

! We e=phasico the i=portance of knowing the water content of salt beds proposed
for reposi ries, par:1cularly with the background and the experience at Lyons,!

Kansas, where considerable volu=es of wa:er =i: rated in an unpredicted =anner.
Tha: probi ar,.-$e as a consequence of dissolution of sr..t by ground water
escping in .~ :he reposi:ory. 3eepage was along an abandoned drill hole that,
like = cst, had not been cased and plugged. This pu:s a pre =1u= on picking a
si:e where precise locations of all abandoned drill holes or old underground
workings are known.
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Though reacte sensing techniques seem likely :o be able to spot some sur-,

face manifesta: ions of these underground penetrations :o supplemen: state,

and company records, 1: re=af :s to be proven by ordinary double-blind
experi=ents that such detection is highly accurate. In this connection
it is necessary to prove not only that holes identified from aerial photo-

,

graphs are in fact there, but also that all holes ac:ually have been iden:1-
fied fro = the photograph--no mean task. If this assurance cannot be made,
then codellers of repository behavior will need to take into account the
probability of leakage of water into sal: through such old holes.

Any abandoned drill holes discovered =ay disqualify a site if they cannot
be properly plugged and sealed. If the well has penetrated the salt there ;
cay be a cavernous dissolved region around the hole. In addition, most such.

wells will show extensive caving of weak rocks in the section, which might
provide an efficient vertical transfer path a=ong various aquifers. Since
metal casing cannot be guaranteed against corrosion over the time scales
we have o consider, sc=e impermeable and chemically inert cement to grout
and plug the hole =ust be developed. This indeed =ay be an important re-
quiremen: for any drill holes designed :o explore a site for a future
reposi:ory.

IV.2 SALT DOMES i

Of all the geologic sedia suggested for the underground isolation of HLW
from the biosphere, the rock salt in the dry do=es of the Gulf Coascat.
? lain seems =echanically best for disposal (per:anent isolation by bi :k--
filling and sealing) but probably not for long-term storage and ready
re:rievability. Rocc-and-pillar mining in sal: is cheap relative to that
in hard rock.

Given :he cime frame of a million years, one cannot clai: that the proba-
bill:y of any geologic even: is absolutely zero. However, the risks of

'

catastrophic events like destruc:ive earthquakes and volcanism, or of '
4

sudden, unpredictable changes in the secular rate of erosion, or of con- ;

tinental glaciation are evidently ex:re=ely s=all in the coas tal regions ,

of Texas and Louisiana, cer:ainly as unlikely as they would be anywhere
in No rth America. >

,

1

Once a critical thickness of overburden had been achieved, Gulf Coas: domes
grew more or less concurrently vich the deposi:icn and leading of the sedi-
cents above them. Since :he rock over onshore doces is now being eroded,
fur her growth ("diapirism") should not be expected. There is no obvious
reason why the coastal plain should not re=ain tectonically s:chle for at
leas t another million years.

i
Selov :he superjacent cap rock, the lithology is re=arkably uniform. Al-
though bedding may have been contor:ed (it is not always so), the rock is !

, typically free of open frac:ures. Although its lateral exten is limited, |
| the salt is several kilcmeters thick, and it should be possible to identify

a reposi:ory si:e at least 1000 m f cm the closes: water-bearing strata.
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Some (though not all) salt do=es appear to be re=arkably dry and to have
been so for so=e =illions of years. Professor ober: R. Unterberger of

Texas Ain University has been pr . ing do=es wi:h 10-c= radar. In a dry
sale = ass lile tha: of Grand Sal;c.e in northeas Texas , he is able to =ap
reflections .: the boundaries with surrounding water-bearing strata, as
=uch as 2 k= distant from the trans=it:ing antenna. He could not do so
if the average water content exceeded on the order of 0.17.. (In the " wet"
Weeks Island dome, on the con:rary, at:enuation of the signal is so high
:ha: no reflections are recorded, and he turns to sonar.) In a dry doce

no lateral migra: ion of ground water appears to have occurred over several
=illions of Jears. It is hard to i=agine how any ground water could reach
the repository and, hence, how any radioactive ele =ents could reach the
biosphere.

In a dry do=e, the bulk densi:y of the encapsulated ELW would presu= ably
exceed that of the salt, ao that containers would tend to cigrate downward,
all to the 3ood, even if the high-ta=perature viscosity of the salt were
low ent. n to per=i significan novecents over :n: relevan: span of ci=e.
Thus disposal in sal: do=es is ia.ely to be per=anent.

We do not know whether the sinking will tend to " focus" the canisters , al-
though this effect should be amenable :o co=putation. , f ocusing ve =ean

tha: the originally horizontal array will have not only a temperature
gradient that decreases away frc= each canister site, but also a higher-
than-enpacted local te=pera:ure at the center of the condensed array. As

the canisters sink in the salt, will they be "refrac:ed" inward toward each
cther? If they are, the central ce=perature would rise, leading to still
f aster sinking and focusing until very high ta=peratures indeed =ight be
reached. This possibility should be studied. There is also an i=portant

corollary: addi:ional produe:1on of HLW by sub-cri:1 cal or even, conceivably,
crici:21 ac:ivity with the U, TRU, and water. We do not sugges: tha: this
will happen, bu: rather that :he questica be properly addressed. Enough is

- new known to per=i: a compu:stional assess =ent.

Sal: is a valuable =ineral resource, but worldwide reservec are virtually
li=iclass, so there is no logical reason why a single doce should not be j

perpetually withdrawn and dedicated :o HLW disposal. The possibili:y of '

hu=an intrusion 2: a far fu:ure time cannot, however , be discounted.
.

IV.3 SHALES

Jus: as ecs: salt beds are not pure and =enolithic, shales are rarely hc=o-
geneous and unifor=. A typical shale is a rock that is =cre or less sil:y
and contains occasional interbeds or la=inae of per=eable sil: stone or
sandstone. Other shales =ay be interbedded with li=estone or dele =ite or

,

| grade in:o a calcareous shale and then into a shaly li=estone.

To varying degrees shales =ay be thinly bedded or show fissili y, he
ability :o b.cak in:o thin sheets. They =ay also be cut by syste=s of
joints and fractures, and, where the shale is traced into areas where the
rocks ara =eca=crphic, =ay show incipient fracture cleavage. It is jus:

I

|
.
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inow becoming known that fracture cleavage in =any shales is related to
original condicions of sedi=entation and early diagenesis that =ake it |

|
susceptible to breaking along certain zones. In general, tne older and
: ore physically and =ineralogically altered the original =ud becomes, the
= ore brittle the resulting shale beco=es.

t

Since approxi=ately 707. of the sedi=entary rocks of the earth are shales , ,

it is not surprising to find a grea: =any thick shale sections. Yet it !

is a.xtraordinarily difficult to find one that is uninterrupted by inter-
beds of other, generally = ore per=eable, lithologies. As in the case for
salt beds, it is difficult if not impossible to get an accurate detailed |
log of a vertical section of most shales from outcrops because of their i

rapid weathering in most cli=ates and topographies. At the same time, !

geophysical =ethods are inadequate to pick up fine interbeds and inter- |

la=inations. As thin as these =ay be, frequently cn :he order of a few
=illimeters in thickness, there is good geological evidence that there

ihas been sufficient water flow through :hese la=inac to alter :he clay
mineralogy in the sandstone whereas the = ore i= permeable shale is unaltered.
Hence a require =ent for a shale repository mus be the acquisition and carc-
ful study of drill cores.

Shales are particularly susceptible to =ineralogical alteration cha: pro-
motes physical change if they come in contact with solutions of a different
kind than they were naturally bathed in at depth. Shales are co= plex =ix-

tures of quar::, f eldspar, several varieties of clay =inerals , zeoli:es ,
car:er es , sulfides and oxides. Any significant che ical reactions of
these cinerals are likely to weaken the physical strue:ure and promote
cracking and disintegration a: the relatively low confining pressures of ,

a repository. All of these reactions are promoted by increase in e=- |

j
perature.

4-Before any detailed plans for a shale repository can be dravn, the stra
graphic and =ineralogical-geochemical work has to be done. The detailed '

stratigraphy and petrography we know how to do, but the study of how altered 3

sineralogy af fec:s physical structure is in its inf ancy, *ang-ter= hea:ing I

to 300-500*C is likely :o induce mineralogical changes including dehydra: ion
of s=ecticas. This dehydration could liberate significant quantities of
free water and induce textural changes that =ight be reflec ed in frac:ure
pat: erns, which in turn affect the fluid per=eabili:y of :he for=ation. We

cannot as ye: predict such behavior of a specific complex =ineral assemblage
fro general rules.

The USri has done a fair a=ount of work on the =erits of the Pierre
shale of the Dakotas as a possible repository. The stratigraphic and

mineralogical-che:ical knowledge of the Pierre shale is possibly greater
than that of any other shale in the world. We know that there are : hick
shale sec: ions in it and that it has a generally stable =ineralogy. On

the other hand, as much as we know, we still are unable to predict with
any high probability what the fluid permeability is of such a section af ter
icng-ter= heating by buried ELW. And we are co: able at this time to de-
fine how rare and how thin occasional interbedded silt laminae would have

1
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to be :o preven: significant fluid =igration in er out of the formation.
|this ti=e we could not rule out ex:ensive fluid =igration via f ractureA:

permeability following a 10-20-year period of =cderate heating.

