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40 CFR 191

Floyd L. Galpin, Rlyuond q Clnk. and Cuollu l’em

o R Criteria and
S A Office of

{NTRODUCTION

, Dcvdopueudamfuthedapou!o(
high-level and transuranic radioactive waste has
proven (o be cos of the more difficalt
andertakings thm U. s.uowyhnconf:omdon
the political, sdminlstrative, and

fronts., Evewhwlvedbubccncmmed.
Some critiques bave suggeated that we abandon
the presently established system, from the taw to
thnappantmuxofnlmpumm:ndum
over, It is understandabls that the regulatory
‘scheme should come uoder its sbare of eriticism,
mwcmuldmdhnuuy.mmthmour

c.

The ErAmndudwcm 191), and
especially its containment sequircments, bave
. ofiea beea a focus of these critiques. The fear is

 that a site and system, although offering very good

" protection, may be unabls to pass these
« requirements, or 4t least it may be difficult to
prove that it cas meet the requicements. The
identified sites potentially subject to this standard
are still being cha-ssterized snd 80 definitive
answer a3 (0 their ability to meet (he standard is
" possible. From time to Ume, situations are found,
or analyses are conducted, that.raise the question
ofwhabenpuﬂcnh:mcwmbeablcwmm
 the requirements. ‘This creates great concera for |
those who se¢ & successfl waste disposal sysicm
xthchuhndblothcnppopm:epuuhnm
the atom

o Weueequaﬂymemwdhlhcwly
“development of & successful waste disposal system,
nlon;unndequuelyprowwthepubuchemh
and the eaviroprocat. We realize that it is not in
the long rango loterest of thosc goals to have this
matcrial in temporary stocage facilities for
exteaded periods. This same philosophy bas beea

Divislon (ANR460)

Programs

' ﬂlMS&mS\V

'DCM'

cxptmedhdhu&mpmpmbyutﬂng
time Gimits for which chemieally hazardous waste
is allowed to be kept In storage. While such a
prescriptive requirement s not sppropriate for
EPA’s regulatory authority oa high-level
radioactive waste, i s no bexs a valid goal, It is
also an issue that s directly addressed i the -
NudemPolicyAa. :

WebehevemyoﬂhcmﬁdnnsoflthPA
containment requirements bave been made
without an understanding of their purpose or the
ratiopale behind them, This may be due to a lack
of clarity in our explanation of the rule. In our
redrafting of the rule, we have tried to improve
botblbedesmptmandthcducmﬂonohhc
underlying rationale. We bope this presentation
will also help clarify some of the considerations
(humhtolhcd:wbpmdthe .
containment requirements. This :hould provide a
bewbmtorfutmdixbgu. S

Tlux prucnuﬂonisncnhc place to secap the
history of the EPA cule. It is nccessary to point
out, however, that whilc the standard was
promulgated in 1985, Subpart B of the standard,
which pertaing to disposal, was remanded by a
Federal Court in 1987. 1t is also germanc that the
containment requirements of Subpart B werc not

‘a part of the reason that the eourt ordered the

remand. Because the court returned the whole of
Subpart B, howcver, these provisions must be
tcpropowd lnd jostified ancw. .

THE CON'I'AINMENT REQU[REMENI‘S AND:
'rm?.m IJSE

Thc 40 CFR 191 eonwnment tequitemcnu
arc not the casiest to explain or to understand.
They diffcr from some of the radiation protection
formulauons of the past. Yet, when examined,



they do impiesaeat traditional radiation protection
concepts that have Joeg booa fostered by both
national and istzrastional bodies. Their
difference stcms from one predominant sousce:
geological repositnries that are expected to
provide protection fof thousands of yeass are
differsat. These facilities ars not appropriate for
ths day-to-day coutrols and monitoring that have
characterized radlation protection in ths past,
They are not reactors with expected Gictimes of
40 to 60 years, and therefors they requirs a new
form of standards to assure protection of (he
public aad the eavironment.

The coatainment requirements i
40 CFR 191 are expressed 23 follows:

19012 Contai Requi

(2) Disposal systems for radioactive
wasts shall be designed 1o provide a
reasonable expectation, based upon
pesformancs assesaments, that the
cumulative relesses of radiosuclides to
ths accessible caviroamoat for 10,000
years after disposal from all significant
processes and cveats that may affect the
disposal system shalk

(1) have a likelihood of lcss thas one
chance in 10 of exceoding the quantities
calculated according to Tabls 1
(Appendix B); and :

(2) have a likelihood of kess than one
chance in 1,000 of exceeding tea times
the quantitics calculated according to
Tabls 1 (Appendix B)

(b) Performancs assesameats necd
oot peovids completa assusance that the
requirements of 191.12(s) or (b) will be
met. Becauss of the loog time period
involved aad tha paturs of the cvents and
proccsnuof:nmw.thulwﬂlmem:bly
be substantial uncertaintios in projecting
disposal systemn porformance, Proof of
lhetumperﬁommohdxspud
systcm is oot to be bad in the ordinary
szase of the word iw aituations that deal
with much shorter tims frames. Instead,
what is required is a reasonablc
expectation by the implemeating ageacy,
ontbbuhottbcrecordbcforeit.tha
compliancs with 191.12(a) will be
achicved.

In the Appendix € guidancs scction of 40
CFR 191, thers is 2 statecsent of the Ageacy’s
intended peocedure for demoosirating compliancs
with these containment soquirements, This
guidancs, which is quoted ia the box below, refers
to the preparation of » ‘complementary
cumulative distribution fusction”. This is not a.
methodology that has beea typically used in
radiation protection. Therefore, i is appropriate
to explain its usage further.

Compitanca with Sacticn 19012,
The Ageacy assumes that, whenever
peacticable, ho laplementing agency
will ausembis all of the results of the
performancs ssscssments to determios
compliancs with 191.12 into a

system coosideced. The Agency
assumes that & disposal system can be
considered to be ia compliance with
191.12 if this single distribution
function meets the requirements of

191.12(a).

Thcmdthatuhmquoanbenbc
explained by seferencing Figure 1 which is a
paphhlpccscnmdmﬂotmnfonhowbg
compliasce with ths containment requisements.

Figure 1 displays a format where the
probability of releases being exceeded defines the
Y axis location while the amount of the relecase
dclcmmcsthu appropriate plotting point on the

X axis. The X axis, in this cxample case, is
represcated a3 multipks of the standasd’s Table 1
values. Tho curve formed by such a plot is known
uacomplencnxuymnkﬂvadktrﬂm!on
fanction (CCDF). The boundary criteria for
compliance with the EPA contaiamsent
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Figun:tcnphalkcpceunutmof
Comammcntkequrmu ‘

rcquiumu m'shownbylhcuep function oo
the graph. II part of the CCDF representing
reasonable expectaion falle.to the upper right of
this step function, the requirement is exceeded. If
n!lottthCDPflnstothhhwbdenep
functim,lhcreq\d:mentum :

ﬂeuepfmdmklgnphul S
representation of the containment mquhemenu of
the standard. The Figure 1 step fuaction also
illustrates the EPA implementation guidance that
performance wsscssments need not consider cvents
or processes with less than one chance in 10,000
_of occurring over 10,000 years. I, at a probability
" of 0.1 or greater the cumulative release of the
_ events or processes cxceeds the Tabie 1 values,
the CCDF fails the test. I ar a probability
between 0001 and 0.1 the cumulative release
cmedstenumulhe’l’abktvduu.lthCDF
fails the test,

) TocrutcaCCDPlornduposdmtcm,ﬁm
identify the mutually exclusive cvents and
processes that could lead (o a releasc, define the
- probability of each, and éstimate its consequences
. in terms of the curieg released of various -
radiopuctides. This identilies a sct of scenarios
and probabilities to use in plotting the CCDF.

~ Using this base set of scenarios, with their
probubilitica and release conseguences, you would
start the CCDP plot with the highest eonsequence
scenario with a probability greater than 10* and
plot a point at its probability 484 release

coordinale, ‘I'hm-mhgmmugm
Wmmvwﬂdp‘dhua
coordinae represcoting its veacc and s -
Fobaﬁ&ypduequdwhpab.umyphmhe
probability of previously plotted events. The )
curve geasrated by this series of points represcats
thethCDPlutbednposdlmn. '

Mmhxz&ythhklveqmplmdmuim

' of the way compliance with the 40 CFR 191

mwrequkenmkapeuedlobe ‘
determined, Memnnyqudﬁmwbc
coasidered. 1t is not the sort of thing you

geoersie is a sbort period, It is expected to be

, dcnbpedwxhwphmumpuundyn

systemis, Nevertheless, this
lﬂowticlninltutedtondamwtbenheqw
discunouofpmpou.dewlopmmt.md

_ lmplcneuauon.

'IHEPURPOSEOFCONTAXNMENT
- The containment requirements serve scveral

purposes. The first of thezs Is as a measure of
the integrity of the repository. Thuwapmnc
consideration in their developmeat, and still’
remmumuotm(oruummgmkhm.
Atthcumeohheirmmaldcvebpmcnwewen
in the mode of comparing scveral potential

repositorics as Lo bow well they eould retain the
waste. The most obvious spproach was to

‘ _eompnaghcunlrelummsomcpcnodof

time.

ﬁiscom’pari:onofnhuuminﬁml:!y
linked with the time frame that was chosen for
the contsinment requirements. We wanied a time
loag enough to sec differences among diffcrent
geologic media, Overpeﬂodnot‘hmdreds.cr
evulfewlbmandyws,nﬂgedopal
repositorics look pretty much alike as to their
tolal seleases. Tea thousand years of modcling
generally allows eaough time for diflezences lo
begin to show up. 1t is also an adequate period lo
discern a very good estimate of the integrity of a

, smglcrepwmrystc,ub:hcprmuu S.

Satugh o avid gntin it i debar
enough 10 avoid getting iato en over
&mm"mme.ﬂWMmr



health effects that might be expected, a term
referred to ae the detrimont. For standard seiting
purposcs, wo sssumé that all radiatica exposure
coatributes oms propostional amount of rigk, and
that the health ¢ffects ars pr to ths
product of the sumbes of poopls exposed and the
amount of doss they cach reccive. This is a
perspective that is not availabls whea we caly
look at the exposere of individuals. I only
individual expostiro wero to be Emited, we might
be led to scek dilution as & way 10 avoid
exceeding a standard. Ths use of total releases in
the form of the costainmant requirement avoida
this pitfall,

Tha last containment requircment purposs we
will discuss ip tho advantages of the astessment
and analyses that it focees ons to conduct.
Becauss of its probabilistic nature, it forces the
assessment of both oatural and man-made
disrupdive events. These disrsptive eveats can be
the most significant of the possible releass
mechanisms, Oa tha other hand, their inclusion
receives a good bit of criticism becauss they are
the mou difficulkt to analyza, We acknowledge
this difficulty, and have mads provisions for
handling uncertainty and using expert opinion to
dovelop cstimates in arcas whers a historic base is
inadaquate. Wa belicvs it would be negligent not
to includs theso types of releass mechanisms in
the assessment. FProm the work we bave seea on
actual initial aszsssments, we are fusther
persuaded that some of tha potential problems
uncovered, and now receiving intensive
investigation, might never have been addressed if
it hada't been foe the form of thess containment
requirements and their probabilistic features.

THE DEVELOPMENT OF THE
CONTAINMENT REQUIREMENTS

_ The development of the containment
requircmeats was based oo a generic assessment
of the protections provided by well sited, well
designed geologic repositorics. This assctuaent
was bascd on a repositosy that would coatain
100,000 metrie toos of heavy metal (MTHM) or

its cquivaleat, This is aboat the amouet of spent
fuel that would be expected to be produced by
100 sucicar power resctors of curreat desiga over

I the generic analysis we cvaluated several
geological media including salt, basalt, and tufl.
The snviroamental pathwsy modeling was very
simplistic as belits a geoeric asscsament. Under
ths Atomle Energy Act Authority the Agency may
only develop its standards as “Gezenally '
Applicabls Enviroameatal Standards.” This
preciudes making them elther sits specific or
specific a3 to their method of achicvement,

Ths pathway model uaed for wadixturbed
releases applied classical transport mechanizms,
including appropriate media retardation, 1o move
any material that escaped from ths confines of the
repository, through the ground wates, and lato
sarfaco waters of the geseral caviroament.
Radionuclides were considercd available for
interaction with man throngh consumption of
water and ¥rigated food. Other peripheral
pathways were also cvaluated, These included
fish coasumptios, and the coasumption of animal
products which had fed on contaminated pasture
and irrigated crops. Actions that would disrupt
the repository, whether of & human or nstural
corigin, wers coatidered as initiating cvents that
could cause a relcase from the repository into the
pathway just described.

The ons unique aspect of the modeling was
avoiding detailed assumptions about future human
population habits and distsibution relative to the
surfacs walers of concern, It has been found that
the ratio of population to river flow tends to a
constant valus world wide, The assumed
population for the futusistic world within the
period of analysis (10,000 years) was assumed to
be roughly double that of today or tea billios

The world annual river flow is about
3x10°¢ liters per year. The ratio of population to
tiver flow that was uscd is thea 33x107 person-
years per licer, This value was thea used for all
pathways where the radionuclides in surfacs water
wers the source of human exposure. The world

" averags valus used compares 10 a U.S, averags of

135107 and individual river rangs of 2.4x10* to
$7x107, It was also assumed that the basie habits
and consumption rates were the same as today's

roe



-~ appropriste to the

Baedcnthucmhnkuud
hca!theﬂ‘easeninnumnnde.Aﬁnw
non-thresbold relationablp betwees radiation -
exposurc and premature (atal cancers was -
mmd.ﬁnumwmumduuy
additional exposure added socie increment of
unwmkndthdthumkwmumdw
the dosc received. This has loag beea the
geaerally accepted peudent approach Coe risk-
auscument whea uted as a basis lor setting
radiation protaction standards. The coaversion
fm&md«omhﬂ&eﬁw&nuwy
being weed is an aonual rick of about 4x107 fatal
_cancers for each persoo-millirems. A lifetime
exposure duration of approximately 71 years is -
used which results in as individual lifetime risk of
lbommm‘btdmfuudnﬂlhmd

annual exposure.

Thconecmpuon(othupwalapprouhof
exposure pathway analysis was for the
radionuclide carboo-14. After consultatioa with a
'spcudndiubnubwmmklccdtbeAMs
Science Advisory Board, it was determined to be
morc appropriate to use the specific activity
apprmchudwebpcdbyﬁ.c.lﬁlmghdlhe
Oak Ridge Nationa! Laboeatory, This
methodology evaluates the exposuse from wbon
14 based on the incremental increase that the
telease will cause in the workd’s satio of carbon-14
to stable carbon. Since any carbos teleased from
a repository can be assumed to generally come (o
equilibrium with the world’s carbon cycle during
the 10,000-year period of analysis, it is possible to
dctemmcthepopuhmnexpumwngtuneh

For a world population of tea billios we
nmvedatauﬂoofm;»euon—mupcrwﬁoof
carbon-14 seleased. - .

ﬁeraucmnlimumwthcﬁw\
modeling methodology. As previously meationed,
the modcls were geaeric and would pot be
suitable for a site specific evaluation. This is
A autbority, Site specific
evaluations would be expected to wtilize site
specific data based on the site characterization.

" Another limitation i the EPA asscssment did

POt consider the possibility of undisturbed -
repository gaseous relcascs. At the time the

mﬁﬂmbuwudooe.m-rchuam
aot considered credible by the Nuclear

‘Commiszion vor the Departmeat of Encrgy. This

hubeeuammdmmﬂon.m:h
now perceived that & very pocoes unsaturated sice
may allow gaseou releases. However, the
modeﬁngofnm&cnumawaedmchi
highly uncertain isgue and k ls difficuk to
determine all the involved parameters and their
effect. In our view, this is an ares atill requiring
nuchundyudevdwbnbyunthehvohed :
mmum&ep&mmdw :
u!camudthmpowdnﬂudu. ‘

. Promthucpemmdylu Aguq
l’ouudthndecneolopcdhpodeotuma
extremely good protection from releases of - »
radioactive material to the accessible eavironment.
In coosparison with other impacts on man from

both natural events and man's activities, releases

from high-level and transuranic radioactive wasts
reposkories oaly resulied in fow health effects
(tmmhudredsdwmm&zdmnm
10,000 years). However, it was also realized that
these generic assessments did sot consider the site

. specific factors, which ¢oatribute to uncertainty,

Based on the analysis of a repository’s exp:bility,
and considering the wacertainty factors, the
Agency determined that a very limited number of
bealth eflects should be allowed for repository
roicases and sct that vatue at 1,000 piemature -
cancer deaths over the 10,000-year period of <
analysis (au average of kss than one pecmature
uncnrperyw)./ . , v
Several other considerations assured the
Agcncy that this was an appropriate level of
protection. One of the basic philosnphies
established by advisory bodics, such as the
International Atomic Esergy Ageacy, is that waste

. -disposal activitics should aot imposc any greatcr
» impact or burden on future geacrations than was

acceplable to our own generation. The limitation
af 1,000 premature fatal cancers in 10,000 years

. appemwmeeuhnmzmnmconmiv:

estimates of the impact from the nuclear fue!

.. .cycle bave predicted an average of around 100

premature [atal cancer deaths in only the aext 100

- years. This estimate of the fuel cycic eisk comes
- from the paper by W, H. M, Ellett and A. C. B.

Richardson titled Estimates of the Cancer Risk
Due to Nuclear Electric Power Generation and
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 Published in Origiar of Human Cancer © 1§71

Cold Spring Harbor Laboratory,

" Fot perspective, the Ageacy tko made an
asscasmcut of the potentiad impact that would
have resulted froo an equivalent amount of

~ unmined uranium ore if it had sever been ’
r:aovedtopmdoe:nnckuﬁwl. lebeume

basic model used to assess
performance, we found that population ritks from
this uraniom could be between 10 and 100,000
premature cancer deaths over a 10,000-year
period depeading oa the natural variability of the
formations and the anafytical assumpticns made.
Thcubdedhk(muupaﬂuyhﬂsweﬂw&hm
this gange further assuring that thisisan -
acceptable level of protection.

: ﬁcuﬂmmahomunnngfmmthc ‘
standpoint of the projections over time. “Although
the basc analysis was limited to 10,000 ycars, we

examioed, ia & more qualiiative way, what might
bappen for Jonges tima periods We found if the
goal of the standard was met for 10,000 ycars,
there was 0o basls to speculate that significantly
differeot seleases would occur immediately beyond
that time. We belicve this should tx confirmed

‘onlnlc-spwﬁcbuu. Akbough the increased

uncestainty of such longer-term extrapolations -

- make them unsuitable for quantitative analyses in

lmmprmlhnlookmrlhclonger
time horizon & belpful in providing pcupectm

We then used this level of protection (1,000
premature [atal cancers in 10,000 years) as the
basis for calculating the release lmuts :pec:ﬁedm
Tablelo“bemndard. S

Tosdeatbespeaﬁcte!cuehmu!onhe

various radionuchides we used the samc models to .
: .emm&cbcakhcﬂmtbumghxhcuuud

by their jadividual release. The release limits in
Table 1 were then calculated as 1o bow maoy
curics of each radionuctids would cause 1,000
premature deaths over 10,000 years if released to
the eovironment. The Limils wete then stated is
terms of the allowable release from 1,000 metric
tons of reactor fuel (thercfore the actual curie
values in Tublo 1 cocrespond (o a risk kevel of 10
prematurc deaths over 10,000 years). Because of
the approximats asture of these ca!cu!muns \huc

limits have generally beea counded to the aearest
order of magnitude based oa the logarithmic
midpoiot of the range . Release Emits for

dispocal gystems will be based upon the amount of

waste ia the cystem, If, for instance, a disposal
system is ultimatcly used to dispose of 70,000 .
MTHM, the release limits for the facility would
be the Bmits of Table 1 times scveaty (70,000
unmwedbymmm{m

Fameofthcmmedbythhmle.
l,(mmmtouohudufulsmu
¢ unit of waste. In these situations, the
Notes to Table 1 provide instructions on how 1o
calculaic the releass limits. For example, this i
the case for high-level wastes from satioaal
defense applications which contain much differeat
moumd’ndmcmity S

IMMMENTATION
Mix £ Radionclid

lnthepcxfommmmmreqnindby
the contsinment vequiremeats of 40 CFR 19, it is
not expected that thercowill be onlyome
radionuchide relcased. Rather, the apalysis will
likely show that & aumber of radionuclides will be
relessed in various amounts. Since each of the

‘values in Table 1 constitute a releaxe resuhing in

approximately 1,000 premature fatal cancers, it is
fnappropriate lo measure each against the full
table value. The appropriate technique to wsc is
lhcsmcflhcfnﬁmudcwibedhdw

For cada ndlonuchdc in the rclcuc mixture,

- determine the ratio berween the cumulative

release quantity projccted over the 10,000 yoars
and the timit (or that radionuclide s determined
from Table 1 and its associated potes. The sum
of such ratios for all the radionuclides in the

release mixturc may not cxeced one with regard

10 191.12(a)(1) and may ot cxceed 10 with egard

to 191.12{1)(2).

Thc:e. thunemanu are illustrated iz the

v ilollomg equations: If radionuctides A, B, and C
‘are prqeucdwberclemdhmonnuo..Q.

and Q, and if the applicable release Emits are
RL,, RL,, and RL, then the cumulative releases
over 0,000 years shall be kimited so that for
19L.12(2)(1) the rehumshxp of Equauon 1 exsts:




coe.
R, R, ", ".‘ = E“"""_"

Similarly for 191.12(a)(2) the relabooshsp of
Eqnauon exists:

Q..‘QL& | ' Equite2
R, R R, -
Usczcaiay g Cuaatle Considerat

luprcpl.nnglCCDP thacvinbe :
nncmamtynlhcpanmaaulmmm.md
processes that make up the scenarios that are
incduded. Although the EPA containment
requirements, and their associated guidance in
Appeadix C, clearly indicate that it is suflicieat to
resolve the matter into a single CCDF that
represents the implementing agency’s evaluation
of “reasonable cxpectatioe®, It is oficn useful to
rcpmcn(thunbnuutmﬁyof@ﬁuh
shown in Figure 2, Lo
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Figure 2: Fumly of CCDF: at Different
Uneertainties v

F:ngdcpids CCDFs tcprmnungthc 10%
and 90% quantiles, and the mean and the median.
It is interesting to pote that in the casc showa in
lheﬁgmlhnumcxmadﬂbe%qmtﬂcu
the lower probabilitics. Tkis is pot as unusual as
vne might ot first think, and results from one or a
fow release scenasios that have far preater
consequences than the others, This illustrates that

it may oot be appropriate to use any ono spocific

" CCDF member of the curve (amily as a uaiversal

criteria of reasonable expectation. Certainly we
would anticipate that something greater than the
meﬁnwﬂdbewnﬁdcmdtxthhcuem

"!IIIII”I‘I Y S,

Oneoflhanpwsohheconmnmem :
vequirements that has received much discussion B

their inclnslon of buman intrusion ss ooe of the
_potential distutbing events to be contidered. The

m«dﬁm&yuﬁhnmuhtmmkh

appropriate probabikities for the eveats. .
.Bmmdthamhww“pmhng

out the human intrusion snalysis In some way, -
We bave examined this possibility and bave beea

‘unable to find a way 10 do this that would, in the

ead, allow us to represeat the total potential risk
from the repository. We also booked at the
possibility of using & deterministic approach to the
human intrusion azalysis, but this oaly gives the
analyst two choices for a relesse scenario, either i
happens or it does not. Since it is very difficukt to

" prove that something will not bappen, and this

scemed to require an even more absoluts
probability determination than the containment
tequiumuu. we have not followed this nppmach.

