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FOREWORD

A major Federal effort is underway to develop methods cf disposal of high-
level radiocactive waste. An important element of this program, scheduled
for early completion, is the development and promulgation by the Eaviron-
mental Protection Agency (EPA) of environmental standards for such materials.

In conjunctioca with its efforts to develop these standards, EPA is using
stace-of-the-art techniques to estimate the expected and potential environ-
mental impacts from potential waste repositories, including repositories in
deep geologic formations. It reccgnizes, however, that there may be signi-
ficant uncertainties and controversy regarding knowledge of rock properties,
hydrogeology, and other factors, especially as they relate to the ability to
provide long-teru containment of radicactive 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
Sasic knowledge in the pertinent earth sciences for reliably estimating
environmental impacts.

In March 1377, the Envirommental P-otaction Agency contracted with Arthur D.
Liccle, Inc., Cambridge, Massachusetts for technical studies of high-level
radioactive waste disposal using deep geclogical repositories. Directive

of Work No. One under this contract, issued in June 1977, required that the
centraccor, ia conjunction with the EPA Project Officer, select the Ad Hoc
Panel of EZarch Scientists comprised of nationally recognized experss ia ctha
fields of geology, geochemistry, geohydrology, rock mechanics 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 estimating the environmental impacts
te be expected from the disposal of radiocactive waste in deep geologic forma-
tions, to provide guidance tc EPA regarding the uncertainties iaherent in
@stinactes bDased upon such knowledge. This repor:t was prepared by the Panel
in response to its charge.

The Panel conducted its work and formed its conclusions independently of
arthur D. Liccle, Iac., EPA, or any other agency. GEZPA and its contractor
provided only administrative services and such procedural assistance as che
Panel requestad.
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PREFACE

In August of 1977, a panel of geologiscs, geochemists, and geophysicists
was brought together by Arthur D, Little, Inc., under assignment by the
Eavironmental Protection Agency (EPA) to evaluata the state of xaowledge
in the earsh sclences ralevan: to environmental aspects of the disposal
of high-level radicactive wastes (HLW), by deep burial on the continentcs.
this report presears the results of the panel's work in 1977.

This repore contains our evaluation, based on the available written repcorts
of individuals and Tesearch groups in government, industry, and the uni-
versities; as well as Reetings of the panel, subgroups of it, or individual
members with saeveral individuals currently active in chis field. We have
ReC as a group with members of the Archur D. Liccle Staff and the Office of
Waste Isolacion (OWI) at Qak Ridge.

We have tried =o find out the nature of the pertinent effores at other
goveroment agencies and their contraceors, including 8Toups of the Depars-
2ent of Energy (DOE), formerly che Energy Research and Development Agency
(ERDA) and the Nuclear Regulatory Commission (NRC), Archur D. Liccle,
3atzelle Northwese Laboratories (BNWL), the Unired States Geological Survey
(USGS), Sandia Labora:ories, Los Alamos Sciencific Labcra:ory, and Lawrence
Serkaley and Lawrence Livermoras Laboraszories (L3L and LLL). We do net claim
€o have made a3 detailed and comprehensive survey of all of shis work; neither
tize nor manpower allowed that.

We have attempted to assess the research that has been ar is being deone, or
that is ?lanned, so as ro identify what needs MOST Lo te known ia the earth
sclences in order ro Permis reliable prediction of the Sehavior of HLW
following deep burial. We do 20t make judgments on she meric of any specific
2search afforr of any organization ar individual. our aim is simply o fiad
Put what is known and what {s noc.

LS

We have taken as our charge an assessmen: of the state of the ars of the
g§eclogical sciences that relate to the disposal of radicactive wasras at some
depth under the land surface. How well do we kaow the physical and chemical
characteristics of the rock materials at depths comparable to those en-
visicned for wasce disposal? How reliably can we calculate such diverse
juancticies as races of chemical reactions arcund waste ~ontainers and avdro-
logic flew ratas in lcw-peraeabili:y rocks? Can we ?oedict the likelihood

of changes in the current geclogic regime that might afface the scorage

site in the futura? ‘

We include in our cnarge judgement of the confidence with which wa can
Pradict the extent of transport of radicactive macterials and how this
relates to cersain xinds of geologic formaticns in various tectonic
and surface environmental setiings, but we do not assess the merics
of any particular site. We consider three phases of :le problem:

(1) what we can do now,



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

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

Implicit are the questicns: do we know how £o 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 few 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 fair 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 few tens of vears at mest. In comtrast, our abilicy

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

Qur study is intended to ianform the EPA of the nature of the advice that it
{s get=ing and can expect to get from competant earth scientists who are
knowledgeable about the various aspects of, and current developments in, the
Sackground science of the problem. From such sources the EPA should expect
assessments and predictions that are solidly based upom current kncwledge,
not hypothesis and extrapclation from inadequate or iaapplicable field or
laboratory data. Above all it should be remembered that the Earth--or any
seall part af ire=is an extraordinarily complex and hetercgenecus assemblage
of materials, comstantly subject to slowly actiag forces. Attempts €2 model
its behavior in this case must rely not simply on the best data cthat are
readily available but on sufficiently good data that are truly pertinent

and on a consideration of all of the imperzant factors that may affect the
sutcome. Lo any case, we must know the reliabilicy of any estimactes before
we can use them as a basis for practical decisicms.

In assessing the possibilicy of loss of imtegrity of a disposal site, we

have considerad that total containment is desirable. Realistically, however,
some loss of radicactive material, albei:t small, appears likely. We have
addressed the question of estimating the amcunt of contamination to the
biosphere. It is worth noting that estimates of (and regulations conceraning)
zaximum permissible levels of radiocactivity in different phases of the >iosphere
have been lowered over the years since World War II, and we must assume that
chis treand will continue into the next few centuries.

In preparing this report we have Deen assisted by the many individuals who
have talked with us, sent us reports of research in progress, and informed
us of where work is going on. We have ccnsisteacly faund a high degree of
cooperation, which has made this task easier, and for which we are grateful.

viii



’

-

e, howeve

(
«




-
wl

ble

thousa
nt and

a
a

e ed
.
npermea

-~

equ

Si2031

vee

ves.
Incan e
iVl
nyd 14 -y
1LY

exmsel
e
>3

ermea

*
-

-~
vV

-

rods th
techn

!
fe,
'S

%
es

ue
a -

AT T

<
-y
- -

empe

-

-
S
9 4
>
ce
-
oo

LON AND
enerated by

inds must
stems

NIRQDUCTION
-
“
kin

both

™
N e -

of
the normal




A central consideration for a great many questions is the type of waste

to be stored. Unzil recently storage schemes have been predicated on the
reprocessing of spent fuel to HLW and its subsequent combinaticn in con-
centrated form to produce a calcine, ceramic, or glass cylinder encased in

a mecal caniszer. Small ia volume, these canisters develop high temperatures
{n the first few years, when short-lived radicactivicy is at its highest level.
Tor the firsc 10 years or so the material would have to be stored above ground
{n order to allow rapid heat loss. After this time, during the initial period
of underground storage, the canisters may reach temperatures of 300°C or more,
depending on the thermal conductivity of the surrounding rock. Neverthe-
less, these canisters enclose the HLW in a form that is designed to be

far more resistant to corrosion and leachiang by formation waters than
unprotected spent fuel rods would be.

Storage of spent fuel rods presents fewer heat problems: the radioactive
marerials are in less conceatrated form and would not be expected to reach
temperatures greater thaa 100°C. However, the rate of corrosion of the fuel
rods would Se much greater, and great reliance would have to be placed on
the impermeability of the surroundiang rock =9 coantain the HLW. Although
relatively liccle work has been dome on the Jeasibility of storing spent
fuel rods, current federal policy favors this optiom.

Reprocessed HLW or unprocessed spent fuel rods both contain a mixture of
short- and long-lived radicactive elements of two kiads, In addition to
the unconsumed 238U and 235U, These are the fission products such as
137Cs and 90Sr, and the transuranic (TRU) elements such as Pu, Np, Am,
and Ca. {ssion products and transuranics have different chemiscries,
as well as a range of radiocactive half-lives, so that we must consider

a variety of geochemical reactions with host rocks over time scales
ranging from a hundred years to a million years.

We know all of the decav comstants for thesa materials sufficieatly accu-
ratelv, but there is a wide disparicy ia our knowledge of their chemisctry

and geochemistry. In particular we know lictle abou!: how these materials
react with real rocks and minerals at the temperaturas anc pressuras expectad
in the subsurface. For examcle, the few laboratory data on the adsorption of
Py on "deserz scil" or even "mentmorillconite” at 25°C and atmospheric pressure
from relatively dilute soluticms are inadequate for predicting cthe sorption

of Pu on a rock at a temperature of 200°C and pressure of 150 bars. Such a
rock may contain an assemblage of minerals that includes partially devicrifiad
volcanic glass; several zeolite minerals such as analcime, mordenite, and
clincpcilolite; plagioclase feldspars; and sevaral varieties of smectite
zinerals, each with its cwn variable chemical compesition and different ion-
exchange characteristic-. Tre -3ck may contain highly concentraced brines
with a aixcure of dissolved salts that may radically altar cacicn exchange
reactions.

The reliabilicy of our estimates of the geologic futura of a reposicory forma-
cion falls off ’ramatically with tizme because of the long time scales of many
geologic processes and the unpredictability of marv geologic events. 3evond 2
few hundred vears our estimatas become rather ume -=ia; beyond 10 thousand

{



years they become marginally reliable; and for times greater than a million
years they become so poor that they become little better than zuesses. of
course the reliabilicy also depends on where the Tepesitory is with respecs
to the tactonic framewerk of the continent. We can Se much more confident
of the stability of old granites on a Precambrian shield than of young
basalts near a ctectomically active continencal margin such as the Pacific
coastal regions of the U.S.

Tinally we must confront the issue of retrievabilicy of the HLW over a
specified time pericd. Because high-grade uranium ore rescurces ara limited,
Lt may be desirable at some future time to recover unprocessed fuel rods and
reprocess them for what may have become much needed Pu and U. Indeed, it
would appear that a breach of the repository in order to mine the U and Pu
could be a sericus problem for the future.

e geological size selection criteria for and engineeriag design of ra-
positories will be strongly affected if retrievabilicy is deemed to be de-
siradble. It is ualikely, for example, that spent fuel rods could be safaly
recovered from a repository in salt more than a few tens of years after emplace-
ment and pvackfilling, for by then the salt would have completaly sealed the open-
ings. Scorage in granite or shale might be mors desirable if long-tera amechanical
stabilicy is required. As vet thera is no firm policy. We must consider
the stare of knowledge concerning the reopening of underground workiangs ia
the rock types proposad for storage and how such recpenings--or maintenance
of a tightly sealable, open shaf:z--affect the choice of storage repositories.

Hare again we are faced with lack of experience, for in ordinary aiaing
operations, openings are usually abandcned af:ter workiag, with no thought

of returning. Though there has been scme reworking of mines in a few places,
these are dighly hazardous because of the danger of roof-falls in a deterio=-
rated zine. It is well knowa that keeping any underground mine open and
clean requires constant maintenance and checking of rooms and entries. The
ceeper the amine the greater the danger of rock bursecs and floor heaving,

the more so because accumulated straia ia surrounding rock may build up over
a long period of time and chen suddenly give way by failure.

Retrieval may only be feasible so long as an active crew is kapt at the
fepository sice, perhaps then for only a relatively shor: aumber of vears,
5 to 10, while the repository is being filled. We assume that comsctanc
underground human surveillanze for significantly longer periods af time is
unlikely.

In the sections that follow we discuss specific details of the iategricy

of the storage assembly itself, the nature of the various rocks in relation
to their suicabilicy for storage, the transport of radionuclides through
Tock barriers, cthe hydrologic regimes, and the prodabilicy of disruptive
geological evencs.



PART II: THE CONTENTS AND PROPERTIES OF THE CANISTER

Most planning to date for possible designs of HLW storage and disposal
syscems deep underground has included several stages of containmen: in

case parts of the system were breached. These stages usually include:

the resistance of the waste, in whatever form, to leaching and transporc;
the resistance of the metal canister to corrosion or other loss processes;
possible special materials placed immediately around the canister; the
geological formation intc which the repository is to be placed; and the
nearby geological formations surrounding the host formation itself. These
containment stages have permitted computation of a variety of time delays
prior to possible release of the HLW to the bicsphere. The various medel
computations utilized have differed ia the nature of the materials emploved
and their geometries.

The nature of the HLW-containing "vessel" casnot be defined clearly bezause
ne £im decisions have been made concerning & number of paramecars to be
listed below. By "vessel" is meant the canister and its contents, plus any
packing placed immediately around the canister on out tc the undisturbed
rock wall. The parameters that have not been defined include:

e The compesition of the caniscer waste contents. Tha% 1%,
the relative proportions of fission produces (438 + 33?)
and TRU elements are not defined because it is not knowm
1f the materials will have been reprocessed, or even if
spent fuel sods will be placed in the canisters directly.

e The compositicon and phases of the canister contents. This
includes the iners (radicactively) materials used as ‘binders."”
Glasses, calcines, and ceramics have all been suggested as
possible candidate materials inco which the HLW could be
incorporated.

e The "zix" and concentration of the HLYW in the canister.
This affects the heat produccion rate and its variation
with time.