IV.4 GR. CITE

Because they are widespread, underlie large regicns of the =ountain belts
and shield areas of North A= erica, are relatively ho=ogeneous, have high
crushing strengths (ap to a few kilobars at low confining stress), low
porosities and, :herefore, low pere-water contents (0.01 to 0.03) and low

to 10-17 c2 ), granitic. rocks have good potential for2per:cabilities (10-7
developcent as high-level waste repositories. Large granite plutons range *

in thickness fro = 2 km to 15 k= and, unlike sedimentary rocks, are not
likely to have aquifers at depth. Retrieval of HI'4 canisters would be
easier in granite than in most other rocks. However, granites are brittle,
and we currently know neither their behavior under ther=al stress nor their
sorptive properties.

of the i=por: ant physical properties of granite are site-specific, suchMany

as ; an: density and stata cf stress. Other site-specific fea:ures such as
hydrothermal alteration :enes, dikes, quar:: veins, th. irregular three-
di=ensional geccetry of the grani _a body itself , and f aul:s will all con-

It istribute, along with the jcint pat:ern, to the hydrologic regime.
the ?anel's opinion, and apparently that of several foreign coun:;ies as
well, that a si:able bcdy of grani:e underlying a hydralegic basin of

under-appropriate di=ensions =ay prove, in the long run, to be an excellen:
ground repository. We kncv of no reasons, as yet, to rule it out. Research

on granites should be pushed vig;:rously, particularly because there =ay be
either socio-political or geological reasons why burial in sal: =ay be ruled
out. In :his case 1: appears that we have no f all-back position, and granite
is .n obvious al:erna:1ve.

I7.5 3ASALT
.

The p:csance of : ens of thcusands of square miles of up to a 5,000-f:-thich
successier of p? ;; eau bas; .:s in the nor:hwestern United States, and their

:he d.:nf ord, h*ashington and Idaho Na:1cnal Engineering Laborateriesnearness 2

'Jaste Storage f acilities have f ocused a::ention upon these rocks as potential
HLW repositories.

,

yresh =assive basalt will have crushing strengths as high or higher than
those of granite, and porosities, permaabilities, and linear thermal expan-
sion coefficients that =ay be as low or lower. The coefficient or thermal
conductivity for basalt 4:- granite lies in the same range (5 x 10-3 to 8 x
10-3 cal /(c=} {sec ][*C)), ';ut basalt is likely to be the higher or, the two-2

Although the laberatory-cassured physical properties of granite and basalt
thus seen to be roughly e W valent, :here are geological differences in their
mode of cccurrence that favor the for=er rock over the lat:er. The typical
basal: flow of the Columbia and Snake ?.iver plateaus ran;es f c 10 = to 43 :
in thickness, and is of:en separated fro: :he overlying and underlying flows

22
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by an aquifer. Lower colu=nar and upper f an-type jointing of each indi-
vidual flow is characteristic, and =ost lavas have a 5-= thick vesicular
:ene at the top, and a 1-= thick vesicular :ene a: the base of each flow.
Thus it see=s : hat , on the average, basalt should be f ar more porous and
per=eable than grani:e, and that it would also offer a higher risk of
contaminating :he ground water if used as an HLW reposi:ory. Advantages
of some ba.41:s would be their la:eral ccatinuity over hundreds of square
miles, and the fact that some of the rocks are slightly altered and contain
clays or zeolites, which nay enhance the sorptive properties of :he basalt.
Unforcunately, though there are some data on clay minerals and zeolites,
there are no published data on the sorptive properties of well-described
altered basal:s.

2

The general feeling of the Panel is that because of geologic constraints,
establishing a safe reposi:ory will be = ore difficul: in basalt than it will
be in grani:e. Finding a thick unfractured or unjointed basal: flow that
can be opened up and resealed wi:hout the develop =en: of fractures that will
co==unicate wi:h an actual or potential interflow aquifer =ay be a require-
ment tha: is difficult to =eet. Again, we know enough about the areal
geology, stratigraphy, and general lithologic character of basal:, bu: would
need =eans to deter =ine the site-specific fracture per=eability or bulk
retentivi:y. At a =ini=um, a strong laboratory reconnaissance progra= would
be needed in order to de=onstrate the desirability of fur:her consideration
of basal:.

IV.o OTHER ROCKS

It is appropriate a: this point to co==ent briefly on other rock :ypes that
=ay have excellent potential as disposal hosts but have been largely ignored
up to the present.

Analysis of :housands of water well records in places such as New England
de=ons: rates tha: :he flow of ground water in bedrock in these areas is
entirely f racture-dependen:, and that = eta = orphic rocks have very low po-
rosities and negligible permeabilities. Wi:h increasing degree of = eta-
=orphism, such rocks beco=e increasingly anhydrous and granular tex:ured,
approaching the igneous rocks in their general physical properties. High-
grade =e:a= orphic :errains are co==on in =any =cuntain belts, as well as
in areas such as :he Minneso:a Shield, the Sou:h Dakota 31ack Hills , and
the Adirondacks. In the latter region they are associated with igneous
rocks such as anor:hosite, gabbro, syenice, and charnockite, all of which
are co=posec of anhydrous silicates and all of which are potentially usable
depository ho :s.

Dunite, a relatively unco ==on igneous rock occurring in parts of the
! Appalachians and :he Coas: Ranges, has :he unique property of being po-'

tencially self-healing. Access of wa:er to'an ELW canister in these rocks
would resul: under the pressure and :e=pera:ure conditions of burial, in
the develop =ent of .marpentine; :he large volu=e increase acce=panying :his
reaction would help to =ake the repository i=per=eable. :: vould need to
be shown, however, that the process itsalf would not induce frac:uring.
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ca''4ste s kIn a similar way, a proposal by Professor (1.5. Fyfe tha: ^ ~

surrounded by a packing of MgG powder (which would hydrate to bruc''~Ie--

with wa:er) is also worth co"e'de'<'"~* ~s' '# *~
'"

.3(OH),--upon contac:
guard agsinst possible vaste leakage.
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PART V: SOLUTION TpM Sp0RT THROUGH ROCKS

Tha principal barrier to contamination of the biosphere by HLW is the ti=e
delay expec:ed during :he migration of the nuclides through the rock unic
: hat contains :he repository. This delay can be predic:ed from experimental
data plus so=e assumptions regarding the particular satting, or from evidence
of previously ccepleted " experiments." ,

the actualapproach is based on data concerning three key factors :The firs:
rock per=eability jg! situ, whether this be true per eabili:y or flow through
fractures; the flow rate; and the retardation, if any, of the dissolved
nuclide relative to the flow of the water. par: VI will consider the first
two f ae: ors. In this section, the third factor will be discussed and then
the previously completed "experi=ents."

V.1 SOPSTION OF RADIONUCLIDES ONTO ROCK MATERIALS

Critical :o :he opera: ion of a secondary barrier to radionuclide =igration
is the ability of a rock through which fluids may slowly flow to adsorb or
react with dissolved . radionuclides. There is now an abundance of experi=en:21
data on the ex:ent of adsorption of various fission produe:s and ::ansuranics
by soil and rock =aterials. Unfortunately these experimental data are useful
only in a general way and even then may be misleading.

The reasons are :ha: for any such surf ace chemical process , :he nature of the'

mineral surface mus: be specified precisely (sineralogical and chemical coc-
position, surf ace area per uni: of mass) and the experi=ent must be carried
out under conditions similar to those expected enderground. In addi: ion, for

experimental results tc be meaningful a uniferr methodology would have to be
employed so : hat various caterials and different elements could be compared
on a sound co= son basis.

The experi=ents thus f ar perfor=ed have been on materials described variously
as "deser soil", ":uf f", " basal:", or "=on==orillonite", to mencion a few.
None of these :erms is a precise description that would allow anyone to infer

the ene ical behavior of the ma:erial might be. " Montmorillonite" is awhat
used in many different ways by clay =ineralogists and rarely to describeterm

a specific mineral with a fixed composition and crystal struc:ure. Specific

standard clay minerals ( American petroleum Institute Standards) have been used,
but only for the sake of co=parison and not to give the (=pression that they
are standard mineral ypes. Adequate description of any clay is made only by
chemical analysis (either bulk or electron microprobe) coupled wi:h crystal
structure analysis by X-ray dif f raction. Since the methods of sample prepara-

The ion-tion strongly influence surf ace ares, these too =ust be specified.
also be determined.exchange capacity and selectivity of the clays used =us

The same co==ents apply to the use of rock terms such as " basalt" or "tuf f",
field ter=s of gross lithology used for the convenience ofwhich are just

the geologis: =apping in the field and not in any sense :he same as quotation
of the precise chemical f ormula of a reagent.
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Resul:s of experi=ents condue:ed at 25'C and 1 at=. pressure are not a good
Suide :o wha: =ight happen at 100', 200*, or 300'C.

We know of temperature-
,

induced reversals in cation selectivi:y, exchange capaci:y, and sorptioni

charac:aristics tha: cre a resul: of surface ce.figura:ional changes. In,

addi:fon, all of these da:a tre al=ost caaninglass u '. ss some realistic
For=ation wa:ers of deeply buried rocks tendchoice of solution is made.

to be rich in dissolved solids , and this ionic streng:h can greatly al:erCation adsorption is generallysorptive properties of =ineral surf aces.
ec=petitive, and radionuclides may be passed unsorbed if compe:ing cations
of formation waters have already been sorbed s:rongly onto surf aces.f

!

What we can say with :he information at hand is that we would expec: cer-
room tempera-

tain classes of =aterials to be more retentive than others.atsoil.s would have high reten:ivity and grani:es and :al:
tures. Thus deser:|

low recentivity; wi:n suffs, basal:s and shales lying between, we would ex-
no:able cation exchangers , such as s=ecti:es and :eolites , to be highly

willpect But this is no quantitative basis for esti=ation of wha:,

recentive. eleva:ed e=pers:ures.really occur in a specific formation at depth and at
can be done we need a carefully planned and execu:ed progra= ofBefore that

tes:in; by experi=entation.