Because we realize thedifﬁculties wh human
intrusion analysis, we have defined some limiting
boundaries on what the analysis must include.
First, & must oaly consider insdvertent intrusion;
purposeful intrusios, whether it be for recovery of
the materials in the repository, or for some act of
sabotage, are not to be considered. I a future

* generation decides to go into the repository for
 some maierial that we discarded there, we believe
’ thauhtbwtesponn’bdnywcvalmethcmh

to themselves and future gencrations. Sabotage is

. no morc predictable than speculating on whether
somc furure generation, ia the beat of war, will

detonate & nuclear device on the repository. We
bdmmchmoventnnoupmoﬂheundysu
that s appropriate bere. We believe that the
attention of the analyst should be dirccted to
thosc types of intrusion that bave some possibility

. dnh!plmthtwghduulediou.engnudng

design, and appropriate institutionat controls.

Onc of the most evident measures, which is also
inthcmanacreqmremmdwcm Wi,k
to locate the tepoutory away from underground

¥
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Tastitutional controls that muy be coasidesed
are of two types, active and passive. Active
institutional coatrols requice man to maintain
them or to take soms other type of action. This
would includs such mecasures as guards, fences,
and preventive maintenance, Passive institutional
coatrols ars provisions Likg governmment
ownership, mosuments, records, and other devices
intended to warn furure generations (o avoid entry
into the repository.

The EPA standard allows active institutiooal
controls to be coosidered as mitigating the
probability of intrusion for the first 100 years after
repository dosure, The 100 years was the result
of extonsive consultation with sclentific bodics,
including the Ageacy’s Sdence Advisory Board,
asd dlscuasions ag public forums. Louger times
weres coasidered, but instances kg Love Cansl
wers 100 prevalent Lo justify them.

Passive institutiona] controls can be
considered s mitigating tha pfoblbd‘uyuf
madvmwhumumuumanlocgnnunot
given credit for 100% assurance, Scveral other
aspects have been included in the implementation
guidance. The analyst can assume a state of
intelligence (n future generations that is at least
equal to that of today. In thig coatext he can
assome that if future man does intrude he has the
up;hﬁnymredhzwhuhchadomuﬂtouh
appropriate action, The specilic aredit given to
various passive institutiosal controls is lelt to the
repository developer and the implementing ageacy
for comapliance. The EPA standard includes in its
Guidancs for Implementation section values of
drill hole density and bols scaling integrity that we
would consider the worst that need be considered.
It is anticipated that site specific evaluations will
determine and support mass appropriate values to
uze in the actual analysis,

U -

The handling of uncertaintics in prepariag a
CCDF has been a mattes of much discussion.
With the realization that this required a sumber
of contiderations unique to this form of a

stasdasd, EPA iscluded a wamber of guidancs
statements 1o clarify our intention, For isstance,
in discussing how the implementing agencics
might assurs compliznco where predictions of
performance are mada, we said:

Substantial uacertzintics ars Kkely to bs
encoustered in making

Also, to assurs that theso is appropriste
truncation 1o the probabilistic analysis, we

The Agency assumes that such
petrformance assessments necd not
coasider categories of events o proceises
thas arg estimtarsd to have less than one
chancs in 10,000 of occusring over 10,000
years. Furthermora, the performance
anscssroents need not evaluats in detad
the rcleates from all cvents and proczuscs
estimated to have a greater Ekalihood of
occurtence, Some of thess events and
processes may be omitted from ths
pesformance asscssments if there is &
reasonable expectation that (he remaiaing
probability distribution of cumulafive
relcaces would not be significantly
changed by such omissions.

Because it was dear that parameter
uncestainties were very much a part of the
analyzis, we included some thoughts on how they
might be handled with guidance that:

When the uncertaintics in parameters
ars considesed in a performance
assessment, the effects of the
unncm.innu considesed can be

into a single such
- distribution function for each disposal
system coasidercd, The Agency assumes
that a disposal systems can be considered
to be in compliancs with 19112 ¥ this
single distribution fugction meets the
requisements of 191.12(3).



Probably the arca ia which we kave had the

approsch of setting kmits om total releases over
10,000-years for the probabilistic-related
standards. Whea we started this atandard setting
effort, it was our taclisation to use individual
dose, since that was how radiation standards had
always been set. It was only afice we examined
what it would mean to have to comply with such a
provision that we switched to our present
approach. We believe that approach is much
more appropriate ia view of the long time periods
and uncertainties invoived. The casicst way (o
show why we came (o this decision is through
reference to Figure 3.

Figurc 3: Total release and annual dosc
alternatives

Figure 3 shows two symbolic spheres
represcnting the boundary line around two
repositories and the defined “sccessible
cavironment®, The sphere on the keft represents
the compliance case if you have the current
structure of the EPA standards foe probability
related releases. Under these circumstances, one
only nceds to estimate the probability and
quantitics of releasss of radioactive material.
across this boundary at any time during the
10,000-year period. To demonstrate compliance,
it is not necessary (o identify where oo that
boundary sphere the reloass occurs (Location),

whea the release starts or stops dering that
10,000-year period (Year), the time-related
frequescy of the amounts released (Rate), or bow
they might be exposcd (Pathways).

If we wese L0 pursus the second alternative,
annual individual dose, as depicted by the spbere
on the tight of Figure 3, we bave a much more
difficule analytical task. It is 80 looger suffident
to just estimate bow much radioactivicy ks Ekely to
cross the boundary. We now must also estimate
where (arrow) on that k will occur and
whether it fs close w0 people. That would be only
the beginning of the saalycical chore, however,
Since we must calcnlate an annual dose, we mmt
know when the rélease starts and ends (clock) and
how much will be released oa an ansual basis
(time-related factors on an ganual basis). While
we think all this is more than should be asked of
a probabilistic analyzis, it would ot be sufficicat.
We would till be required to go oa from that
point and speculate on how this material might
interact with people (pathway-bread) at this
specific location and what the subsequent annual
dose might be. These are speculalions we beficve
are feasible for the analysis of the undisturbed
repagitory but that are beyond what should be
considered reasonable for the probabifistic
analysis.

CONCLUSION

Ia order to promote meaningful discussion of
the Containment Requircments in EPA"s
siandards for high-level and transuranic wastes,
we have prescated an in-depth discussion of their
@any aspects. It is our belief that these
requirements fulfill purposes which arc uniquely
appropriate for these waste materials, Their
development and knplementation considerations
arc multifacetcd and intertwined, If changes wre
to be considesed to their form, or content, the
possible cfects of all these aspects need to be
evaluated. ®
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WREPOSITORY PERFORMANCE == THE REGULATORY CHALLENGE™

- INTRODUCTION

Good morning, ladies and gentlemen. It is a pleasure and indeed
a distinct honor for me to have this opportunity to deliver the
keynote address this morning, opening what I consider to be a most
- timely and important symposium on a subject of great interest to
all of us, the licensing <framework for radiocactive waste
repositories. L T L I ST '

. This Symposium comes at an important time in the ‘waste disposal
program, with the regulatory agencies == the Environmental
Protection Agency (EPA) and we at the Nuclear Regulatory Commission
(NRC) == currently focusing our attention, respectively, on EPA‘s
ongoing-efforts to establish.the basic health and safety framework
that will. govern the licensing of a geologic repository and,
following that, on NRC's efforts to conform our more detailed
licensing requirements to those EPA standards.

T e amangamme s o T S .-
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In July of this year, the Board on Radicactive Wasta Management of
the National Research Council released a report antitled
"Rethinking High-Lavel Radioactive Waste Disposal®™, which examines
a wide ranga of issues concerning the licensing process for
geologic repositories. This report, together with a numrer of
other recent analyses and commentary, have served ¢to focus
increased attention -- and, in some guarters, concern -- on the
regqulatory standards and process for the licensing of a geologic

repository. It is this subject that I would like to focus on in
my remarks here this morning.

In so doing, however, == and particularly in view of my training
as a lawyer and not a scientist -~ what I propose to do is to step
back from many ©f the datailed technical issues that occupy those
wvho work in this arena on a day-to-day basis -- issues such as APEs
and UPEs, CCDFs, and tha like --and instead focus on what I think
are the broader policy questions that have arisen with regard to
the requlatory framework, beginning first with an examination of
EPA's approach to establishing a generally applicable environmental
standard; then focusing on the relationship between EPA‘'s standarad
and NRC's implementing requlations == what I will refer to as the
tachnical nexus; and then, finally, turning ny attention to the
approach taken by the NRC in its implementing regqulations and,

specifically, the approcach ¢that we have taken to subsysten
performance criteria. n

Perhaps bafore I begin -- and again, reflecting my own perscnai
background and biases =-- let me turn first to the Nuclear Waste
Policy Act for a brief but important reminder of what the statute
itself says about the <regulatory framework for geologic
repositories: Section 121 of the Act directs EPA to establish
generally applicable standards for protection of the general
environment from offsite releases from radicactive material in
repositories: that same section goes on to direct the NRC to
astablish the detailed. technical requirements, including a system
of multiple barriers, for the licensing of such repositories.

Importantly, the appreocach used hera was one that Congress had used
elsewhara: EPA was to set the generally applicable environmental
standards, reflecting their conclusion as to what would ba required
to protect the public health and safety:; and NRC, in turn, was to
establish tha detailed <technical requirements, dJdefining how,
specifically, one would go about meeting EPA's gaeneral standards.

I emphasize this distinction not sinply because it exists, but
because it is an important one ~-- and one that I will return to
when I discuss the relationship between EPA's standards and NRC's
implementing requlations. V;)



. 2irst cf the three:

EPA STANDARDS

. With that by way - ef. ganaral hackg:cund, 101: now turn to the

gsues that I would liko to address this
morning, the subject of EPA's generally applicable renvirommental
standard. . As I indicated at the ocutset of my remarks, BPA is
currently in the midst of repromulgating its general standard,
responding to a court remand of July of 198%7. .

It is in this context that the opportunity has arisen, once again,
_-for those within EPA who are responsible for the develcopment of
. this standard, as well as those of us outside the agency who have
. an interest in this matter, to reexamine not just that part of the
standard that was the subject of the court remand, but to consider
'as well the entire range of i{ssues, including the contaimment
,;requirements, that have been 80 ccntrcversial over the vears.

'rwo issues, in particular, have ax:iaen as a result of the pending
review:. First, the overall stringency of the EPA standard:; and
second, the feasibility of implementing the probabilistic portion
of the standard. Neither of these two issues, of course, is new
and, for that reason, I don't propose to review the lengthy history
associated with either one here this mo:ning. »

But what I do think is important here and what cught toc be

emphasized is the continuing and unresclved debate over both of
these issues.  Indeed, it was this very point.that the:NRC made in

| -our letter of August 27, 1990, commenting on EPA's Wcrking Dratt

.- Number 2. With regard to the stringency of the proposed standard,
the letter cobserved, and I quote:

 y"There continues to be considerable ccntreversy reqarding
the stringency of [EPA's standards] + 'This controversy
results, at least part, from concerns over the very
low levels of risk which underiie release limits imposed
by EFA's standards, particularly when compared to cther
federal . healt.h and safety standards. We are concerned
that ‘a ~clear understanding and - acceptance -of the
_standards will not be achieved until EPA has explicitly
- documented the acceptable risk level that underiies the
release limits of the standards and the way in which the
. release limits vere derived from that risgk level.®

with regard to the ability to implement the .‘:PA standards the NRC
letter of ccment indicated that: ~

. [T]he COmmissicn continues to be concemed abcut the
workability - of standards that require numerical
probability estimates for very unlikely processes and
events."
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In ny judgment, the debate over the stringency of the standards
will continue, perhaps notwithstanding whataver explanation EPA
night provida. Naevertheless, as the Commission emphasized in its
comnent lattaer, the basis for the propesed standards should be
thoroughly documented and, mnors importantly, aexplained in the
context of regulatory standards that have been imposed for other
risks exparienced by society, so that those who night wish to

aevaluate the stringency of the EPA standard will have a framawork
within which to do so.

0f greatar concern, at least in my personal ijudgment, is the
continuing controversy over the ability to inmplement and apply
probabilistic standards as a basis for licensing a geologic
repository. This issue, as I indicated, is not new either.
Indead, it was first raised by the Commission in 1973, when the
Commission, in commenting on this matter to EPA, said, and I quote:

"Wa feel strongly that a detarministic method should be
used to regulate nuclear facilities. We are aware that
you are considering a substantially different type, a
probabilistic standard which requires quantitative risk
assassment. Based on ocur understanding of the virtues
and tha weaknasses of quantitative risk assessment, we
are convinced that it can and should be used to provide
insight on tha quality and effectiveness of HLW disposal

requlation, -~ut it cannot be the explicit basis of the
regulation . . ." )

The discussion of this most important issue continued cver the next
saveral years, culminating in EPA's promulgation of its standard -~
- with its basic probabilistic framework intact =-- in September of
1985. Importantly, the standard included the following proviso:

"Performance assessments need not provide conmplete
assurance that the requirements of {this standard] will
be mat. Bacause of the long time pericd inveolved and
the natura of the avents and processes of intaerest, there
will inevitably be substantial uncertainties in
projecting disposal system performancs. Proof of the
future performance of a disposal system is not to be had
in the ordinary sense of the word in situations that deal
with much shorter time frames. Instead, what is required
is a reasonable expectation, on the basis of the record

before the implemaenting agency that compliance with (the
standard] will be achieved.”

It was based upon the inclusion of this language in the final EPA
standard, that tha staff advised the Commission at the time that

EPA's probabilistic standards can, indeed, be implemented in a
licensing reviaw. .

O



Four years 1atei-‘;“£h octdber of last féar.. the staff came back to
the Coxmissicn, once again raising the implementation issue -- this

- time in the context ‘¢of EPA's now-ongoing response to the court's.

remand. Ackncwledging that EPA had endeavored to address this
issue in its 1985 standard in the fashion recommended at the time
_by the NRC, the staff noted this past October that: = .

"{Wlhile tha language added by EPA to the rule and in
the Supplementary Information ([in 1985] tends to
- recegnize qualitative considerations, an -acceptable
approach to implementation is still ambiguous and the
gavegnrigg“atandlard is atill the procbabilistic numerical
- gtandard. .y S - ' « :

. Thus, we" gind oﬁréélves iedny - nearly 12 years after the NRC

first identified the difficulties associated with implementation

" of a probabilistic standard in a licensing context -~ facing what
I consider to be a most unfortunate: situation: = We have yet to
. identify a clear and unambiguous approach to implementing EPA's
standard in ocur licensing reviev. S L
What we do about this gituation, of course, is the challenging
- question -- and with your forbearance, this is a topic that I
intend to address shortly, when I turn my attention to the NRC
‘regqulations and their relationship to the EPA standards. I would
emphasize at this point, however, that if the EPA standards are to
serve as an  independent regulatery basis for licensing the
repository, & clear and unambiguous resclution of this issue is
‘essential and urgent. -- .~ - '

'RELATIONSEIP OF NRC REGULATIONS TO EPA STANDARDS

Lest it appear that the EPA standards are the source of my greatest
concern, let me now turn my attention to the remaining two issues
that I would like to discuss this morning =- both of which more
directly involve ocur approach at the NRC to establishing detailed
implementing regulations «- beginning first with the relationship
between EPA's standards and NRC*'s regqulations. ;

"As I indicated at the outset, the’' Nuclear Waste. Policy Act
envisions that EPA would 'establish generally applicable
environmental standards, setting forth the general offsite limits
necessary to protect the public health and safety, with the NRC in
turn establishing the detailed technical requirements necessary to
achieve those standards. o R .

This approach, as I indicated, is one that Congress had used in
" other contexts -=- and, specifically, in the Uranium Mill Tailings
" Radiation Control Act of 1978. In addition, it draws directly upon
 ghe authority that wvas transferred to EPA, when that agency was
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first established, to promulgate ganerally applicable envirormmental
standards. .

In view of the division of responsibility between the respective
agencies -- EPA setting the overall standards, NRC establishing
the implementing regulations to achieve those standards -- you can
imagina that it came as quite a surprise to me when, in the context
of a recant Commission meeting -~ whare the Commission and the
staff were discussing the difficulty of demonstrating compliance
with EPA's probabilistic standard in ocur licensing proceeding --
I learned for the first time that one did not necessarily comply
with the EPA standards by demonstrating compliance with the NRC
regulations. Indeed, as it turns ocut, the saxne result attaches to
the conversa: cne deces not necessarily comply with the NRC
requlations by demonstrating compliance with the EPA standards.

While it is true that compliance with the NRC ragulations makes it
mora likaely that the applicant will satisfy the EPA standards, the
technical nexus that I was searching for -- and that, in oy
judgment, the concept of a generally applicable environmental
standard contemplates -- was not sufficiently well-established to
pernit cne to reach the legal conclusicn that compliance with the
NRC regulations could be deemed to constitute compliance with the
EPA standards.

The advantagae of such a nexus is ocbvious: One need not litigat: |

the undaerlying EPA standard, with all of the attendant difficultiaes
associated with its probabilistic character, if the deterministic
NRC regulations were based upon a clear tachnical nexus to the EPA
standard. But unfortunataly, that is not the situation that wve
have today.

One can quitae readily understand, historically, why this technical
nexus between EPA's standards and NRC's requlations does not exist
-- recall that in the late '70s and tha early '80s3, NRC was
endeavoring to convince EPA of the problems associated with a
probabilistic standard and, indeed, had its own deterministic
gstandard out on the streets, in final <form, before the EPA
standards were promulgated. Unable to convince EPA to abanden the
probabilistic approach when it finalized its standards in 1985, wve
now hava what amounts to two legally distinct licensing standards -
- NRC's deterministic regquirements in 10 CFR Part 60, and EPA's
probabilistic standards in 40 CFR Part 191.

I recognize, as the staff concluded in NUREG-0804 and its
subsequent appendices, that compliance with NRC's regqulations doces
indeed make it pore likely that EPA's standards will be nmet.
However -- and perhaps here I view this issue more through the eye:
of a lawyer reflecting upon the challenge that the applicant wil
face in a licensing proceeding -- absent a technical nexus tha
would parmit one to conclude that complianca with NRC's regulation
can be deemed to constitute compliance with EPA's standards, I fe:

»
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that the applicant will tace the challenge ot demonstrating tbat
both the NRC regulations and the EPA sta.ndards have been satistied.

In short, while we may have reduced the technical uncertainty with
“such an approach, we have increased the legal uncertainty, perhaps
‘to the point where the various requirements that the applicant must

‘demonstrate compliance with in a licensing context' == and
particularly theose that involve probabilistic elements of proof -
= will overvheln whatever technical advantage might otherwise exist

in such an approach.- "Indeed, as Pogo once observed, ws nay be
facing insurmountable opportunitiu. ‘

What is the solution? ‘One .obvious answer would .be tor the NRC to

reevaluate - its 7 subsystem = performance criteria, following
. promulqation of. the EPA-standard, with an eye towards restructuring
those criteria in a2 panner that would permit one to establish the
" technical nexus that I referred to earlier. We already know, for
example, that one of the three subsystem performance criteria --
the 1,000  year groundwater travel time .==is not only a poor
surrogate for radiocnuclide transport, but morecver, does not appear
to have & clear nexus to the EFA standard cnd, tor this reason, nay
not be necessary in 10 CI-'R Part 60.. : .

T suggest such an approach recognizing that the conclusion ot an
~ analysis such as this may well be that the subsystem performance
criteria should be made more stringent =-- but with the caveat that

if this pushes these criteria beyond .the bounds of what is
technically achievable, then it seems to me that this indirectly
raises a question about the stringency of the underlying EPA
standard -= which, you recall, was based upon a view at the time
as to what could be feasibly achieved. In the ‘event that such a

' situation comes to pass, this, it seens to pe, is a matter that we

should then pursue directly with EPFA.

The benefit of such an approach. I emphasize, is that t.be licensing
 framework for -the geoclogic repository would be based upon
deterministic considerations, rather-than the very difficult and
perhaps intractable considerations that we would face in applying -
- and’ litigating - 2 probabilistic 1icensing standard

NRC SUBSYSTEK PERFOWCE CRITERIA

with the time remaining, let me now turn to tbe third topic that
I'd like to cover this morning -- the specific approach that we at
the NRC have taken in establishing subsystem performance criteria
"for the repository. And here what I would like to focus on =-— as
distinct from the relationship of our regulations to EPA's
standards -=- is the somewhat narrower question of the approach that
we have teken to’ establishing specific subsystem ‘performance
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criteria and the flexibility contained in the application and
izplenentation of those criteria.

As I raviawed the report "Rethinking High-laevel Radicactiva wWaste
Dispesal®™, one of the more insightful comments of that report, in
my judgment, was its call for a certain amount of flexibility in
tha implementation of regulatory requirements. And indeed, it is
in the context of the NRC's subsystam performance critaria that
this recommendation, in my view, appears most appropriata.

As many of you know, we currently have three subsystem performance
critaria, sat forth in 10 CFR Part 60, each of which reprasents a
minimunm requirement and each of which must be satisfied as a
prarequisite to issuance of a construction authorization: a
release rate for any radionuclide from the engineered barrier
system of ona part in 100,000; a groundwater travel time critarion

of 1,000 years; and a package lifetime criterion of 300 to 1,000
years.