¢ The nature of the canisters. It is generally assumed that
the canisters will have approximately a l-ft .nside diamerer
and an approximate 3-f: lengsh. It is noc clear what mate=-
rial(s) will be used to make the canistars. Steel, stain-
less steel, and molybdenum have been named as candidates,
Sut this {s clearly not an exclusive lisct. Wall thicknesses
appear to have been considersd for purpeses of transport of
the contents to the repository only.

¢ The nature of the packing around the canisters. This has
included as candidates: metal sleeve, useful if recoverv
at a later date is desired; zeolites or clays with high
ion~exchange capacity; crushed rock of the type in which




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

It should be clear that much of the unzertainty concerniang the basic
characteriscics of the repositcry resizes in two ureas: policy decisionms
have not yet been made and accepted genmerally, concerning whether or not
the materials will have been reprocessed, and whe-'ier or not to provide

for retrievabilicy of the HLW for tize scales of cecades. The consequences
of these policy decisions concerning the mode of HLW disposal might, in
fact, eventually resulc in revision of the choices made with respect to the
form of the waste, storage, rock type, and site.

II.1 THE INTEGRITY OF TVE HLW AND ITS MATRIX

Several materials have been proposed for mixing with the HLW so as to pro-
vide a solid composite that would resist leaching or other loss of the HLW
{n the event of canistar breaching. Included are calcines, ceramics, and
glasses. The possibility cthat the leaching soluticns would be acid has
arzue. :3ainst the use of calcines, since they are not very resistant to
such atctack.

The - - of ceramics may be viable, but not enough work has been done to
demcus.rate that. In view of some of the difficulties with glasses to be

iscussed shortly, caramics might well be worth more intensive studv. They
h+-. the advantage that they are already crystallized so that devicrifica-
tion 1S not a problem. Quastions concerning their sctability and resistance
to leacning under the local pressure and temperature conditions of the solu-
tisas that are likely %o exist need to be explored.

Variocus glasses have been suggested as suitable products to be placed into
the canisters. The abilicy to make a homogenecus phase that will fully
cccupy the canister shape, =he gcod comprassive strength, and the noderate
resiscance to soluticn, all are pesitive arguments for the use oI glass.
There - @ two phenomena that can generate sericus prosiems in the use of
glasses, however. These are that glasses are not stable, but will tend %o
devitrify; and that it is pessible that ¢ “utioms of high ionic strength
will leach the glass at the ambient temperatures around the caniscter.

Two aspects aZfecting the possible devicrification of glasses have not been
adequazaly investigated. The first is tie high radiation flux from alpha
parcicles. These can create considerably more recoils and damage than beta
particles and gamma rays. It is primarily the latter that have been used in
tests for devitrification. With the new possibility that unprocessed fuel
rods will be used, or that the HLW might be mz « into a glass without prior
separation of the U and Pu, the dose of alphr -articles will ir . ease
mari:dly. The ‘evicrificaticn will also be « .1inced by the pras.ace of
wazer, particularly high ionic sirength solut "~s, at somewhat elevated
tesueratures. We ars unaware of any te~'s cou..cted om any of the proposed
types of :lasses that show the effects | nigh dosages of alpha particles
imposed on glass during immersion, in likely corrosive solucicms, at the
various temperaturass from 300°C on down. It would not be at all surprising
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to find that che integrity of the glass was lost over time scales of a
decade, instead of che millenia that ars aow computed on the basis of the
results of dry tests with gamma and bSeta radiacion.

The consequences of devitrificacion are the formation of one or more
crystalline phases. Such processes commonly result in the formation of
materials with simpler chemical compositions than the glass. The new

phase excludes impurizies. If the iopuricies include the class of nuclides
that are the fissicn products or TRU's, then these will end up in inter-
granular boundary areas. Leaching of chese would then be relatively easy,
and the bulk of the original glass need nor even 80 into solution, but could
Temain as relacively aon-radicactive cryscals.

The other area tharc tequires demonstration is che leaching of glasses, evesa
Lf no devitrificacion is assumed to occur. Experiments need to be conducted
with sclutions at temperatures as high as those that may occur ia the can-
iscter, clearly higher than 300°C in some cases and possidly in excass of
500°C. These solutions should include the likely ones for the propeosed
sacting: such as concencrated brines, {acluding the variecy of bitcern
that exist as fluid inclusions ia some rocks.

At this point, che Panel telieves that shere is no evidence that iacorpora~
tion into a glass will ensure resistance to significant leaching over time
scales of a decade. We wish o make clear thar this is an area in which
experiments can de done. If carefully controlled, such studies should he
able o answer the question reasonablv well.

Ia the event zhar containment by the glass was aecessarily a short-cerm
phencmenon, the Primary defense agaiast migration of radicnuclides to the
dicsphere would clearly have to reside ia the other cantainmens stages
referred 20 at the deginning of this secsion. We dssume that it is of
ittle importance wherther the glass releases some radicactive wasce in Cimes

a decade or hour, since the effect would he 2ssentially instancaneous
mparad with the time scales of interesc for HLY. We shall assume, there-
that che glass sresencs 70 significant barrier ca transport by leach-
solutions.
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If the speas “uel rods are placed directly into the canisters, or ars not
thanged chemically (shac is, they may be crushed and pelletized), we know
°f no data concerning the ease with which such macterials will be leached.
It would be expected thar the material is so far out of chemical equili-
drium with the hot solucions chat can Teach it, however, that a significane
amount of solucion would occur. We see no safe alternacive at this pointc
2ut to assume instantaneous access to leaching solutions. The limicing
constraint we see here, as with the glasses, is the degree to which che
iadividual ions are soluble, either as those ions Or as complexes.

(a dealing wisy questions of devitrificarion kinet:cs, solution of the
Various compounds and glasses, or solution of the spent fuel rod mate-
Tilals chcmselves, §ome items should be noted. It is the repeated ex-
Perience of those of us who work in this area:
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e that rates measured in dry systems often are orders of
magnitude slower than those measured in wet systezs;

e that rates measured with pure wacter or dilute solutions
are often far slower than those in concentrated solutions,
particularly if che lati.r are at high or low pH; and

e that complexing of ions (by making chloride complexes, as
4n example) may permit considerably higher concsntrations
of the cation in the solutionm.

Transporz of ions in such cases would clearly be faster for the same
volume of solution.

The use of some data in this area in the mathematical models that have

Seen comstructed for HLW is justified as cthe only informatiom then available.
Eowever, we should not lose sight of the major discrepancies possible between
availasle data and those that are needed to bear directly on what the models

are trying to determine.

Uatil Lz {: demonstrated otherwise, we conclude tentatively that a loss of
iacesricy of the HLW matrix ian a repository would result within a very short
tize of the emplacement. This short time could well be less than a decade.
Ia view 3f the need to maintain lsolation for time scales of centuries to
one 2i...Jn years, it appears safest to consider the materials ia the canis-
tar primarilv from the aspect of what is being dissoived and tranmsported
rat® - -- .1 as barriers of any consequence.

Soem: cor—en~s are in order conceraning the nature of the solutions that aighe
attack the canisters and - :.- con: 1ts. It is claar that che rock type
will affect to scme extent :&..2 nature of th. solutioms.

A . unently discussed candidate lithology for a rep :itory .- sal-. OQb-
serve.. 1 in salt mines has shown cthat chambers cut incto so: salt leposits
romain ary indefinitely, suggesting the long-term safecy fro- water that
ds -d for KILW. Closer inspection of salt, however, reveals that the
crysti.t do contain significant amounts of water as fluid inclusions and
along intergranular boundaries. ! rk done by Roedder and by Stewart (co
be discussed ia Par: IV) suggest: - :at a potential hazard exists nere. The
£luid inclusions in the salt decrepitate (burst on heating) at comparatively
low -~ -atures, which means that they are reasconadly certain to do so in

the viu. =y f the canister as the temperature rises following emplacement.
Decrepitu.ion is qui: - likelv to -.cur at temperatures in the general
viciicy of 150°C. [f ~e assume - 't the wall temperature of the canister
will -ea.h 300°C, a s+ aificant == of water - .-t be available. This is
most li. : . in beddec -1lts where w.iaer may be i .cess of 17 of ::2 rock.

It becom-: izmperative to deteraine if similar amc.. s of water exis: in the
salt of salc domes. )



The process of migration of water up thermal gradients in salt has been
described numerous times. It is cited here to make the point that the
canister is likely to be bathed in water soon after emplacament. This
water would, of course, be saturated with salt. At the temperatures ean-
countered at the wall, the concentration is considerable (as will bde
discussed).

The availabilicy of water in shale depocsits is considerable. is is
water normally tied up as water of hydration in the clays or as OH ilons
in the structuraes of the clavs and micas. The high temperatures at the
canister wall will suffice to releasz some of the water. Again, the water
will contaia a variety of salts in solution. These will derive from the
cations in and on the clay particles. As a resulc, the composition will
differ from that of an evaporite unit in which the saltc unit itself will
tend to dominace the composition. If rhe salt is largely halite, so will
he the solution. Ia the case of the shale, the solution may derive {rom
salts that were present during deposition and diagenesis, plus the con-
tribution from the particular clays in the shale and tneir degree of dia-
genecic change.

The granite clan rocks and ocher igneous rocks will contribute water from
wa sources. The rock itself is slightly permeable, and there will have

been long times available for the water to enter the rock as it would in
any other permeable rock. Mest crystalline rocks of this sort ars nct
tocally massive, bu: have joints and shear zomes on aumerous scales. These
will again permit water to enter. In this coanecticn, it should be ncted
hat much of the water obtained iz New England from "artesian" wells drilled
a these crystalline rocks is actually frem fissures in the rock. The rock
self is relatively impermeable if a particular specimen is tested, but

~e uniz of rock is zwch more permeadble cwing to these fissures. In the
aveat that HLW is stored or disposed of ia such rocks, it is not clear what
the maximum surface temperature of the canister would te. The thermal con-
ductivity of both these rock types is less than that of salt by a factor of
about 3, a difference suggesting some 1-35&: tamperature unless diffarent
scncenctrations of the fission component cf the HLW were used.

(' " . . l

rce of water from minerals themselves would ncot bte a problem in the
"anhvdrous" rocks such as basalt or the granulite facies rocks such as
ckites or ancrchosites. These may contain quartz, feldspars, and
svroxenes, in various proportions. Basalts are common, but the granulite
facias rocks are mora rare.

Any of these crystalline rocks, when heated in the presence of water, will
contribuce ions to form a solution, the compesiticn of which will depend
on the rock composition, including its fluid inclusicns.

11.2 THE INTEGRITY OF THE CANISTER
The canister into which the HLW would be placed is usually described as a

cylinder of approximately l-ft inside diameter and 8-10 £t in length. It
is assumed that it would be made of some mectal, that it would be sealed by

n.f'l‘ﬂll'vﬂ".!!'
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welding, and that it would be able to withstand both che high temperatursas
that would result when the molten glass or other molten material was poured
into iz, and the stresses during transport to the durial site. The wall
shickness is not known to us, but would zresumably be on the order of

R4

1/4 inch to perhaps 1 inch.

Iz all cases, a pure metal or -1 alloy appears to be the cheice for the
macerial. Suggestions include: steel, stainless steel, =olybdenunm,
rirzaniua, and copper. Each has different structural advancages and dis-
advantages, which are not part of our concerm. The resistance te corrosion
does, however, concern us. We know of no tests that have shown thac any of
rhe candidate metals will resist corrosion by the salt solutions that are
likely =o be at the canister suvrface for a significaatly long time. Again
we 3trass -hat the solutions will be at temperatures of approximately 300°c,
will have = high ionic strength, may have  very low pi, but probaply will
have very low starting conceatrations ol the metals of the canister. Under
these circumstances, it is like¢!w chat the canister could be breached withim
tize scales of a decade or less.

for chis reason, we do not coasider the canister to be a significant barrier
to =he solutions, ot least far the tim2 scales of ce:-uries to a million
vears witl which we are dealing. In passing, we mig.i note that it is not
es-2acial shat all components ~f the canister be resistant to leaching or
atcack. The cptimum canister cay prove to be cne that is highly eifeczive
as a3 concainer and transpor:s vessel and cne that does not enhance attack

by scluticns on the canister comten:is by adding corrosive materials to the
solucion that will ultimacaly breach cthe canister.