F _ D "E:?ERDE.;TS"'"V.2
:hrough rocks isAn 21:ernativa =e: hod :o predict behavior of ir.W transpor:

examine natural set:ings where such transpor: migh: have occurred. Twoon the::
such cases have been studied in sc=e de: ail and can shed some ligh:

These are the Oklo naturr fission reactor discoveref in Gabon,
proce= .
and ti.e underground nuclear explosion test, Ca=bric, carried ou: in Navaca.

enperienced theApproxi=a:ely 1.3 billi:n years a;c a uraniu=_ ore deposi:
appropriate conditions of U concen:rs:icn, '33U concentracion, and !UU ra:ioThis is known as theto go cri:1 cal and yield fissions and energy.for 1: The four to six local :ones where this occurred are thought

- Oklo phenomenon. years (W yr) of energy, over a period ofto have produ:ed 15,000 =egawat:
~he si:e has been studied in order to

approx 1=a:ely 0.5 to 1 million years.of loss of the various fission products and IRU's thatdece:.'.ne :he ex:en: :o the ti=e fission was occurring.were ;roduced during and subsequen:

The results indicate that the losses were largely dependent on the che=istry
Alkalies and alkaline ear:hs were los: ei:herof the nuclides in ques:1on.

These would include the =ajoy )] |ec=pletely or in very significan amoun:s.
137 s [sec *ancelot et al.dfissica prodne nuclides of concern, 90 r and CS '

On the other hand, the radioactive rare carth ele =en:s and the TRU's largely
remained in or near the reac:or zona . W

A very precise material balance

is -ot possible.
I: would not be surprising if 107. or 10T. of the produe:s

in c given reac:or :ene had been lost.
of the Oklo event is the lack of

The difficulty with the in:erpreta:1is n;. clear to what den:h these deposits
precise geological con:rol. I:

the time of the fission reac:1?n. Some believe tha: :he
were buried a:
process was going on under fairly shallow burial, because :he water cha:

0
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ac:ed as a moderator had to be vaporized and :his could only happen close
:o the surface. The sediments have been al:ered by heat d pressure to

a sca:e suggestive of burial to approxima:ely 1,000 f:,( an') al: hough :here
#s a suggestion tha: the depth =ay be as much as 6 or 7 km. The mineral

'

l assemblages, : heir compositions, and their fluid inclusions all suggest a
variety of possible depths of burial so that no sure conclusions can be
drawn. It is likely, however, tha: the depth was considerably = ore than
:he 1,500 f: envisioned for Hui burial.

The uncertainty concerning the depth of burial means :ha: i: is not possi-
ble to make a direct comparison of :he Oklo phenomenon wi:h an Hui disposal
si:a. This is so both because of the dependence of the flew of fluids on
depth (and the consequen variation in degree of openness of cracks) and
because the distance that the nuclides would have ::aveled to reach the
surface is not known.

.

h*hatever the depth, however, :here sus: be serious concern over the loss
137Cs.of the =ajor fission produe:s , 903r and

The second "experimen:" is the Ca=bric nuclear :es: in Nevada and the subse-
quent water pu= ping tests condue:ed using drill holes a: :Pe site. The massive

thepumping tests conduc:ed in the decade since :he explosion have shown that
Thisradioac:ivi:y : hat has entered the wa:er is in very low concentra: ions.

is very encouraging.

Two fac: ors tha: play a role here, however, make the tes: less relevant to
HL*' containmen:. The firs: is : hat much of the radicactivity is in a glass
produced by :he ex:reme hea: of :he explosion. This glass has had ten years
to devi:rify and be leached. Since little radioac:ivi:y is de:ected in :he

pumped water, i: can be inf erred that the nuclides are being retained. The

proble is tha: :he wa:er is cold, and :he pu= ping continues :o bring cold
wa:er to the si:e. This tes:, :herefore, is no using waters that are coc-

hot:er :han 300'C and w1:hparah.'.e :o those an:icipa:ed in an EL*.! reposi:ory:
high icnic strengths. As a result, the channels through which the water is
flowing are behaving like pipes, yurther, :he very icw concentrations of.

nuclides are partly due to the rapid flew ra:es, which' serve to dilute :he
nuclides as : hey are released.

,
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? ART VI: RADIO!. *CLDE T?X: SPORT FORECASTI'*G"

-

-

The objective of :he ::ansport modeling considered in this analysis is :o
forecas: the subsurface =ovement and evolution of radionuclides emanating
fre a radioactive wasca repository under various hypothetical si:uations.
Perhaps the cos: challenging aspec: of :his problan is the necessity to
forecas: over long :ine periods (250,000 years)(CI wi:h uncertain infor:a-

In addition Oc the elemen:s of uncertain:y concerning the transpor:: ion.

lis:ed previously,(9,10) the following also play a role: -

hydrologic characteristics of the si:e (primary versuse

secondary per=eability and porosi:y, hydrodyna:ic dis-
persion),

=athematical represen:ation of subsurface : anspor:, ande

solution of the resQl:1ng equations for realistic physicale

condi: ions. _

cf these uncertainties have been encountered in petroleu engineeringMany
and subsurface hydrology. In these instances , uncertain:7 is reduced
primarily through :he "calibra: ion" process whereby the =athematical model
and its inpu: para:e:ers are =cdified until a historical record (pressure
history. concen: ration trends) is reproduced within a range of error deemed
to be "accep:able." Obviously, the si=ulation of radioactive was e trans-
per: does not, in general, lend i:self to a "calibra: ion" f or= of uncertain:y
redue: ion. In su=:ary , the proble= is one of ei:her =inici:ing :he uncer-
::in y outlined above such : hat a de:erninistic analysis (inclusive of
sensitivity analysis) can be =eaningful, or al:ernativelf, incorpora:ing
:his uncertainty direc:ly into :he analysis so :ha: the decision-=aker is

in the forecasts.cogni: ant of the degree of uncer sin:y inheren:

V!.1 STATE OF TZE ART OF TRANSPORT MODELING

ofTwo operatienal :odels are currently capable of simula ing the =ove=en:
=ul:ipla radionuclides in the subsurface. These codels have been developed -

for the Nuclear Regulatory Co==1ssion and the Energy Research and Develop-
Admints:ra: ion (now Department of Energy) by Intera Environmental=en:

Consul:ca:s and 3a::alle Nor:hwes: Labora:ories , respectively. (Note :ha:
included the =adel employed by the A=erican Physical Societywe have not because of :heS:udy Group on Nuclear Fuel Cycles and Waste Manage =en:

physical and mathema:ical si=plifications inheren: in their approach.)
The salient f eatures of the :no :odels are su==ari:ed in Table 1.

Exa:ine-

tica of :his infor:Leion reveals tha: the Intera numerical model is the
physically realistic and flexible. The 3NWL codels , however , have|

I ost
the advan: age of analytical simplicity and associated compu:ational
efficiency.

al.(11) have argued because of the non-reducible uncertain-3urkholder et in so=e ele =ents of the analysis of radionuclide ::ansport,:les inheren: =odels should be used wi:h caution or"tha: highly sophis:icated transpor:

,o
os
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TABLE 1

CHAFaCTERISTICS OF T?x Sp0RT MODELS

,

'1cdelModel
Charne:e ris tic INTIFa 1%1 I 3L1 II

Dimensionali:y 3D Cartesian ID Cartesian 2L Cartesian
2D Radial

f

. Ma:hematical Numerical Finite Analytical Analytical-

Numerical
! Fornula: ion Difference

! Dispersion Variable, Function Scalar, Constan: Scalar, Constan:

i Representa: ion of Velocity,
Tensor*

.

Cee ta::1:n General Veloci:y Cens:an: Velocity Spacially Varying
'

Repres a:a:icn Field Field Velocity Field

Species Mul:1ple Mul:1ple Multiple

Transpor:ed Radionuclid es . Radionuclides Radionuclides

Transpor:ing Sa:ura:ed S.t:urated Saturated

Medium Forous Mediu= Porous Medium Porous Mediu=
,

Serp: ion Linear Linear Linear

Scurce Variable Constant Constant

Dissolution

Chemical Single Single Multiple *

For:

Discre:e Fracture None None None

Represents:ica
,

S:ochastic None None None

Capabili:y

Geologic S:ra:a Non-Homogeneous Ecsogeneous Honogeneous

| Te=perature Density, Viscesi:y None None

Dependence

I Solubility Limi:ed ? ?

,

|

*
Under developcen:
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perhaps not be used at all." They fur:her s:ste : hat such =odels "could
.

cres:e unwarran:ed illusions of certain:y." The significance and i=-
of viaw depends, of course, on :he in:erpre:ationportance of this poin:

"of the phrase " highly sophis:icated."

In other branches of science and engineering, :he evolu:icnary : rend hasi

forecas:ing uncer:aincy hrough i= proved = ache =a icalbeen to =ini=1:e
representa:Lon of :he physical sys:e= and careful evaluation of associated
physical parase:ers (see, for example, work in s: rue:ures and mechanics,
hydrology , neteorology, e::.) . The use of a simpler =edel, however, is,

be exa=inad, such asj
advantageous when nu=erous alterna:ive scenarios cus: A combination ofin a sensi:ivi:y analysis or an op i=i:acion algorith=. :o E?A,(12)
both approaches, such as u:ilized by Intera in their report
represen:s a cost-effective approach :o investigating the proble= of

<

radionuclide ::ansport.

V*.2 T'-iE QUE5 4ICN OF UNCERTAI'!Y
the

i There is li::le question that :he =odels peesen ed in Table 1 represen:Certainof en;ineering capabili:y in transpor: =odeling.s:2:e of :he ar:
degrees of sophis:ica: ion could be included, such as a better representationthese =edifica: ions are not likely to enhanceof :he frac:ure syste=, but
the accuracy of the =cdel forecas:s =a:erially, because of :he uncertainties
tha: will s:ill re=ain.