I emphasize, each of these criteria constitutes a ninimum
requirenent and each must be satisfied independent of the others.

That, of course, raises the question as to whether, for example,

we would be satisfied with an application that relied to a greater .

degree on one of the criteria =-- say, package lifetima, fo
instance == and, based upon that enhanced performance, we woul.

perhaps taka that into account in evaluating compliance with any
of the other criteria.

I emphasize hera that the regulation specifically authorizes the
Commission, on a case-by-case basis, to approve scme other
radionuclide release rate, designed contaimment period, or
groundwater travel time, "provided that the overall system
performance cbjective is satisfied."”

But there are two aspects of this provision =-- which requires an
affirmative Commission decision to implement -« that I would like
to emphasize here. First, as I indicated, this provisieon requires
an affirmative decision by the Commission, in order to permit the
applicant to depart from the specific subsystem performance
criteria defined in the regulation; rather than allowing the
applicant, on its own initiative, to detarmine how best to strike
the balance batween these three subsystem performance criteria and

then to demonstrate that the ovaerall level of protection sought by
the Commission has been provided.

Purely as a practical matter, I think it highly unlikely that as
wa get closer to the licensing process, with the intense public

scrutiny that will no doubt exist at that time, the Commission wil)'-

be in a position to approve the kind of tradeoff that might mak

sense -- to take one example, greater reliance on the engineerec.-.

waste package, with perhaps lesser reliance on groundwater travel

)
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- time == if that results in the applicant being allowed to meet a

less demanding showing on any of the criteria. This is
particularly true, in ny judgment, when one recalls that these
individual subsystem performance criteria were based upon a
conclusion as to what is technically feasible, not necessarily what
is required to protaect the public health and safety. Are we to
allow DOE, the argument will go, to do less than what is feasible?

Beyond the practical problem, the second concern that I have with
our ability to apply these criteria in the flexible manner that I
think was originally intended is that these criteria were not based
upen some well-defined overall health and safety goal ==
established either in the body of NRC's requlations or,
alternatively, in EPA's general standards. Indeed, as I Jjust
indicated, these criteria reflect an agency Jjudgment as to what is
feasible, not necessarily what is required to protect the public
health and safety. Thus, whether DOE is allowed the flexibility
to strike its own balance or NRC is required toc take some
affirmative action to approve an alternate approach, the problem
‘that we. have in either case is the same:  Bow do we define the
overall system performance cbjective =- the standard for evaluating
any alternative approach that DOE might propose =-when == (i) an
‘unambiguous technical nexus to the EPA standard is lacking; and
(ii) the subsysten performance criteria were formulated toc reflect

that which is feasible, rather than with an eye toward an overall

safety objective?

Here, it seems to me that the answer to this problem, again, 1lies

in establishing a firm technical nexus between the NRC regqulations

and the EPA standard == and then allowing the applicant, without

the need for affirmative Commission action, to decide what emphasis
to place on individual subsystem performance criteria, sc long as
the Commission determines that the overall performance cbjective -
= ideally the EPA standard =- ig satisfied. Indeed, I think you
will find that this approach is very much akin to the philesophy
reflected in the Commission's raecently~approved implementation plan
for applying the Safety Goal to commercial nuclear power plants,
where less emphasis has been placed on specific subsystenm criteria,

so long as the overall safety chjectives established in that policy
are satisfied. - ,

CONCLUSION

lLet me conclude my remarks with the following observaticon: It is
py hope that the remarks that I have delivered here this morning
will serve to stimulate a healthy discussion over the next two days
about how we might improve the regulatory process for licensing a
repository in this country. I do not count myself among those who
believe that we pust reinvent the wheel:; but at the same time,
perhaps because of the legal perspective that I have on some of
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these issues, I see oppcrtunitias to inmprove that process. I wish
you a most successtul Symposium and I thank}yon tor you thcughttnl

.attention.

V=4

e



Presentation for U.S. National Academy of Sciences
: National Research Council
Symposium on Radioactive Waste Repository Licensing

' September 17-18, 1990

By Richard J. Guimond ax
Assistant Surgeon General, U.S. Public Health Service
‘Director, Office of Radiation Programs
-U. S. ‘Environmental Protection Agency

Introduction

The last five years have been an interesting period in the
regulation and development of the Nation‘'s high-level radioactive
waste disposal system. Recently, long after Congress mandated
promulgation of standards, there has been a plethora of guidance
and advice from numerous committees and scientific groups. Since
EPA is required to reissue the disposal provisions of our
standards, it is an appropriate time for us to receive this
advice. Much of the advice, however, concerns major changes in
well established provisions of laws and regulations that would
require in-place systems be torn down and new ones built.

There certainly needs to be a careful analysis made of the
present system's viability and a consensus reached before such a
drastic and expensive step is taken. Personally, at least from a
regulatory perspective, I am not convinced such steps are.
necessary.

In my remarks today I do not intend to discuss the larger
societal and philosophical issues involved in disposal of high-
level radioactive waste. Rather, in the first portion of this
talk I will discuss some of the regulatory advice offered in
recent reports and will' indicate EPA's views on the issues
involved. While we in EPA agree with most of the recent advice,
there are at least several areas in which we disagree. I will:
focus my final remarks on three: of these issues. :

gighlights of Repcrts

ICRP 46-Radiaticn Protection Principles for the Disposal of Solid
Radioactive Waste (1985)

In 1985 the ICRP issued a report that discussed how the
principles of radiation protection could be applied to the
problem of radiocactive waste disposal. They pointed out that the
principles of justification and optimization should be retained,
that normal releases should be subject to annual dose limits, and
that some exemptions from disposal regulations were appropriate.
These are all views that we generally agree with and have
incorporated  in our standard setting process. However, the
committee also called for probabilistic risk limits to be applied
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to individual annual radiation doses. This is one of the areas
of disagreement that I will address in more detail later.

NEA PAAG/DOC(90)4 Disposal of Radioactive Waste-Review of
safaety Assessment Mathodologies

This document, developed by the Committee on Radioactive
Waste Management and still undergoing final review by the
OECD/NEA, reviews the performance assessment capabilities for
radiocactive waste disposal. Although much of the report
discusses techniques that are beyond the scope of this
presentation, some of its findings are worth highlighting here.

The task group noted that "performance assessment is multi-.
disciplinary and iterative in approach." They also noted that
"the calculated long term consequences of a repository must be
considered with respect to their probability of occurrence." 1In
this context they also stated, "However, in most cases of
probability estimates, human judgement has to be used in
conjunction with incomplete or only partially relevant data and
observations." These are concepts that we endorse and have
included in the high-level waste standards we promulgated in
1985. Like so many others,they also indicated that more work
needs to be done and that "It is not cbvious, however, how
compliance should be demonstrated for the long term safety of
rep051tories."

NEA RWM/DOC(90)2 Rﬂnc Collective Opinion on Safety
Assessment:

The same NEA committee has followed up its review of
methodologies to develop this draft collective opinion. 1In
carrying out this effort they considered whether 1) disposal
systems and their impacts on people and the environment could be
sufficiently understood, 2) specialist and requlatory authorities
could be convinced that the predicted behavior is representative
of what might actually happen, and 3) the potential impacts and
means of estimating these can be illustrated transparently for a
wider audience. They concluded that "...safety assessment
methodologies exist today to illustrate the long-term .
radiological impacts that a proposed radioactive waste disposal
system could have on man and his envzronment." We agree with
this conclusion.

GAO NUCLEAR WABTE-Quarterly Report as of December 31, 1989-
(Published April 1990) 4

This General Accounting Office (GAO) quarterly report is
particularly pertinent to today's discussion. The report
reflects some NRC staff concerns as to whether the EPA
containment requirements may make it difficult, if not
impossible, to satisfactorily demonstrate compliance in an NRC
licensing proceeding. GAO notes that "Specifically, the staff
believes that the standard can be implemented successfully in a



licensing proceeding only if the inherent uncertainties involved
in making long-term projections of repositdry' performance can be
satisfactorily taken into account." They further note, however,
that "NRC's staff believes that meaningful, though not -
statistically rigorous probability estimates can be developed and
reasonably defended for repository sites that are not complex or
_unusually geologically active. In fact, the staff believes that
the required probability estimates will help determine how well a
site is understood and, therefore, how much confidence can be
placed in its future performance as part of a repository.“

This subject of concern over uncertainties ‘and how’ they .are
handled in an NRC licensing forum is the second of the three
areas I will discuss later.

‘NRC Advisory Committee on ‘Nuclear ‘Waste letter to Chairman
carr of May 1, 1990; Bubject: CRITIQUE OF THE ENVIRONMENTAL
PROTECTION AGENCY'B STANDARDS FOR DISPOSAL OF HIGH-LEVEL WASTES

This NRC advisory committee has been conducting a review of
the EPA High-level Radioactive Waste Standards over an extended
period. They, too, indicate concern over showing compliance in
the context of an NRC licensing hearing. Also, as in some of the
other advisories, they state: "Although lower level standards can
be stated probabilistically, they should be expressed in terms of
annual risk limits from a disposal facility in an undisturbed and
a disturbed state." This is, of course, an area where I have
already noted I will have further comments.

This committee has also made several other specific
suggestions concerning the EPA standards. We have evaluated
those suggestions and have asked for clarification on several of
then. . : .

IAEA Bafety Series No. 99~ Bafety Principles and Technical
Criteria for Underground Disposal of High-Level Radioactive
Wastes (1989)

‘This report reflects a number of the precepts that have
become the basic criteria for high-level waste disposal. One of
the overlying objectives noted the largely accepted approach to
- the intergenerational question and the role of institutional
controls.. The report states that the objective is "to isolate
high-level wastes from the human environment over long time-
scales without relying on future generations to maintain the
integrity of the disposal system, or imposing upon then o
significant-constraints due to the existence of the repository.“
It is because of the logic of such an objective that we have
required that analytical assessments not show dependence on
active institutional controls for longer than 100 years.

For limits on exposure from gradual processes, the document

/ ‘ 3
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recommends the application of upper-bound dose limits that are
less than the ICRP recommended 100 millirems per year. This is
to prevent the overall limit from being exceeded by multiple
sources. This is the approach that EPA has taken.-

The report recommends considering the risks of disruptive
events in a probabilistic approach using individual risk based on
the ICRP-46 approach. The recommended limit for these events is
a health effects risk increase of one in a hundred thousand per
year. This is a higher risk than the EPA usually uses. The -
report also differs, as have several of the others, from the EPA
decision to use total releases rather than annual dose for the
probabilistic criteria.

National Research Council Board on Radioactive Waste
Management Position Statement *"Rethinking High=Level Radioaetive
Waste Disposal' (19590)

~ This document is critical of the whole U.S. high-level:
radiocactive waste program. It basically calls for redoing the
entire system beginning with the law. Concerning regulations,
the statement implies that we would be better off without so much
quantitative regulation and that we should just move forward
studying the matter and doing the best possible job. This is the
third area I will be specifically addressing later.

This report does contain some recommendations that are in
line with suggestions we have made. For instance, it calls for
performance assessments to be done on an iterative basis, an area
we had suggested to DOE regarding their WIPP assessment. We
further agree that one should not expect to get an analysis right
the first time. Indeed, one of the major purposes of early site
assessments should be to ascertain the significant areas
requiring further examination.

The report makes three specific recommendations for EPA's
consideration: .

1) We should reconsider the detailed performance standards
to determine how they will affect the level of health risks that
will be considered acceptable.

We are doing this as a part of our repromulgation effort.
It includes a comparison of the standard with other risk
management standards EPA has promulgated in the last five years.

2) We should reexamine -the use of quantitative probabilistic
release criteria and examine what will constltute a reasonable
lavel of assurance.

This is an area we. are .reviewing, but it should be realized
that this is only partly our responsibility, since it largely
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‘be understood.

falls to the NRC in their licensing process.  Our standards
authority is restricted to: general applicability, ‘and most. of
this determination is clearly related to site-specific issues. -
One of the issues that I will discuss later will highlight how
EPA has considered this matter of "reasonable assurance“ in the .
drafting of its standards. : : .

3) The report notes that all other countries use . only a dose :

requirement and that. the EPA should consider doing the same. .

This, again, is the area where we most consistently disagree.
with many of the recommendations that have been made. )

The Nuclear Waste Technical Review Board- First Report to
the 0.8. Congress and the U.B. Secretary of Energy (March, 1590) '

This is the: first in what can be expected to be a series of
reports from this statutorily created advisory panel. . It : R
contains many excellent suggestions on :the subjects that need to ,
be examined during the assessment of potential repositories. It
points out the critical need for preliminary performance :
assessments to see if the computations are possible for a site
and whether any characteristics that would disqualify the site
have been detected.. ;

The report contains a listing of six different comments
based on a review of ‘a preliminary draft of EPA's reproposal of
40 CFR 191. We are adding several statements to clarify the.
areas that the report found ambigquous. We are-also giving - -
special attention‘to comments that call for changes in the
standard. As the report suggests, we have already decided to
drop the ALARA requirement from the: next draft. We are also
exploring the *cC release issue, and we agree that this needs to

_EPA Issues ;iﬁ

As I mentioned earlier there are then at 1east three areas
where EPA has differences with some of these advisories. First,
should there be guantitative standards before a repository is
developed; second, what level of compliance assurance does EPA
believe to be appropriate; and third, why have we chosen to ,
express the probabilistic-related part of.our standard in terms
of total releases rather than individual annual dose’ I will now
explore these issues in more depth. T : : .

The Need For Quantitative Probabilistic Btandards

Probabilistic standards are necessary because of - the long

. time period over which one must:judge. the repository's .

suitability. Without taking the probability of° events into
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consideration, a standard has no meaning for these types of
facilities. If a site has any type of geological integrity at
all, and all proposals certainly indicate this will be the case,
the releases from undisturbed performance are not expected to be .
the ones of major concern. As we extend the analysis into the
thousands and tens of thousands of years, wa.realize releases of
some kind are indeed possible, despite the geological integrity.
The releases that might occur in the longer term are dependent on
disturbed performance and, therefore, are not susceptible to the
classic type of standard that prescribes limits on "routine
releases.” Nor can they be brushed aside as of no consequence.
The releases of concern for any reascnably considered geology
usually result from such things as human intrusion or seismic
disturbances. To ignore this reality is to develop standards
that have no effect on the releases of concern.

If we take the disturbances into consideration and apply
only deterministic standards, we have only two choices for the
possible events: we assume they either will or will not occur.

If we assume they will occur, it will be difficult to find a
repository that can pass the test. If we assume they will never
occur, or ignore consideration of these events, we will have
abandoned having a meaningful standard. If we do not state these
criteria in some type of quantitative terms, we will have no
yardstick for decision. This will invite litigation.

Another reason we think that a quantitative standard is
necessary is that it provides a criterion against which to
measure success or failure. We are very much aware of the
potential contentious nature of the forthcoming repository
licensing process. Without quantitative standards in place that
have gone through a public review and promulgation process, each
proposed site will require-extensive justification, much of which
will be subjective. This could result in an adversarial
situation. By having an existing quantitative measure, much of
the contention could be avoided since both the licensing board
and any subsequent court will have a yardstick against which to
judge the arguments. .

The final reason for quantitative standards is that we do
not believe that the disposal of high-level radioactive waste can
be approached on the basis of just trying to do a good job. Even
the most experimental of engineering designers must have in mind
some design goal. If you are designing a bridge you need to know .
the weight of the vehicles that will travel on it. An engineer
would not think of designing an airplane without knowing the
speed and load requirements. The country started out on this
approach, which resulted with a proposed repository at Lyons,
Kansas, that most now agree would not have been' adequate.
Furthermore, we do not believe that the public is willing to
accept a nonquantitative standard as adequately protective of
their health and the environment. Whether it is justified or
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not, the public has the perception that this is some of the
nastiest stuff on the face of the planet. They want to be
assured that it has extra special care in its handling and
disposal. If we ever expect to have public acceptance of our
radioactive waste disposal practices it would be foolish to .
ignore this perception. - We believe that quantitative standards -
are one way of acknowledging the concern and reflecting that we
are doing something about it.. To depart from this approach at
this point would be to send a signal that we are ignoring public
concern, which could be disastrous.

cOmpliance Assurance

The determination of whether a proposed repository complies
with the EPA standard will not be made through measurement,
monitoring, or inspection. For these facilities, we must depend
on mathematical models to carry out the long-term predictions of
performance upon which the decisjions will be made. Again, we
realize that this will be taking place in a rather contentious
setting. We are also aware that there is no way to make these
types of predictions over such extended time periods and have
total certainty as to~"their correctness. In fact, we would
-expect that there would be a good deal of uncertainty. We have
dealt with this issue by indicating in our standard that we are
looking for the analysis to show only a reasonable expectation of
the standards being met. ' We purposefully avoided using the term
"reasonable assurance" because it has been extensively used in
the licensing of nuclear reactors and has acquired connotations
that could complicate the waste repository .decision. We have not
developed any quantitative definition for "reasonable expec-
tation”" because we felt that it was both premature and that it
was partly the responsibility of the NRC in its licensing
process. We have indicated that we would expect that human
judgement be involved and that we accept: that there is no way to
prove the absolute truth of the models we must rely on. This is
an area that we will continue to explore as we go through the
promulgation process.

Although we did not numerically define “reasonable
expectation”, there were other areas in the 1985 promulgation of
the EPA standardsiin'which we gave guidance on how we would
handle uncertainty. For instance, in discussing how the
implementing agencies might assure compliance vhere predictions
of performance are made, we said: .- : ,

Substantial uncertainties are likely to be .
encountered’ in making these predictions. 1In fact, ‘sole
reliance on these numerical predictions to determine
compliance may not be appropriate; the implementing
agencies may choose to supplement such predictions with
qualitative judgments as well. : : ,
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Also, to assure that there is appropriate truncation to the
probabilistic analysis, we included the following guidance: ‘ )

The Agency assumes that such performance assessments
need not consider categories of events or processes
that are estimated to have less than one chance in
10,000 of occurring over 10,000 years. Furthermore,.
the performance assessments need not evaluate in detail
the releases from all events and processes estimated to
have a greater likelihood of occurrence. Some of these
events and processes may be omitted from the
performance assessments if there is a reasonable
expectation that the remaining probability distribution
of cumulative releases would not be significantly
changed by such omissions. ,

Because it was clear that uncertainties were very much a
part of the analysis, we included some thoughts on how they might
be handled with guidance that:

When the uncertainties in parameters are considered
in a performance assessment, the effects of the
uncertainties considered can be incorporated into a
single such distribution function for each disposal
system considered. The Agency assumes that a disposal
system can be considered to be in compliance with
191.13 if this single distribution function meets the .
requirements of 191.13(a). » : )

And similarly, regarding the analysis of undisturbed
performance, we said:

When the uncertainties in undisturbed
-performance of a disposal system are
considered, the implementing agencies need
not require that a very large percentage of
the range of estimated radiation exposures or
radionuclide concentrations fall below limits
established in 191.15 and 191.16,
respectively. The Agency assumes that
compliance ¢an be determined based upon "best

. estimate" predictions (e.g., the mean or the
median of the appropriate distribution,
whichever is higher).

Also, relative to inadvertent intrusion, we wanted to

appropriately limit the discussion when we included the following
in our guidance: .

The Agency believes that the most productive

consideration of inadvertent intrusion concerns those
realistic possibilities that may be usefully mitigated .
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by repository design, site selection, or use of pa551ve
controls (although passive institutiorial’ controls-

- should not be assumed to completely rule out the
‘possibility of intrusion). - , )

- As further substantiation that EPA fully understood the
uniqueness of the repository venture and the uncertainties that
went with it, we provided a mechanism for calling for ‘alternative
provisions (section 191.17). 1In describing the purpose of this
provision in the preamble to the rule, EPA wanted to go on record
to provide perspective for any future reviewer, such as a
licensing board or court. 1In this context, following are some of
the examples of statements we made in the preamble.

In developing the disposal standards, the Agency has
had to make many assumptions about the characteristics
of disposal systems that have not been built, about

" plans for disposal that are only now being formulated,
and about the probable adequacy of technical
information that will not be collected for many years.
Thus, although the Agency believes that the disposal
standards being issued today are appropriate based upon
current knowledge, we cannot rule out the possibility
that future information may 1nd1cate needs to modify
the standards. .

There are several areas of uncertainty the Agency
is aware of that might cause suggested modifications of -
the standards in the future. One of these concerns
implementation of the containment requirements for
mined geologic repositories. This will require
collection of a great deal of data during site
characterization, resolution of the inevitable
uncertainties in such information, and adaptation of
this information into probabilistic risk assessments.
Although the Agency is currently confident that this
will be successfully accomplished, such projections
over thousands of years to determine compliance with an
environmental requlation are unprecedented. If--after
substantial experience with these analyses is
acquired--disposal systems that clearly provide good
isolation cannot reasonably be shown to comply with the
containment requirements, the Agency will consider whether
modifications to Subpart B were appropriate.

As we have proceeded in repromulgating this standard, the
area of guidance for implementation is one that we have given
particular attention to. This is especially true where
misunderstanding or lack of clarity has been pointed out to us.

It should be clear, however, from these references to the 1985

version, that we never intended “absolute proof“, as some have
contended. : S L
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Individual Annual Dosae versus Total Release

Probably the area in which we have had the most consistent
difference with the various advisories is that of probabilistic-
related assessment. Although we have set individual annual
exposure levels for the undisturbed performance over a 1,000 year
pericd, we have taken the approach of setting limits on total
releases over 10,000-years for the probabilistic-related '
standards. When we started this standard setting effort, it was
our inclination to use individual dose, since that was how
radiation standards had always been set. "It was only after we
examined what it would mean to have to comply with such a
provision that we switched to our present approach. We believe
that approach is much more appropriate in view of the long time
periocds and uncertainties involved. The easiest way to show why
we came to this decision is through reference to Figure 1.

Release & Dose Options
Total Release vs Annual Dose

Repository

Independent of: Dependent on: )
. Location #pcahon
aar
;ea?; : Rate
Pathways - Pathways

Figure 1: Total release and annual dose alternatives

- Figure 1 shows two symbolic spheres representing the
boundary line around two repositories and the defined "accessible
environment®. The sphere on the left represents the compliance
case if you have the current structure of the EPA standards for
probability related releases. In this instance, the release
limits have been determined using fairly simple models related to
the overall objective of having no greater than '1,000 health
effects in 10,000 years. Under these circumstances, one only .
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needs to estimate the probability and quantities of releases of
radioactive material across this boundary at any time during the
10,000-year period. To demonstrate compliance, it is not
necessary to identify 'where on that boundary sphere the release
occurs (Location), when the release starts or stops during that
10,000 year period (Year), the time-related frequency of the
amounts released (Rate), or how this material might interact with
people and how they might be exposed (Pathways).