II.3 THEZ INTEGRITY OF THE CANISTER SURROUNDINGS

~:vding to our acmenclature, the inmed‘ace surroundings of the canister
sars of the "vessel." That is, the vessel extends Irom the canister,
5 the packing arsund the canlstar, and out to the undisturbed Tock.
caniscer i3 to Se recrievable, the sacking would include a metal
=0 permit easy withdrawal of the caniscter. Around this aight De
rushed rock similar 2o the host rock of the reposictory or some
cher mazerial.

mn O
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The mecal sleeve would doubtless behave in a manner similar to the caniscer
mera.. It is assumed that the same metal would De used, since the use of
dissimilar metals could well set up an eleccrolytic cell, with the com=
setuent pessibility of H, production and rapid corrosion of the metal wa ...
The comments above for z.e canister apply to the sleeve material as well.

s~ sackiag wcuid have a porosity and permeability that are much graater
sho. ‘rould the undisturbed rock. If grouting ma.2rials were used to cement
the zzcking matarials, t=» result would be a less porous and permeable
packing, but the grouti: would scill be suscepti-le to attack by the
solutions

o}



The variety of possible packing materials is iafinite, and iz remaias to
Se shown chat the selected material would enhance the resistance of the
"vessel"” to attack by soluticans. The use of zeolites or other ion ex-
changers might help ia the chemiscrption of the HLW as it moved through
the packing, thus delaying the migration of the radicactivity. The amount
of such packing might not be sufficieant %o make a significant difference,
however, because zeolites lose their water (and so their cation-exchange
capacity) at temperatures well below 300°C. To be effective, the zeolite
packing would have to be far enough from the canister to remain cool.

3ased on the above considerations, we assume that the near-in stages of
containment cannot be relied upon to effect any significant retardation
of the release of the HLW. We include in the near-in stages all the com-
ponents of what we call the "vessel," that fs, the HLW in its matrix, che
canister, any sleeve around cthe canister, and the packing arocund the
canister or sleeva. B3y significant retardation, we mean for times longer
than a decade.



PART III: MECHANICAL PROPERTIES OF ROCKS

The introduction c¢f a repository into a geologic unit poses a number of
mechanical requirements 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;

low permeability; and absence of discontinuities like jointing or bedding;
or a very small number of these. Knowledge cof the mechanical properties
for the various candidate lithologies varies considerably and some un-
certainties remain for all rock types.

The Arthyr D. Little report on "Assessment of Geologic Site-Selection
Factors" (L) ouclines problem areas fairly well, but it neither assesses

nor criticizes the state of the art that is currently available to re-
solve these problems. Nor for that matter does any other recent document
known to us except for the NAS (National Academy of Sciences) drafc repurt
on "Rock-Mechanics Limications to Energy-Rescurce Recovery and Development,”
which should be published in early 1978.(2) e concur with the conclusion
of its Subpanel on Nuclear-Waste Dispeosal that "present rock-mechanics
technology is not sufficient to predict the full range of thermal effects

on site containment caused by the emplacement of heat-generating radicactive
waste. The Subpanel believes, however, that the improvements in technology
needed to make such predictions within defined and acceptable bounds of
accuracy can de acquired with the proper research and development efforc.”

The engineering design of mines and other underground works is largely
empirical, but it is fimmly based on many hundreds of years of practical
experience. Except for rock bursts in deep mines in strong rock im which
residual stresses can be very high (as in South Africa), accideats chau
threatan human life rarely occur these days because of failure of the rock
icself. (The risks of flcoding and explosicn of accumulated gas remain
all coo high.)

The expectable configuration of a repository is essentially that of a room=-
and-pillar mine. Ia practice, excavation is designed for the maximum race
of extraction that is allowed by the short-term stability of the roof. In
salt aines the rooms may close eventually, but gradually and non-caca-
strophically, long after they have been worked out and abandoned. Ia
principle, long-cerm stabilicy can be achieved by increasing support--
reducing the open area relative to that of the pillars and, if necessarvy,
providing lining and other reinforcemeat. Thus, the state of the arc is
such that a mechanically safe cavity could ordinarily be placed im 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
from the bicsphere.

The facts are, however, that the design of an HLW underground repository is
anot ordinary, and there is no fund of previous experience because the wall
rock will be subjected to temperatures greatly exceeding those due o the
average geothermal gradient. The temperature will de-end priancipallv on
the thermal conductivicy of the rock and the cthermal load imposed, which
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depends in turn on the time allowed for heat dissipation durin

ing previous
surface storage and the size and distribution of canisters in the §
pec
Q

loor
of the reposizory. Temperaturaes 1s hizh as 300°C s. uléd be expected in

a high'y conductive rock like sa . H:2acing %o as much as 300°C mignt
well uocur i~ a relatively poor ~ductzor like dry granica. Our xnowledge
of the mecha~ical properzies of itucks under long-term loading in cthe labo-
ratorvy 2= the relevant temperaturas (300-500°C) and confiniag pre-3ures
(100-. . bars) is fairly good for rock salt. It is praccically ail feor
all other rock cypes.

Much experimental work has been done on the high=-temputature creep of
siagle .ystals and artificial aggregates of salt, and work on natural
samples from the Wiste Isclatiom Pilot Planc site is progressing at RE/SPEC
(a consulsing firm in Rapid City, S.D.) and Sandia Ladoratories. The labo-
ratory 4-2a on .ow laws are being incorporated into non-linear numerical
models orde. o predict the benhavier of cavitlies in salt. Alzhough
extra,..acion of laboracory data moust scill se zesced and the codes must be
validated by careful measurements in che field, our abilicy to predict the
formacim of sile should scon be adequate, given the current level of ve-
search <.:0rt throughout the world.

We are v indeed from the capability to predict, with sufficient accuracy,
-he behaviors of aay octher rocks bz2cause:

(1) data on mechanical properties under relevant condictions
are lacking and

(2) mest rocks cannot 3e treated as contiaua because dis-
continuities like jointing and bedding are nearly
ubiquicous.

Leciuse the need for underground isolation of FLW has ba2en recognized for
some 32 years, tae long postpe-czan: of pertinent resear.h on rock other
than sal:z is unforcunacze. The probiems will not Be solved quickly. The
rese. 1 is inherencly time-consuming becausa the cricical data are attain-
ableo: “rom creep tests of momths-long durat.ia. Turthermors, tha requiraed
testing =zachines (to accommodate l0-cm specizmens, 3t tenperacures of 500°C,
under praessure of 200 bars, and for a duration of several thousand heurs) do
not even exist. 1t may ta.2 a major research effort of 3 years o build the
necessary laboratory facilities: to collect adz-uate dacza; to davelop real-
istiz. -hree-dizensional, non-linear, large defucmation codes; and to vali-
date p:.dictions in che field.

ich rel--:3 to long-term mechanical

t thermo-elascic expansion,
iliz, particy  rly as they are affected bY
rs relate not - #20 machaniczal but also t°

y xperimentil el - is =der way at Terra T2k,

she U.%. Geological Survey, an. . few univ.rsi: - and = laboratories.
Several heater tests in the fi«ld are in progress or ¢ - aed for the immediate
future (Avery Tsland salt dome, RE/SPEC; granite, Striia mine, Swedesn, L3L;

In addition to the strength oFf rack
stability, we must :now a lot ‘2

therms . conductivisy, aand perz..?
therma. crackiag. These paramece
hydrologic stabilicy. A mode: :

\
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granite, Climax stock, Nevada Test Site, LLL; basalt, Hanford, L3L;
Conestauga shale, Oak Ridge National Laboratory, Sandia; Eleana shale,
Nevada Test Site, Sandia; norite, Sudbury, Canadian Government). Valuable
data on thermo-elastic deformation and permeability may bDe obtained in situ
where they .ount. However, sericus questions can be asked about the choice
of sites and the scale of these tests, relative to the natural jeciat spacing.

Qfcen site selection seems to have been either geclogically naive or directed
politically rather than technically.

We feel compelled zco emphasize, once again, the significaantly different con-
sequences of the alternatives of disposal and storage of HLW. Must the
facilicy remain stable only for s decade while it is being filied? Can the
cavity then be back-filled with rock and the access shafts permanently sealed?
Must it stay open for several decades, perhaps indefinitely, so that spent
fuel rods can be retrieved and ultimately reprocessed so as not to lose a
valuable store of emergy; so that mistakes cou.u be corrected should isola-
tion be incomplate; or so that canisters could be moved should the site fail
alcogecher? A weak, ductile medium like salt should be mechanically ideal
for permanent disposal but might be poor indeed for long-term storage with
the option of retrievabilicy. Salt will certainly flow readily atc 200°C
under expectable in situ stresses. Canisters will have to be isolated from
the surroundiag rock, and artificial suppert of the cavity would have to be
provided.

Excavacing a strong rock like granite is much more expensive, and because it
ig brictle and a;wavs jointed %o some degree, it may not be as good a candi-
date for permanent disposal. On the other hand, g*ani:e, basalt, or cther
stroag rocks seem :ta‘etab e for storage, at least with regard to long-term
mechanical stabilicy.

Ia summarv, we shall know enough .n a year or two to compute the consequences

of HLW dispesal ia dry, homogeneous, ductile salt that would be mechanically
metastacle for at least a decade, perhaps indefinictely if we are to pav the
price for artificial support. On the other hand, we know very little indeed
about either the long-term s:’eng:&s of jointed, brittle rock masses at
temperaturas on the order of 500°C, or the effects of thermal crackiag on
the flow of fluids through theam.

o
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PART IV: CANDIDATE LITHOLOGIES

Saveral diffsrent rock types have been discussed as possible host lithologies
for the HLW repositories. Important _.ndidates are: salt, shale, graaicic
clan rocks, and basal:. Because of the undemonstrated security of cthe assem~
5lages of materials in and immediacely around the canisctars, the containment
bv the rock that is the host of the repository beccmes of paramount importance.
This is probably the last stage of containment of the HLW prior to entry into
cirzulating ground wacers and contact with the bicsphere.

We do not attampt to review the properties of the diffarenc lithologies.
Rather, we focus on the physical and chemical properties that bear directly
on the gquestion of HLW transporc.

The first catagory discussed is salt. This occurs in two ways in nature,
as beddad sal: deposits in a sedimentary sequenca, and as salt domes. 3e-
cause their characteristics are quite d

ferent subsections.

-
iffarent, they are treated in dif-

IV.l SALT BEDS

3eddsd salc deposits are commonly believed by those unfamiliar with them
to e massive, thick, pure beds of the mineral halitze (NaCl), and this is
rhe usual basis for model studies. Though there are a £ + local places
waare such beds can be found, most salt beds are more U cally somewhat
shin-bedded, may alternate with other evaporite deposi: such as anhydrite
(Cas0s) or other salss (of the KC1-¥gCla groups), and are frequently
separated by thin deds of shale. Salt is commonly interbedded with lime-
stones or dolomites or may incerfinger wich them laterallv. Salt beds may
also grade laterally into sandsctones.

Jn a microscopic scale, it can be seen that many halite crystals conca:in
(brine) or solid (amhydrite) iaclusicms. A& recent Teport by Roedder
.n estcimates the volume of these inclusions ©0 be less than 15 but
cnal possibly even %teace: volume % fluid is present ia situ,
tergranular pores.”

There is abundant evidence for post-depositicnal recrystallizacion, dif-
ferencial solution, redeposirica in cress-cutting veins, and mass flowage

in evaporite deposits. The cextures produced in salt beds by these procassaes
increase the hetercgeneity produced dY depositional processes. There is also
ample evidence of solution channels being escablished along veins and litho=-
logic breaks.

2acause salt is so soluble it rarely crops out at the surface; thus its
scratigraphy and detailed lithology are mainly kaown from drill hole records.
Though individual distiactive laminae nave been traced for long distances
through the scudy of drill cores, most of our information comes from geo-
phvsical logs of drill holes or shallow seismic profiles. Neither is ade-
quate to show the amount and number of thin shale, anhydrite, or limestone
hreaks ia salt beds. For this reason, site testing needs a carefully de-

-
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signed d:ill.ng srogram that includes provision for coatinuous coring that
would decect all lithologic Breaks. No geologist can predict the presence
of a trul nomogeneous bed of salt 30 m thick without such a drilling cam-
saign plus detailed, including microscopic, sczudy of the core samples to
dezermine their brine and solid inclusion content.

Realiscic estimazes of water and brine contant of salt beds are critical

tc proper estimaticn of the fate of canisters sealed in 2 sal: repository,
for, as indicataed earlier, such hot briny sclutions may effectively corrode
the metal caniscer, leach the HLW macrix, and transgorst dissolved radio-
auclides. Water content is also important in affecti g the creep rate of
salc.

Recent experimeats in the Experimental Gaochemistry and M;ne'a-ogv Branch
of USGS by D. 3. Stewart and o:hc:s(“) have showm thatc at 200°C, water

in a rock salt including potassium and magnesium components can contaian
approximacely 70 we % of dissolved salts. This implies that as little as

L we % Hy0 in a salt bed may vield fluid that is 3 wt % because of the hizh
conceatraczion af zhe solution. The dissolving pcwer of such brines sH:u-u
not be underaescimated. We know from many hy o:he.*a& ewperimen s zha: be-
sause of changas ia hydrolysis constants and the association of ion pax:
complexes, highly saline scluticms at elevacaed temperaturas ars aighly
acidic--the pH can be as low as 2.