:o consider the possibili:y of quantifying :he uncer-I: is more i=por:an:
:ainty in :Se =odel so that decision -,t.:rs are aware of :he degree of un-
cer:ain:y associated wi:h :he analysi_. The si=ples approach to quan ifying

Suchin si=ula: ion =cdeling is :hrough a sensi:ivi:y analysis.uncer:aintv
an analysis was perfor:ed by Intera for E?A. (,,)

- '-

In this approach, a range of parameter valuas is used in :he predictions.
These are sele::od so as to encompass :he entire range of physically mean-

Such an analysis provides an insight into theingful pcra=eter values.
role of each =odel para =ecer on :ha calcula:ed radionuclide distribution.of co=-such an analysis generally requires a tre=endous a=oun:To condue:
pu:stional effort. To analy:e :wo leve f :he 12 para =e:ers considered
byIn:erauna=hign:uslywouldrequire2{go- indspenden: simulations. Because

of :he:his is prohibi:ive, even with use of analy:ical models, a subse:
is nor= ally considered and the resul:s , of necessi:y, aregeneral proble

indi:a:ive ra:her :han definitive.
While a sensitivity analysis provides the decision-maker wi:h a range of

in:o
possible radionuclide dis:ribu: ions, it does. not give any insightIn si=ulaticasthe probabili:y of occurrence of any particular forecas:.are unavoidable, the uncer-wherein large residual uncer:2inties in input
: sin:y in :he predic:ed radionuclide concentrations shculd be recogni:ed

I

l In other words, in an analysis of the radionuclide crans-
and quantified.the solu:lon should appear as a confidence region (i.e. , wepor: proble=, 90 r lies be:veen x and y, givenS2in :he real concentration ofare 93*. cer: Thus, the re-
the probabili:y distributiens of the input parc=eters) .

.
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liabili:y and i=por:ance of the forecast can be direc:1y related :o he
reliabili:y of the input para =eters. To condue: such :n analysis requires

estimates of para =c:ers and : heir ur.certain:y, and a s ci::ble ma:he=stical'

=odel.

Standard =athe=stical codels such as presen:ed in Table 1 can be codified
fm ;i=ulation under uncertain:y. The procedure, known as Monte Carlo
analysis, involves conducting o series of st=ulations in which para =e:ar
values are selec:ed a: rando fro = their respec:ive probability dis:ribu-
: ions. These values are used in si=ulation runs and :'.:e ou:put variables ,
in this case radionuclide distributions, are assembled into probabili:y
dis trib utions . From :hese distribu: ions , confidence intervals can be com-
puted. Such analyses, however, require excessive co=puta:ional effort,
par:icularly when several differen: r. ara =e:er dis:ributions are involved.
A1:ernative schemes are available to circu=ven these ec=pu:ational difit-;

cu!:ies, bu: :hese canno: be considered a: this :i=e to be s:2:e-of-the-ar:
(n3 neering =ethodologies.1

While uncer: sin:y in the partial differential equa: ions = y be sceounced
fer by use of n.v =atheratical methodology, one cust still censider the

Whe:hsr intentionalprobic= of esci=::ing these uncer:ain para =eters.
or by default, these para =ecers will be s J.nlec:ive probability es:ima:es.
Toc _s are available and curren:ly being developed ca coepu:e these esti=ates
by use of cbjecti e and subjective inf or=2tica (see, f or sna=ple , 2ayesian'

=e: hods). The .dibility of forecasts =ada under candition of uncertaincy
will depend uper .s reasonable repr? 2entation of the probacilistic para =e:ers.
The i= pact of para =a:er uncertain:y, that is the re :1:an: uncer: sin:y in
the projections, is dependen: on problem and bounda: condi: ions. In ex-

a=ple proble=s : hat have been considered,( >m<si:uations were encountered
-

i in which the uncer:ain:y increased, reached a =aximu=, and asy=p:c:1cally
decreased :o : o as a function of ti=e. Another case res':1:ed in an
exponen:ial inc.:ase in uncertainty throughout the si=ula:ica perted.
Thus 1; is apparen: that generalizations regarding :he i= pac: of para =e er
uncertain:7 on forecas:s of radionuclide concen:ra: ions are not nor= ally
possible.

It should also be no:ed : hat uncer:sinties associa:ed w1:h para =e:ers in
the governing equations inter::: in such a =anner :ha: : heir individual
con:ribu ions :o :he spread in the c nfidence interval of :he projections
cannot be discerned. Thus 1: is not possible, in gen 2ral, :o delineate
un:=biguously :he i=portance of :he uncer:ainty associa:ed wi:h, for ex-
a=ple, the source cer=.

VI.3 CREDI3ILITY OF THE ANALYSIS

A: this poin: it is evident that uncertainty is the dis:inctiv. 'emen:
of radionuclida :ranspor: analysis. While uncer:sinty is assoc .:ed to
so=c d tgree with forecasts e=ancting f ro: all =n:he ;ical =odul, cf sub-

surface phenomena, :his uncer:ninty is generally =ini=1:ed throt.;h cali-
bration wi:h known his:crical data. Even where histerical data are se2rce,

cne generally reserves the op:icn of =easuring in,si:u hydrologic and ::ans-
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i Because the disposal site has not yet been selected,por: parame:ers.
such =easure=en:s are not curren:ly available. Moreover, even after site
selec: ion, the ja situ =easurement of para eters must be mini =1:ed to

!

ensure the integri:y of the site. Because of the apparent inabili:y to
decrease significantly the uncertainty associated with :he :: anspor:
parameters , the only viable alternative is to incorporate as much of the:he decision-uncertainty as possible directly into the analysis so tha Ein :he fore-=aker is aware of at least the =inimal uncer:ainty inheren:
cas:s.

In evaluating the sui:abili:y of available radionuclide transport analyses
as a bu<is for establishing radiation standards for high-level radioactive

~?A should particularly censider the following.was:e =anagement,

The existing simulations of radionuclide :ransport emanating
f rom high-level waste are limited :o a s=all nu=ber of hypo-

e

tha:ical problems associated with selected was:e-disposal
The results represent quali:stively the movemen:scenarios.

of the waste under :hese condi: ions. Although limited in
c.u .ber relative to che spectru of hydrological set:ings
possible for a reposi:ory, :he proble=s selec:ed represent
s :easonable and relatively unbiased choice.

The proble=s examined should be considered indicative rather
::.an representative of si:ca: ions :o be encountered in the

e

i

storage of radioac:ive waste.a

The reistionship between he para =eters and processeso
erployed in the model and those to be encountered in a
disposal si:e is very uncertain,

Ta In: era model incorporates directly or indirectly (ase
in the case of fractures) those attribu:es of the proco-
::pe physical syste :os: likely to play an impor:an:
role in radionuclide transport fro: a repository. A

"

possible exception is unsaturated :: anspor:.

~ e credibili:y of the model and the associa:ed analysisa
uould be enhanced by a satisf actory si=ula:1on of radio-

.

Site.nu.lide transport at :he Nevada Tes:

incorpora:e para eter or' processCurrent codels do noto
ur. certainty in their forecasts.

The scenarios considered in the analyses are, in largee
arbitrary and =ay or =ay not encompass the hydr.part,

geological systa=s to be encountered at a specific si . ..

!

The general approach currently used by some consulting en-
f gineers for forecasting radionuclide transpor:, : hough strongly

e

li=1:ed by the inherent uncer:sinty in the hydrogeologic, geo-

Ren Mi33 !
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che ical and chemical data input, never:heless represents :he
best :aans currently available f or es:ablishing the =ove:ent
cf radionuclides if ar.d w en the pr posed cor:ainmen; is
breached and wa::r ca es iu contac: wi:h ths ;te. We

hcVe considered :he qualf- and app * . : ability the sinu-

lation =echods but no: ; adcqua...c . The ai quacy of the-

torecas:s depends on tha ensitivity sf the decision-=aking
process tc tu..e state of the ar of :. nsport codela.ng.

VI.4 pK0p0SID RISI.2.RCH

Ue have b:an asked to sugges: techniques tha: would result in an imprcved
capabili:y for risk assesscent rc- . ling the ELW repository concept. In

transpor: si=ulation, three areau ; pear Oc be pri=e candidates for fur:her
research:

In order to inecrporate the uncer:ainty associa:ed withe

parace:ar identific..:icn, pr:gra: should be inizia:ed
-: . directed toward t'a development cf an analytical'

capai__1:y for fora asting under uncer:ainty. This wculd
not involva great su=s of =eney inasmuch as the pri=ary
: al is sof: ware develer.an:, which is no: uscul_y capital
intensive. In the shor: tar =, i: wo:ld cppear reasonable

and appropriate to empicy existing tecnniques for simula-
tion under uncertainty in order to analy:e on2 cr : ore

mache=stically simple scenarios. Thic would at least pro-

vide a ball-park estimate of the uncertain:y associated with
the forecas:s.

Before che =e:hadology developed in the preceding step cane
be utili:ed, esci=a:es of p.araceter uncertainty ::s: he
available. These estimates can be ob ained throu a an
effective utili:acion of subjective anc .aasured _aformation.

The an.11ytical cppara:us for this type c_ analysis is ince -'

p .::e_ develeped and should be consider =u 2 pri.:i:y ele-*

=ent c. -he research effort.

Once uncertain:y can be quantified and incorporated intoe
transpor: forecas:s, the nex: =sjer o'cjec:ive is :o =ini-
=1:e :his uncer:ain:y. This can be achieved prinarily

through addi:icnal field cb8..va:ica. Thus , a primary

goal of a research progrc: should be :he in si:u measure-
af hydroic3 cal and geochemical pn a eters. Secauseiment

of e', natura cf the reposi:ory, this techodole;y cust be
cc=patible with the main:enance of repository in:egrity.
The liberal use of subjective infor:acion will =ini:1:e the

|
| cost and negative i=pae: to the reposi:ory cf data collac-

tion :nd , i.: vould seen, provide a cost-effec:'.ve progra=
of parameter identifica: ion.
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pART VII: GEOLOGIC AND OTHER ACCIDENTAL HAEARDS

Assuming : hat physical and hydrologic rac,uirements for a safe ELW reposi-
:ory have been established, one must s:ill consider whether all other
fae:ces that may disrupt the integri:y of :he site have been taken into
:casideration, and whether :hese fac:crs are ::ac:able :o numerical risk
analysis. As one report states, "A: scea point in :he reposi:ory site
and emplacc=an: =ethod selection and safe:y assess =en:
or not, we will quantify in order to make decisions."($'w)hether willingWithout a:te=pt-
ing :o assess all non-geologic and geologic ha:ards, we shall co==ent
briefly on sc=a cf them, primarily to illustrate the extreme nt=erical :

uncertainties a:tached to =ost. .
;

.