If we were to pursue the second alternative,'annual
individual dose, as depicted by the sphere on the right of Figure
1, we have a much more difficult analytical task. It is no
longer sufficient to just estimate how much radioactivity is
likely to cross the boundary. We now must also estimate where
(arrow) on that boundary it will occur and whether it is close to
people. That would be only the beginning of the analytical
chore, however. Since we must calculate an annual dose, we must
know when the release starts and ends (clock) and how much will.
be released on an annual basis (time~related factors on an annual
basis). While we think all this is more than should be asked of
a probabilistic analysis, it would not be sufficient. We would
still be required to go on from that point and speculate on how -
this material might interact with people (pathway-~bread?) at this:
specific location and what the subsequent annual dose might be.
These are speculations we believe are feasible for the analysis
of the undisturbed repository but that are beyond what should be
considered reasonable for the probabilistic analysis.

Furthermore we believe that the process should be focused on the
repository design and its natural and engineered barriers. With
and individual probabilistic dose standard the focus could
inappropriately become the pathway parameters that would be
common to all alternatives and whose uncertainties might obscure
the real significant choices.

CONCLUSTION

There is no doubt that the country has set itself a
considerable challenge in seeking to establish a high-level
radioactive waste repozitory. Yet, we must do it. In our
evaluation of the regulatory aspects of this issue we do not see
the system as broken beyond repair. Certainly, the political and
sociological issues appear to be much greater deterrents to
success than do the technical requirements of an EPA standard.

We have noted a large number of advisories concerning how these .
facilities should be regqulated, some of which we have highlighted
here. There are many ideas in these advisories that we agree
with and have adopted. We find a few ideas we do not agree with,
and we have pointed out our reasons for disagreeing at this
meeting. We think that more such interchanges should take place
- and that improved communications would be helpful in resolving
differences. In many ways we have an advantage because

211
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everything we do is
from many sectors.

Subject to public review, generating comments
It would be much morée difficult to create

responsible public policy from discussions among ourselves. We
appreciate the opportunity to have p;rticipated in this exchange.
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COMMENTS OF THE ADVISORY COMMITTEE ON NUCLEAR WASTE
'OF THE U.S. NUCLEAR REGULATORY COMMISSION

ers odt o

In June 1988, the U.S. Nuclear Regulatory. Commission established
the Advisory Committee on Nuclear Waste (ACNW). The Committee
reports to and advises the Nuclear Regulatory Commission (NRC) on
aspects of nuclear waste management within the purview of NRC's

regulatory responsibilities. The focus of the Committee's work
is largely on disposal but also includes other aspects such as
handling, processing, transportation, storage, and safeguarding of
nuclear wastes including spent fuel, nuclear wastes mixed with

other hazardous substances, and uranium mill tailings. In

performing its work, the Committee examines and reports on specific
areas of concern referred to it by the Commissioh. The Committee
is authorized to undertake other studies and activities on its own
initiative related to those issues directed by the Commission.

In its first two years of existence, the Committee held 21 general
meetings and several working group sessions and issued 37 letter
reports. In addition, the Committee routinely met with the Nuclear
Regulatory Commission to discuss items of mutual interest ‘and
concern. ‘ :

Currently, the coﬁﬁittee‘is'authorized'alhaximum,of four members.
Members are appointed by the Nuclear Regulatory Commission. '

The ACNW traces its history back to the Advisory Committee on
Reactor Safeguards (ACRS). The first Chairman and Vice-Chairman
of the ACNW (Drs. Moeller and Steindler, respectively) had served
on the ACRS where they participated extensively in the waste

o)

management reviews by the ACRS. They now continue this function -

with the ACNW. The current members of the ACNW are:

CHATRMAN: Dr. Dade W. Moeller, Professor of Engineering in

» g ~ _Environmental Health, School of Public Health,
. Harvard University, Boston, Massachusetts

VICE-CHAIRMAN Dr..Martin J.:steindler, 'Director, Chemical
) " Technology Division, Argonne National
Laboratory, Argonne, Illinois
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ACNW 2

MEMBERS: Dr. william J. Hinze, Professor, Department
of Earth and Atmospheric Sciences,
Purdue University, West Lafayette, Indiana

Dr. Paul W. Pomeroy, Presidenff-Rondout
Associates, Incorporated, Stone Ridge, New York

Today, we will be providing a summary of the advice given to the
Nuclear Regulatory Commission on EPA's proposed high-level waste
standards and ACNW comments on the NRC staff's raeview of the DOE
Site Characterization Plan (SCP) for the proposed high-lavel waste

repository at Yucca Mountain, Nevada.

.EPA _STANDARDS

For more than five years the ACNW and its predecessor organization
have been concerned that the current set of proposed EPA standards
is overly stringent, is wasteful of resources, and cannot be
implemented. These concerns are based on extensive meetings and
discussions with a wide range of organizations, including relevant
Federal and State agencies as well as industrial and private
groups. One of the highlights of these interactions was a meeting
held at the Committee's conference room in Bathesda, Maryland, on
March 23, 1990. The Committee continues to doubt that compliance
with the EPA standards can be demonstrated for a specific
repository site, aven with reasonable application of the caveats
included in the currently proposed standard, such as the
"reasonable assurance" phrase that allows for certain flexibilities
in the interpretation of probabilistic analyses. Regardless of the
schemes proposed to resolve uncertainties in applying probabilistic
techniques (e.g., rulemaking), the Committee has seen no convincing
evidence that the current set of standards will prove to be
workable.

The ACNW has concluded that the EPA standards need to be revised
and that now is the time to accomplish this task. The Committee
has aven suggested several organizations whose recommendations for
change should be sought, including the National Academy of
Sciences. 1In such a revision, the Committee recommended that the

standards should be organized in a hierarchical structure with the

higher levels expressing the objectives in a qualitative sense and
the lower 1levels stating the objectives quantitatively. The
Committee stressed that the several levels be consistent and that
lower levels not be more stringent or conservative than the higher
levels so that they become de facto new standards. The Committee
believes that the proposed quantitative EPA standards may be
internally inconsistent. 1In addition, we believe that secondary
requirements, if expressed in the EPA standards, should be given
only as guidance, with qualifying statements clearly specifying
that they are not to be applied in a requlatory sense.
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Three principal COmmittee recommendations for revising the EPA
standards are:

1.

An acceptable risk from a high-level waste repository should
be defined and justified, keeping in mind the benefits derived
from the activity involved, and other societal risks as well
as additional relevant considerations. Lower-level standards

‘should be expressed in terms of annual risk limits from a
‘disposal facility in an undisturbed and a disturbed: state.

The critical population group being considered should. be
clearly defined. This approach is in accord with
recommendations of organizations such as the International

‘Commission on Radiological Protection and the United Kingdom's

National Radiological ‘Protection Board.
It should be specified that inclusion in- the standards of an

appropriate probabilistic. approach is acceptable to the’

definition of risk from a repository, only if it is clearly

‘noted that this probabilistic approach is not the single
-determining factor in judging the acceptability of & specific
gite. Experience has shown that probabilistic risk analyses

(PRAs) alone cannot be used to reliably determine the
compliance of a single nuclear power plant with a set of
standards or as the basis for judging the adequacy of its

~ safety. A single high-level waste repository, which is to
- function for. thousands of years, is still more difficult to
assess quantitatively. . The EPA standards should clearly

specify that risk assessments are but one of several tools for
the evaluation of a given high-level waste repository site

‘and/or facility and that PRAs should be only one factor in

evaluating compliance of such a  facility with the EPA
standards. Expert opinion and deterministic criteria are of

considerable importance in judging the acceptability of a
v specific site. -

Evaluations of the anticipated performance of the proposed

- Waste Isolation Pilot Plant indicate that, for the disturbed

state, human intrusion is the dominant contributor to risk.

"Early indications suggested that performance analyses for the

proposed Yucca Mountain repository may also show human
intrusion to be important. For these reasons, separate
considerations for evaluating the impacts of human intrusion
should be included. The Committee suggested that the
standards be rewritten t0 - separate the evaluation of
anticipated repository performance into three parts: (a) the

| undisturbed repository; (b) the disturbed repository,
" exclusive of human intrusion; and (c) the repository as it

might be affected by human intrusion.” This would clearly

separate out the issues surrounding human intrusion and permit

it to be addressed directly. g
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Currently, the NRC staff and the ACNW are moving toward, but are
not yet at, a consensus over how the EPA standards must be revised.
The ACNW will continue its evaluation of the EPA standards.

Rlan : ‘

Thae stringency of the EPA standards, coupled with their
probabilistic base, has led to the need for extensive plans for
conducting studies and for collecting the data necessary for the
analyses associated with determining whether a given waste dispesal
site can be demonstrated to show compliancae. As a result, the ACNW
has devoted considerable time and effort in reviewing the DOE SCP
and the NRC staff's review of this plan, thae Site Characterization
Analysis (Sca). The ACNW review of these documents was, of
necessity, less than comprehensive. Rather, the Committee focused

on specific critical topics. Members and consultants reviewed

ralavant material in-depth, using an iterative process with the
assistance of the NRC and DOE staffs. The Committee was in general
agreenent with the overall content of the SCA. However, the
Committee had several significant concerns, some of which are
summarized below: o

° ‘Statements are absent in the SCP addressing the
systematic and early identification and evaluation of

potentially disqualifying features at the Yucca Mountain

Site. Although the SCP is an action plan for site
characterization, the Committee believes a much stronger
focus should be placed on early detection of potentially
disqualifying features. The Committee concluded that the
SCA should point to the need in DOE's SCP for an inte-
grated section of the plan that explicitly addresses the
activities leading to an evaluation of the character-
istics of the site directly related to disqualifying
features (e.g., groundwater travel time as stated in the
NRC regulations).

° Insufficient attention is given in the SCP to the
limitations and uncertainties in the Yucca Mountain data
bases, and the associated difficulties in demonstrating
that the repository will comply with EPA's high-level

waste standards (40 CFR Part 191). Here, the key factor.

is that the standards, as currently written, are
probabilistic and therefore the methods for demonstrating
compliance must have a probabilistic base. The approach
required to be used includes the construction of a
complementary cumulative distribution function (CCDF)
and, through this process, a demonstration that the
repository complies with the EPA standards. Primary
concerns of the ACNW are the uncertainties and
limitations in the data to be used to construct the CCDF.

s
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Since the ability to resolve these uncertainties
experimentally may well be beyond the capability of the
eite characterization program, increased consideration

should be given to the feasibility of developing -

deterninistic criteria for judging the adequacy of the
site relative to the EPA goals. As stated previously,
the Committee considers the demonstration of compliance
of the proposed repository with the EPA standards to be
a major concern.

. The ACNW raised its concern over the delays by DOE in
implementing satisfactory quality assurance (QA)

programs. The Committee urged that this troublesome’

issue be resolved promptly, since continued absence of

approvable QA systems will increase the burden on the

participants in the licensing processes when
qualification of data is at issue. .

"In addition to the above, the Committee offered a number of
" comments pertaining to other specific aspects of the site
characterization program, such as resolving the dilemma of how to
determine the characteristics of the Calico Hills Formation, while
still maintaining this structure as a barrier between radioactive
wastes placed in the repository and the underlying saturated zone,
and the need to define the materials' to be used in the waste
packages and the manner in which these packages will be sealed.
The latter information is essential to the evaluation of possible
interactions between the waste package and repository materials.

We appreciate the opportunity to participate in today's discussion
"and look forward to an interesting exchange of information. The
success of the nation's nuclear energy program will be measured in
part by the skill used to manage nuclear waste. This task clearly
requires the participation of people who are expert in a wide range
of fields. This meeting is an important contribution to the
process and thereby to the quality of the product.
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PROPOSED EXTENSIONS OF UNITED STATES
- FUNDAMENTAL AND DERIVED STANDARDS FOR HIGH-LEVEL
AND TRANSURANIC RADIOACTIVE WASTE DISPOSAL

Robert D. Klett
Sandia National Laboratories
Albuquerque, New Mexico 87185

ABSTRACT

The development of the present United States standards for transuranic and
high-level waste fundamental criteria, derived release limits, and risk
limits for probabilistic releases is traced through supporting documentation.
The development procedures and the resulting regulations are compared to
requirements for the standards, traditional methods of regulating chemical
and radiological carcinogens, and recommendatiocns made by the International

Commission on Radiological Protection, the Nuclear Energy Agency, the Board

on Radiological Waste Management, the Science Advisory Board, the Nuclear
Waste Technical Review Board, and individual investigators. The development
methodology, logic, assumptions, and models are reviewed relative to the two
proposed repositories. Individual difficulties are defined, and their
probable causes and potential effects are examined. Several options are
suggested for modifying and extending the standards for each of the four
major areas; these options make the standards more appropriate for the sites
now under consideration, relate them more directly to the actual safety of
the repositories, and make them more defensible. Many of the extensions are
compatible with the present standards and would not require any significant
changes in philesophy, methodology, or format. The benefits of an enhanced
quality assurance program are discussed and several other changes in
development procedures for waste disposal regulations are suggested,
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UCR-NE-4006
August 1981

Derivation of EPA Proposed Stanidard for Géologic Isolation of High-Level Waste
- ‘T. H, Pigford
Dejaartment of Nuclear Bnginee‘ring
University of California, Berkeley, Calif. 94720
~The EPA proposed standard, presented in Table 1, lists cumlative release
Limits of individual radionuclides to the accessible enlvi'.mmnents for a 't;eriod'
of 10,000 yr Aafteridisposal.v The present addendum summarizes my understanding |
' of how that standard was derived. ' o A
The relesse limits were not derived from EPA's calculations of release
from conceptual repositories. Instead, EPA cviqéntly derives -t'hc rel‘e';s'eg |
limits entirely from equa‘_tionschuivalent to those on page 6 of UCB-NE-4006.
EPA assumes gmmdwater fiqm a répositop?disdzarges into é river. They' then
:alculate the radiéﬁqri dose and healtﬂ effects to man’ from several different
pathways, including drinkirig the contmihatéd river waf.ér, '1rrigation of crop- -
i:roducing langl and consumption of contaminai:ed produce, resuspension and |
inhalation of radioactive méterial from land surfaceAs—,‘ Etc. 'ﬂne E’PA, approach
towards calculating the bopulation dose £rom drinking river water is ‘illus-
irsted here. The drinking water pathway is denoted as vpathway £ =1, They
‘.«Culate the quantity Vp of fresh water produced in the world per year and

“.5 quantity v of fresh water ingested by an individual per year. For a
total world population of P people, the fraction f ) of fresh water ingested
by people is o |

PV :
fe vr 1)
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EPA then estimates the curie quantity Qi of radionuclide i released in 104
years from a 10° Mg U-equivalent repository. They assume that the cﬁries
ingested is given by |

Ci of 1 ingested = Q f1 £, (2)

where £, is the fraction of released radicnuclides which enter fresh water
supplies. ,

Miltiplying by the mumber Py, Of premature cancers in the population
drinking the river water, per curie ingested by the population, EPA calculates
the mmber of premature cancers N;, from ingestion:

Njp = Q4 £ £ 1y ()
Contrary to what is said in GCB~NE-4006, EPA does not obtain the risk per
curie from the ORNL code INREM-2. Instead, EPA has made its own calculations
of the risk per curie, with results given in the draft report by Smith, Fowler,
and Goldin®. |

To estima\te £, EPA assumes:

p= 1010 people, assumed to be constant for 10% yr. Present world

population is 3.8 x 10° people.
VT s 3x 1016 L/yr
Vi - 603 2/yr per individual

These values in Eq. 1 result in:

-4
f1-2x10
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No value of fz'is given, but evidently EPA assumes this to equal unit‘y EPA
data for the product flpi are evidently given in t.he third colum of Table
D-2, page 149, of the report by Smith, Fowler, and Goldin?. |

With a similar approach, EPA estimates the mmber of premature cancers
Nu/Qi per curie released for pathway £, for each of the 30 pathways considered
in their analysis. The total mmber of premature cancers per curie released is
then obtained by - |

30 N )
N/ L 3 D L w
EPA dat:a2 for Ni/Qi are listed in the second column of Table 1. _

To calculate a release limit Q; for radionuclide i, FPA specifies a
maximum of 1000 prematurc cancer deaths in 10,000 yr from a repository
containing waste equiiralerit to 105t of uranium fuel“. They then renormalize
tc 10 premature cancers over 10,000 yr per 1,000 t 6f uranium fuel., Setting
N = 10 premature cancers, if radionuclide i is the oniy source of radiation

dose, the nommalized release limit Q is obtained by

< 10 -« 10 ' o ,. ' ‘
Qi W m - curies/1,000 ¢t . (S)
7% B

Release limits for selected nuclides, calculated from Eq. (5), are shown
in Table 1. Also shown are the release limits from the EPA proposed standard.
Evidently EPA roumds off its calculated limits to ‘one significant figure.

The calculated limits agree w;th those in the EPA proposed st.mdard for all

991‘(:. vwhere the calculatcd value is seventeen-fold greater.

226

© muclides except for
The basis for the release limit for na is not given.

A 10° -t repository will contain the waste from 100 1000-M{e nuclear plants,
each operating for its plant life of about 40 yr. The EPA s sty goal of
N, = 1,000 is equivalent to 10 premature cancer deaths over 104 yr from the

high-level waste from a single 1000 Mie plant.



Table 1.

Health effects

proposed standard.

per curie

released to 3

Calculated release limits and release limits in EPA

Release 1imit par 1000 t of uranium fuel, Ci

in 10% yr,

| From £q.(4)

Nuclide river 3/ ~ From EPA proposed standard
"% a8 x10° 2.18 x 102 2 'x 102
s 1.21 x 107! 8.26 x 10! 8 x 10"
Bre  2.85 x 107 3.5 x 10° 2 x10°

126 1,20 x 107! 8.33 x 10! 8 x 10!
129 1.08 x 1072 9.26 x 10° 9 x 102
13%¢s 381 x107% 2.62 x 10° 2 x 107
1376 .98 x 1072 5.05.x 10° 5 x 102
226, ]
27 5.96 x 107! 1.68 x 10" 2 x 10
238p,  2.29 x 1072 4.37 x 10 4 x 102
2%y 6.92 x 1072 1.44 x 10 1 x 102
205, .53 x 1072 1.53 x 10 1 x 102
A2y 6.76 x 1072 1.48 x 10 1 x 10°
Mam 7.9 x107) 1.39 x 10! 1 x 10
3. 2.68 3.73 4
af -%f :él- from Smith, Fowler, Goldin®, p. 148,

=1 Y |

.,
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¢ GASEOUS RELEASE OF CARBON-14:
- WHY THE HIGH LEVEL WASTE
~ REGULATIONS SHOULD BE CHANGED

- R. A. VAN KONYNENBURG
- ‘Lawrence Livermore National Laboratory -
e P.O. Box 808,L-352 - . ..
" Uvermore, California 94550 -
© (415) 422-0456

ABSTRACT

The high-level nuclear waste regulations pertaining
to gaseous release of carbon-14 from a repository
should be changed to allow greater releass, for
several reasons. Some of them are as follows. First,
the total amount of carbon-14 that would be placed in
a repository is small compared to that produced
naturally in the atmasphere by cosmic rays. Second,
the dose that would result to an individual from total
release of repository carbon-14 would be very small
compared to that from natural radiation sources and
would be well below the "Below Regulatory Concem”
criterion. Third, the limits on gaseous carbon-14 - -
release from a repository have beenset .- . .
unreasonably low compared to the limits set for -
carbon-14 release from other fuel cycle facilities.
Fourth, the additional cost for waste packages to -
attempt to meet the regulations for carbon-14 release
would likely be of the order of a billion dollars or
more, too high to be justmed by the small reductlon in
dose that might resutt. .

INTRODUCTION

The issue of carbon-14 release from spent tuel
waste packages has been of concern to those
involved in waste package design and performance
analysis for the Yucca Mountain Site -
Characterization Project (formerly known as the
Yucca Mountain Project, formerly known as the
Nevada Nuclear Waste Storage Investigations
Project) since 1983. The present author coauthored :
two papers on the subject in 1984! and 19862 -
respectively. At the request of the Office of Civilian
Radioactive Waste Management, the author wrote a
draft review and position paper on this subject, wh:ch
was circulated for comment within the waste
management commumty beginning in September
1989. Five papers3-7 were presented on carbon-14 -
by other authors at the first annual International
Topica! Meeting on High Leve! Radioactive Waste
Management in April 1990. The Nuclear Waste

Technical Review Board, the Board on Radicactive

Waste Management of the National Research
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Council, and the Advisory Committee on Nuclear
Waste have each received briefings on this subject.
Analyses of this issue have been carried out by the
Nuclear Regulatory Commission staff and by Arthur
D. Little, Inc. for the Environmental Protection

Agency.

Carbon-14 is present only in small quantities
in spem reactor fuel. However, it is readily oxidized
to 14C0O2 in the presence of oxygen at elevated
temperatures, and can then be transported in the
gaseous phase. Thisis particularly relevant to the
possibility of locating a repository in Yucca Mountain,
should the site be found suitable, since oxygen
would be present, and gaseous transport could occur
in the unsaturated zone under consideration.

' The limits on release of carbon-14 have been
established by the Environmental Protection Agency
under 40CFR191 (currently under reconsideration by
EPA) and by the Nuclear Regulatory Commission,
under 10CFR60. As a result of these regulations,
release of carbon-14 is at present the dominant
factor determining the required containment litetimes
and the allowable container failure rates for spent
fuel packages for a reposnory. it constructed at the
Yucca Mountain site, ’ . .