It should be nctad that the prassure-temperature conditions near the canister
may result in cthe briae becomiﬁg two phases (liquid aad wvaper), which could
crerard brine access . to the canisters. The activicy (in a chemical sense) of
the brine components would scill he tie same in '“e tws phases, hcwever, and
the liquids would still act as buffers to maintain the correosive attack on
the canisters.

These solutions would strongly attack any metal and elffectively leach glass.
Thers is also the possibility that permeaticn of these solutions along glass
gvain boundaries and incipient fractures would speed up devitrificationm,
which would then feed hack positively to enhance leaching.

3ecause of the high denmsity of the canister, it might sink ia any salc bed
that contained she asove gquancities of saline water soluticnms, being corroded
and leached as it moved downward. Many beds of salt overlie permeable lize-
scone formaciocas and the canisters might end up there, in the path of ground
wacer movemeat. Any lithologic breaks in the salt might impede that movemenat
depending on the thickness and the rock strength. 3ut sclution movement =2ay
also be enhancad along those very breaks.

We emphasi:: she .aportance of knowing the water conteat of salt beds proposed
for reposiz.cies, particularly with the backgrouad and the experience at Lyecns,
Kansas, whera considerable volumes of water mizrated in aAn unpredicted manner.
That prob’ - ar.<z as a consequence of dissoluiism of so.t dy ground water
seeping in-+ :the repository. 32epage was alor. an aaanu.ned drill hole that,

ike most, had not been cased and plugged. This puts a premium on picking a

ire where precise locations of all abandoned drill holes or old underground
workings are known.
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fough remote sansing techniques seem likely to be able to spot some sur-
ace manifestactions of these underground penetrations 2o supplement state
and company records, it rem: 18 to be proven by ordinary couble-blind
experizents that such detection is nhighly accurate. In this connection
it is necessary o prove not only that holes identified from serial paoto-
graphs are in fact there, but also that all holes actually have beea identci-
ied from the photograph--nc mean task. If this assurance cannot be made,
then modellers of repository behavior will need to take iato account the
probabilicy of leakage of water iato salt through such old holes.

'ntl

Any abandoned drill holes discovered may disqualify a site i{f thev cannot
be properly plugged and sealed. If the well has penetrated the sal: there
may be a cavernous dissolved region arcund the hole. In addicion, most such
wells will show extensive caviag of weak rocks in the section, which might
provicde an efficient vertical transfer pacn among various aquifers. Since
metal casing cannct be guaraateed aga-as; crrosion over the time scales

we have to consider, scme impermeable and chemically inert cemeant to grout
and plug the hole must be developed. This indeed may be an important re-
quira=eat for any drill holes designed :o explure a site for a future

:é‘.-.:--at}'.

=

IV.2 SALT DOMES
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all the geologic media suggested for the underground isolation of HLW
m the biosphere, the rock salt in the dry domes of che Gulf Coastcal
ain seens mechanically best for dispecsal (permanent isolacion by b7 :k-
ling and sealing) but probadbly not for long=-term storage and ready
'e"a:ilitv. Room-and=-pillar mining in salc is cheap ralacive to that
hard rock.

e LA L B T

D ow

2 tize frame of a million years, one canmot claiz that the proba-

£ any geolegic event is absolutely zers. However, the risks of

trophic events like destructive earthquakes and valcanisa, or of

dex, unpredictable changes in the secular rate of ercsion, cr of cen-

aental glaciation are evidently extremely small in the coastal regions
Texas and Louisiana, certaialy as ualikely as thev would be anywhere
jorta America.

O oo
[
"L
15 o )
w e |
]

" o
0 o u

O w
[

b4 I S PO Y

e

nca a critical thickness of overburden had been achieved, Gulf Coast domes
aw mcre or less concurreancly wich the deposition and loading of the sedi-
ents above them. Since the rock over onshore domas is now being eroded,
urther growch ("diapirism") should not be expected. There is no obvious
reason why the coastal plain should not remain tectonically stoble for at

.

least another amillion vears.
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3elow the superjacent cap rock, the lithology is remarkably uniform. Al-
:hougﬁ bedding may have been contorted (it is noc alwavs so), the rock is
trpically free of open fractures. Although its lateral exten: is limiced,
the salt is several kilometers thick, and it should be possible go ideatify
d veposictory site at least 1000 m from the clcsest water-bearing scrata.



Some (shough not a.l) salt domes appear to be ramarkably dry and to have
heen so for so=e millicms of vears. Professor obert R. Unterberger of
Texas A4l University has been pr .ing domas with 40-cm radar. In a dry
salc mass 1: 2 that of Grand Sai-.2 in ncrzheas: Texas, he is able to map
reflactions . = the boundaries with surrounding water-bearing scraca, as
auch as 2 k» distant from the transmitting antenna. He could not do so
:5 the average water conteat exczeded on the order of 0.1%. (Ian the "wet"
Waeks :sland ~::'.e. on tha contrary, at:zenuation cf the signal is so high
ions are recorded, and he turns to sonar.) In a dry dome
no lateral migraticn of ground water appears to nave occurred over several
millions of years. [t is hard to imagine how any ground water could reach

the :e:os.:ory and, hence, how aay radioactive elements could reach the
biosphere.

. | o
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Ia a dry dome, the bulk density of the encapsulated HLW would prasumably
exceed tnat of the sal:. 30 that containers would tend to migrate downward,
all to =he gocd, even if the high-temperature viscosity of the salt were
low 4ac. 1 22 perzit significan~ r~ovements over t..: Te.evant span of time.
Thus disposai in salt domes is ...zly to be permanent.

we do not kaow wiiether the sinking will tead to "focus" the canisters, al-
::ou,u chis -f‘ec' should be amenadlz 20 computation. - Zocusing Ve mean
that tie a.ig-na.‘; Yorizontal array will have not onir a temperature
sradient thact decreases away from each caniscer site, but also 2 higher-
:13n-ax;e:: d loczl temperzcure at the center of the condensed array. As
sha caniscars sink ia the sale, will chey be ""refracted” inward toward each

&
-
ther? If th
L

4 4 ? If they are, the central temperaturs would rise, leading to still
faster sinking and focusiang until very high temperatures indeed might de
reached. This possibilizy should be studied. There is also an important
corollarv: addizional productien of HLVW by sub=-critical or even, concaivaoly,
aricizal activity with the U, TRU, and water. We do not suggest that this
will happen, but rather that the questicn e properly addressed. Enough is

acw kaown to permit a compusational assessment.

Sals is a valuable mineral rescurce, but werldwide reserves are virtually
lizitless, 3o there is ac logical reason why a single dome should not de
perpetually withdrawm and cdudicated o HLW dispos~l. The pessibilicy of
husan intrusion at a far future time cannot, howeve:, be discounted.

IV.3 SHALES

Juss as 20sc salt bSeds are aot pure and monolithic, shales are rarely home-
genecus and ynifor=. A typical shale is a rock that is more or less silty
and conrains occasicnal in:zarbeds or laminze of permeabls siltstone or

sandstone. Other shales may be interbedded with limestone or delemita ov
grade inco a calcaresus shale and then into a shaly lizmestone.

rviag degrees shales =av be thinl:y bedded or show issilicy, the
¢ 20 b.eak iato thin sheets. They may also be cut by systess o©
s ard fractures, and, wnere the shale is traced .nto areas where the

cks ace metamorpiiis, may show incipient fracture cieavage. It is jusc

1
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now becoming knmown that fracture cleavage in many shales is related to
original conditicns of sedizentaticn and early diagenesis that maxe it
susceptible to breaking along certain zones. In general, tne older and
more physically and mineralogically alcered the original mud tecomes, the
more brittle the resulting shale becomes.

Since approximately 70% of the sedimentary rocks of the e2arth are shales,
it is not surprising to find a great many thick shale sections. Yet it
is sxcraordinarily difficulc to find one that is uninterrupted by iater-
beds of other, generally more permeable, lithologies. As in the case for
salc beds, it is difficult if not impossible to get an accurace detailed
log of a vertical section of most shales from cutcrops because of their
rapid weathering in most climates and topographizs. At the same time,
geopnysical mechods ars inadequate €0 pick up fine iuterbeds and inter-
laminacions. As chia as these may be, fraquently cau Ihe order of a faw
illimecers ia thickness, there is good geclogical evidence that there

has been sufficient water flow cthrough these laminae to alter the clay
mineralogy in the sandstone wherezas the more impermeable shale is unaltered.
dence a requirement for a shale repeository must be the acquisition and care-
ful study of drill cores.

Skales ar2 sarticularly susceptible o mineralogical alteration th

motas pavsical change if they come ia contact with solutions of
kind than thevy were naturally bathed in atc depth. Shalas are ¢
tures of quare feldspar, several varieties of clay minerals, zecl
carscr "es, 3 ides and oxides. Any significant chemical rezzticons
rhese zinarals are likely to weaken the paysical scructure and promoc
cracking and disintegration at the relacively low confining pressures of
a repository. All of these reactioms are promoted by increase in tem-
perature.
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Before anv decailed plans for a shale repecsitory can be drawvn, the strati-
graphic aad aineralogical-geochemical work nas to be done. The detailed
stratigraphv and petrography we kaow how to do, but the study of how altered
mineralogy affects physical structure is ia ics iafancy " ong-term heacing
to 300-300°C is likealy to induce mineralogical changes including dehydzation
of smectites. This dehyvdration could liberate significant quancicies of
free wacer and iaduce textural changes that might De reflecced in fractur
patteras, which ia tum affact the fluid permeability of the formation. We
cannot as vet predict such behavior of a specific complex mineral assemblage
from general tules.

The USF} has done a fair amount of work om the merits of the Pierre

shale of che Dakocas as a possible repositery. The stratigraphic and
mineralogical-chemical kanowledge of the Pierre shale is peos-ibly greater
than that of any other shale in the world. We know that tiere are thick
shale sections in it and that it has a generally stable mineralogy. Onm

the other hand, as much as we know, we still are unable to predict wich

any high probability what the fluid permeability is of such a section afcer
leng-ternm Reating by buried HLW. And we are rot able at this time to de-
fine how rare and now thin occasional interbedded silt laminae would have

)
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to be =0 preveant significanc fluid migration in or out of the formacion.
At this time we could not rule out excensive £luid migration via fracture
permeadilicy following a 10-20-year pericd of mcderate heating.

IV.4 GRANIIE

Because they are widespread, underlie large rezicas of the mountain belts
and shield areas of lNorth America, are relatively homogeneous, have high
crushing strengchs (up to a few kilobars at low confining stress), low
porosities and, therefore, low pere-water contants (0.01 to 0.03) and low
permeabilities (10=7 to 10-17 em?), granitic rocks have good potential for
development as high-level waste repositories. Large granite plutons range
ix thickness from 2 km to 15 km and, unlike sedimentary rocks, are not
likaly to have aguifers at deptl. Ratrieval of HLW caniscters would be
easier in granite th i+ —pst other rocks. However, granites are brizcle,
and we currently know neicher their behavior under thermal stress nor their
sorptive prcperties.

Manw 37 the imper:ant pavsical propercies of granite are site-specific, such
as _..at deasity and stacta cof stress. Other site-speciiic features such as

b oo

Avdrothermal alteratien zonas, dikes, quar:z veias, thu irregular three-

dizmensicnal gecmesry oI the graaii: bdedy irself, and Zfaulss will all con-

sribuyts, along with the jeiat pactern, ©2 the hydrologic regime. It is

the Panel's opiaica, and ppareatly that of saveral foreign coun:..2s as

well, ==at a sizatle bedy of granits uncderlving a aydrologic basin of

appropriace dizensicns may prove, in rhe long cun, to e 2a excelleat undar-
-

ground repositorTy We know of no reassns, as yet, €

o} rule it out. Research
on granites shou
o

)
€0
be pushed vigorously, particularly because there may de
either socio=-p ri
ouz. 1a =his a
iz .= chvious ac

4

-

=ical or geological reasons why bdurial in salt may be ruled
2 appears that we have no fall-back positicn, and granite
3

 § -
radtive.
7.5 BaSALT

The presence of tens of thcusands of square miles of up to a 5,000-£z-chick
successicr of p!- eau 2as. =3 in the aov:ihwastarn United States, and ctheir

nearness ) the nw.aford, Washiagton and Idahc Naticnal EIngineering Laboracceriss
Waste Storage facilicties have focused acttention upen these rocks as potential

t e

4Liv repositcries.