VII.1 NON-GEOLOGIC ACCIDENTS
|

VII.L.1 Intrusion bv Man

The development of an underground was:e reposi:ory involves the breaching :

of wha: was probably initially an intac: geologic container. After :he
rapository has been backfilled, hea:ing ce=bined wi:h the pessible access
of ground water will set up a convective hydrological sys:c= in which .g
tonic :: anspor: rates will also be grea:1y accelerated. These fettures, i

as well as uncertainty about the long-ter: ef f ectiveness of having sealed i
shaf:s in bedrock, are =a::ers en which :here are very few bases for judge- *

=en:. I

Intrusion of a reposi: cry a: some futura da:e in the search for =ineral
=aterials , including the uranium and T2C elements that were buried, or to !
satisfy archeological er other curiosi:ies appears to us also :o be a risk j
for which no crustwor:hy probabili:y es:L=a:es =ay be applied for the cime . i

'span over which :he integri:y of the reposi:ory is :o be assured. Materiat
de= ands shif: wi:h technology. The =cs: successful civilira:1ons last for I
only a few =illenia a: best, and even chase are no: wi:hou: their disastrous ,
in:erludes. Man's unpredictability far ou: strips mos: of the i=agined geo- |
logic harards we can foresee, and we doubt tha: 1: is a= enable to =eaningful I

probabili:y analysis. !
l

VII.l.2 Me:eeri:es I
i

*
An astronomic risk that is generally cited is =eteeri:e impact. The earth
annually receives an infall of approxi=a:ely 106 tons of cosmic dust, bu:
=a:eorites large enough to produce cra:ers :he si:e of Me: eor Cra:er in !
Ari:ena (1.2-k: diameter), or larger, are estimated to have a free.uency on |
the order of 1 per 20,000 years or less. The bedrock in a =steo : crater i
is pulveri:ed to a depth of approximately one-ten:h of the crater .ameter,
bu: the surrounding and underlying rock will be highly fractured. f one
assu=es conserva:ively that a repository a: a depth of 0.5 to 1 k= =ight be ;
breached if it lay wi:hin a radius of 10 k= from the point of me:eorite I

i= pact, and also tha: :he probability for i= pac: is equally dis:ributed t
8 kn ), the likelihood of meteorite !2ever :he earth's surface (3.1 x 10

damage is approx 1=a:ely 3.3 x 10-ll/yr, or 1/30,000 averaged over a ||
| |
5 |
! i
| i
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cillion-year time span. Meteorites, therefore, shculd net be ecgarded as
s ignificant factors in evalus:ing : pgsitory safety. A core detailed
treatment by Arthur J. Little, Inc. yields similar results cxcept for'31

s 2condary ef f ec:s such as stream diversion by i= pact. Given the n=ed :o
make provision in the repository for major water table varia:icn, this
proolen can alss be given low significance.

VII.2 GEOLOGIC ACCIDE::TS

Th. structure of the earth and energy sources hat drive its physical
stochastic codels are not widely applicable, unless,

processes ace such that
ene closely restricts the a:ea of, inauiry, and probably :he time as well.
We are aware th s: fault tree analysis is the numerical basis for risk
assessment in :he Rasmussen report on nuclear reac c safety.(16) However

the question of assessing engine. -ing f ailure by a surf ace facili:y over
a 50-year zica span is not the s. problec as assuring geologic and
hydeclogic in er-ity at an undergr.und site over a million-year time span,
espcaially because there is infor a:ica en reac:or performance in :he pas:.

VII.2.1 .E._n_:rusive and Intrusive Jacmas

Aside f ren gradual subsidence of the Gulf Coast and the *!ississipp' Say-

en ce.::encia: approxicr:ely 73 =illion years (m.y.) ago, and the s;tatic

depression and rebound of tha ner-hecs:arn and north-centr 21 part of the
coun:ry in response to continental glaciation, the Uni .e4 S:c:es east of
:he Rocky Moun:: ins has been gac.ogically s:able for appronimacely 109 :.y.
In :his vas: region the youn;es da:cd igneous rocks (dikes) have an s.ge
of appreni=a:ely 70 m.y. For this entire crea, then, :he probabili:y for
a cages:ic incursion into a vaste repository during the nen: millien years
h.; :o be taken as as:roncaically lov but numerically uncer: sin.

Along the entire Cascades chain, by,contras:, the pricability for a vclcanic
eruptica may be en the order of 10 5 yr. If there are an estimated 65,000 k:2
of po:ential volennic L trrane and a reposi:ory wich'n a IC-ka radius of a
alcano nip..: be adversely effected by an erup: ton, :he average rate ;f risk
per 200 k=- is on the order oC 10-*/yr. However, it ebviously =akar .. differ-
ence whether we designa:e one of hese 300 k:2 arear as lying close :o Lassen

, M:. Saker, M:. St. Helens er M:. 7.anier, or recc:a frca them. Even for
cee:e areas, it is well to recollec: that no one predicted er cruld have

:. Paricu:in, in :he westernpredic:ed :he May,1943 eruption of a new volcano c
Mexico volcanic belt.

.

?cr the araa of internc Late 23=a:ic rish lying between the Rocky Mauntain
Frant and :he Caccade-C0as: F. ege 3elt, there is ne very good basis for specu-
la:ing c. u erical risk prah ili:in , nor is there any ready answer to why

'

creas suen as Sunset Crr.:er ci:ena, and the Craters of :he Mcon, Idaho, hava
ceun active within th. past ./ thouscad years.

The situation with resrect en mag =c hacerd typifies what the Pane: believes
Cinhin .~iferen specified cagiens

.
Oc be true of =cs: ot'.c gee gic r. .

| we =ay estimate a rela:ive c:.e: of c_ager, but f :: very few areas c... we have 1
i

i

!

|

l
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l any confidence in orders-of-=agnitude estimates of risk probabili:ies.
Of all :he world's volcances new under surveillance, Kilauea is one of
the f ew whose sher:-term behavior is predictive. Even here, projec: ions

for a sillion years in he fu:ure are well beyond the current sta:e of
the at:. ..

V!1.2.2 Earthcuckes and Faults
.

Even in regions of transfor= faul:ing where great earthquakes occur re-
la:1vely frequently on the geologi: ti=e scale, like the active, western
centinental cargin of North America, we cannot yet predict specific events
of magni:ude 7 or more with precisions better than about 100 years and
100 k=. We do know, however, that the recurrence ra:e of even:: on the
San Andreas fault has been on the order of 200 years over the last few
thousanc years, tha: geolegically rapid displace = ants are still going on,
and acnce that California is obviously a high-risk region where we would

place a repesi:Ory if we fear :he ha:ards of earthquakes.
_

not
_

On :he 0:her hand, we cannot claim that the probability of an earthquake ;

is id?n:ically zero anywhere in the world because the origins of earth- E
Iquakes in the interior of the continen: (New Y.adrid, 1511) or at its

passive cargin (Charlesten,1986) rc:ain pretty such a mystery. H:d t
+:hese events cccurred a few generations earlier, before wri: ten records

becane available, we could no: now be worried abou: destructive earth-
quakes in the cen:ral and eastern Uni:ed S:'ates. About all tha: we can

confidan:ly say is cha: the earthquake risk is much less in some regions ,
say :he Gulf Ccestal Plain, than it is elsewhere, scy along the :: ace of
:he San Andreas faul: and i:s subsidiaries.

The hazards of ' earthquakes may well be cvarly exaggera:ed. Recen: sur-

eeys by Prof essor H. Dowding of Ner:hwestern University and Dr. Ecward R.
Prat: cf Terra Tak reveal that damage to underground openings is very
=uch less than :ha: to surf ace s:ructures i= edic:ely abcve. Disrup; ion

would occur if a seiscogenic faul; actually transected an opening, bu: .

adequa:2 si:e characteri:a:icn should have eli=inated this eventuality.
Thus, ence a reposi:Ory has been sealed and i:s surface facili:1es
abandoned, :he effec:s even of large ear:hquakes are likely to be negli-
31516.

I: is well :o recall :ha: the ear:hquake history of the United Sta:es is
'sased chiefly upon diaries or newspaper accoun:s , which say cover a :i=e
span varying fre: 300 years :o a f ew decader , depending upon the area.
The develeptent of a widespread ins:rumented seismic network wi:h sophis-
tica:ed equipmen: and data processing is par:17 an outgrowth, during the
;ss: three decades, of the interest in detecting nuclear be=b 5' is,

las:ru= ental seismology has enisted for decades , but syste=stic 1 com- -

pilation is rela:ively recen:. On either basis, whether from an nco=plete ,

historical record stre:ching backward for up to three centuries, er f g= a
,

| cc pila:ica of seis=ic racord data, perhaps adequa:e for only three decades ,
I there is little reason for confidence in forward predictions covering a

=illion years.
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Ourin: the past :hree d2 cades a series of qualitative seismic risk caps
aan been produ:ed by thu Coas: and Gacde:ic Survey, :he ecs: racen of
:hase la 1969. Fesponsibility for the next se: ef risk =aps lies wi.~h
:ha U.S. Geological Sur y , b a: their own estica:e is ::.v. a reliable
seismic probabili:y risk =ap lic; a dec.'de er ore in he future. -van
:his assessne : :sv. be pti.tstic.