GENERAL INFORMATION ABOUT CARBON 14

Carbon-14 is produced naturally by interactior
of cosmic rays with gases in the upper atmosphere,
resulting in spallation neutrons, which in turn -
undergo capture reactions. The main 14C
production reaction is 14N(n,p)14C. The estimated -
rate of production is 28 kilocuries per year.8 The
main chemica! form of 14C in the atmospherae is
14C02. Carbon-14 has a half-life of 5,730 years. #t

‘decays by beta emission with a maximum beta

energy of 0.155 MaV.9 it also axchanges with other
terrestrial carbon reservoirs on various timescales:
surface mixed layer of the oceans — a few years;
deep oceans — hundreds of years; marine and
terrestnal sednments — thousands of years.'%" The
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resulting balance bsetween production, exchange,
and decay led to a more or less steady atmospharic
concentration befors the 1800's of 7.5 + 2.7 pCli per
gram of carbon,'! which is the basis for radiocarbon
dating. -

MANKIND'S lNTERACTION WITH ATMOSPHERIC

CARBON-14

The industrial revolution introduced large-
scale combustion of fossil fuels, which are too oid to
retain carbon-14. This decreased the atmospheric
14C spacific activity by about 2% by the 1950's, a
phenomenon known as the Suess. effed.

Atmcspheric nuclear weapons tests in the
1950s and 1960s nearly doubled the atmospheric
14C specific activity.'2 It has sinca decreased by
exchange processes to about 15% above the natural
value and is continuing to decreasa.

The atmospheric inventory was estimated in
1977 to be 3.8 megacuries.? The global inventory
was estimated at 230 megacuries,? mostly as
bicarbonate in the oceans. Carbon-14 enters the
biosphere primarily by photosynthesis of plants,
followed by ingestion of plants by animals.
Equilibration of the 14C specific activity of the human
body with that of the atmosphere occurs with a lag
time of only about 1.4 years.!? Thus the radiation
dosa rata to tha individual from carbon-14, which
resuits from that incorporated In his own body Is
directly proportional to the specific activity of 14C in
tha atmosphera.

CARBON-14 PRODUCTION IN LIGHT WATER
REACTORS

Carbon-14 is produced in the fusel assamblies
(UO2, cladding, and fuel assembly hardware), non-
fuel assembly structural matesials, and reactor
cooling water of light water reactors.!® The main
production reaction in the fuel, cladding, and
structural metals is 14N(n,p)14C, in which thermal
neutrons are captured by impurity nitrogen. The

main reaction in the water Is 170(n,a)14C. Most ot

the 14C produced in the cooling water Is axhausted
to the atmosphera, at rates of about 10 curies per
year for a 1000-MWa plant.'S A small fraction goes
into ion exchange resing and Is disposed-of as low-
level waste.'8 The 14C produced in the fuel
assemblies is mostly retained in the spem fuel,
although soma is lost from the external surface by
dissolution in the water of spent fusl pools, followed
by exchange with ventilation air and exhausting from
the stack to the atmosphere. Reactor structural
material not associated with fuel may end up as low
level wasta or as "greater than class C" waste at the
tima of replacemant or decommissioning.
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INVENTORY OF CARBON-14 IN SPENT FUEL

The 14C inventory in spent fuel can ba
astimated by calculations and measurements.
Calculations require a knowledge of the average
nitrogen impurity content of UO2, zircaloy, and
structural metats in the fuel assemblies. The most
comprehensive calculation for U.S. fuel was done by
Davis at ORNL in 1977.14 Subsequent work by
ORNL7-19 hag used these values for nitrogen
content: UO2 — 25 pqg/gU, zircaloy - 80 wppm, 304
stainless steel = 1300 wppm, and nickel alloys —
1300 wppm.

| have re-examined thesa nitrogen
concentrations. The UO2 value appears to be well
founded, since it was based on measured data at
reactor fuel manufacturing plants. The other
numbers appear 10 be conservatively high, since
they were based on maximum values from
consansus standards. | have thersfore chosen new
values which more nearly reflect actual production
averages. For zircaloy | have adopted the vatue 40
wppm, based on discussions with John Schemel of
Sandvik Special Metals, Richland, WA in 1989. For
304 stainless steel, | have adopted the value 400
wppm.20. For the nickel alloys | have adopted the
value 120 wppm, based on discussions with James
Crum of INCO Alloys International of Huntington,
Wast Virginia in 1989, This raflects current usa of
vacuum molting, or degassing by means of an argon-
oxygen blowing process. .

To calculate the revised carbon-14 inventory -

in spent fuel, 1 scaled the ORNL resuits for each
component by the ratio of the new nitrogen
concentrations to tha old ones. In doing so, | also
used new measuramants of the variation of neutron
flux and spectrum-averaged cross sections wnh
height in reactor cores.z‘

As an example, my revised result for the 140

inventory of PWR spent tuel with a burnup of 33,000

MWdA/MTU is 1.00 curie per maetric ton of initial
uranium, as compared to the sarlier ORNL value of
1.55. For BWR spent fuel with a burnup of 27,500
MWdJ/MTU, my new value is 1.02 curies per metric -
ton, compared to the ORNL valus of 1.53. This ‘
includes the zircaloy fuel channel. Comparison to
measurements made by the Materials - -
Characterization Center at Pacific Northwest -
Laboratories has been made for two fuel assemblies
for which all the components have been analyzed for
14C (data received from R.J: Guenther and J.E.

Mendel in 1989). In ona cass, the measured 14C

inventory was 25% greater than'my revised result. In ‘

the other casae, it was 27% lower. In order to obtain
more precise avarage values, a large number of fuel
assembtiies would have to be analyzed. Since a
large proportion of the fuel destined for the repository

)
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has not yet been manufactured, it éppears that these
revised calculated values are the best values we will
have to work with for the (oreseeable future.

ESTIMATE OF REPOSITORY CARBON—M
INVENTORY :

~ The following basis was used along with the
above-described revised carbon-14 inventory for -
spent fuel: The total repository capacity is 70,000
metric tons of initial uranium equivalent, of which
7,000 is assumed to be defense waste and 63,000 Is
spent fue! (Defense waste does not contain 14C,
since it was exhausted to the atmosphere during
reprocessing). The average burn-ups are taken to
be 29,500 MWd/MTU for BWR fuel and 37,500 for
PWR fuel. Ona tonnage basis, the repositoryis -
assumed to receive 35.7% BWR spent fueland
64.3% PWR spent fuel

The resuits are an average of 1.12 euries per
metric ton uranium in the spent fuel, and a reposttory
total of 71 kilocuries ef 14¢, ,

PHYSICAL DISTRIBUTION AND CHEMICAL
FORMS OF CARBON-14 IN SPENT FUEL

_ As discussed above, ’40 is produced in the
UO2, the zircaloy, and the fuel assembly hardware.
For PWR spent fue! with a burnup of 33,000
MWd/MTU, the calculated 14C distribution for these
three components is 0.60, 0.18, and 0.22
curies/MTU, respectively, for a total of 1.00
curies/MTU. For BWR spent fuel with & bumup of
27,500 MWd/MTU, the comresponding values are

-0.54, 0.38, and 0.10 curies/MTU, respectively, for a

total of 1.02 curies/MTU. There is a negligible
amount of 14C in the fuel rod gas. -

The chemical forms of 14c in spent fuel are
not known, but may include elemental mrbon. ,
carbides, and oxycarbxdes

RELEASE OF CARBON-14 mom SPENT FUEL "

Measurements performed by LLNL in 19831
revealed that 14C was rapidly reieased from the
outside surfaces of intact spent fuel cladding when

heated in air, ‘appearing 8s 14002 in the air.
Subsequent work by Smith and Baﬂdwinﬁz

‘showed that as much as 2% of the spent fuel 14C -
inventory was released from zircaloy cladding in 8

hours at 350°C in air. The time dependence of the
release was consistent with diffusion in & layer of
finite thickness, suggesting that the 14C is released
from the oxide layer on the zircaloy. The identity of
the diffusing species is not known. The temperature
dependence was Arrhenius, with an activation

energy between 19 and 25 kwllmole. depending on
oxide thickness. The amount of 14C released in 8
hours at 200°C was about a factor of 25 lower than at
350°C. At 100°C, it was about a factor of 100 lower
than at 350°C. in commercial grade argon. (having

" about 50 ppm oxygen) the release was about a factor

of 10 lower than in air. The effects of ionizing "
radiation on oxidatian of 14C in spent fuel have not
yet been quantmed

Spent fuel dissolutnon experiments by

' wllson23 showed that an additional amount of about

1/2% of the overall 14C inventory is readily
accessible at the fuel-cladding gap after cladding
breach. Release of the remaining inventory requnres
oxidatson of UO2 and metal parts ,

RELEASE OF 14CO2 FROM WASTE PACKAGES
No release of 14CO2 can occur from waste

packages unless the waste containers are breached.

Similarty, no release of 14C from UOz2 or the fus!-

cladding gaps can occur unless the cladding is

breached {a small fraction of the fuel rods are known
to have imually-breached claddmg)

The matarial from whuch the eomainers wnll be
fabricated has not yet been selected. Consequently,
the dominant container fallure mode or modes are
not known at present. Once the dominant modes are

. known, it will still be a difficult task to predict the

distributions of time-to-failure and the number and
size distributions of container perforations. Work is in
progress to predict the distribution of time-to-failure
for the claddmg, and this is also a difficult task.

 Researchers from LBL4 and BNLS have
theoretlcally analyzed the release of 14C0O2 through
perforations of various sizes in waste containers, but

it is not possible to apply their results

deterministically in the absence of a knowledge of
the number, size, and ume dnstnbut:ons of ~

perioratnons

Breach of one contamer in 20, 000 in a single
year during the containment period, coupled with a
2% loss from the breached containers, would exceed
the DOE interpretation of "substantially complete -
containment." Breach of one container in 2,000 in a

-single year during the controlled release period, -

coupled with a 2% loss from these containers, would

violate the NRC 1OCFR80 limit of one part in 105 per
year..
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TRANSPORT OF CARBON-14 THROUGH THE
GEOLOGICAL MEDIA TO THE ACCESSIB!
ENVIRONMENT :

Natural transport of gases through Yucca
Mountain has been studied by the USGS.24
Theoretical modaling of the gaseous transport of 14C
from a repository in Yucca Mountain has been
performed by saveral researchers.2527 There
appears to ba a consensus that the travel time of
14C02 to the surface will be comparable to or less
than one half-iife (5,730 years). Consequently,
relatively little credit can be taken for nuclear decay
during transport. K

ASSESSMENT OF LIKELIHOOD THAT DOE, NRC,
AND EPA LIMITS ON CARBON-14 RELEASE CAN
BE MET

The referance design waste package
describad in the site characterization plan
incorporated a single-walled metal container with a
wall thickness of about 1 em. Depending on the
metal selected, the cost estimatas per container for
this design ranged from $45,000 to $83,000
(estimatas compiled by Babcock and Wiicox, to be
published). Taking into account the number of
packages in the repository, the cost for these
containers would ba in the 1 to 3 billion dollar range.
This design was intended to prevent aqueous
dissolution of radionuclides during the 300-1,000
year containment pericd. Gaseous release of 14C is
more difficult to pravent.

In my opinion it is unlikely that waste
containers ot reasonable cost could meet either the
DOE interpretation of "substantially complate
containment” (10-6 of the inventory per year) or the
NRC 10CFR60 release rate limit (10°3 per year) for
carbon-14. This opinion is based on the difficulty of
assuring that initial flaws are not prasent in the waste
containers, and on my estimate of what is possibla in
terms of prediction of corrosion processes over iong
time periods, particularly in view of inherent
uncertainties in predicting a repository environment
far into the futura. ' _

In my opinion, it is also not possibla to give
assurance that the EPA 40CFR191 cumulative
releasa limit of 0.1 curle of 14C per MTU over 10,000
years could be met. This limit would constitute only
10% of the 14C inventory. When one combinas the
uncertainties in predicting the containment lifetimes
of waste packages, the oxidation rates of the metal
parts of fuel assemblies, the containment lifetimes of
fuel cladding, and the oxidation rate of the UO2 fuel
over such a time span, with the rapid transport rate of
14C02 through the geologic media, it Is not possible
to state confidently that this cumulative release limit

56

could bo met. Efforts to achieve some degree of

assurance would likely involve daevising waste
packages with gettering material and multiple walls,
which would likely cost a muttiple of the cost of the
referance design. That s, the cost increase would be
measured in billions of dollars. Prudent use of the

nation's resources demands that we ask what would -

be gained by such an expenditure. This analysis
foflows. : : :

CONSEQUENCES OF RELEASE OF THE TOTAL
REPOSITORY CARBON-14 INVENTORY

As discussed above, the gstimated global -
inventory of naturally-produced 14C is 230 million -
curies. In comparison, the estimated repositery 14C
inventory of 71 kilocuries is less than 1/3000 of the .
global inventory of 14C. Taking into account the
natural cosmic ray production rate of 28 kilocuries
per year, the entire repository inventory would be
produced naturally in lass than three years.

It the entire repository inventory of 14C were
relaased instantaneously, the average atmospheric
concentration would increase less than 2%. If the
release occurred over a time longer than a few
hundred years, sxchange processes would limit the
increase in atmospheric concentration to less than
0.1%. By comparison, the atmospheric nuclear
weapons tests had raised the concentration in the
northern hemisphere by 84% by 1964, when the
atmospheric tast ban treaty took eifect.

The buming of fossil fusls and the
manufacture of cement, (roasting of carbonate
minerals) release 12C0O2 to the atmosphsre. This
dilutes the 14CO2, lowering its.specific activity.
Modeling indicates that the specific activity of 14C in
the atmosphera will not significantly increase as a
rasult of world-wide nuclear power production for the
foraseeable futura (to the year 2050).28 The
rapository inventory would constituta only a small
part of the world-wide total.

Avarage dose rates to individuals in the U.S.
and Canada from natural background radiation have
been estimated at 300 mrom per year by the ‘
NCRP.2330 Of this total, 2/3 is contributed by radon,
and 1 mrem is due to natural 14C. Using the data
presented abovae, release of all repository 14C would
raise this dose rate by less than 20 microrem per
year, and probably less than 1 microrem per year. It
is intaresting 1o nota that the NRC has established a
policy that dose rates less than 1 to 10 millirem (or
1,000 to 10,000 microrem) are "Below Regulatory
Concam."31 .

Esﬂmaﬂngiﬁ.e dosa to the maximally‘ exposéd
individual depends sensitively on several
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assumptions: the location where thée ‘individuar's
food is grown, the assumed inventory of 14C, the
assumed rate of release, the assumed trave! time
through the geologic media, the surface area over
which the 14C is discharged, and the speed and
direction of winds. The location where the food is
grown is crucial, because by far most carbon
incorporated in the human body comes from
ingestion rather than inhalation. Two factors will tend
to keaep the dose to the maximally exposed individual
close to that for the global average individual. First,
Yucca Mountain Is located in a desert. Large s&le
agriculture in its immediate vicinity Is unlikely.
Second, the time required for dispersal by winds and
atmospheric mixing is very short compared to the
probable timescale of release and compared 1o the
half-life for decay. Daer (see Ref. 7) assumed that an
individua! lived over the rapository “footprint,” and

that his food was grown elsewhere. He assumeda: .

release of 1,000 curies of 14C at the surface each
year, over an area of 1500 acres. The winds were
based on data from Yucca Mountain., Daer's result.
for dose rate to the maximally exposed Individual
was 0.05 mrem per year. This can be compared to
the 300 millirem per yéar natural dose rate and the 1
tio 10 millirem per year "Below Regutatory COncem
mlt

It is abundantly clear from these comparisons
that dose to individuals from total release of
repository 14C is too low to be of concern, either to
global average individuals or to those living in the
vicinity of Yucca Mountain.” However, the EPA
40CFR191 Table 1 cumulative release limit for 14C
was based on integrating over a projected world
population out to 10,000 years, assuming & linear, no
threshold mode! for dose response, and limiting the
heatlth effects to 0.1 per year for 100,000 metric tons
equivalent of spent fuel and high level nuclear waste.
This is called the collective effective dose equivalent
commutment (CEDEC) approach.

A more recent analysis of this type by
McCartney et al.28 was based on the assumptions
that the world population levels out at 10 billion, and
the total recoverable reserves ot fossit fuels are
4x1015 kg (carbon). They used a 25-box carbon
cycle model. For an integration time of 100,000
years, they obtained a CEDEC of 470 person-rem
per curié of 14C released. . This can be compared
with the EPA value of 339 person-rem for the shorter
integration period of 10,000 years.32 - Using the
McCartney resutts, if the entire repository inventory
ware released to the atmosphers, the total CEDEC
would be 33 million person-rem.’ For comparison, a
natural background dose rate of 300 mrem per year

would producs a CEDEC of 3x1013 person-rem over

* 10,000 years or 3x1014 - person-rem over 100,000
years. These CEDECs are a factor of one foten

million highet than that for the repository 14C. Agarn.

the release of repository 14C pales into
tnsrgmfmnce by comparison :

NONUNIFORMHY IN THE REGULATOH’Y
TREATMENT OF CARBON-14 RELEASE

Regulatory treatment of 14C release is not
uniform.. Reguiations currently allow direct airborne
release of 14C from reactors, and it amounts to one-
quarter to one-third as much total 14C radicactivity
as will be present in the repository. Shallow trench’
burial of significant amounts of 14C in the form of low
level wastes is also aliowed and is cutrently '
practiced. Al gaseous radionuclide releases other
than those front a high level waste reposito
regulated under 40CFR61. Park and Pflum have
recommended that repository 14C emissions either
be regulated under 40CFR61 or that 14C should be
exempt from all EPA regulations. | support this view.

SUMMARY AND CONCLUSIONS

1. 'The repository would have a carbon-_i4
‘ inventory of about 71 kilocuries.

2. About 2% of the carbon-14 is lowed on the
outside of the fuel cladding. About 12% is
readily accessible at the fuel-cladding gap.

3. Carbon-14 is readily oxidizable to 14C0O2 and
is rapidly transported in the gas phase through
_the unsaturated zone.

4, Forwaste containers of reasonable ¢ost, it 5
does not appear likely that either the DOE 10-6
per year release rate criterion, the NRC 10-5
per year release rate limit, or the EPA 0.1 curie
per metric ton cumulative release limit over
10, 000 years can be met for carbon-14.

5. The consequences of total reposttory carbon-
14 inventory release on human health and the
environment would be extremely small in .

companson to the effects of natural radiation.

6. “The stringent limits placed on carbon-14

. release from the repository are in sharp
- contrast to the higher limits appliedto carbon-
14 release from other fuel cycle facilities, such
“as operating power reactors.

7. In view of the above, it seems reasonable to
- . conclude that the high level nuclear waste
- .. regulations should be changed to allow higher
releases of carbon-14 from the. reposrtory
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8. Reasonable approaches appear to be to
regulate gaseous release of carbon-14 from
the repository on the same basis as all other
gaseous radionuclide releases to the
atmosphera or to sxempt carbon-14 releasses
from all EPA regulations.
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EFFECT OF A LOW-PERMEABILITY LAYER ON
CALCULATED GAS FLOW AT YUCCA MOUNTAIN®

Ning Lu
- Steven Amter
Benjamin Ross

"Disposal Safety Incorporated
1660 L Street NW, Suite 314
7 Washington, DC 20036

INTRODUCTION

Yucca Mountain is being studied to determine its
suitability as a location for a high-level nuclear waste
repository. The mountain js a steep-sided linear ridge
which is underlain by a 500-meter thick unsaturated zone
composed of altematmg layers of ash-flow and bedded
tuffs.} .

Seasonal flows of air with velocities as high as 3.5
m/s have been- observed? in deep boreholes at Yucca
Mountain. These flows are attributed to convective
circulation arising from topographic relief, seasonal
temperature variation, and cl_ensity dif fe_rences resulting
from variation in gas composition. If a repository were
built there, heat from the emplaced waste would also

‘contribute to gas flow. Large-scale wir flows may be
significant to repository performance because they control

tke movement of carbon dioxide within the mountain and
also result in a net flux of water vapor to the surrounding
atrrosphere.  An - understanding of the velocity,

tratectories, and mixing of the gas in Yucca Mountain is

r-zessary both as input for a model of the carbon-14
movement in the unsaturated zone? and evaluation of the
net vapor flux. .

Amter and Ross* developed a model called TGIF

(Topographic [nduced Flow) to simula:c gas flow under

Yucca Mountain., The TGIF model difiers significantly
It uses & governing

from previous gas flow models.
equation that is based on the concept of freshwater head,

thus avoiding the numerical problems associated with the

near-cancellation of the forces due to gravity and the
pressure gradient. Unlike most other models, dxppmg,
layered media can be simulated.

This paper describes a systematic sensitivity study
that was designed to test several aspects of the TGIF
mode! when used to simulate gas flow under Yucca
Mountain. Values of three important inputs to the model
were systematically varied to form a matrix of 80 runs.
The matrix consisted of five values of permeability
contrast between a bedded tuff layer and surrounding
welded units (in all cases, bulk permeabilities were used to
represent the combined effect of both fractures and
matrix permeability), four temperature profiles
representing different stages of repository cooldown, and
four finite-difference grids. -

THE MODEL

The derivation of the governing equation on which

TGIF is based involves the following assumptions about

the physical system in the deep subsurface at Yucca

Mountain:

L Thermodynamxc equilibrium exists among air,
water vapor, and water.

The gas behaves as an idcal gas.

The gas is saturated with water vapor.

The gas flow field is at steady state.

Changes in partial pressure of water vapor are

accommodated by changes in gas composition,

with the total pressure remaining nearly constant.’

Gas viscosity is independent of pressure.

Acceleration of gravity is uniform.

e Molecular diffusion resulting from gradients of
water vapor famal prwure has a negligible effect
on gas flow,

e All gas-filled voids in the matnx may be treated
as & single porosity on time scales of years (see
data of Montazer eral®),

*  This wbrk was performed under the auspices of the U.S. Department of Energy, Office of Civilian Radioactive
Waste Management, Yucca Mountain Project, under Contract DE-AC04-76DP00789
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e Gas permeability is independent of pressure.

¢ The unsaturated zone stays at constant saturation,
with water lost to evaporation replenished by
precipitation or from the water table,

The validity of these assumptions at sufficiently
low temperatures is well established. They imply that the
system can be described by three equations, a volume
balance, a constitutive relation, and Darcy’s Law, as
follow:

1 _14P,
g-g{(=+———)=u=VP] =
Ve 1{(1. 7. ﬂ') 7. F] =0 o)
L * @
P RT(P'Q' P.Q) )
'--I( VP-gpt) &)}

where g is the volumetric flux of gas (or Dascy velocity),
T is the temperature, P is ths pressure, P, is the vapor
pressure of water, P is defined by P, = P-P,, p is the gas
density, R is the gas constant, 3, and 0, are the molar
weights of dry air and water, X is the permeability of the
rock, u is the viscosity of the gas, g is the acceleration of
gravity, and Z is 8 downward-pointing unit vector. To
avoid the numerical problems associated with the
subtraction of two largs numbers to yield a small number,
Amter and Ross* recast the problem in terms of a variable
h (called "the freshwater head®) defined by

P-p,
se,

h= -z 4

where P, and p, are reference values of pressure and
density. The governing equation then is approximated as:

Q.-Q dk,
PR-ATT Vel og—art 2 gL ol

..__p'. =0 &)

®

p=t-1 ()]

and A, and A, are related to P, and P, by (4).