Tresh massive basalt will have crushing s:reng:ﬁs as high or higher thanm

those of granite, and porositias, perz.azbilicies, and linear thermal expan-
sion coefiicients that =ar >e as low or lower. The coefficient of thermal
coniuctivity for basalt & granite lies in the same range (5 x 10-3 co 8 x
10=3 ¢;1/{c:1[s¢c:][‘cl), “ ¢ pasalt is likely to be the aigher of the Cwo.
Although the laberatary-measured physical propertias 214
thus seem to be rToughl: e: .valenc, there are geslogica
mcde of cccurreace that favor the former Tock over th
vasale flow of the Columbia and Snake Tiver slateszus
in thickaess, and is cfzen separated from the overlying a



oy an aquifer. [Lower columnar and upper fan-cype joi
vidual flow is characteristic, and most lavas have a S5-m thick vesicular
Zone at tne top, and a l-am thick vesicular zone at the bHase of each Zlow.
Thus it seems that, on the average, basalt should e far more porous and
permeable than granitze, and that it would also offer a higher risk of
contaminatiag the grouand water if used as an HLW Tepository. Advantages

of some Basalts would be their laceral centiaui ty over hundreds of square
miles, and the fact that some of the rocks are slighely altared and centain
clays or zeolites, which may enhance the so:p:xve properties of the basalc.
Unfortunately, though there are some data on ol ay minerals and zeolites,

there are no published data on the sorptive properties of well-described
alcered basal:s.

ncing of each iadi-
b

The general feel ‘1g of the Panel is that because of 3=ologic constraints,
establisning a safe repository will be more difficulsz iz basalt than it will
be in granite. Finding a thick unfractured or unjointed basalt flow that
can be opened up and resealed without the devel opment of fractures that will
communicate with an actual or potential interflow aquifer may be a require-
ment that is difficulc to meet. Agaia, we know enough about th2 areal
g2ology, stratigraphy, and general lithologic characcer of basalc, but would
need means to decermine the site-specific fracture permeabilicy or bulk
retenciviiy. AL a minimum, a scrong laberatorvy raconnaissance prograa would
52 needed in order to demonstrate the desirazilicy of furcher consideracion
of basal:.

V.6 OQTHER ROCXS

It is appropriate at this poiat to comment osriefly on cther rack types that
may have excellent potential as disposal hosts bsut have been largely ignored
up to the present.

Analvsis of thousands of water well racor in places such as New England

dezonstrates that the flow of ground water in bedrock in these areas is
entirely fractura-dependens, and taas Jatamorphic rocks have very low pe-

rosities and negligible pe'zeabili:ies. Wich -uC’eas-“g cdegree cf meta-
20erphism, such racks beccme increasingly anaydrous and granular texsured,
approaciing the igneous rocks in their general physical properties. Higa-

§ride mecamorpnic terraians are common ia many mountain Selts, as well as

in areas such as the Minnesota Shield, the South Dakecta 3lack Hills, and
the Adirondacks. Ia :hc lacter region they are associaced with igneous
tocks such @s anorthesite, gabbro, syenite, and charnockite, all of which
are composec of anavd-ous silicates and all of which are potentially usable
depository he -s.

Ounice, a relatively uncommon igneous rock occurring in parts cf the
nppa-achians and the Coast Ranges, has the unique properzy of bel ag po-

entially seli-healing. Access of wazer to an HLW canister iz these rocks
-ou’d Tesul: under the pressure and temperazurs conditisns of burial, in
the deve-opmeq: of merpentine; the large volume increase ace cnoaﬂving shi
Ye@action would help to make the rapository inperxmeable. It vould need co
%e shown, nowever, that the process itself would not induce fracturing.



Ia a similar way, a proposal by Professor W.5. Fyfe that canisters he
surrounded by a packiag of g0 powder (which would avdrate to brucite--
Mg (OB) s=-upon contact wity wazer) is also worth concidering as a safe-
guard against sessisle waste leakage.
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PART V: SOLUTION TRANSPORT THROUGH ROCKS

Tha principal barrier to contamination of the biosphere v HLW L the time
delav expected during the migration af the nuclides through the rock unit
t=at contains the repository. {s delay can be predictad from experimental
data plus some assumptions regarding the particular sa2tting, or from evidence
of previously completed "esperiments.”

The firsz approach is based on data concerning three ey factors: the actual
rock permeability in situ, whather this be true permeabilitcy or flow chrough
fractures; the flow rata; and the recardation, if any, of the issolved
auclide relative to the flow of the water. Part VI will consider the first
two factors In this section, the third factor will be discussed and then
the previocusly completed "axperizents."”

v.1 SORPTION OF RADIONUCLIDES ONTO ROCK MATERIAL

Critical =o cthe operacion of a secondary sarrier to radionuclide migration

is the ability of a rock through which £luids mav slowly flow to adsord or
raace wizh dissolved radionuclides. There is now an atundance of experimental
data on the extent of adsorption of varicus fission products and transuranics
by soil and rock materials. Unforzunataly these experimental data are useful
only 4ia a general way and even then may %e misleading.

The reasons are that for any such surface chemical process, the nature of the

ineral surface must be specified srecisely (mineralegical and chemical com=
pesition, surface area per unis of mass) and the experiment must be carried
sut under condicions similar to those expectzd vnderground. In addition, for
experimencal results tc be meaningful a unifore methodclogy would have to de
smploved so that various mater:s 13 and diffarent elements could be compared
2a a sound common basis.

The experiments thus far performed have been on materials described varicusly
as "desert soil", "ecuff", "basalc”, or "sonsmorillonita", to meacicn a few.
None of these terms is a precise description that would allew anvone to infer
what the caemical behavier of the material might be. "Montmorillonice” is a
cerm used in many differentc ways by clay mineralogists and raraly to describe
a specific mineral wicth a fixed composition and crystal structure. Specific
standard clay minerals (american Petroleum Iascitute Standards) have been used,
sut only for the sake of comparisen and not to gzive the ‘mpression that thay
are s-andard miseral zvpes. Adequate descripticn of any clay is made only by
chemizal analvsis (eicher bulk or electron microprobe) coupled with crystal
scructure analysis by X-ray diffractionm. Since the methods of sample prepara-
tion scrongly influence surface area, rhese £o0 must be specified. The Zlon-
exchange capacity and selectivicy of the clays used zust also be determined.

The same comments apply to the use of rock terms such as "basalt" or "tuff",
which are just field cterms of gross lithology used for the convenience of
the geclegist mapping in the field and not in any sense the same as quotation
of the precise chemical formula of a reagent.
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Resulzs of experiments sonducted at 25°C and 1 atm. pressure are noC 3 good
guide to what =might hapben at 100°, 200°, or 300°C. We xnow of temperature~
{nduced reversals in cactionm seLectivizy, exchange capacity, and scrption
shacacceristics that are a resulc of surface con’igurational changes. In
addicion, all of these data c-e almost meaninglass . .285 some realistic
shoice of solution is made. formation wazers of deeply suried rocks tend

so be rich in dissolved solids, and this iconic strength can greatly alcter
sorptive properties of mineral surfaces. Cation adsorption is generally
sompetitive, and radicauclides may ¢ passed uasorsed if compezing cacticnas
of formation waters have already been sorsed strongly onto surfaces.

What we can say with the informaticn at wand is that we would expect cer<
cain classes of materials to be more sarantive than cthers at room tempera<
sures. Thus deser: soils would have high cetentivity and granites and salt
low reteativity; wi:n :iuffs, basalcs and shalas lying between, wWe would ex-
pect nctable cation axchangers, such as smectites and zeolites, to be highly
recantive. 3ut this is no quantitzative basis fovT as=imation of what will
raally cccur in a specific formation at depth and at elevated “emperactures.
3aisre that can be done we need a carefully plaaned and execuced program of
zesting by ewperimentation.

- " Hc:--’cqn ~ e o "

A~ 2lrermativa meched £o predict benavior of HLW = ¢ chrough rocks is
-: axacine natural settings where such transport might nava occurred. Tw
such cases nhave been studied in some decail and can shed scme lignt on the
proces-. These are the Oklo naturs  fissicn reactor é vered in Gabon,
and ci.c undarground auclear explosion test, Cambric, carriec out ia Navada.

maczely 1.3 billion years ase 3 uraniym ore desasic experienced the
sriace condicions of U concantratics, 2331" soncentration, and /U ratl

¢ to gc <ritical and vield fissions and energy. This is known as the
Oklo Thenomencn. 1ne faur to six local zones where this sccurred ara thought
to have produzed 13,00C megawatct "2ars (MW yr) of energy, over a seriod of
approxizazely 0.3 @ ! million years. .ne site has peen studied in order
20"

dere. .me the exteut of loss of tha various fission procducts and TRU's thac
weze -roduced duriag and subsenuent t¢ the tine fission was occurring.

The resulcs iadicace that the losses were largely dependent on the chemistTY
¢ the nuclides in question. Alkalies and alkaline earchs wer? 1losz either
complately or in very significant amcuncs. These would inslude the major,
issicn procnct nuclides of concarm, 909> and +37Cs [sez lincelot et al. 3
On the other hand, the radicacsive rara car:th elements and the TAU's largely
r m~aized ia or near the r=acisrt zonu:.‘ﬁ) A very pracise matarizl balance
{. -ot pessidble. Iz would aot be surprisiag if 10% or 20% of the produc:s
in . given reactor zcone had been lost.

The difficulty with the intarpratact’ af the Oklo even: is the lack of
precise geological concral., Is is r.. clear %o what devzh these capeosits
wera Suried at the time of the f1ssion reacti~n. Some delieve chat che
process was going on uander fairly shullow hurial, because :the water that
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scred as a moderator had to be vaporized and zhis could only happen close
rs the surface. The sediments have been alterad Dy heag, and pressure ¢O
2 scate suggestive of burial =o approximately 4,000 £2,l7) alshougn there
is a suggestion that the depth may De as much as & or 7 k=m. The mineral
assemblages, their compositions, and their fluid inclusions all suggest a
yariety of possible depcths of burial so that no sure conclusions can be
drawn. It is likelv, however, that the depth was considerably more than
she 1,500 f: eavisioned for HLW burial.

T™he uncertainty conceraing the depth of byrial means that it is not possi-

ble =0 make a direct comparison of the Ckle phencmenon with an HLW disposal
sira. This i3 so both because of the dependence of the flow of fluids cn
depth (2and the consequent variation in degrae of openness of cracks) and

secause the distance that the nuclides would have travelad to reach the
surface is not «knowm.
depth, however, there aust he sarious concern cver the loss

Whatever th
ior fission products, %0sr and 137¢s.

4
of the majo

oW

The second "awperiment” is the Cambric nuclear tfasc i{a Nevada and the sudbse-
quent water puzmping tests conducced us 1

sumping tests conducted in the decade
radicaccivicy chat has entered the wat
is very sncouraging.

*

inc2 the explosion have shown that the
r i3 ia very low cencentrations. Tals

4

O

srs that play a role hers, however, mase the test lLass relevant to

aiameat. The firsc is that much of the radicactivity is in a glass
v she axtrame heat of the explosion. This glass nas had tea yaars
v and >e leached. Since licsle radicaczivizy is decectad in the
= 220 e infe-rred thac che nuclides ars bdeing recained. The
=me water i3 cold, and che pumsing continues 0 briag cold

s, This tasc, therafore, i3 not using waters chat are com=
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cicipasad inm an HLY repository: notcer zhan 300°C and witt
hs. As a result, the channels through whnich the water is
flowing are ving like pipes. Further, the wvery low concentrations of
auclides are partly due to the rapid flow racas, waich serve to dilute the
auclicdes as chev are released.
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9:RT VI: RADIONUCLIDE TRANSPORT FORECA TING

The obiective of the tramspert modeling considerad ia this analysis is to
farecast the subsurface movement and evolucicn of radionuclides emanating

&

feam a radicactive wasta repository under various hypothecical situatiens.
Perhaps the mos:t challenging aspect of chis problen is the necessity <o

Zsrecast over lonz cime periods (250,000 ycnts)(g) wich uncerzain informa-
sisn. Ia addizion =2 the elements of yncertainty concerning the traanspors
lisced sravicusly,(9,10) the following alsc play 2 role:

e hydrologic characteristics of the site (primary versus
secondary permeability and porosicty, hydrodynamic dis-
persion),

o mathematical representation of subsurface tramspors, and

o solution of the resulting equactionms for realistic shysical
condisions.

Manw of these uncertaincties have been ancounterad in pesroleum engineering
and subsurface hvdrology. In these instancas, uncerzaiacy is reduced
prizarily through the "aalibraticn” process whereby the mathematical model

and izs input paramaters are modified until a historical racord (prassure
historr, concantration rrands) is reproduced within & range of error daemed
to =@ "accaptable.” OQb%vicusly, the simulacion of radioactive waste trans-
sare does nct, in general, lend itself to a "ealibration" form of uncertaia
raduccisn. Lo summarzy, the prodblem is one of either minimiziag the uncer-
saiacv outlined above such that & derarminiscic analysis (inclusive of
seasicivicy analysis) can te meaningful, or alteraatively, incorporating
=hi3 uncartaiacy directly into the analvsis so that th decision-makar is
sognizant of the degrese of sacersaincy inheraent in cthe foracasts.

vT.1l STATE OF TuE ART OF TRANSPORT MODELING

Two operaticnal models are surrently capable of simulacing the movement of
mulcis.a radicnuclides ia the subsurface. These models have teen developed
for the Nuclear Regulatcry Commissicn and the Energy Resaarch and Develcp-
mans Administracion (mow Department of Eaergy) by Intera Eavironmental
Consulzan=s and 3atcalle Norzhwest Laboracories, raspectively. Noce that
we have not included the model emploved by the American Physical Sociecy

Szudy Group on Nuclear fusl Crcles and Waste Management secause of cthe
physical and machematical simplifications inherent iz their approach.)