VI 2.3 Glaciation. and Cli=cti: Chances
,

Geologic r. irds of 31 scia.ic in Alaska entend backward s for at least 10
=illion yaars and in :he cc:erminous Uni:ed S:2:ss for more :han 2 million |

,cepite the genera..y adopted sta:ecen: : hat there were only :. cur. :Ayeart. ,

Irajor cyr'.es of glaciatica, i: has now been dencastrat2. :ha: there have
been .ur -cous r iacial crechs , tha: they felice a cyclicity on the order
of 10) years, nd :ha: they are pr decinan:17 con: rolled by the earth's

1.

~9oth he rv.er' 11 cccen--ici:v., as rreposed long ac: by Milankovitch. i

anc :nc new . ablished record show cha: :he buit; of :hese 102-year cycles
repressa:f glaciattan fcr :he Nor hern Hemisphere, wi*. interglacial

m::leds like the presen: one las:try on the erder of _e,000-20,000 years.
L:e curren: in:ergincial was estt- ' ished be tween 16,000 and 11,000 vears,

ago. 1: is new predic:ed :ha: th long-:er: trend for the nev: 20,000
.ve2;s i= :wcrd ex:ensive c.laciat;c in the Nor:hern Ea is:hers. .$.1 hourh

. a

this fera.as is la accord wi:h clir.a:ic nnalyGes : hat shCw a censis en-

m. . a. '. .' n e . . a. ..d F o r. .k. . e y .s *. .b. . . 6 2 d =. . .+ d a . , .h. e '. .' ". . =. . . . a n. d d. e .wo s9.c-. .-
.a . .- . . .

., w.u ,,f.b
e.4. 4 .. . e ,r . a. . . . _4 ., C . . . . g. . u .yw3 3wa. .. .

3
.. .w y.... . .

- . . . . -- . .,.n.,1,.<.,.z..,.,.. .a,- - . ., a .. ,. u e .: a . ,. s- .. ; c.3,7 sa5.u,. - a n
r.u. . ,. ..e.....1<,...,, . . . - -

... t u..gye :., : ,,eg .<.. ,agg, .s. .c.' ,'~c'.'*..- .'a...".>..u- .-'._.%.=. e .u..e r''
3._e , ... .... .. .. - r - .

-

ec plica: ions. The depth of b2drock scoccing by ice snee s averages only
20 f:. "cwever, re-rcu:ed s: reams have inersed bedrock for dep:hs of up to
200 f:; :*i:tgara 721'.s. :.2 ~- 4: knewn ex: pla , has excava:vd a 170-f: ieep

' C ,C f.3 v. e a. e . " . - . ' . . . - * . - . a r .-d * * .o, c'e ra .e .#
.. d-. . . n ., : , , ' e n 2. c k.. - s . . ... . . .. .s .. s. - - - . .

.f bedrock a=:ce:ing :o hr . eds cf fee:, ;o-carsa ises:a:ic depress c '

. . , . , , . . . < . . . wa.. .%- 4. u a cm. .a, s ' ' . - ".. '. . . .- - . '. . e '. e u.. >- , o r e:, :
_, . ,-. _ _ . ._ .. . _4 . 3 . . . . . . = ,.. ,

e2. . . , 3. . , 3 . . n. 2 ..,s g a.s. ,. 3 4 ... .cr .loOdd.*b... ,, 4 e....,..,..-.y.s... . . , e s.. . .....e3, - s. .w.a. . . . u. ..3 3 . g .
....

w .

con:inen:a1 cars ns :: 'ep;as of : or more abcve presen; sea level.

. < - , 1, a,.. a a..e.-u.e. ee- 3>< . . , . > <

.e.--, - - . . . < p .r . , . < , .. - ,4 e.u.,a +e ., r g z.o,.. -.ce.e. --.sc-.y A w. . ..4. .. ... .....

glacial ci=ss. We cannot assume *ia: an area : hat is arid :odcy will remain

so during a gla:ial cycle. This cos: ebvicesLy :he case in Utah cnd
Nevada whe a, during :he recent glacial epochs, there uss a pronounced plu-
vial environment. What su. . a pluvial savironment eight de to the hydrologic
regine in the site of an ELW repos': cry see=s :o nave been largely ignered in
: trent risk assess =ents of reposi:Oriec such cs Hanford and the Nev da yast
Site.

The Panel beli ves that centinen:al re-clacic:iea has 4 very high probabilityx
cf occurr'.n; ~:hin :he time "aried of concern for EL" 'nd : hat the associ-.

atad cli=c:ic _aanzes will have differing effec:s on eas a rapcsitories ,

d2pendin. on loca:icn. There =av., hewever, be certain advanta; :o loca:inaa

reposi:ories in areas lih.ly o be re-claciated, because :his w.uld effec-
M eely scal them frca in:rus;2n severc; thcurands of y:ars hence.

..
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A different proble= arises fro = the potencial ce=bustion of coal and
patroleu= produe:s. This, the so-called greenheuse effec:, weeld be a

; var =er world-wide cli= ace cres:ed by the C0; resulting fre= fuel burning.
[

Even if the effec: vare net total melting of the Antar::ic and Greenland
,

ice-sheets, sea level would rise significantly. The evalua: ion of sal: :-
'

5do=es as repcsi:ory si:es should include considera: ion that such an'

even:uality is possible. If the top of the de=e tere accessible to sea- ..

va:er, extensive dissolution of :he salt could occur, pcssibly exposing [
T

t h e 'd 1 W e Turther, even if the greenhouse effect did no: play a role, it .r
is known that sea level has varied fer differen: interglacial epochs and
could be higher nen: ci=e than 1: is now. .

4

4 VII.3 FL222 EES012CE IZ?LCRATION
-

Althcugh the energy supply appears to loo = as the =sjor =ineral resource
p::bie= for the nen few decades, this is only because its present urgency; has diverted at:ention fre= the f ar = ore i=portant question of how the!

w:rld's rapidly enpanding popula: ion can =aintain the rav =aterial supplies ;
*

necess;ry for an industrialized society. Curren: annual consu=ption of
newly =it.ad =ineral produe:s is 3.75 %T per person, and by 1965 this figure

-'

will ha"e doubled. Geoche=ical and econo =ic arguments have been adduced :: [~

shew :'. :.: when the average ore grade of a =etal slips below a cri:ical level, ;

:he i=c.n: of energy needed to en::act that =ineral vill far anceed any |

cos:s that society can reasonably pay for i:, so the =ineral will no longer
-

b. avni_able . Mercury, silver, sold, copper , and lead are candidates for
such early scarci:y. The 1975 Nacional Acad:=y of Sciences Repor: of the
Co==i::ee on Mineral Resources and the Environ =en: has concluded : hat
technoicgy canne: always close the gap be: ween rising de= ands and available

so we shall be inexorably d.-iven to lower ore grades , largerrescurces,

tonnagas , and other =a:erials.

As an t'_lue: ration of the enforced shif: to increasin; connages of decreasing
grade .s =ay ci:e uraniu=, for which tha l?90 projec:ed de=and of U30s is
700,CC0 MI; production of :hi,s a=ount of U;G3 will be possible only if the ;

present cre (econo =icall~J =ineable) grade (0.20% U,0s,) falls to 0.075% in 1990.a

is known of :he world's =ineral rescutha pic:ure, it is difficul:Frc= wha:'

to be optimistic :ha: industrialized socie:y can sustain i:self a: any:hing
approaching 1:s curren: levels in the nen: =illermiu=. A steady decline ir

:he quali:y of life appaars inevi:able, as well as an increasingly desperate
explot:ation of raw =sterials, tGa: :he =ineral exploitation =ight be like
a :hausand years fec= now is i=possible to predict.'

Of the rock types currently under censideration as hos:s for H17 reposi:ories,
shale and basal: seen unlikely to assu=e an i=portant econo ic role. Granite

|
is somewhat diff erent because there are sc=e granites thac pc . ially are

|
=ineable because they contain relatively large c=oun:s of chor. ., uraniu=,

| and rare earth. Several other typas of ores are also associa:ed with granites.
> -

\
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The cos: likely carga:s for near-: era explot:a: ion, hewaver, cre sal: dones
beccuse of the potential productivi.y ef petroleum, halite, and sulfur; and
bedded 4al: deposi: . '.e:ausa cf :hcir potash, hali:e , and gypsun. The
:-1:ed States has erly 4" of :he wor' s total p rov- n pe:ssh resarves , and*

uas: of the.<a cre concan:ra:ed in th 'ev Me:: ice arca ncw being evaluated
as an .. s e pos i:o ry . Future conflic.s between :he desand for MLW reposi-
:ories in bode d salt :nd the eeds of agricul ure ~3: pot sh see= in-
evi:a'.-le , anc .2y even now c-Astitute an i=portan: n.:gativ.s socic-economic.

factor tr. tne ;evelopmen: of :ce reposi: ries. Such c:nflicts could be
aini=':cd in the :sse of sal: deres by selecticn of doces : hat are bccren
of pu ro,eus and su :.ur.. t

VII . I. OT*.CR GEOLOGIO iLL*ARDS

Sone data en races of uplif: and denudation =ay be used :: anderscore :he
un redictai La na:ure of so-called s:caly-s:ata 3.alogic processes. The

.
rate of regional denuda: ton in the United Sta:es (0.053 =/10J yr)av e rr. . s

is suen tha: it would r2 uire approninately 15 nillion years to une: var an

U .' . asitory a: the burial depths naw planned. This see=s :o ce such a"~

1 lar . safe:y .#a :er tha: we could easily relegate denula:icn to the ;;a: s
1 3 .