A new addition to TGIF is a post-processor
particle tracker, which facilitates the direct generation of

RADIOACTIVE WASTE MANAGEMENT -

gas particle path lines. The particle tracker is based on the
theory developed by Pollock”, with modifications for use
with 2 node-centered flow model.

PHYSICAL PROPERTIES OF THE SYSTEM

Gas flow was simulated in a two-dimensional
vertical section that cuts across the south portion of Yucca
Mountain where a nuclear waste repository might be
located. A schematic of the simulated section is shown in
Figure 1.

- Figure 1. Geometry of cross section used in the gas flow

simulation.

The mountain contains a number of
hydrostratigraphic subdivisions of the Paintbrush Tuff
Formation. These layers dip approximately six degrees to
the east and differ in permeability. The most important
hydrostratigraphic feature of the modeled section is a thin,
nonwelded tuff layer which includes all or part of several
stratigraphic subdivisions of the Paintbrush Tuff.! This
unit, the Paintbrush nonwelded unit, is sparsely fractured
and thus is thought to have a relatively lower permeability.
It lies between two thick, welded, densely fractured, and
relatively permeable units, the Tiva Canyon welded unit
(above) and the Topopah Spring welded unit (below).

A permeability of 10°** m? is used for both the
Tiva Canyon unit and the Topopah Spring unit while
permeabilities of 10-34, 10713, 10-12, 1012, and 10719 m?
are used for the nonwelded unit in the simulations. Since
the path lines depend only on the degree of the
permeability contrast between the two kinds of tuff and
noton the absolute magnitude of the permeability, travel
times for other values of welded-tuff permeability can be
obtained from travel times reported here by dividing by
the ratio of the permeabilities.

The simulation region is surrounded by two types
of boundary conditions (Figure 1),
# the mountain’'s atmospheric contact along its
surface, and
¢ no-flow conditions along the base and
sides.
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CALCULATED GAS FLOW

The no-flow boundary assigned at the base of the
simulated region represents the top of the low-
permeability tuffaceous beds of the Calico Hills unit,
which would impede downward gas flow. The boundary
to the west is located in the trough of Solitario Wash,
which is 2 natural flow divide. The third no-flow
boundary is focated far enough to the east to have little
effect on flow near the repository, as shown by additional
simulations nrot reported here. Numbers shown in
Figure ) repr&cent starnng Jocations of particle tracks.

The four temperature fields were calculated using
Laplace’s equation and prescribed temperatures at the
repository and all boundaries. Along the atmospheric
boundary, & uniform temperature (independent of
elevation) was assumed based on an assumed annual
average. Temperatures at the base of the cross-section
varied with elevation, following an assumed geothermal
gradient.

smuumoxvs | : .

A matrix of 80 runs was constructed by varying

‘three important aspects of the s:mulauon (see Figure 2).

These were:
e the temperature of the reposntory and surroundmg
rock,
¢ thepermeability of the Pamtbxush nonwelded unit,
which is the middle layer in the simulation, and
@ ' nodal density used to represent the Paintbrush
nonwelded unit and also the entire simulation.

The entire three -dimensional matrix of simulations
is shown schematicafly in Figure 2, where K is the
intrinsic permeability of the Paintbrush nonwelded unit
and XK' is the intrinsic permeability of the surrounding
Tiva Canyon and Topopah Spring welded units, -

.Five different permeability contrasts were used in
the sunulauons The Paintbrush nonwelded unit was
assumed to be 10 times more permeable ard also 1, 10,
100, snd 1000 times less permeable than the surrounding
welded umts. which were assigned a permeability of
10" m2. The objective was to test the model over the
range of contrasts that was found by Montazer etal. e

As depicted in Figure 2. the matrix of simulations
included four different assumed temperature profiles.!
The ambient condition represents the current condition of
a linear geothermal gradient of 2.0 K per 100 m. In the
remaining three situations, the subsurface was assumed to
have been heated by the nuclear waste in the repository,
raising  temperatures 3, 14, and 30 K over ambient
conditions. Although these are temperatures that might be
expected thousands, tens of thousands, or perhaps
hundreds of thousands of years from now, future
repository temperatures are uncertain, and these
simulations are not intended as predictions of conditions
at any particular time. Rather, this range in temperatures
was used to examine how gas flow may be affected by
temperature.

To examine the sensitivity of the model to mesh
density, the number of rows used in the simulation,
particularly in and around the middle layer, was varied.
Four different meshes were employed.

The first mesh contained 12 rows and 46 columns
of blocks. The middle layer contained two rows of
rectangular blocks that measured 20 m (vertical length) by
40 m. The remaining blocks were squares with sides of
40 m.

_ In the second mesh, the number of rows and
columns was doubled to 25 and 92. This resulted in a
mesh consisting entirely of square blocks that measured
20 m on a side. As in the first case, two rows of blocks
were used to represent the Paintbrush nonwelded unit.

Mesh 4: 31 x 92 blocks. The 4

Paintbrush NWU rows and nearest
4 rows (top and dboltom) contain
10 m x 20 m blocks and elsewhere

Figure 2. Matrix of simulation cases.

K*'/K+0.1 K*'/Kal K'/K=10 K'/K=100 K*/K =1000
Ambient Ambient _ Ambient ‘Ambient Ambient 20 m x 20 m biocks.
- K'/K=0.1 K'/Ke) K'/Kel0 K'/K=100 .l K*7/K»1000 o
. : N s . N f"—‘ Mesh 3: 27 x 92 blocks.

Ambient Ambient Ambient Ambient Ambient _ Paintbrush NWU contsins 4 rows
K'/Ke0.) K'/XK=l K*/K=10 K*/K=100 K°/K=1000 with 10 m x 20 m blocks and
Ambient Ambient . Ambient Ambient Ambient eisewhere 20 m x 20 m blocks.

K'/K=0.1 K/K=l K'/K=10 K*/Kel00 K*/K=1000 Mesh 2: 25 x 92 blocks.
Ambient Ambient Ambient Ambient Ambient Paintdbrush NWU contains 2 rows
K/Ke0.l | KYKel . - KY/Kel10 K'/K=100 K*/K 1000 :::"ou 2& ; : 20 m blocks

. Te33IK TwlIK . T«303K Te303K TslIK "
K*/%w0.1 K°/Ke} K/Kel0 . K'/K=100 K*/K =1000 Mesh 1: 12 x 45 blocks.
Te3l4K ‘TedldK T=314K Tell4K Tell4K Paintbrush NWU contains 2 rows of

20 m x 40 m blocks and elsewhere

K'/K=0.1 K'/Kel K'/Ke=10 K'/K=100 K'/K=1000 40 m x 40 m blocks.

- TedWK T=330K T=330K T=30K Te330 K
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The third mesh was a modification of ths second
mesh. The number of rows of blocks used to represent the
Paintbrush nonwelded unit was increased from two to four
by decreasing by half ths row spacing in ths middle unit.
The Paintbrush nonwelded unit was thus represented by 4
rows of rectangular blocks that measured 10 m by 20 m.
The rest of the domain retained square blocks.
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Figure 3. Two-dimensional finite difference grid
(31 x 92 blocks).
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Figure 4a. Path lines with ambient temperature, no
permeability contrast.
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Figure 4b. Path lines with the repository heated to
314 K, no permeability contrast.
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Figure 4c. Path lines with the repository heated to
330 K, no permeability contrast,

The fourth mesh was also a modification of the
second mesh. The number of rows of blocks was
increased to 32 by halving the row spacing not only in the

Paintbrush nonwelded unit, but also four blocks into the -

surrounding units. This mesh, shown in Figure 3,
contained 12 rows of blocks measuring 10 m by 20 m, 4 of
which represented the Paintbrush nonwelded unit. The
rest of the mesh retained square blocks. .

RESULTS

The results of the 30 simulations demonstrate that
the predicted pattern of flow is highly dependent on the
temperature and permeability contrast. Selected output
from the model, in the form of particle tracks, illustrates
the major trends.

The Effect of Temvperature

The temperature of the repository affects both the
velocity of gas particles leaving the repository and the
disection of the path lines. Figures 4a-c show the path
lines for simulations in a uniform medium (no
permeability contrast) at ambient conditions and
repository temperatures of 314 K and 330 K.

As the repository temperature increases, the
vertical velocity component for gas particles exiting from
the repository also increases. Increasing temperature thus
decreases path-line curvature and length and also
decreases transit times for particles traveling from the
repository to the atmosphere. Figure 5 shows how the
shortest particle travel time from the repository to the
surface is related to the repository temperature. In all
simulations, particles starting from near the left end of the
repository had the shortest travel time. Since the contrast
between the permeability of the middle and surrounding

- layers also affects travel time, curves corresponding to

five different permeability contrasts are shown.
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Figure 5. The minimum particle travel time {rom the
repository as a function of temperature at
the repository.

The EC¢ [P bility C

The degree to which the.permeability of the
middle unit differs from the surrounding layers has a
pronounced effect on the flow system predicted by the
TGIF model. When a particle crosses & permeability
boundary, its trajectory appears to follow the law of
tangents, as one would expect. In addition, temperature
and tilting of the layers affect the pattern of gas flow.
With sufficient permeability contrast, the middle layer acts
as a true confining layer, with independent flow systems
above and below it.

Low-temperature sitvation Figures 6a-e show path lines
with the ambient temperature profile (no repository
heating) and five different contrasts in permeability. In
Figure 6b, the uniform permeability case, the path lines
are smooth, are nearly symmetric around the center of the
mountain, and all exit near the crest of the mountain.
Figure 62 shows the case where the middle layer is 10
times more permeable than the surrounding layers. As

would be expected, refraction if the direction of the
bedding plane causes greater convergence of the flow
lines. Figures 6c-e show that when the middle layer has
a progressively smaller permeability, the Paintbrush
nonwelded unit becomes an increasingly effective
confining layer. In Figure 6c (middle layer 10 times less
permeable), path lines are refracted perpendicular to the
bedding plane, reducing the convergence of the path lines.

" - In Figure 6d (permeability 100 times less), path lines are

diverted some distance laterally outward beneath the
. middle layer before penetrating it and traveling to the

- surface. Note that there is & pronounced convergence of
these path lines above the layer. At &-permeability
contrast of a thousand, shown in Figure 6e, confinement
by the middle layer is nearly complete; only one -gas

{ rﬁeters)

particle penietrates the layer. Path lines originating from
the left side of the repository are directed laterally
beneath the middle layer until they exit at the atmospheric
boundary. Path lines under the layer from the center and
right side of the repository form a convection cell driven
by a small horizontal temperature gradient. (When the
temperature boundary conditions are changed slightly to
eliminate the horizontal gradient, the convection cell
disappears.) ’
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Figure 6a. Path lines with ambient temperature, 0.1x
permeability contrast. '
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Figure 6c. Path lines with ambient temperature, 10x
permeability contrast.’
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Figure 6d. Path lines with ambient temperature, 100x
permeability contrast.

1£50
£ 1100
e
= 1100 -
[
Qo
S 3004
2
d
700 T T T v T A 1) TN T 1T v 1 T L L]
-50 150 350 5SSO0 750 950 1150 1350 1550 1750

X (meters)

Figure 6e. Path lines with ambient temperature, 1000x
permeability contrast.

High-temperature situation Figures 7a-e show the path

lines from a repository heated at a temperature of 330 K
with five different contrasts in permeability. Although
refraction again occurs in the middle layer, there are some
important differences from the low temperature situation.
Because the higher temperature causes a stronger buoyant
flow, path lines tend 1o be shorter and more vertical when
the permeability contrast is relatively small. This can be
seen in Figures 7a-b. However, the higher velocities also
promote divergent flow beneath the middle layer and the
formation of convection cells at both ends of the
repository as the permeability contrast increases
(Figures 7c-e) . When the permeability contrast reaches a
factor of 1000 (Figure 7e), the middle layer becomes an
effective confining layer and no path lines penetrate it.

Development of an upoer and lower flow gvstem As the

permeability contrast increases, there is an increased
tendency toward the development of separate flow systems
on either side of the middle layer. This can be seen by
comparing Figures 4c and 7e. In the no-contrast, high
temperature case depicted in Figure 4c, the mountain
contains a single flow system with a simple pattern of
circulation. Some of the air entering the mountain flows
deep enough to pass through the repository. All path lines
originating from the repository exit near the crest of the
mountain.
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Figure 7a. Path lines with the repository heated to
330 K, 0.1x permeability contrast.
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Figure 7b. Path lines with the repository heated to B
330 K, no permeability contrast.
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Figuce 7¢c. Path lines with the repository heated to
330 K, 10x permeability contrast.

A very different situation can be seen in
Figurs 7e, which depicts the high contrast, high
temperature case, Completely separate flow systems form
above and below the middle layer because gas particles
cannot penetrate it.. Circulation in the upper system is
very shallow and- exits at the mountain’s crest. In the
lower flow system, gas particles from the left portion of
the repository exit the left slope of the mountain where r_)
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Figure 7d. Path lines with the repository heated to
330 K, 100x permeability contrast.
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Figure 7e. Path lines with the repository heated to
330 K, 1000x permeability contrast.

the lower layer crops out. Gas particles released from the

right portion of the repository circulate back on

themselves.

Iravel Times Despite the thinness of the Paintbrush
nonwelded unit, its permeability has a significant affect
on the time required for gas particles originating from the
repository to exit the mountain. Travel times generally
increate as the permeability of the Paintbrush noawelded
unit decreases. However, reducing the permeability by
three orders of magnitude only increases the travel time
by one order of magnitude. The reduction in travel times
arises from two causes: decreased velocities through the
layer and longer path lengths due to refraction. Figure 8
shows the relationship between permeability contrast and
the minimum travel time for four different repository
temperatures. Up to a permeability contrast of 100 times,
there is & steady rise in travel time. An interesting
exception to the trend occurs when the permeability
contrast is 1000 times. Travel times for particles
originating from the left side of the repository decrease
because diversion beneath the middle layer causes path
fengths to shorten. Examples of this can be seen in
Figures 6e and 7Te.
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Figure 8. The minimum particle travel time from the
repository as a function of the permeability
contrast.
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Figure 9. Comparison of path lines for different mesh
densities with the repository heated to
303 K, 10x permeability contrast.
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Varying the mesh density produces only minor
changes in predicted gas path lines. This can be seen in
Figure 9, which shows path lines for three different mesh
densities when the repository temperature is 303 K and
the permeability contrast is 10 times. The predicted path
lines for particles released from the repository are very
similar for the three different mesh densities. In fact, at
the left side of the repository the path lines are virtually -
indistinguishable. This is glso the case for path lines
originating from positions 2 through 6. The fact that the
path lines are relatively insensitive to the changes in the
mesh density indicates that all meshes used in this study :
are fine enough to yield reasonable results.
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CONCLUSIONS

The TGIF model appears to be capable of
simulating gas flow at Yucca Mountain over a2 wide range
of inputs. Gas-flow path lines and travel times are highly
dependent on the repository temperature as well as the
degree of contrast between the Paintbrush nonwelded unit
and surrounding layers. At extremely high permeability
contrasts, two independent flow systems form above and
below the middle layer.

The model can be used to calculats unretarded gas
particle travel times in Yucca Mountain. By accounting
for retardation, carbon-14 travel time could also be
calculated. If the predicted travel time is less than 10,000
years, then more detailed analysis will have to be
considered to determins compliance with proposed EPA
regulations. Such analysis may require additional, more
definitive data describing permeabilities in the mountain.
Other parameters, such as waste-package performance,
may also need to be considered. ,
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ABSTRACT
Contaminated gases may be transported vertically

through a fractured permeable medium by the
breathing process which is associated with cyclical

_ changes in the barometric pressure. A review of

results from analytical and numerical modelling
indicates that the contaminant transport induced by
barometric pumping may be orders of magnitude
greater than the rate of transport by molecular
diffusion.

INTRODUCTION

Weather patterns cause cyclical variations in the
barometric pressure over periods of 2 few days. As
the barometer falls, gases are drawn upward out of
the permeable earth into the atmosphere. Conversely,
a rising barometer pushes fresh air downward. In a
homogeneous permeable medium these vertical gas
motions are piston-like and nearly reversible, so they
contritute only modestly to the transport of trace
gases, at demonstrated years ago by Buckingham.! In
a fractured permeable medium, however, vertical

" fractures will serve as the primary breathing passages

for all of the underground air volume, causing a

substantial increase in vertical gas displacements. The - .

associated breathing mechanism may be orders of
magnitude more significant than molecular diffusion
in transporting the toxic gases which are released
from waste burial facilities.

Experience gained in underground nuclear testing
has established a connection between vertical
fractures, barometric pumping, and the release of
radioactive gasses. Although the associated level of
radioactivity has never posed a health hazard, the
Nuclear Test Containment Program at Lawrence
Livermore National Laboratory (LLNL) is
conducting experiments and axialysxs to better
understand the atmospheric pumping process. A
partial summary of that work is reported here.

861

N. R. Burkhard and J. R. Hearst
Lawrence Livermore National Laboratory
P. O. Box 808

Livermore, California 94550

(415) 422-1100

The importance of fractures in carrying the
vertical gas flow has been demonstrated by three
different suites of atmospheric pumping experiments
conducted by LLNL at a total of 20 different sites
within the boundaries of the Nevada Test Site
(NTS).234 Although the details of these experiments
have differed, eact involved measurements of the

pressure history at two locations, one on the surface

and the other in a partially cased hole which was
capped at the surface The bulk pneumatic diffusivity
of the intervening medium was deduced by comparing
these pressure mcasurements with corresponding
solutions of the parabolic partial differential equation
which governs the isothermal flow of an ideal gas
through a homogeneous permeable medium.5  For
altuvial media, the pneumatic diffusivities inferred
from these large-scale atmosphcnc pumping
experiments (0.05-2.5 m2s) were consistent with core
sample and borchole measurements, suggesting that
inhomogeneities were relatively unimportant in these
media. At volcanics sites, however, there was an
enormous disparity between the large-scale bulk
diffusivity (0.1-15.0 m2/s) and the small-scale core-
sample diffusivity (~0.00005 m?%ss), suggesting that

vertical cooling cracks are the primary breathing

- passages of these volcanic formations.

The purpose of the present paper is to explain
some fundamental features of the barometric pumping

process and to present quantitative estimates of the -

associated contaminant transport, based on numerical
and analytical models which are described in two
previous publications.6.7 The results reported here
are mostly for moderate weather cycles with a
fractional pressure change of 1/100, as opposed to our

‘earlier parameter studies which addressed worst-case

scenarios, as often done in evaluatng the containment
of underground nuclear tests.
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Two ble:oa years ago in west Afhca a nc‘b‘a' pas bf uramum ore

began opera ting as a nuclear rcactor. Long dormant but preserved

.'mtact the reactor came to hght durmg the mmmg of' the deposxt

n 1942, when Earico Fermi and his asso-
‘ciates started up their nuclear-fission
reactor at Stagg Field in Chicago, there

was every reason to believe it was the first

-such reactor on the earth. The record book
.. . must. now be corrected. In an open-pit ura.
- " pium mine in the southeastern part of the

Gabon Republic, near the Equator on the
coast of West Africa, are the dormant re-

mains of a natural fission reactor. Withina

rich vein of uranium ore the natural reactor
once “went critical,” consumed a portion of
its fuel and then shut down, all in Precam-
brian times. The experiment st Stagg Field
had been anhc:pated by almost two bxlhon
years,

The history of the natural reactor is an

extraordinary sequence of seemingly im-
probable events. First, uranium from an en-

tire watershed accumulated in concentrated |

local deposits, including one at a place now
called Oklo. Then the conditions necessary
to sustain the fission chain reaction were
established; these included constraints on
the concentration of uranium in the ore, on

- the size and shape of the lode and on the

amount of water and other minerals pres-

) axLAﬂcrlhemctorhadthutdown.me
.evidence of its activity was preserved virtu-

ally undisturbed through the succeeding

. ages of geological activity. Fmally. the dis-

covery of the reactor involved an investiga-
tive tour de force worthy of the best sleuths

" in detectwe ﬁcuon

hc ﬁnt clue was found by H. Bouzigues,
who is on the staff of the nuclear-fuel-

processing plant at Pierrelatte in France. In
" May, 1972, he obtained a curiocus result

during & routine analysis of a standard sam-

- - ple prepared at Pierrelatte from uranium

ore. Natural uranium consists mainly of the

. _isotope of atomic mass 238; only ,7202 per-
- cent of the atoms are the easily issionable -

" isotope of mass 235. In the freshly preparec_!

‘standard Bouzigues found the proportion

- of U235 1o be even smaller than the usual
 value: it was .7171 percent.