The salient features of the two zodels are summarized in Table 1. Examinz-
eicn of this informution reveals =haz the [acera numerical model is the
most physically realistic and flexible. The 3NWL medels, however, nave

the advantage of analytical simplicicy aad associated computational
efficiency.

11 = - i B
Surkhclder et al. (1) nave argued because of the gson-reducible uacertain-

sies inherent in scme elaments of the analysis of radionuclide cranmsDore,
“shar highly sophisticated cransport acdels should e used witih caution of
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Model
Characteriscic

Dimeasionalicy
Machaematical
Formulacion

Discersion
Represencacion

TABLE 1

CAARACTERISTICS CF

TRANSPORT MOZEL

Mzgel
INTERA Loal I Nnle 5L

3D Carzesian
2D Radial

Superical Finlite
Difference

Yariable, Function
of Velocity,
Tensor

General Velocit
Tiald

Mulsiple
Radicnucliles

Sazuracad
Porous Mediunm

Sergcion Liaear
Scurce Variable
Dissolution
Chemical Single
Dizcracze fracture None
Reprasentaction

Stochastic None

a*asx-i*y
Ceolicgic Scraca Non=Homogeneous
Temserature Densicy, Visccsicy
Decandance
Solubilicy Limiced

.' - . - -

Lader developuent
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1D Cartesian

Analytical

Conszant

k3
D

Veloecicty
Mulciple
Radicauclides

Satyratad
Porous vedium

Linear

Constant

tone

Homogeneous

None

—

L'_‘\—

27 Cartesian
Analytical-
Sumerical

Scalar, Constant

Spacially Varying
Velcecicy Field

Multiple
Radionuclides

Saturated
Porous edium

Linear

Ccascant

None
None

Homogenecus

None

’-_. x N ‘.""‘.: !—\'L
| 1 1!»,‘
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perhaps not Dde used at all." They furcher sctate shat such models "could
sraace unwarrantad illusions 2€ serzainsy.” The significance and im-
sorzance of this point of viaw depends, of course, on the incerpratation
+¢ she phrase 'Mmighly sophistics ted.”

‘a other branches of science and enginearing, the evoluzicnary trend has
heen to minimize forecasting uyncertainty through improved mathemazical
reprasentation of the shysical system and careful evaluaticn of associatad
pavsical paramectas (see, for exanmple, work ia ssruccturas and mechanics,
hydzology, metecrollsy, e=.). Tae use of a simpler model, howevar, is
advancazeous when Qumerous alrarnacive scenarios zmust 52 examinad, such as
in a sensitivicy analysis or an optimizacticn aLgorichm. A combination of
sesh approaches, such as usilized bv Intera in their report 20 EPA, 2
represen:s a cost-effactive appreach to iavestigating zhe preoblem of

radionuclide transpere.

| P I L - . - - -
vI.2 THE QUZs.ICN OF UN EXTALLYY

There is Lizsle gquestion that she modals presentad in Tasle Ll represent the

scace of e arvt of an3ingering capabilicy ia transport modeling. Certain

degrees of sophiscicacicn could be included, such as a satter reprasentation

af eme fraczure system, but these —odifizacions are not likely to enhance

the 3dcsuracy ¢f che model faraczscs materially, Secause sf thne uncartainties

enac will sgill remain.

T= is mora imporsant €2 -snsider the possibilicy of quancifying the uncer-

saiagy ia t-2 model 3o that decision-=21rs are awara of Ile iegree of un-

sgrzaincy associatad wich che analysi_. Thae simplest approach to quantifying

uncestaiacy in simulaszion modeling is :h:cugh.;\sensi:ivi:y analvsis. Such

an ana. sis was performed by Inter2 for zpa. (R2)

Ia =ais ap:creach, & Tang? of parsmecter valuzs ig used in the prediccions.

vaese are selsctad 3¢ 2s L2 AnIompass che entirs ranga2 of shvsically mean-

iagful Paramatar va.ues. Such an aralysis provides an iasizac into the

role of 2322 model parametar ot sha calculated radionuclil distridution.

To canduct such an analysis generally requites a svemendous amoun: 9L com-

putacional effore. 7o acalvze =wo lavels of zhe 12 paramecars considered

we Imzar: unamdiguously would requirs 2*° independent simulations. 3Secause
: ic

sonisizive, even with use of analvsical models, a subset of th
srocle= LS aormally ccnsiderad and the rasulzs, of necessity, are
indizacive zather thad definicive.

"hile a seasitivity analysis provides the decision-maker with a range of
sossible radicnuclide discrizucions, it does ast give any iasight iato

taie probadility of cecurraace of any particular fovecasc. In simulaticns
whereia largs residual uncarc incies ia isput are unavoidable, the uncer-
cainty in the predicted radionuclide concentrations shculd se recognized
and quanzifiad. In other worés, ia an analyrsis of che radionuclide trans-
sore problea, the solucion should appear as 3 confidence region (i.e., ve
are 357 certaia the real conceatration of 90gr lies between x and ¥, given
the prcbadilicy digerisucions of the iapul sarametars). Thus, the re-

.
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liabilizy and importance of the forecast can be directly related o the
reliabilizy of the iaput parameters. To conduct sucn N .a-.s.s vequires
es=imites of parameters and thelr uncert iacv, and a sa2itsble mathemat.ca
model.

-

Srandard mathematical models such as sresented in Tatle 1 can de modified
o ,.1u.a..on under uncercaincy. The procecure, «nown as “onece Carlo

e

analvsis, involves conducting & series of si-ulations in which ;a'ame:er
values are selected at random from thair respectiive grehabilicy discribu-
sions. These values are us2d in simulation runs and :-h:e ouzput wvariables,
in this casa radionuclide cistributions, ara assemdlad into probabili:y
discributicns. From these distritutions, ceafidence intervals can be ~om=

suted. Such analyses, however, raquire 2xcessive computation val effore,
pazsicularly when saveral diffaranc naranacer distribuclons Jare iavolved.
Alrernacive schemes are available zo circumvent these computational dif’i-

culcies, tut these cannot be consi idered 2= %1is time to be scate-of-the-ar:
e- ,in2ering methodologies.
While uncercainzv in the partial differential equations =ay he aggountad
£:r by use of = v matheratical mathodology, one must still conmsider the
prozlem of escirztcing these :ncertaia p-*a*e'e s. ULaathar iateational
aor >y default, these paramecars will be sl jeetiy pr:bab;Licy estimates.
Toc.3 are availabla and cutrently deing ieveloped ©s compucte these estitates
bv use of cbjeczi-e and subjaciive tafsrmazion (sees, $ov ample, Zavesian
:e:Hcds) The dibiliey of forecasts muda under cundition af uncerzaiacy
wi'1 depead upc . 2 reasonidle repr:-amtaticn of tmhie prevauiliscic parumacers.
Tne iapact of paramater gacerzaine, thas is the re :lfant gnsarcainty in
the projeccicns, is dependan: on problam sud Bouada: - condicsions. Ia ex-
ampla problems that have Deen considered, \-’} sizuations were encountered
1n which the uncercainty imcraased, reaches a maximum, and asvmptocically
iecreasead 'c z “o as a function of time. Ato:he: ¢ase rasnl.ed ia an
axponential inl. 2se in unger caiaey taivoughout che sizulasisn periad.
Thus iz is apparent that 3aﬂeralizacic:s regarding the impacc of paranmectar
sacersaincy on fovecasts of radicnuclide concantrations ofe Aok normalily
possible.
Iz should alsoc be noted thac uncertainties associazes with paramezers i
the ;ove-n-"g equations inter:st in such a manner IRac cheir individual
contriburions %o the spread ia the ccafidence incerval of the projections
cannot be discerned. Thus it is notl sossidle, in gencral, to delineats
ynambiguously the izcortance of che uncertainty asscciated wich, for ex-
ample, the source tarm.
vI.3 CREDIZILITY OF THE ANALYSIS
At this poianc ic is evileat that unc.rtaiaty is the disciacti sment
of radicnuclida traaspor:s analvsis. UWhile uncerzainsy is assov .ted o
some digree with forecasts ezanating from 2ll mithes .ical 20ce.. of sud=
surface phencmena, tiis uacerzaincy is gemevally =inimized throul cali~
b ation wicsh known histerizal data. Even where histerical data ar2 scarce,
e generally reserves the opt ion of measuring ia %itu hydrolegic and crans~




gors parvameters. 3acause the dispesal site has not yet Deen selects
such measurements are aotl eurrently available. |lorveover, 2ven afcaer
selacsion, the in situy measurezant of paramezars must D mininized ¢
ensure the integrity of the site. 3ecause of the apparant inabilicy to
decrease significaatly the uncercaiaty associated with the granspores
parametars, the saly viable alternative i3 to incorporate as much of th
sncertaincy as possidle diracely into the amalysis so that the decision-
maker is aware of at least the misinal uncertainty innereat in the {ore-
casts.

ta evaluacing cthe suicabilicy of available radionuclide traaspert analyses
as a -.<i3 for establishing radiacion srandards for high-lavel radicactive
waste management, EPA should particularly consider the following:

e The exiscing simulaticnas of radionuclide tramsport smanating
from high-level waste ars limiced to a szall aumber of hypo-
thatical preblenms associazed witch selected wasce-dispecsal
canarios. The results represent qualicatively the movement
: rhe waste undaer these condizioms. Alzhough limited in
umhar relatcive to the spectird 2f hvdrological settings
sgsible for a rezository, tha problenms selected represent
. reasonable and relatively unbiased choice.

-
.

'

a3 O

o The problems axamined should be considered indicative rather
-=..an repgrasentative of sizuations o de encountaraed in the
scavage of radicactive was:te.

<

o The relacioaship between the parameters and processes
e=~loyed in the model and those to De ercountarad ian a
i.3posal site is very yncertain.

e .2 Iacera model incorporates divecely or indirectly (as
ia zae case of fracturas) those attributes of the proto-

=+=2 shysical system most likely to play an imperctant
-ala in radionuclide transpcrct from a reposicery. A
sossidle exception is unsaturated cransport.

¢« ™.a credibilicy of the mcdel and the associatad analysis
~~3ld be echanced by a sacisfactory simulazicn of radio=-
au.lids transport at the NYevada Test Site.

e Current models do not incorporace parameter ot process
ur.cereainey in their foracasts.

e The scenariocs aoasidered ia the analvses are, in large
sart, arbitrary and may or may not encompass the hyd:.
geclogical systams 0 be sncountered at a specific siti..

e The general approach currently uysed by scme consulting an-
gineers £fo farecasting radionuclide tramspors, thougn strongly
limired by the inherent yacercaiaty in the hvdrogeclogic, gec-
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PART VII: GEOQLOGIC AND OTHER ACCIDENTAL HAZARDS

Assuming that physical and hydrologic raquiremants for a safe HLW reposi-
tory have peen established, orme must still consider whether all other
tors that maw disrupt the iacegricty of the site have been takean into
oasideration, and whecher these facsors are tractable to aumerical risk
1a1)3.s. AS one raport states, "AS soma point in the repository site
and emplaceman: method selactican and safaty assessn 2%, whether willing

or not, we will 'ua1.-fy ia order to make decisions."(:4) Without attempt-
ing to assess all non-geologic and geolugic hazards, we shall comment
briefly on scma of .ue~, peimarily to illustrate the extreme numerical
unsertaincties attached to most.