I cf a rela: ivc.y niner risk. However, denudatica ra:es very bf fac:ves of

; cp c 7f , depend!n; on cli=stic and topographic f :: ors , so there is a
lar;c uncer:ain:y in applying averages tha: are n:: site-specific.

t.asu.! ; tha: a repesitory is 'enned for a s:chie area of th; con:inent,

ve ca new ask hew cer:ain we a 'e of this s:abili:v. . Ine Adirondacks,

long regarded as an ancien: stable shield area, are new known :o be rising
a: :he ra:e of 3.7 c=/yr in :he cen:er of the covi:ains. The beginning of

a .w...e .is.4 4. a. a ks i. .o*. ve'' s'. - . c d. , bu. a- .S.a. ' esa... .2 .=s
. . .. . .. :. . . < . . ., . . . . _ - .

of uf '' the 1.600 cecers of caximun u:. .f:, and sub secuen: .eso. :rcsien,'

could have :cken pince wi:hin a h f-million yac.rs; but i: cocid a*.so, of

ceurse, have :aken tillions of years lenger. Frier Oc the ini:ia:icu of
.n,s:nts re:ent upi.,:.:, enere would have ,Jeen no resscn te predic: :., a:.. .

..

larte crea of the Unt:ed Sta:es :.ould be rapid ~, u: lifted and ereded.
.

!harc _lso no basis for predic-ing where, er wh+n, c:her such uplif:s
nav. : on :Ss s:able shield of tha concinent. The poin: is tha: -here

is a L.c.i:e very low probability tha: a reposi::ry buried 2: a d-;;:h
dW -hor *e*_e, "... .e.*_-.-0 . a~ b__ a _' _o - . a..". ".s h e . e ..d. 3 . . , "' .'. . .* .. a . e .' a - _' ". e .1 ",2 .. = .e.

ab le reappear at :he earth's surface. EV one can take an crders-ci-
magn'..ude cen.ecture concerning :hese probabili:ies is beyond the ?anel's
abili:y to resolve.

.
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part of :he responsible establishment of an ELW repository is the prevision
fer a warning sys:e= in :he even: ef loss of sc=c cf :he HLU :o the bicsphere.
~f we assu=e that sc=e form of conitoring for radioac:ivi:y will be candatory,,

'

:here are two aspec:s :c :his problen: early warning :o per=1: sc=e at:c=pt -

:

:o repair the si:e cr cenfine the spread of the HLW, and longer range sur- -

i

veillance .' provide warning in sufficient time :o raduce exposure :o the con- ;
|
; :a=ina:1ca. The firs :ype of conitering wculd be done close-in :: detect

'

early signs of :he breach cf the v4pesitory. Ecr the seccad, more widely

spaced =enitors would be used.

Any c'.ese-in monitoring weald, of necessi:y, include so=e connec: ion wi:h
a surfeca-recording device, a =eans for replace =en: or repair of :he sensor,

4 an due ccasideration of the possibili:y :ha: :he sensing sche =e itself could
| provide an addi:icnal pa:hway for nigration of radienuclides. That seni:or-

1 ini be continued fcr a : cried of : ice on the order o: A: leas: several cen-
"

,
.

and one million years for the TRU wastes:uries f ar :he fission produc:s
is : c.c=1:= n: that i: is no: reasonable to expect future inhabi:an:s to

,
,

. . . _ - _ _ . .
. ,.

-

7.ure '4 ne knevn instru=enta:icn tha: has de= ens::able reliability for dec-
~

adea , - ' ass for cen:uries. Beyced these :i=es, :he radicac:ivi:y is
=uch le=s, will have a large alpha component, and :he sensi:ivi:y of any

tilable ins:ru=enta: ion to the losses would decrease =arkedlycurren.17
jus: When :'..a sensi:ivity needed for detectica would incressa. The ec==i:-

can: sus; be to a repository : hat =ay be =onitored re=c:elv. for sc=a eeriod
of :tne,'u: we shall no: knew wha: is going on vi:hin :he general confines
of thu .;:si: cry once the tenitors lef: in pla:e =alfunction..

t F29'-s --.i:: ring can be effec:ed both fro = the surface and frc= the drill
i :.c s: - -de :c help define :he si:e to begin with. Ecwever, such seni;oring
i cann : es ins any activi:y such as =igration tha: is occurring in :he

rep::i: r" A new :echnelegy would be needed to achieve this, and such a
te .n;_.3y w: eld firs: have :o be shown :o be possible.,

1

.

Ar analysis of :he nature of re=cte sonitoring arrays pinpoin:s :he very
diffi:u':7 :ha: predicting the direction and rate of =igra:icn of the HLW#

pesas in th: firs: place. Even if :he overall hydrologic rsgi=e were well
du:crninad, scril devia: ions fro = the average flow =ight still result in
:he arrival of soma ELU a: the surface. Such short-circui:s could cen ain I

only a s=all frac: ion of the tctal HLW, but they could s:ill hava serious
local effe::s. 1: is rarely possible to iden:1fy where such effects =ight"

occur, thus they are pctentially hazardcus even beycad the cenf s of the j
I

fenced-off reserva:1on of a reposi:ory. We see no way to pred. such
cccurrences either in ti=e or space. It is not part of our cha. 2 to con-
sidc risk ::sd2 offs tha: =ight arise in the case of s=all numbers f people
being at po:entially serious risk in such cases. Considera: ion of :his
pt:ble should be included in any nonitoring sche =e.

41
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f our prediction of the behavier of a repcsi.ory were qui:e accurate,
iwe c:uld allow fo: *e211 1 s.<es :hs: e suffician:1; "7ng t mes to*-

co r s.* as be be.'ev pre; :1y specifiedi* icsp'r ere resi 2::iva a: a

eaninu: ' a levels. ikvavor owing to the varia'; '.e h ' elotic :: ; ices
. ,

tha: ve t.c. . al:Ost s ': aly occur ver :he 04::: =illi.a i...:s, the 1+.Qs of
- .e Hi'' might occur sigrifi::ncly earlia than pradicted, but still such !

tyend any cine wPen centinuous conite:" ; can be anticipated. The TRt !

wastes :hst en:ar tha .icsphIre un e:e. .l c: sucf., :i=e ' n e.ne ra: futura .

.
j

,

[igh; i ;csa serfeus risks on our descuadan:s.
t
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l ?;.7.! X: CO::CL*JSIONS

:: shculd be 4:phasi:ed : hat our intentien is not to rece::end wha: =ay
.

be the best hos: rock or gecgraphic loca:ica for EL*.' storage or disposal.
Our in:ention is to iden:1fy gaps in :he s:ste of geological knowledge
tha: cay prohibi: reasonable predi : ions to be made about events and
processes that :ight occur in cer: sin hos: 11:hologies. In so=e in-

stances we feel cc pelled to indica e potential problems.

(L) Knowledge concerning :he properties of the sal: in dry de:es
is gecd. If the ELW canis:ers are no: to be retrieved after
the 5 or 10 years need2d to ec plete the filling of :he
repository, then the shor:-time deforna:icns in dry salt donas
around the canisters can be compu:ed and reasonable predictions
ara possible. Disposal would be permanent because at :he ex-
pectable high temperatures, :he high-density canisters would
probably sink into the salt. The usual assuspeion seems to '

be :ha: the sal: is indeed dry. This is clearly not so in

ccr:ain bedded deposi:s or in all dcces. Careful ceasure-
=cn:s of water con:en: util be cos: important. Fur:her,

even dry sal: contains se=e water , so cha: the sinking of
canisters cc pu:ations, wi:h the possibility of "fccusing,"
should be done with this in =ind.

(2) .::rievabill:y of H'_W in other rock :ypes is no: so =uch
a question of locating the canisters because they have
bedily coved elsewhere, but being able to collec: all
of the was e because cerrosion and leachias might so

disintegrate che canisters tha: =uch of it is dispersed.
J ThiJ r. roble: is further exacerba:ed by the r. ossib111:v.,

of dispersal by fluids f ar away frc: :he site. We be-i

lieve :ha: :he appropriate ce=pu:2:icnal methods for
4.;essing such possibili:ias are known, bu: our knowledge
of :he acesss ef :he repository syste: :o fluids via
::EnJp0 : :hrough cracks is not nCw adequa:e. Research

is needed on how to de:ersine the exten: :o which a
reposi:ory is an "open" systen. As a consequence, while
several li:hologies are potencially viable candidates
f:r repositories tha: perni: retrieval, no: enough is
known to permit a selec: ion or priori:y assign =en:.

(2) Th2re is a funda: ental paradox to be encountered in the
It isde .ign and cons:ruccica of a " closed" repository.

J

desirable to avoid disturbance of the rock mass by ex-
piora: ion drilling as this provides extra pathways for the
ELW to reach the surface. However, one mus: de:ar=inc ;y

precisely the gecce:ric distribu:icn of rock propertic.-
hroughout the future reposi:ory si:e and i:s i =ediate
surrcundings. Prior to excavation, only careful exa=ination
of many drill cores can possibly delineate these properties.

! These two contradic: cry de= ands cus: somehcw be resolved.
?reper assessmen: nay have to avai: en avation of shaf s

43
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and adits, despt:e :he high ri.,c of the capi:al investmenc
,

should the si:e then be found :o be un.<rtitable.'

(4) If :he !!L*.' is not reprocessed, U and Pu will pose len;-
:erm re.diation i.a:ords, as well as a d' 'erent che:iatry

of transport. It 13 unlikely, however, t: :he in:egri-

c'es of :he ca-ister, i:s conten:s, and .s i==ediate
v.vindings w:11 Ir.-: very 1..ng, whether or no: recro-'

.2 sing is carried ::. We have seen r idence of ,

survivals lor,ger than a decade. The qr ton of repro-
'

cessing does relate to the mix produced and :hus the
re=peratures to be expected in the cani.e ers as a rerul:
ef :he hc:t produc. tion frec that mix.:

1
l (5) We are surpriseu and dismayed to discover how few rele-
i

| .an: data are available on most of the candidate rock
'

4,

types even TJ years ;"*;er wastes bagan :c accu =ulate
{ frc weapons develop . These racks include grant:ic
i types, basalts, and s.. ales. Further .cre, ue are only

just new learning abors: the prob.to.m of wa:e.r in bedded
sal::, and ae need fer careful = 1 surer _s cf us:e'

cen:ent in doces.'