Bouzigues's analysxs was pcrfonned by
mass spectrometry, in which molecules are

ionized and accelerated, then deflected by a

magnetic field. The mass of the molecule is

" revealed by the extent to which it is deflect-

‘ed. The technique it a delicate and precise

o e— e o

' .by _Ge_oréc A. Cowan /

B - ) - . . ) . . i .
-one, and when it is spplied to the gasebus

feed materials employed in the enrichment
of uranium, it can achicve even greater fac-

‘curacy than is usua! under most other
circumstances. The discrepancy Bouzxgus

had found was a small one, but it was con-

. sidered significant. The French Commissa-

riat & PEnergic Atomique (C.E.A.) begarjan
investigation to discover its cause. ~ !
The raw material for the isotopic ana!&sxs
wis pot the uranium ore jtself but uranium
hexafluoride gas, the form in which ursni-
um is processed for enrichment. One plajisi-

‘ble explanation was that the gas had tbe-

come contaminated with *“tailings,” tthe

-waste product of the enrichment cycle. The
peculiar isotopic composition pcrsis*ed. :

however, in the results of repeated snalyses
of other samples. The possibility of contdm-
ination was excluded from further consider-
ation when thc anomaly was traced bhck

‘Jdhrough the various stages in the mahu-
. facture of the uranium hexafluoride gas:
through a processing plant in France to‘the

Mounsna mill near Franceville in south-
eastern Gabon. The ore had come from the
nearby Oklo mine, operated by the Com-

pagnie des Mines d'Uranium de Francetille ’
(C.O.M.U.F.). Samples hadbecnpmcwed )
from each batch of ore processed atithe -
Mounana mill; they showed that shipments -

of uranium slightly depleted in U-23$ had

. begun in 1970 and were still continuing! By
mid-1972 the affected shipments fromithe -*
- Oklo mine involved ore that yiclded about

700 tons of uranium; the deficiency: of

U-235 amounted to roughly 200 kilograms.
The cre body at Oklo had been defined by

drilling sample cores on a closely spaced
grid. Some of the cores were stored in
France, and il was possible to analyze por-
tions of them individually, Several were

" found to be strongly depleted in U-235, One

core, removed from a region of the ore bpdy
that was then being mined, contained dnly
44 percent U-235. :
The isotopic composition of uranium is
‘thought to be a constant of the solar gys-
tem in any one era. (It has been measured

not only for many terrestrial ores but also .

for moon rocks and meteorites.) Chemical
processes can make one region rich in ura.
nium and Jeave another region poor; that is

. how the depasit at Oklo was formed. U-23$

_;f e

v ",-"-

w R '-n_,. .-i' . '

b

and U-238, however, arc virtually indistin- .

guishable chemically, so that any- process’
 that affects one of them must affect the oth-

€r in the same way. Indeed, the difficulty of .
" separating the isotopes is attested to by the

size and complexity of uranium-enrichment
plants such ss those at Pierrelatte and. at
Oak Ridge, Tenn. There seemed to-be no

. plausible mechanism in nature that might .
selectively remove one isotope to the extent
- observed in the depleted ore. :
As the investigation continued, the possi-

bility emerged that the missing U-235 had
not been displaced but had simply been de-
stroyed in éitu. When the required tests

. were made, the explanation was suddenly

obvious. Elements that are characteristic
products of nuclear fission were sbundant
in the depleted vein, but they were almost
sbsent elsewhere in the ore body. Their iso-

topic composition was quite unlike that of -

the natura! e!cments. and it corresponded

to the composition expected from fission. -

Three months after the investigation had
begun in earnest the mystery ‘was solved.
Nature, not man, had . constructed the
world's first nuclear-fission reactor. Eventu-
ally six reactor zones were identified in the
Oklo pit, four of them in strata that had not
yet been mined. oo

The fissioning ofa U- 235 nucleus begins
when it absorbs a neutron. The absorp-
tion of the neutron excites the nucleus and

-changes its shape so that sbout 85 percent

of the time it becomes unstable and splits
into two fragments snd typically two or
three neutrons. If at least onc of the neu-

_trons is absorbed by another fissionable nu-

cleus and leads to fission, the reaction is

OPEN-PIT URANIUM MINE et Oklo In the
Gabon Republic contsins scattered pockets
of ere that in Precambrisn times schieved all
the conditions secessary for a fission chain re-
action. Six of these “reactor gones” have been
identified; part of one, designated Reactor
Zone 2, Is visible st the left, at the base of the
mearer wall of the pit, opposite a stack of core
samples draped with & blue tarpaulin. The
benches and rostrum, decorated with palm
fronds, were set up on the floor of the pit mine
for sa international meeting convened @ year
sgo to discuss scientific aspects of the reactor.

S\CMKc}u o
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sclf-sustaining. The fragments produced by
fission are almost always unequal in size—a
pair might have masses of 99 and ISJ{&&n

they are themselves unstable, or in oth

‘words radioactive. They decay with halfs -
lives ranging from a few seconds to many
years and yield a varied spectrum of daugh-
ter fission products. The final products in-

. ".clude numerous stable mwpu of more.
~ than 30 elements.

The spectrum of fission products is so

~ distinctive that it serves as an unmistakable

sign that a chain reaction has taken place.
In the Oklo uranium deposit the presence of
these elements is convincing and quantita-

tive e\ﬁdcnce that a natural reactor om:e
operated there. Both the absolute amounts
of the elements and their isotopic e9mpgsi-

‘uonunbeexplamedonlybythurongmm

fission.’

Remarkably, nas:momew
fission-product elements have remainéd fni-
mobilized in the pre. These iniclude the rare-
carth elements lanthanum, cerium, praseo-

" dymium, neodymium, eurdpium, éamsr- .

dounomcofth: molybdmnmandwdme. !
There are even femaining traces.c of thcmcn

" gases. krypton and xenon.

. Metals'with a vatence of one, i:rmha_s.re.

'l relatively high Solubility in‘watér gid arc

réadily feachiod dway: -hence the robidium,
um.'strmtmm and barium made in the
Feactor, and probably the. ‘cadmium, have *

. t’onhemnumdxuppured.Ontheother

hand, there is no sppreciable defleit of zir- -

jum. -and. gadolinium and “also” ytirfum, ° -cohivw 90; this jsotope of zirconium is pro-- .
which is 'not one ‘of the rare earihs butis .duced by the.decay-of strontiini 90; which

chemically similar to them. Most.onualhol. hasahalf-hfeofaboutSwas\pncm

the zirconium, suthenium, rhodiuswpalier” . conclude. that €ithe” of the Stronsiumn was;”

memwn

mnsponed.frmnthewmnxtyoﬂhcrnctor

REACTOR ZONE 2 en the ficor of the pit at Oklo is marked with

pegs and strings, which define the lines glong which sample cores were
taken. The reactor was discovered in 1972, following the observation
in & wraniam-processing plant in France of an anomaly in the relative

". sbsadance of the two common isotopes of sraniom, sraniem 235 and

eraaium 238. The snomaly was traced to eres from the Oklo mine,
which were found to be depleted in U-235, the mors eatily fission-

able isotope. Cores from the reactor zones contain the ursnium de-
ficient in U-235; in addition they contain elements that are character-
istic products of mnclesr fission. Elsewhere in the mine araniom has
a normal lsotoplc composition and the fission products are shsent. On
the rock face above Reactor Zone 2 the vein of uranium ore continues.
The black regioqs are shale containing carbonaceous material; yellow -
regions are oxidized srasium formed on exposure to the stmosphere.
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in that period."Lead, 3 finsl product of ura-
ntum- decay, has migrated to some extent.
Other fission products are made in quan-
tities that ars small- compared with the
amounts present naturally, and their fate
has not yet been determined.

- A.particularly suitable element for an
analysis of fission products is neodymium.
It is not an abundant element and therefore
the contribution from its natural back-
ground—the amount present from sources
other than fission—is small. Moreover, neo-
dymium has seven stabls isotopes, ranging
in mass from 142 to 150, but only six of
them are manufactured as fission products.
Fission fragments with a mass of 142 do not
decay to neodymium but halt in a stable
region of the periodic table 2t cerium 142

Theneodymium 142 present in the depleted

. Oklo ores is therefore unrelated to fssion,

and from its amount and the known ratios
of neodymium isotopes in natural deposits

the background levels of the other six iso- -

topes can be calculated, Subtracting these
amounts from the total neodymium in the
deposit gives the amount of ncodymium
made by fission.

For a complete isotopic analysis one
more correction is required. Neodymivm
143 and neodymium 145 both readily ab-
sorb neutrons; they are said 1o have a large
neutron-capture cross section. Neutrons
were abundant during the operation of the
reactor and as a consequence many stoms
of these fission products were altered by
neutron capture after their formation. On
absorbing a neutron neodymium 143 is con.
verted into neodymium 144; neodymium
145 becomes neodymium 146.. This effect
perturbs the isotopic ratios, and it is partic-
ularly important for the mass-143 and
mass-144 pair. Its magnitude can be calcu-

fated, however, and its influencecan be fully

accounted for. When these corrections for
natural background level and for neutron
capture are made, the abundance ratios of
the neodymium isotopes correspond pre-
cisely to those measured experimentally in
modern reactors of the appropriate type.
Similar analyses can be made of other
clements present in the ore. An example is
thodiuga. For cvery six atoms of U-233 that
fission when they absord a neutron, one
simply captures the neutroa and becomes
an stom of U-236. This nucleus has a half-
life of about 24 million years and decays by
the emission of an alpha particle (a helium
nucleus). When an aipha particle is emitted,
the atomic mass of the nucleus is decreased
by four and the atomic number is decreased
by two. All the U-2386 made in the natural
reactor has by now decayed into thorium

. 232, a nearly stable isotope. Thorium is -

found in the resctor zoncs and is almost
sbeent ehsewhere. Similarly, U-238 in the
reactor gives rise to a small quantity of U-
237; this decays by a series of alpha-particle
cmissions to bismuth. At Oklo bismuth
is present in quanuty only in the reactor
zones.

What conditions had to be met to achieve
a nuclear reaction in the Oklo deposit? The
list of requirements is hardlv trivial. The

basic requirement is that the Aux of neu-

trons be sustaincd. On the average, the fis-

sioning of a U-235 nucleus results.in the .

promps emission of 2.5 neutrons; one of

absorbed elsewhere or escape.
Acha.m reaction is p&;ssxble' in unenriched

uranium containing .72 percent U-235

but only. _rather special circum-
stances, A quan uy of deuterium (the. iso-
tope of hydrogen with- an atomic mass, of

two) must be present to serve;as a “mod--
crator,” This is the system employed in <~

the Canadian natural-uranivm (“Candu”)

. power reactors.. Alternatively, the reactor
-~could be constructed in a geometric lattice

ofuumumandnmodmtoththmdhlly
specified dimensions. Neither.ad deuterium
moderator nor a prec:scly assembled lamce
is likely to be found in nature. About!the

best configuration that has a reasonhb!e,.

probability of being formed acc:demal!y is
a mass of rdanvely pure uranium okide
whose size is large compared with thedis-
tance a neutron travels before it is captuked.

This distancs and hence the required siZe of -

the deposit are minimized by the prsence

of an effective moderator. It is reasonable.

to cxpect that such a moderator would be

preseat in the form of water saturqnng'

Ihe ore.

* Given these best plausible conditiond, no
natural reactor could operate today yith
uranium containing .72 percent of the ntass.
233 isotope. The ratio of U-235 to U-238,

however, has not been constant throughout =

the history of the earth. The ball-life of U-
233 is about 700 million years, that of U-
238 abous 4.5 billion years. Since the fisgon-
able isotope is decaying faster, it must have
been more abundant in the past. Indeed,
from the decay rates it is possible to extrap-
olats into the past to determine the relative
abundancs of the two isotopes at any time
back to the formation of the solar sysiem.
was about 17 percent U-235; the isotope
has reached its present abundance of] .72
percent lbmugh an. exponential dechne.
The minimum abundancé for the opera.non
of a plausible natural reactor is 1 perdent,
which means such a reactor could havé op-
crated up until about 400 million years 2go.
In the much older Oklo deposit the reljlive
abundance of U-235 was about 3 percdnt.

Apart from the i isotopic ratio the conten-
tratioa of ursnium in the ore also affectd the
rate of the reaction; for a chain reaction it
must average at least 10 percent. Therd are.
also constraints on the shaps of the: ore
body. A spherse is the most efficient shape
and requires the smallest quantity of ufani-
um, but it is sufficient that the ore be depos-
ited in scams at least half a meter thick.ilna
thinner deposit too many neutrons would
escape. The reactor zones in the Oklo mine
meet the requirements of uranium concen-
tration and seam thickness.

An important requirement for the open
tion of the resctor is that the neutrons emit.

ted by the fissioning nuclei hesloweddowt

TR WETR T . T

T egemenye
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thxs is the function- of the modera!or The

. neutrons are-emitted ‘with- high- energy dnd’

therefore. hight velocity: iiv that state thev

"are readily-absorbed by U-238. Tdeally /
them must be absorbed and must induce ..
fission in 2nother nucleus.-The rest can be

neutrons should be slowed to-a “therm,
distribution - of .. energics: their - velocities -

.~ ‘should be those’characteristic of random
thermal motion at. the :empemure of the .

medjum. This can be-accomplishod if each
neutron collides with'a great niany nonab-:

' - sorptive. nucleir: Slow or; thermal neutrons . -
;;mmuch!aah‘kdylobeabsorbedhyu- —_—
238, and hénca thiey are moge fikely.to surs ! - .
: vive to.encounter 8 nucleus q(U-ZJS. S
By far the best moderator availabléina- . .
. natural reactor is water. The moderation is - .
pr:mded primarily by:the hydrogen.atoms - - -
.in the water, and for an ore that is- two'

billion years old the optimum ratio is abaut.
6 percent water by’ weight, The water of .
crystallization in a sedimentary ore such as .

"“that at Oklo should more than satisfy this
requirement. In addition, at'Oklo the me- - -

dium was probably saturated with ground-
water, which would have overmoderated -
the neutrons., If the ore- became chain-
reacting in this condition, the heat evolved
would cvaporate some of the water, 50 ]
optimum mpderation. would .eventually be
attained. For this reason the constraints
on the amount of water initially prsent are
not confining. -

Finally, the reactor could not operate in
the presenca of large quantities of elements
that strongly absorb neutrons (that is, ele-
ments that have a-large neutron-captv -
cross section). Such-clements are cal.
neutron “poisons”; among the more potet..:-
ones are lithium, boron and many of the
rare earths. There is no evidence that exces-
sive amounts of such poisons were present
in the ore before the reaction began.

These circumstances varied during the
course of the reaction, changing its rate and
eventually stopping it enticely. They are re-
sponsibls for controlling the power generat-
ed, both over short periods and over the
entire history of the reactor. Together they
functioned to limit the reactor to modest
power levels, :

In the long run the behavior of the Oklo
reactor was determined by the continu- -
ous decreass in the relative abundance of U-
235. Almost all this decrease was a direct
consequence of the fission itself—the reac-
tor was consuming its fucl—and it was
therefore proportional to the total flux of
neutrons in the reactor. As | have men-
tioned, the conversion of neodymium 143 to
neodymium 144 (by neutron capture) is
also proportional to the total neutron expo-
sure in the ore, and the present isotopic
ratios of neodymium thercfors predict the
total depletion in U-23S. This calculation

greates thas---

-m&m
m—ww in other worr

knowing the amount of U-233 prese .

initially and the amount remaining, wé
find that thesssount consumed was greater |
m-r.mm -Several factors could
coatribute . including
changes in the concentration or shape of the

sothat.
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deposit during the reaction, and the accre-
tion of ore afterward. The principal cause,
bowever, is an additional nuclear reaction.’
, Captures
high-energy neutrons; it s thereby convert- -
ed to U-239. This nucleus decays by the

As we have seen, U238

emission of & bcta'pamde (an electron). In

" beta decay atomic mass remains essentially
" unchanged but atomic number increases by
one. Hence U-239 becomes neptunium 239.

Through a second beta emission the neptu-

nium becomes plutonium 239, which de-
. cays by alpha emission with s half-life of

24,400 years. The product of the last decay
is U-235. Thus the absorption of fast neu-

trons by U-238 results in the eventual cre-

ation of additional U-235.

- The operation of the reactor might also’
,4havebeenmodxﬁedbyadecmsemthe‘

quantity of -neutron poisons prsent. SAS

:oonuanuclauapmuancumitn.
transformed, usually into a mucleus with".
a smaller neutron-capture cross section. In
- this way meutron poisons may have been *
. “burned out” of the ore soon after the reac-
-tor began‘operating. If the initial amounts
‘of elements such ps lithium nd boron were ;.
largeenough.thneﬂ'eacmddhavebamt

major factor eontrolhng the reactor. -

Short-term control of the reaction m-
almost certainly dominated by the amount -
of water present. If the stratum containing
*the reactor was buried deep enough, the
boiling point of the water may hvel;iecn'

300 degrets Celsius or htghcr thn ‘the

.reactor reached that temperature, thewaier -
~-‘bmled away ‘until the ratio’of kydrogen to -

uranjuim rw:.hed a criticalvalue’ where the

reactor was. uridermoderated. " The- power

generated by the reactor: thén leveled off .

" and remained roughly constant,.at a level

mwliammmmwefonhe heat .-

transferred (o regions’ outsids the: reactor.

(It.is possible that'the ore deposit was .
bunedwdeepﬂunhcprasuremgreat :

‘¢énough to prevent water from boiling, bm: -

that has mot been demonstrated.)" .

- The postibilliy.of . susteined ancliar'res

ccmnmtumrﬂunm\!morzdcpositwu;':‘, "
first considered more than 20 years ago. In *

A3
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mwwt UPPER
m PRECAMBRIAN

GEOLOGY of the regioa surrounding the Oklo mine is predominastly
Precambrian, that i, older thes about 600 million years. The mine it-
self ks at the edge of & basin mads up of sedimentary rock from the
Midéle Precambrian period: it borders an expaase of hneows rock

P T

ST .

R T TR R . .

et v

from the lpver(uﬂler) Preunbﬁ.n. !‘he ln!rsis cfeom from the
vesctor zowes suggests that the fizsion chain resction began betweesn
1.7 sad 1.9 Slllion years ago. Independent evidence gives approxi-
mately the same g for the strata in which the resctor Is embedded.
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Inghram of the University of Chicago stat-
ed with referencs to a pitchblende deposit:
“[Our] calculation shows that 10 percent of
the neutrons produced ars absorbed to pro-
duce fission, Thus the deposit is 25 percent
of the way 10 becoming a pils (a reactor]. It
* is also interesting 1o extrapolate back 2,000
million years, whea the uranium 233 abun-.
dance was {3 percent] instead of .7, Certain-
ly such a deposit would be closer to being an
operating pile.” Threes years later Paul K.
Kuroda of the University of Arkansas de-
scribed the requirements for a natural reac-
tor in a terrestrial uranium deposit in more
detail, His description of an “unstable” ore
mass comes very close to describing the . [\
conditions at Oklo. In spite of such specula-
tions the announcement of the Oklo reactor
was received by American nuclear scientists
with skepticism. Some of the world's best
physicists had constructed the Stagg Field
reactor with careful attention to mechanical
detail, to the purity of the materials and to
the geometry of the assembly. Could nature
have achieved the same result so casually?
We now know that the answer is yes.
Remember agzin the importance of the dif-
ference in date. In the two billion years be-
tween Oklo and Stagg Field the-relative -
abundencs-of U-233 declined from 3 per-
cent tesdparcent. A Precambrian physicist \\, \)\ \
ocles eacton. n rsrospersosema tnevt L A 2R *‘m%\’\% ar'
o . i N MR

Tl ™ s oo e e D
i y mined when the was th es are theres - :
Ie! June Wriavestigators from 20-coun- fors confectural. Zones 3, 4, § and 6 have Rot yet been exposeds they lis below the present floce
trics met in Libreville, the capital of ¢ ing pit and wers found by drilling cores. A portion of Zone 3 kas been pinned to the rock face

Gabon, to discuss the "Oklo phenomenon.™  go that i¢ will ot be destroyed when the pit Is deepened. In ore from the resctor zones the aver-
The meeting was sponsored by the Interna-  age concestration of wranium is from 20 te 30 percent, more than 50 times the concentration
tional Atomic Energy Agency (IAEA), the  elsewhere. On ths other hand, the uranium in'the resctor zones is strongly depleted in U-238.
Freach C.E.A. and the government of Ga- . ) T 1
bon. Its business was to present and review
analyses of the Oklo ores, carried out large--
ly in French laboratories but also in the
U.S., Britain, the U.S.S.R. and Australia.

The mecting opened with a spectacular
expedition: a flight over the tropical rain
forest to Franceville in southeastern Gabon
and from there some kilometers by car to
ths floor of the open-pit mine at Oklo, From
a rostrum decorated with palm fronds rep-
resentatives of the sponsoring organizations
and ministers of the Gabonese government
welcomed us. We sat on benches at the edge
of Reactor Zona'2, which was marked out
by pegs and strings defining the sampling
lines. J. P. Pfiffelmann, chief geologist of the
C.O.M.U.F,, took up a position at the edge }
of the reactor zone and lectured on the geol-
ogy of the formations surrounding us. Be-
hind him a sandstone wall slanted up at an "'H
angle of 43 degrees; thers were ripple marks :
on its face attesting to its aquatic origin.  [OIH i VE‘"°"“'°"°“’=‘$
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The exposed reactor zone, about & meter iy : 5t 2isis :
wids and 10 meters long, extended along R ik FEis ]
the floor of tha pit near the sandstone wall, b P 10 : i R i
- Immediately beyond the reactor zone rose a 22l I iR, ?x“-.—.g“'—- I HEE
bcnchol‘umnedore.duplaym;aconunu- . - ===

. eme—=

ation of the uranium vein. Wetor-ant*ats ounonrnono.mnu.mucmmammnu-bov.-mamunn'
mespluvicenpyen had convortedstradet4l. ity sn average slope of about 43 degrecs. The reactsr zenes are withis the rich vein of ore,
blackpadetcitacanien 10-2:slarrg NN - which i reeghly 8 meter thick. The 10ue8 gewerally have 8 leaticalar croes section. The extent
Mmﬂm Sormed WA AEMRE A2 the nre Made and o, Lornting aP the snastne vamns worra savastad he vanm!«amtmnk« i
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plaques on the buff-colored ore of sandstonc :

and clay. :
Thclandscapearoundnshad oncebeens
- giver delta. On an ancient African’ watér-

tom sediments and pchle conglomcnts.
tnuch like the placer deposnts of gold and
other noble metals found in streams taday,

Abou&mhﬂhpn-mmnnchuﬁs-.

(hcxr actmty the oxygen eoment of thc wa- .
ters ‘vose, ‘and’ i some. segions u\becamc.
th;;hmu;h 10 convert sedgeed: uranivm
iﬁbmousolubhondmdwmpounds The '

shed crystalline igneous rocks were eroded nyofthcwamdnngedlhmptly ‘l‘he""jnramumwasoncelgammoblhzed and it. -~
by running streams, releasing minute quan-  change was brought about primarily by the _reniained in folition until it reached the -
tities of heavy metals and their oxides. -rise of blue-green Rigae, the first organisms *river delta: There the bottom sediments - .

The heavier material accumulated in bot-

capable of photosynthesis. As a result of

were | dch inomnwmand bxym;oor,

EXCITED
NUCLEUS

NEUTRON *UNSTABLE

‘ FiSS_I_ON 'FRAGMENTS. i

FISSION OF A NUCLEUS of U-235 is Induced by the absorption
of & thermal, or slow, nectron (x), which excites the muclens snd de-
forms it. About 85 percent of the time the deformed ancleus becomes -
unstable and splits into two fragments of unequsl size. The fission
fragments shown have atomic mass numbers of 99 and 133; many other
pairs of fragments are possible and each has & well-defined probabili-

ty. The fragments are themselves unstable and are transformed by
their subsequent flecay, 8o that the total spectrum of fission products
includes many {sotopes of more than 30 elements. At the moment of
fission high-energy photons, or gamms rays (y), gre emitted, s sre 8
few neutrons. Fora chain reaction to be sustained at least ene neutron
must be nbsorbe<1 and must induce fission in wnother U-235 mucleus.