VII.L NON-GEOLOGIC ACCIDEXNTS
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of a regository at some futurae daze ia the for mineral

iacluding the uranium and TUU elements that were buried, or to
cheological cr ocher curicsicies appears to us also to be a risk
no trustworshy probabilicy estimates may be applied for the time
which the iategricy of the repositzory is to be assured. Material
nifc with cechnology. The most successful civilizations last for
w =illania az best, and even these ars no: ai::ou: neir isastrous
Man's unpredictabilicy far outstrips mos: of imagined geo-
rds we can foresee, and we doudt that it is amenab.e to meaaingiul
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A2 astronoz=ic visk that is gene*a ly cited is metecrite impact. The eartt
anaually receives an infall of approximacely 10°% tons of cosmic dust, but
Telgorites larze enough to produce craters the size of Meteor Crater in
arizoma (l.2-xn diameter), or larger, are estimated to have a frac:iency on
the order of ! per 20,000 years or lass. The bedrock in a mateo: -: crater
is pulverized to a depth of approximately one-teath of the crater .ameter,
Sut the surrounding and underlving rock will be highly fractured. .f one
assumes conservatively that a repository at a depth of 0.3 to 1 kam might be
Sreached 4f it lay wishin a vadius of 10 kn from the point of mateorite
ipace, and alse chac the prohabilicy for impact is aqually discriduted
cver the earth's surface (3.1 x 10 V'z) the likelinhood of meteorite
Ccamage is asproximacely 3.3 x 10 ll/'rt or 1/30,000 averagad over a
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-vesr time span. “eceo-i'es, cherefcre, should nct be regariel as
at factors in evaluatinrg -?;qs.:orv gafety. A more detailed
by Arthur J. Lictle, Inc. =2/ yields similar rasults except

Creatmen ;-J':
s zconcary eifects such 1S stieam diversicn by impact. Given the fe2l O
maxe provision in the repository for major water le variagion, this

sroslen cun als. e given low significunce
VvIL.2 GEOLOGIC ACCIDEUTS

. T s of the earth aad energy sources that criva its pbvs €ai
srocessas alve such that stochostic models are act wilely applicacle, unl
¢ Tess ts the a:2a of iaquiry, and grobatly the time as well.
we are aware %'t foult tree analysis is the aumerical bSasis for risk
issessment La the Rasnmussen rsport on nuclaar -eactu‘ sa'
the question of assessing en-ine: ~ing fallure by a sv face facilizy over
2 30-vear zima2 spun is not tue s... protblec as assur-ng geolegic ;
mydzologic ;::eg*..v at an undergr.und site ovar million-vaaz time sSpan
espasially decause there is informacion con reactor purforzance in ¢

&1
“w
o
(2]
w
o .

vIL.2.1 GSxsrusive and Intrysive acmas

sside f=am gradual subsidence 2f zhe Gulf Csast and the ississipg’ say-
san: coomencis appruximotely 73 million years (2.v.) ags, and the ;SEatic
depression and rebdound af tha ac-=hazscarm and rorch-central pave of the
councsy ia respomnsa IO c-n..ne.: 1 glaciation, taa Un.te? Szaces east of

she Rocky Mounzzins has deen g2¢ gically scable for approximacely 127 z=.y.
In this vas: regiom the youngest da:ad igneous vocks (dikes) hava an 2ge

et ;:pr::zmzzel? 70 m.y. For thls entire arsea, then, the protabilicy for

¢ magmatic incursion into a waste repository during the naxt miilion years

i -9 be takea as astromomically lov but aumerizally uacercain.

Along the 2ntire Ca scades cnain, by _coatras:, the Pr3 pabilicy for a vcoleaaic
eruocticn may be on the order ol 10"=,vr. I there are an astimated 53,000 =2
3¢ sotenctial voleonic Larrvane and a vepository with = a LC-mm vadius of a
leans ain s be adversely zfle:ted by an eruption, .he averags tacc ¢ risk

sar 200 k=~ is on the order o0 L37%/vr. However, iz cbvisusly zakas . differ-
ance wne:na: we designata one of chese 30U %=2 aresar as .riag close to Lassen
. u=, 3aker, Mc. St. Helems cr M:. FTanler, OU Temct fvom them. GEvena Ior
- -amona ar23s, it is well to recollect that o0 one pradizted or could have
srediczed the May, 1243 erupcion of a aew volcamo ot Paricuszin, in tha western

Maxica velcanic belt.

Tor sme ar:a of iagermd " late -iagmactic tl?u lying becweea the Rocky Yountain
To3ne atd che Cascade=Coast B oge 3elt, there is ac very good basis Icr specu-
i4cing o2 rumerical visk prot i‘:"x‘:, ncr ig thare anv ready answer to why
araeas sucn as Sunset Cr:.cer -4scna, and the Craters +2 she Mcon, léaho, havz
ceen active within the 2ast ~ thousiad vears.

The situation with re¢ ot 9 Magne kazgzared ecypifies what the Pane' telievaes
o be trua cf mcst ot . ges jic r. <. Wichin - -fev:ut specifies .agicns
e =ay estimace a relative c:i.ar of c.uger, dut £ v very few areas ¢.:. we have



any coafidence in orders-of-zagnitude es:.aa.es of risk p:c:a:.l‘:ias.
3¢ all she world's volcances now under survaillance, Kilauea is one of
the faw whose shcrs-cerm benavior is p:edic:ive. Even nera, projections
fsr a2 million vears in zhe fucture are well bSsyond che curranc stace of
the are

'71.2.2 Eactheuskaes and Faults

in ragions of transform faulting whera great eartacu ;akes occur re-
ivel f'eCuencly on the geol~ iz time scale, like the active, western
c-ne1 al margin of \o-th America, we cannot yet predict specific events
magnizude 7 ot more with precl sxons better cﬁa about 100 years and

We do know, nowever, that the recurrenca -ite of event:c on the
fauls has been on the order of 200 years over the last few
¢ vesirs, that geclegically rapid displacementcs are sti 1 going on,
=s that Californis is obviocusly a high-risk region where we would
slace a raposizery if we faar the hazards of earthquakes.
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hand . wa cannot claim chat the probabilicy of an earthquake
o anywhere in the world because the origins of earth-
terior of tha continent (New Madrid, 1811) or at its
va matiia (Charlest 1886) remain pretty much a aysctery. Had
avents cccu ed a .ew generations earlier, befcre written records
1railanle, we would not aow be worried about destructive earth-

- tme cencral aad 2ascern Uniced States. About 2all that we can
1v gar is chat the earthquake risk is auch less in some regions,
: Caascal Plain, than it i3 elsewhers, say along the trace of
dreas faul:s and ice subsidiaries.
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rshquakes may well be crerly exaggerated. Recent sur-
4. Dowding of Nerthwestern Universicy and Dr. Howard R.
reveal that damage to undarground opeaings is very
-o surfaze scructures immediztely above. Disrups
oge"-. faule actually cransected an opening, bu-
zacicn should have eliminated this eventualx...
has been sealed and its surface facilities
av.n of large earthguakes are likely to be negli-
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is well to recall cha: the 2arthquake hisctery of the Uniced States is

ed zhialfly upon diar es or newspaper accouats, which may cover a time

varyi fra= 300 years zo a few decades, depending upon the area.

davelonment of a widespread imstrumented seismic network wicth sophis-
isment and data processing is partily an outgrowth, during the

arae de-“‘es. of the intarest in detactiag nuclezr bomd © =3,

encal seismclogy has existed for decades, but systemacic i com~-

2 is relatively recent. On either basis, wnether from an =zcomplete

cal record szretching backward for up to thrce centuries, o from a

g f seismic racord data, ;e'ﬁaps adequate for only three decades,

S la reason for confidence in forward predictions covering a
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tae HLW. reher, even if the greennousa effect df
{s =aown th ac sea level has varied for different
sould be higher next time than it is aow.
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vIl.3 FUTURE ASSOURCE IIPLCRATION

Aleheuzn the energy susply appears Lo loom 233 tha major mineral resource

or t=a nmext few decades, this is only bSecause its present urgency
tad a::en:icﬁ from the far mora important questica of how the

apidly 2upanding population can maintain the vaw ﬂa.e“‘a- supplies
iy for an .1cus::ia-;.ec sociecy. Currea: annual ccnsumption of

~load minaral producss is 3.75 T per parson, and by 1985 cthis Iigure
<11 hawa daubled. Geochemical aad economic aszuments aave Leen aougud £o
mate = .z whaa the average ove grada of 2 metal slips below a critical leval,
Ne amced: Of anargy needed to extract tha aineral will far euceed any

sg=e =hat sociecy can raasconably zay £ , 30 the mineral will no longer
se availadie. lercury, silwver, 3old ¢ , and lead are candidaces for
such eav.y scareizy. TIhe 1975 Naciomal 3 Sciances Repor: of the
Cocmiz=ae on inmeral Resources and the Iavi has comclude "‘a°
sanolcgy caanc: always close tha gap sesw {ng damands and availatle
sources, so we shall be inexoradly d-i

onnages, and othar materials.

.
oy 'n
,.

is a= ‘tluzsracion of the enforced shift o incr2asing tonnages of dezreasing
graie ©e may cite uranium, for whizh tha 1290 proiected demand of U303 is
700,030 iZ; production of chis amount of UsLy will be ;oss'b’e only if che
presens cre (ecomonmically sineable) grade (0.22% UaCg) £alls to 0.075% in 1390.

+

- ‘
raw materials. What the minaral expleization might de lil
s from now i3 imposasible to predice.

Tram what is known of the werld ziﬁe al resoutr .2 niccture, it is difficuls
zo bde optimistic chat ;1' isteializ ciesy can sustaia itseli at aayeching
apsroaching ics curvent levels in tHe aext millernium. A steady decline 1ir
the =v of Life appaars in visaple, as well is an increasiagly desp
P ¢
5

LA R 1)

i
a thousand ¥

(]

Of the rock tyres currently under cons ideration as hosts for HLW repcsitocises,
shz'a and basalt seem unlikely to assume an important econcmic -ale. Granite

i3 somewnat differea: because thare ars scme granitas that po ally are
aineable because they contain relat: ively larga amounts of thox y uranium,

and rare earth. Several other tiP:s 3f ores ara alsc associated with granites.
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Par tha restonsidle escablishment of an ELW repesitory is the azovision

fir a wavaing syssea in che evaent of loss of scme of cthe HLY zo the biosphere.
Ti we 3dzsume that scms form of moaizoring for radioactivizy will be mandacory,
shers ava w3 aspecss 2o this prodlem: early waraning o permit some atteompt
ts rapair the sits or confina the spread of tie HLW, and longer range sure
vaillance =5 sruvids waraniag ia sufficient time to raduce exposure o the com-
camirazicn. The first =vpe of monitrring would de donme close-in £ detect
early sigas of sha breach of the “sgesitory. Four the seccnd, nmore widely
spaced meaitors would be used.

arr elosa-in zoaitoviang weuld, of necessi
a suvi ci-veacariing davice, a means for v
g i.e considaration of che possibilicy
szovide an additionmal pacthway for migracd

ing e contiaued Zcr a peviad of iime on
T £ izn :r:cuc-s aﬂd one

iz is not reasonable

=iaws ‘3 a2 bacwaiastrumentatison that has
dl8i, ioen Lass for cenzurias. 3eycnd th
sush il=zs <11 have a large alpha compon
EREYen s 3ilable inszrumentazion to th
juss when t.e sensitivicy needad for dete
=22 mu3s e =0 a ragasisory thac =3y be

af oime, :: we shall rot Xnow wnat is go
of =g s.sofizovy once tihe moaitors left

Ramaes mamizorisg 2an Se alfected och It
S - .28 2o help dafine cthe site o beg
220025 wseana 30y activiiy such as zigrac

sasssizere, A naw techaclogy would Te o
Tiaitvas3y would first have Lo de showa €

ioa of radicnucg

ion wich

zhe sc: ar,
ing scheme itsalf could
1 That ucni:c:-
she order or <z leas: savaral cea-
million vears for cthe TRL wastes

to expect future inuabitants o

¢v, include some cconnect
eplacenens or repair 2f

tnhat the

demonstrable ralizbilicy for dec-
ose cimes, thes radiscgegivicy 1
gat, and cthe sensicivizy of any
a losses would dezrease markedly
ation would increszsa. The commite~
monitorad remotely for soma zerioc
ing on withis the general confines
{1 place maliuncsion.
om the surface and fro= the drill
ia with. However, such moniforing
ion that is ccsurving ia Sa
eded £o achieva this, and such a
9 be possible.

ix a=2lv3is of the nature of remote monitoring arrays piapoincs the very
diffisulur s=.ac predicting the directiom and vate of =igration of the HLW
~ogas inm ga: fics: slace. Evan if cthe overall hydrologic régime were well
Guzerm.azd, stril deviazsions from the average flow =migh il :asult in

od d
ene arrival of soma HLW at the suriace.
-

only a s=mall £raccisn of the total ALY, O
local affezzs. It is rarely possible r2
scsur, thus tiey are poteatially hazardeu
fenced-of: ressrvation of a repositoxy.
scaurrences eicher in time or space. It
sider risk tradaoifs that might arvisae in
being ac potentially serious risk inm such
rabl hould be i

o
o

inclucad ia any monitor

e |

-
-
Such short=cire
ut thev could s ava serious
4 aight

identify whers such e:**c:s
12 even beyvond the con: s of the
-

We see no way to pred. 31

1+ 0

b

“c.k
i3 not part of our cha _: £o con-
the case of small aumbers af pecpla
cases. Consideracion of this

inz schene.
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@ LW aighe occur sigr
:

<f aur peadiceion of tie dehavior of a vepesizoiry were quite accturate,

we csuld allow for *mall l-sses thatz = "2 suificientl’ "-ag times U

3ETiva &= oicsprere re: OLr s> as be be'ow pre. ly specifiiad

panines 2 lavals. Howaver, owing to the vavial ‘= % -ologic i .imes
£ wou.. elzost s ly o heé st @illies vo.28, the l=iks