(6) "a s a:e of knowledge :encerning :c:al reeabill:y in

je n=ed shales , granites , and basal:s is 4:111 inadequate
V includesfer meaningful forecesring. Total pernaabili:

'
n'i paths for fluid migra: ion :hrough :1- rock, including

; acks , joints , faul a, and inhomogenei:ics of ilthelegy.
] .nc lack ci such hac.eledge does not necessarily i=;1y

tha: a rock is unsui:able. Co=parative'.y cahydrous recks
in the grani:ic clan or basal:s mish: w. 1 be the 'oast
roch :ype- for s crage, and parhaps disposal, even though
: hey arc .:ein:ed and sal: is ac;. Transport properties

d pend on b::h -he -- ical and =echanical na:ure cf :he'

r .k .
3

(7) Two principal questions arise for all lithelogic :ypes
ccher cnan :he sal: in do=es :

:
r.ow does one de:ar=inr.- :.ne real. ,,p e r= e a. ,1., :y ,,, .. :- -

..

of the roch =a 3 surr ading the repositcry ,

and entending :o the s.rface, and !

i

2. F.cw does the por=eabill:y cf :he fiatures

affect solute-retardac. n f :: ors ral2::ve
to the flux c' atar ::arweghou: :he rech mass? ;

)

r *elorren; of cetheC r.o answer th : fi s questica vill
er;. hard, bu: cu. 'ce under:aks. t. '

-lethora of
:ributien coeffic' .:: and :e:ardt:ic- .fficicn: data

now available provide a sced star , but ti._y are no:

.?.*
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b.

adequate :: address :he cri:ical proble=3 of rc:ards: ion
under condi:icas of high icnic strans:h.

.

I

(3) Exis:ing cceputa:icnal methods fer essessin; :: anspor:
=ay veil be adaquate, and the accuracies of : hest codels
can be specified in principle. Ee.vever, until the un- ._

certainties of the inpu: para:e:2:s are included in the -

numerical codels, the reliabili:y of any odel re=ains ;
Lunde =onstrable. .urther, while =sthe:acical si=ulatica

3 cf radicactive ion transport fro: :he repost:ory is an
-

'

1:portant and very useful tool in :he risk analysis of
! an ELW reposiccry, such simulations can be dangerously

misleading unless careful attentien is direc:ed toward
,

iri:ren: physical and cacheca ical assu=;tions. Of
par:icular concern here is :he relatively superficial

,

! a::e:pt :o da:e :: incorpora:a parame:er uncer:tinty
in :he contaminant transport forecas:s . It is of para-

::un: 1 por:ance that the analyst presen: unambi uouse

es:imates of uncer sinty in such forecas:s so tha:
decision-nakers are no = isled inte believing : hat such
forects:3 are independent of par =e:er uncertainty.

(>' 1: seems clear tha: :he uncer:ain:les of forecasting
the behavters of conceptual ELW repositorjes ara due

i

principally :: inadequa:e knet. ledge of :he relevan:
nachanicci, radioche:ical, and hydrolesic preper:tes

;

!
of :he candidate ::ch types. M:s: cf the.-:e can be
=casured by well es:ablished eacheds , b4: :icas required

i

even for adequately f unded re4earen ef f er s are likely'

to vary widely--fro a year or so :o a dacada e cora.

j As na ' de :he tex , there are also several questicas , notably the de-
: err....-ion of real permeabili:ies and porcsities in the r:cks a: a si:e,'

or :he no:ure of :he icn;-:er= :eni:oring systems , answers :: whi:h zus:
ar-f: ' ' ventica cf new technology. The time scale for such research' ---

is Lt ... .23s readily de ercined.

Excep- 's: :he modes: effor: on sal:, the geclegical aspec: of :he H1T
repesi..." pr:ble: had largely been neglected by our genera: ion un:11 a
year or se c c. I: vill not be solved wi:hout a s:rong ce=ni::en: of'

ncnsy and annpcwer , las:1.ng beyond 19S5.
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.A di t : A nearly horie:ntal opening by which a nine is entered, drained,
or ventila:cd.

j oha car:icla: A post:ively charged particle cai::ed by cer:ain .

radicactive asterials. *: is =ade up of fo neutrons and vo
;

protons bound togsther, hence 1: is identical to the nucleus of i
a heliu= atom. It is the least penetrating of the three i
con =ca types of radia:1on (alpha, beta, ga= 2) emi::ed by
radioactive =a:erial, being s:opped by a sheet of paper.
Alpha par:icles are dangerous to plants, ani=als, or =an only if
the alpha-eti ing subs:anca has en:ered the body.

i

1 Anh.drous: Free fr = vater, espacially water of crys:alli:a: ion.

A uifer: A subsurface forma:icn or geological unit c:ntaining
sufficf.in: caturated permeable =a:erial :o yield significant j
quar.:icies of wa:er.

-

E ars (5 := rsu..r.e) : Absolu:e uni: of ,rassure in the .ces syste: .: t . .

equal :a 1 dyne per square canti cter. .

.

3e:s : article: An elementary particle e i::ed frc: a nucleus
curing radioac:ive decay, with a single electrical chr.rge and
a :sss equal :o 1/1337 : hat of a proton. A nega:ively
charged beca par:icle is identi:al to an ciec:ren. A

pcaitively charged beta par:icle is called a posi:ren.

Eics,hggg: Z;ne at and adjacent :o the earth's surface where all
. :__r e .<..s.. . . .

Si: ern: The residual liquids left af:er crys:alli:stien is comple:e.

Calcina: Product of calcina:ica wherein catarials are heated to a
hi;her tempers:ure under oxidicing c:nditions but without
fusing.

Discenesis: The physical and changes tha: occur to sedi=en:ary
rocks. In the his:Ory of a sedimentary rock there is no -

pein; at dhich changa s: Ops, such as occurs in :he solidification
of a molten igneous ::ck. Thus are changes tha: occur with
sedi=entary accu =ulations are known collectively as diagenesis.

Ciactrism: The forceful intrusion of one geologic caterial in:o
another; overlying geologic =2:erial.

Ocvi:rification: Crystallica:ica from a glassy phase. Glass is an
_

unstable substance. Eacause its componen:s are spaced wi:hout
plan, a: unequal distances, the forces of at:rac:1cn tha: surround
a " par:icle" are unbalanced. Ultimately. the co penents respond
to the unequal stresses and are drawn :oge:her to for: crystals.
This process is kneen as devi:rifica:1on.
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'ission products: The nuclei (fi:sion fragnon s) formed by :he
fission of hcevy elements, plus ebe nuclides fo:ced by the
fission fragments' radioac:ive decay.

7::2:icn *,. :crs: t.*ater that enists in the intergranular er fracture
space in re:k formati:ns.

1

Car a ra._s.: High enargy, shere wavaleng:h elec::::agnetic radia:ian.
Ga==a radia:ica fraquuntly accocpani:s alpha and bata a=issions
and always accampanias fission. Garra r:.ys are essentiall"J
similar to X-rays *ut are usually more enargetic and are nuclear;

in origin.

j Half _l_i.f a (radicactivei: The ti=a requirc for ene-half of an initial3

radioactive =acerial to undergo nucle..: ::ansformation, the
hal'-life is a =casure of the persis: ante of a radioactive

4.s .,,4qu. .o am.u. . a .e .,. . . . . e .se.'

a .e ia. ,,..2 .._ w . .. . . . . ..

Ma .' ' :e,: Imo.ura ec=non salt, sac 1.
-

-_irh-l' vel vasta: Tha hi;hly radicactive vasta resul:ing frc: the
E ----re roc:ssa::c. of sc. ent fuel :: serara c ur--ium and plu:en'un

,
,

e
f r := :he firsten p rod c'.s. The tare includes :he high-level-

l'. rid-vastes (HLLIO productf direc:1y in reproceesfr.3, and
the solid high-laval-wastes (ELi.') wi.iah can te race therefrom.

.

La 1-_la: Thin geologic layers, pla:es. or scales dispesed in
1-;ers like tha le2ves of a book.

r e. . . 313. 4 . . U. e - . .' ._' ... .o .*. e ch a . a c . . . '. s . '. . s c . . o .' ." + . _ ' _' c n . e- c .' .3 -

... s... . s . .

as layering.

. . . . . . . . , . . en _4 c o. . . . , , .. r
3.. .m . . . .- . . . . . . .

2 .. . .. . '. '. ' . n ' . a .
2 .4..e-..' .es.. '14. , c ' u- .- c on s.d.. s ..1..- c ' . ... 7 , .

. . . . . . . . .
.

hydrous aluminu silica:e with considerable caraci:y for
exchanging part of the aluminu= for =ainasium, alkalics;

and o:her bases.

.
?luton: Very large masses of igneous rocks :ba: ex:and along the

! cores of mos: =2jor =cun:ain rcnges and underlie vas: arcas of
the cacien: shield or central stable areas ; so=2ci=cs called

ba:holichs.

A g.,.. e. c : g. 3, g. . . . . . . ., .g ,, . < t. n. - . . . , . c .,. , u n. . . ,:a.c. a , . ,.2.. <..m. . . . . . . . . . . . . . . y..e..

ust of a great sal: :nss :hreugh overly'ng roch lay 2rs. Tha
resultirg sal: for is roughly cylinicical cnd in some cases
has resulted in observabic uplif: at the ear h's surface.

Snecti:e ninerals: Clay minerals.

,
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Te teni_;: Of cr pcrec.ininz to tha for ati:n of the carth's crust;
the forces incol/c.i in or pecducing such defor:2 ton and th2
resulting forts. (

Transuranic elercres: F.lcment.s ith sto:ic number c3reater than 92.
shey include neptunium, plutonium, americium, curius, cnd others. {

E

" so li M,: Any of a fa:.ily of hydrous silicates, t. hich ha /e capacity
to cc as icn exchan;ers. [
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