D e 1y

“ e OH B

.-

-
v e@arliar =nan pradicc
ous coniter =3 cax be anti
phire undese ..d 22 suls tim
$ oa our descwacanls.

vernd aay cioe when ¢
wass@s tiat ar:er the

mighs Lapose serious ¢

@ 1 >
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-
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by
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e

it should
3¢ the e
Jur iacen
shat may
srocesses
stances we

(2)

5@ emphasized that our iagaatiocn 1is net TO recstw nd what =ay
¢ host rack or ges S.u-.iC locasion fsr ELYW storage or disposal.
ioa is to identify gap?s in the stace o7 gevlogical knowladge
ronibic raascnasle predictions o 2 zade about events and
tnas might occur im certain kost lichologies. Ia some in-

fzel ca-pel-eq to indicatze potential problems.
Knowledge concersning cthe oropercies of the sale in dry domes

is goed. If che HLW canisters are not to be racrieved aiter
the 3 or 10 vears needad to complete the filling of the

repository, then the short-tine iaformations ia &ry salt domes

arosund the canisters can be computad and reascnable pral iictions
are ;*sszb¢¢. Disposal would be permanant because at the ex-
;ec:s: e h‘gﬂ temceratures, the “*3--H=131 vy canisters would
srobadly sink inco the sals. The usual assumption s2ems 0

ze :“3- -he salc is indeed dry. This is clearly nct se in
ser=ain beddad deposics or in all domas. Carefil measure-

senzs of water coamzant will Se most impor
avaa 2ty saL: containsg scme wataer, so tha
-anlg=ars cozpusations, with the 2ossis

sncuid de aone wizh this in ainc.

gant. rcurther,
¢t the s-..11 of

*a=riavabilicy of HLW in other rock cvpes is 20t s¢ much
s a:2stiocn of lecating the canisctars secausa thay have
bodilv moved elsawherae, but ba2iag abdble o collace all
of the wasca because corrosion and laaching =might so
disintagrate tae can-St-"s thze much of iz is dispersed
This prablem is {urther exacarbaszad by the possibilizy
of dispersal bv fluids far away frem zhe sita. We De-
Liava =hat the approgriate ccz;u:z::onal =athods Ior
c.s2ssing such possibilitias are kaowa, but our knowledge
af che access of the rapesitory svysctem o9 fluids via
srasimore through <cracks is aocC acw adaquata. Resea
<3 needed on now o datermi che axtent to which a

C -

regeosizory is an As a ccnsecuance, while
allv viable candidates
iaval, not endugh is

-

-

orizy assizamexntc.

savaral ‘-.holcg‘es are 7 td
f-- repositories that permict re
wiowa o permit a selectionm or

r.:re is a fundamental pa*adoc £o e ancounterad in the
de.izn and comstructicn of a "eclosed" repository. It is
desivable to avoid discturdance of cae rock mass by ex-
ploration drilling as this providas extra pathways for the
HELW to reach the surfsce. Howevar, cne =us:t determing ¥
pracisely tha geometric d‘s::15u-1u1 of reck ;rc;et:ir
througnout the fucture repository site and it

cs
surroundiags. PSricr to excavacion, only ;araful etan;n cion
of many drill cores c:in s28sibly delineate these properties.
Thasa two coatradiczory demands must somaacw ce rasolved.
Proper assessmant Ray have =¢ await exsavatioa of shafts

-~
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and :dics, despice cthe hizh vi.c of che cagital investment
stiould the site then be found co ba unanitable.
If she 4L i3 not reprocassed, U and Pu will pose long-
tarm radiation sards, as well 2s a ¢’ “erent nhemistr:

£ B

i

(s ualikely, however, s the inte
ter, its contents, and .3 immediare
1.6 very l.ng, whether or not reoro-
.ssing is carcied ' .:t. Wa have seen - idence of
survivals longsr cu.un a decade. The ¢ ica of repro-~
cessing does relate to the mix produced and thus the
remperacuras to bde expectad ia Che canisters as a teruls

¢’ che iie:t graduccion frem that mix.

02 gzunsport. I
‘ag of the ca-~i
""l""‘ '.

~3
et

“a ara surprise. and dismayed to discover how few rele-

want daza are available on most ol the candl ate rocik

types even U vears £7uar wastaes tazan T ac
4

.2
-
-

s
from weapons develor: . These vics inciude granisic
cvpes, basalss, and s.ales. Furshermore, w2 ave only
just new laaTming about the :-cc‘=m of water in Sedled
salss, and . .2 need for carafuyl moasurer .8 of water

<
gcoentcaat ia canmes.

s gtate of xnowledge zoncerning tctal smeabilisy ia
jo-tiad sthales, granites, and dasalis is scill Lﬁ&:-,-a:
fer meaningful foreces iag. Toctal parmeabiliny includes
211 pacths for fiuid migration shrecugh ¢ rocs, ;:;;udir

ks, joints, faulss, and inhomogeneities ol ilithelogy.
ae lack ¢f suzh I'mowledge does n:t necessarily I=mgly
thaz 3 rock is unsuizable. Comparativel.w cnhviraus rocks
ia che granigics clas o tasalcs alizht w..l be the vast
tack tvpe for storage, and parhaps disposci, aven thougn
thev arze _cinted and sals is :c:. Traaspost provertias
d*serd on Scch the *~-mical and mechanical naczurs ¢ the
L

> principal questicns arisea for all lithologic trpes
‘ r cnan the salt in domes:

1. How does one cetarmine zhe real "sarmesbilicy”
of the roclk ma 3 sure ud"g the Tapository

and extendiag o the s.cfsce, and

2. Fow does the pormeabilisy ¢f the fisszures
af?act solute-retarduc. 'n foctors relacive
¢o the flux ¢ atar tirwughcut the roch mass?

‘alor=ens of mecthec no gaewver th: firss question +vill
-a%: hard, But v ce usé. take, - iathora of
;eibution coeffic’ .t and zetard. :ii-

ruw available provi.s a geccd start, bul ti.y are no



a‘cqua:f g

) al problems of retardacion
nder condic

s giels
ns of iigh icnic scrangeh.

(3) Exiscing computasional methods Iov 2ssessing  cSranspors
may well 5e adacuate, and the accuracles of thesa models
zan He specified ia principle. Foweve il the ua-~

™
(e
il
H
n~

cercaincias of che inmput paramesz.s are Iinclu

ﬁ”ﬁ‘.isa. rodals, the reliabiliczy of any =odel rezalns
=anscrasle. .uother, wnile mathemacical sizulation

ci radxca-:ive ion transpors from the repesitoly is an

imsorsant and very useful tool ia che risk analyrsis of
an HLW resositery, sush simulatioms can Be dangerou sely

=:sleading unless careful atsention is Zirectad ctoward
{~w2rent physical and machematical assumitions. (0}
sarsicular concern here is the ralacively superficial
actanmpt to dace =¢c i:.,t;o'a paramatar yncersziaty

{2 the coataminant transpe €orecascs. [t is 2Z para-
rmoune impogtance that the ara'"sc prasent unambiguous
éscizates of uncertaiaty ia such Eate:zs;s so that
decision-nziars are not misled inege believiag that such
favacascs are independsnt of paramater uncertalinty.

(,' s seems claar that the uncertaintias ¢ foracasting
ma Senavisrs of concaptual KLV repositov.es ar: due
srincipally co inadeguate knowledge of the relavaat
=acnaniczl, radiochenical, and nwdrolegic srnopeuiies
2% ska candidaze rock tvpas. Most of these can s
csasuved v wall escaolished mecheds, 54t timias requived
svan for adequataly fundad researcn eilfcrts are likely
t2 vary widsly--irom a year or $0 to & cdicads ¢ =oTe.

ig =n=<4 im =ha maps=, chare are also several guesticas, notadbly che de-
ey len of rezl permeabilizies and poreosities in the UScks at a site,
AF =h¢ Aelare ¢F gha long-teamm monigorsing systams, answars 9 vhizh muss
asceis =h- fmvameion ¢f aaw technology. 7The time szala for such research
i3 .. e<sS readily datermined.

Tysa== “-+ :ma modasc effors on salt, the gaclcgical aspec: of the HLY
redlaii..” rosalen had largely dean neglected by our janarasion uatil a
vear o7 $¢ &33. 1t will not e solved without a sirang commitmenc oz
mcnar ani manpewer, lascting beyend 1985,

S
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: A rearlv horizontal opening by whizh 2 mine is encered, drained,

!'sha sarticla: A positively chargad particle amitted by certain
radisac.ive materials. It is made up of tro neutrons and two
srotons bound togathar, hence it is idancical to th

12 aucleus of
a halium 2tom. It is the least penetratiang of the cthrae

commca types of radiation (alpha, beta, gamz=a) emicted dY
radiocactive matarial, bSeing sctopped by a sheit of pajer.

Alpha par:zicles ara dangerous to plants, aaimuls, or =an oaly if
the alpha-amiccing substance has entarad the body.

e atte - 3 - Y% 4«
ree from water, espacially water of crystallization.

Sars (srassura): ihsolute uni:z of prassure in the ¢35 system
28Gua. tu & Grne per square cautinetar.

3apa =arcicle: An elamentcary particls anitted from a nucleus
eering vadicacsive decay, with a single electrical chrrge and
a =ass acual ¢o 1/1837 zhat cf a proton. A negatively
charged baca partizie is identiczal to an slessren. A
scsiczively charged bata javtisle is called s positrex.

31287722 T.ne at aad adjacent o the earth's surface where all
'S s i -
canl Ld=8c8.
iz The rasidual ligquids lafc after crrstallizacion is complete.

e 1 -q 4 3
Qs Salilnhacion wie
-

- -

Diazenagis: The physical and changes that occur to sedimentary
Is the hissery a sedimentary rocx there is no
i 3 4

-
, such as occurs ia the solidification
{gneous Tock. Taus are changas that occur with
sadimentary accumulatious ars known collaccively as diagenesis.

Siapirism: The forceful intrusion of one geolegic material iace
acother; ovariyiang geolcgic mactarial.

Revisrificagion: Crystallizaticn from a glassy phase. &
anstable substanca. Eacause its comsonants are sgaced W
plan, at unequal distances, the forcas of atccractien ¢
a "parsicle"” ara umbalanced. Ultimacely. the componen

)

3 -~
to the unequal stresses and are drawm togetier to form cry
This process is known 2as davicrificactd

'l
O
3
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issincn oraduszs: The aucleil (fizsion fragncnts) for—ed by the
tission of hneawy ~'a:e::s, plue the nucsliides forzad by the
fission fragoents' radicactivae dzcay
rapmisdan teararg: water that enists in che iatergranular or fraciula

spa.e i- rock formaticns,

Cer=a ravs: ®Hizh eneargy, shers wavalength ela2ctromagnetic radlaction,
Gemuna vadiatien fraquuwtly accoupanizs alpha and tetz eaissions
and alwavs accumpanizs fission. Camxu riys are assercially
sizilar o X-rays >ut ara usually more enargetic anc ar2 nuclear
ia crigin.

Half.1.fa (pacicactive): The =ima raquive! for cne-half ol an inicial
vadioa.cive macarial to undergs nucle.r teansfor wa_ion, the
halfelife is a mcasure of the persiscence ¢f a radioactive
macerial and is wriique to aach radiocauciide.

4a’“za: Tmpura common salt, NaCl.

Highelwal waste: The hizhly radisactive wasta vesulting Sfrom Che
rezrocassing of speant fue. I 8 race ursvdom and plutenium
from the fisgion produets. The tarm lacludes the high=laval-
L4+ {d-wascas (HLLY) procusss directly in reprocensing, and
S £9lid highelavel-waszas (HLW) wiich can ta zmace therafrom.

Lazi==+3: Thia geologic larers, plates, or scalag dispesacd in
L. 2rs Like the leives ¢f a socok.

Lithrologis: Perzaining o the characteristiss of rock Iormacicns suen

s " ) -
Masmg: Mooten ifnanus TOCK.

Pe s LR

L L 41 < . * -
Venrempridlloanize: 2 MYt T n 5y

e
avdrous alumdiaus silicace with coasideralls
0y 3 % - b 1 P~ .
exchanzing p2vc of ths al

anéd other casss.

*luson: Very larpge nasses of izneous rocks chat
coves of must m2ier mcuntain ranges and unds
the cacienc shiiald or central stable aveas;
bachelichs.

Zalz "tme: A typa oI geslogit ciTuciuTe reeuleing from the upward
ast of @ great sait z1ss through overl’ag rock layars.
resultirg sale form is rougnly sylindoical and in some casus
has resulted ia observable uplif: at the earch's surface.

S=actira niansrvals: Clay minerals.

“n
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lermesss: Zlements with scromic number greater thaa 92.

Transuyranic @

Thay inciuds reptuaium, plutonium, americium, cyrium, and others.
cgoliza: Any of

o a4t as ic

a family of aydrous silicates, which have capacity :
n exchangers.
|
|
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