B

ATOMIC NUMBER

85 AMERICIUM i
: } : .
) " " —
: ; )
© 94 PLUTONIUM ! S .
83 NEPTUNIUM . 5 L. L 1 e 1. o
: - N“ // , \& I‘\B-
parsy, i .
92 URANIUM - 07_:9/ O | OW N
N EaE !
—

91 PROTACTINIUM| ¢

w L ]

" i
$0 THORIUM 04 | ;
'89 ACTINIUM _ 1!
. : . !
_ 88 RADIUM . N
232 233 234 - 235 236 237 238 239 240
A'romcmss '

_ TRANSFORMATIONS OF HEAVY NUCLEI affect the rate and
the aature of the fission chain reaction. Most U.23S nuclef that ab-
~ sorb & slow meutron beconse unstable and fissfon, but sbout 15 percent

dissipate their energy of excitation by emitting gamma rays and gim- -

" ply retsain the seutron. The sddition of a mentron does not change the
. atomic pumber or the chemical identity of & muclens, but it Incresses

.the atomic mess by ene, so that the U.235 becomes U-236. This an-_

clens is unstable sud decays by the emlssion of gu slpha particle (a):
- @& hellum auclens, mads up of two protons and two pestrons. Ia alphba
omissien stomic sumber decreases by twe and atomic mass decresses
by four, g0 that U-238 becnmes thorium 232, U.238 readily captures

LI IRt St R T - W eeee L L
. L

B R AL .- R

neitrons, nrucuhrly if they have & somewnt llgher energy than

thermal meutrons. It is thereby transformed to U-239, g short-lived
species that decays by the emission of g beta particle (8- ): an electron.
Beta decay can be considered as the conversion of 8 peatron into & pro-
ton; it does not slter stomic mass, but it increases gtomic mumber by
one. The U-239 thus decays quickly into meptuninm 239, which in turn
decays by s second beta emission Into platonium 239. The plutonium

- decays, with & half-life of 24,400 years, by alphs emission to yield

.u-zss.rhw—umdnyuuau.mum Oklo deposits the
tote-of thoubaln-vesctive-war Sowrsnsngh su-that most of (he plute-
umw:m ond fission.
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conditions again prevailed. The oxidized

uranium was converted into the reduced
form and compacted into ths sandstone ore

'that now surrounded us. Subsequently the

basement granite sank and the sedimentary
layer deepened; then the granite to the west
was uplifted, and it tilted the sedimentary

overburden to ils presens angle. The ore

layer, which avaraged .3 percent uranium
by weight, was fractured and water circo-
Iated through the new channels, creating
pockets of rich ore that in places became

almost pure uranium oxide. It was in these’
rich pockets that fission chain reactions be-

gan as soon as a critical mass of uranium
had accumulated.

If uranium dissolves 90 readily in oxygen-
ated water, how has the Oklo deposit sur-
vived almost two billion years? The sedi-
mentary basin was apparently buried deep
enough to protect the uranium ore from
redissolution during most of its history.
Only recently (within the past few million
years) has the ore horizon approached the
surface, where normal prospecting proce-
dures could succeed in identifying it. Thus
the series of special circumstances neces-
sary to the discovery of the Oklo phenome-
non includes not only those processes that
led to the formaticn of a natural critical
mass of uranium but also the unususl geo-
physical and geochemical conditions that
preserved the ore body for almost half the

- lifetime of the planet and fnally brought it

to the surface.

ack in Libreville, Roger Naudet, the di-
rector of the C.E.A."s study of the Oklo
phenomenon, reported some of that group's
findings. They have estimated that the total
energy released in the reactor zones was
15,000 megawatt-years, representing the
consumption of six tons of U-235. That is
approximately the energy produced by the
reactor in a large auclear power plant in
four years.

Only about two-thirds of the fission
cvents involved the U-235 that was original-
ly present. Most of the remainder were in
additional U-23$ created by neutron cap-
ture in U-238 and the subsequent decay
through plutonium 239. A few percent of
the cvents were fissions of U-238 induced by
fast ncutrons, and another few percent were
attributed to plutonium 239 that fissioned
before it decayed. The modest contribution

from plutonium 239 indicates that the reac..

tion lasted much longer than the 24,400-
year half-life of that isotope. The duration
was on the otder of hundreds of thousands
of years.

The same conclusion can be deduced
from studics of heat transfer in the reactor.
Since the reactor could not continue to op-
erate if the teroperature much exceeded the
boiling point of water, the power level was
probably limited to a few tens of kilowatts.
This calculation is somewhat uncertain be-
cause it is not known how much water was
actually flowing through channels in the ore
body, but evenif the powee level was as high

23-100 kilowatts, the deration of the rese-
tion would still be 150,000 vears. The tnta?

‘rections have been mads. First, there is a little natural neodymivm ia the ors, and this must be

&TEOFTHE OKLO REACTOR | - L T

U-235 AS A FRACTION OF ALL
URANIUM (PERCENT)
N

-PRESENT: ABUNDANCE N
o . 1 . »A- » J . -.
3 . -2 R o
mz(ausousosvans el

ISOTOPIC COMPOSITION of uraniums lus changed during the hl:tory of the emh. Bmuu g
U-238 decays about six times faster than U-238 the abundance ofU-238 s a percentage of-all
uranium has declined. It is thought that when the esrth formed some 4.5 billion years ago, ura-
nium was about 28 percent U.235; today a commonly sceepted valus for the relative sbundance
of U-238 is .7202 percent. When the Oklo reactor was operating, the vranium in the ore con.
tained about 3 percent U-233, The rate of radioactive decay is constant, and at any ons moment
the isotopie composition of uraninm should: be essentislly the same everywhers Ia the solar sys-
tem; it was for this reason the snomslous 'hotopo ratios in ores from Oklo wers investigated.
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AFTER CORRECTIONS

ISOTOPIC ANALYSIS of neodymium, a Bssion product, provides convincing evidence for a
chain reaction at Oklo. Natural neodymiur has seven stable Isotopes, ranging in mass from 142
te 150, and their relstive abundances are a characteristie of the element, Neodymium made »-
the Assion of U-235 has a distinctively different compositions in particulsr, the isotope ofr ...
142 is entirely sbsent. At first the isotopie composition of neodymium from the Oklo rea <.
zones resembles neither of these distribations, but ity origin becomes spparent when two &5

subtracted Second, neodymium 343 readily captures neatrons and is thereby converted Into neo-
dymium 144; similarly, but to 8 lesser extent, neodymium 143 is converted into neodymiom 146,
Since nestroas were sbuadant i the resctor, the ratics of thess isotopes were substastially
sltered. When the presencs of the astaral clement and sestron cspture are takes into account,
the composition of the nendvminm in the (Okin ores claselr matehes that pradneed he fictinn,
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1 DISPERSED REDUCED URANIUM:. .. . .

2 . REDUCED URANRM IN PLACER DEPOSITS -

L .. .

state (2). It may have formed placer deposits
like those fn ch gold and Jow.grade, Precambrian wranium -
eres are lound todsy. Some two billion years ago & biological de-
. nlopuat protolndly altered the dlsposltion nf the wraniom:

relatively red ced

ACCRETION OF THE ORE DEPOSIT st Oklo involved the concentra-
tion of wranium derived from an entire watershed. The wraniom (color) was
eriginally dispersed iz igneous rocks over & large area (f). As the rocks
were eroded by wutherxng. the unn!nm lecnmnhted h streambeds in &

* time elapsed from the initiation of the chain

reaction to the final shutdown was probably
even greater, because the reactor did not

. mecessarily operate eontmuously.

‘The unusual stability of the ore deposit
was confirmed by analysis of samples taken
every 2.5 centimeters along several cross

‘ . \’sections of the reactor zones. On thi; scale

there was generally good eorrapondenee
between the extent of U-235 depletion and

the total neutron flux over the life of thie

reactor, as calculated from isotopic ratids
in neodymium. Although some

anomalies were found at the borders, there -

was little migration of uranium inside the

' zon&. sttxnct excursions in both the nCli-

tron flux and the U-235 depletion were ob-
scrved in the vicinity of faults in the ore
body. When the reactor was functioning,
these faults were most likely water-filled

channels that trapped neutrons and in-

creased- their Jocal density. Such neutron
traps are a feature of some rnodcm mearch
reactors.
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GBOLOGICAL TRANSFORMATION of the ors body created the condi- fments Into 4 layer of sandstone (1) éverlm basement rock of
tions mecessary for the operstion of the natural resctor and presérved the granite. Gradually the sedimentary everbsrden deepened and- - -
ovideace of the reaction for almost kalf the life of the planet. After the ere the ore layer sank (2), while the granite to the west of the depos-

had bfm denncited in the rl»r deln" e mmﬂd llun: with ather ead. it heonn to be wplifted. As the eplift continwed. the vein of ore

R T inde St TR ...

u 5% ,,.|,,.:.,,-.,, . S e, -.'g,".'., i
R B -

1



oy P

[ 3 DISSOLVED OXIDIZED URANIUM

——— . e gy S -
’

AU e D AT = e Nyt
A S 3 ST e o
V3o T et B %

. -

b o e omat e -

the proliferstion of photosynthetic algas increased the concen-
tration of oxygen In the water, Highly oxidized uranium is more
soluble than the reduced form, and the uranium was therefors
dissolved snd carried downstream (3). It remained !a solstion

until it reached the dplta of the river system, where sediments rich in or- -°
ganic coze again crested a condition of oxygen deficiency. In thess sedl-
ments the uranium wys returned to the reduced form and was precipitated
out of the solution (¢)} In the delta.the ore was covered by later sediments.
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A group of investigators from the Uni-
versity of Paris employed an ion probe to
wm&n of isotopes within in.

grilns of ors. The partitioning of
several fission products between grains of
uraninits and clay was noted, but the rare
earths and uranium were found in the sams
grains. More remarkable was the complete

. . ]
oonfinement of U-235 and U-238 toaithe
sama grains. Almost halfl of the residua| U.
235 in tha reactor zones is adaughter

ucs of plutonium. 239. The fact that ng re-

gions were enriched in this daughter prod- -

uct indicates that the precursor pluto-
nium was completely immobilized for times
comparable to its half-life of 24,400 yeprs.

Thoposa"bh relevance of this observation

to proposals for the long-term storage of

* nuclear wastes was pointed out by inv"',"?'; :

tigators from both France and the U.S.

_ Finally, both French and American p.... 7
ticipants presented estimates of the age

of the reactor based on analyses of the
ore samples. The estimates assume that the

was tted To its present aversgs slope of shout 43 degrees. The
tilting consed namerous fractures, so that water could percelats
threagh the ore, creating small pocksts of very conceatrated ore

buried dosp
] solution and
soen-ag.euonrh

T teiamde T

nraaium had sccameleted: Tt most of-Ho-histery the ore was prebably

it was protected from dis-
much later, in the past few

dispesmal. by guesudestensOnly
millan veare, A4 it anneanch the onrface where it conld he detected (N,
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abund:.ce of uranium and néodymxdm in

absolute sbundances of those elements and
for the initiation of the reaction. Thebest fit

- tothe American data isan age of from 1.7to
;L9 billion years, which is in good agree-
ment with independent estimates of the age

of the host geological formation.
Qutside the conference, discussion was

given over to freewheeling speculation. Did

prokaryotes (living cells without nuclei)

evolve into eukaryotes (cells with nuclei) as

erriy as 1.8 billion years ago? Was it possi-
t:: that Africa was not only the cradle of
p.an but also the birthplace of the cells that
led to all the higher forms of life? There was
general agreement that the plot should be

‘worked into a science-fiction story but that
without considerable embellishment the

motion-picture rights would be worthless,
It would have been far better to introduce
lspaeahxpfmmanother planct that had

. dumped its used reactors at the site, replen-

ished its fuel supply and departed.
For the three years from the discovery of

the depleted uranium to the symposiom in
Libreville, the C.O.M.U.F. had suspended -

mining of the very rich ores in the reactor
zones. Now it was time to decpen the pit

“and mine the uranium in the protected re--
the ores has not been extensively altered -

since the reactor stopped functioning. The

gions. Presumably the highly depleted ores -
would be processed separately~lewee'pros

: if.iauedtountmmdkm&:nel
their isotopic compositions then give a date -

by walling it off and pinning it to the 45-

degreenndstohcfaée.‘l‘hemwinbems_-.

pended above the new floor of the pit, an
clevated monument, to the first’ d:.scovery
of & natural fission mctor .

lmrlyitwou!db:mtercstmgtoknowif
there have been other natural reactory
of the Oklo type. The final stage of the proc-

ess that formed the Oklo lode could have

been a very common one in Precambrian
times: as the oxygen content of the atmo-
sphere rose, reduced uranium in scattered
deposits would have become mob:le,mdit
could then have been reconcentrated iﬂ
richer ore deposits wherever a reducing en-
vironment was encountered. Rich uranium
ore deposits have been found in other geo.
logical formations of approximately the
sameage.notonlyhAﬁ'mbutalsom
other parts of the world, particularly m

" Canada and northern Australia. None of

these deposits has yet been idéntified s
a reactor site. It is entirely. possible
chain-reacting ore lodes formed in these
eas and have since disappeared. They my

havebeanbmiedmdeéymgeuedimmts‘.
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where they are unhke!y wbc dxseovcred or

they may htnbm%upused as w-result -

mm Ot.oeo;hemwal

"What h the pmbabdxty af:uch dxspcr- »
sion? Apan‘from its obvious scientific inter- .

'at,lhemwcnathxsquananhaspossible

economic and technological consequences. .

long-term storage of nuclear wastes. In this

- It has adirect bearing on the problem'of the

regard the stibiity.of the Oklo deposit is *
‘plainly encouraging. It  contains. all the . ,‘ -

cbmmldmuofmm:mddm
mzdtbat.ltlastintlmmemvxrom

. ment, they. remmneuinplweforanenor-
- mously long fime.. .

. At the Libreville- sympouum !uy ‘Dir
. Walton, Jr., of the US. Energy Research-.
.and Development .Admmzsmtxon (ERDA).

- presented the resulits of ‘s prdxmmary

Américan attempt to determine the signifi-

cance of the Oklo phenomenen for radioac-

- tive-waste storage. He suggeated that at the
" time of the reaction the principal. radio-
.mvepmdwuthuwmrdawdhwthe

environment in messursble smounts were
kqptonﬁandpma‘btym 137 and -

fome stroatium 90. Plutonium, the most -
worrisome reactor product. was cﬁacntly :

confined.
The adsorptive properties of shales and

- clays and the extreme stability of many ele-

ments bound in such matrizes were known
before the discovery of Oklo, and sugges-
tions for the storage of reactor products in

_ such formations have been under investiga-

tion for many years. It is obviously difficult
to devise an experiment that would evaluate

. -the stability of an adsorbed metal jon for a

million years or more under field cordi-
ticns. Since Oklo resembles such an experi-
ment, the data have been examined with
great care to determine what part of them
might be reievant 10 the problem of waste

The possibility that other ore deposits

. oncelupporteddnmmcbonsllsoaﬂ'ects

the producers and buyers of uranium. It'

. should be of interest gs well to those regula-
. tory agencies whose gesponsibility it is to
. account for all fissionable materials; they

sre expected to notice mysterious shortages
of a few hundred kilograms of U-215.

In this regard it is interesting to note that
not all natural reactors would necessarily
give rise to depleted ores. As the isotopic

. sbundance of U-235 diminished over geo-

RATE OF A CHAIN REACTION is determined by the ﬂn‘of meutrons, and at Oklo this m

influenced by several factors acting in combdination. The reaction could begin only in regions of
the ore body where the concestration of aranfum was grester than about 10 percent. The shape
of the deposit was also important: thin seams allow 00 many nentrons to escape. Elements ghat
act as aeutron “poisons,” strongly absorbiag neutrons, caa also prevent a resctor from functios-

. ing, but spparently mone of thess elements was abandant at Oklo when the chain resction be-
" gan. A fizal requiressent is 8 mederator, @ substance that lows nestrons so that they sre mot too

seadily esptured by U-238. At Oklo the moderator was water, and the amount present was pre-

© . sumsbly the most tmpertant facter, ever relstively brief periods, ceatroliing the power level of
7, the resctor. Any tucresse in pewer would raise the tsmperstare aad boll off water, slowing the

ntcﬁoml\nuhthh-ﬁnh-mutpltwnmﬂndncmtknlhmku

- - Lo | Iq, .‘-. -ll..!-l-l-l.n nlv-m‘nan ~f " "\'
. ° '.'0‘ LA . R

-logic time, the conditions necessary for re-
actor eperation became more restrictive,

¥ but at the same time the nature of the chain

reaction was subtly altered. In particular,
the relative § importance of neutron capture
in U238 incressed, since that isotope came
to form a progressively larger fraction of the

. total uranium, 1f & natural reactor was able

to form a3 late a3 800 million years ggo,
when the relative abundance of U-235 was
lehn&hmuvebc-
mmwm U-235 con-
:nmed the mmon would have been
S created
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of the appropriate age. They have now been
mined out, but precise isotopic analyses are
avzilabls for 8 few samples of the ore..It is
provocative that theso sampies appear 1o be
slightly eariched in U-235.

The number of economically significant
deposits of any mineral is determined by the
difference between the rate at which the
depouite form and the rate at which they are
dispessed’ The second term in this equa-
tion—the one dealing with rates of dnspef-
sion—has largely been overlooked. Its im-
portance to waste storage is apparent.
Ultimately it may also determine the probs
ability of discovering other natural reactors.

The statement that the isotopie composi-
tion-efwrasium is constant thronghoudthe

solar system is based mainly on analyses

accwrste o about .1 percent. At that level of
precision ths ratio is indeed constant. The
more refined mass spectrometry possible at
uranium-enrichment plants gives results ac.

curate to about .01 percent, and at this level .
- varistions in the ratio have been discovered.

In particular, sedimentary deposits from
the Colorado Plateau in the U.S. are deplet.

" ed 18.U0-233 by about .03 percent. These

variations have generally been attsibuted to
chemical differentiation of the isotopes in
sandatons rocks. Another hypothesis is pos-
sible: thordepletion might result from the

operation of a reactor of the Oklo type in

ths Colorado Platzan, the remaing of which

have since been dispersed throughout the

region. The total uranium reserves of the
pisteais acs 0a the order oft 400,000 tons; to
explain the observed depletion requires a
reactor that caused a net loss of five tons of
U-235. We do riot yet have enough informa-
tion to decide which of these explanations is
the more likely to be correct. :

If dispersion was not the general fate of

natura) reactors, we can hope to find their

dormant remaing by surveying rich urani-
um deposits more than a billion years old.

‘ !nprmphuwou!devenbepombleto

recognize a reactor zone in which-most of
the uranium had been dissolved and washed
away, since the less mobile rare carths

would probably remain in place. Any ore
pocket containing rare carths, yttrium, zire -

conivm, niobium, rothenium and rhodinm,
all in abundances greater than .01 percent,
could be considered a candidats. The origin
of thesa elements in a fssion reaction could
be demonstrated by isotopic analysis.

On balance, the prospects for finding ad-

ditional reactors seem good. If Oklo had

been 8 unique cvent in the history of the
eacth, the probability of our having discove
ered it must approach zero. Considering the
almost sccidental way its existence was re-

vealed, one is tempted to conclude that sim- -

ilar reactors have already been mined out
without being noticed. In tims we shall
learn whether to regard the survival of the
Oklo deposit as 3 uniqus phenomenon in
natural history or as a particularly valuable
experiment in long-term geologicsl storage.
In any case one message is already clear. In
the design of fission reactors man was not
uwﬂahnm unwitting imitator of
!‘Il'l“‘f
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STABILITY OF THE OKLO DEPOSIT dnring the-1.8 billlon years since the resctor opented

is suggested by a detailed examination of thejores. In some regions samples wers anslyzed every .

2.5 centimeters. (The horizontal axis gives distance along the sampling line.) Generally ths con-

When the resctor was operating, the crsck; was spparently filled with water and served 23 a
“nextron trap™ that slowed neutrons and greatly increased the eficiency of the reaction in its
ricinity. That Increased eficiency is reflected In the corresponding declins in the abandance of
u-zas. Thse correlation of the twe carves nuut: thm hss been litls migration of uranium.

3 mw femean .

18

\

14

12 i

10

NUMBER OF SAMPLES

ILl l'l

um (PERCENT)
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Ose grosp of thess ores, shown separstely (dark color); it piaialy sug.

gests that aranivm from ths Colorado Platess kas 8 U-235 coatent smalled than the world av.
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explanation is that & natural resctor
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+ centrstioa of uranjum in the ore was doselj correlated with the depletion in U.235, a9 u the - R
extreme lcft. The sharp dip In nranfom concentration is csused by a crack in the ors sample. -
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ABSTRACT / A highly weathered deposit of thorium and rare earth
elements located near the summit of a hill in 1-:: state of Minas Ge-
rais. Brazil. is being studied as an analogue for a radioactive waste
repository that sometime in the distant future may be eroded to the
surtace or intruded by groundwater. Thorium serves as an analogue
for Pu**, and La®* as an analogue for Cm** and Am**. The mobili-
zation rate constants of the analogue elements by groundwater are
so slow (of the order of 10~? per year) as to suggest that essentially
complete radiioactive 4decay of the transuranic actinides would occur
in place even under the relatively unfavorable conditions that exist at
a site such as this.

Introduction
An urgent question associated with management of the
uclear fuel cycle is how ancient residues of actinide elements
vould behave if a nuclear waste repository should be exposcd
by erosion or be intruded by groundwater. A\ substantial
literature has accumulated concerning thé behavior of the
transuranic actinide elements in the environment ( Watters and
others 1980). but most of the research until now has been
concerned with fallout from nuclear weapons tests or with
contamination 1n the environs of major atomic energy produc-
tion plants (IAEA 1976; Hanson 1980; Wrenn 1981). Such
studies, useful as they dre, leave some questions unanswered
because the contaminants have chemical and physical forms
different from those that would ‘exist in ‘a nuclear waste
repository. Moreover, the fact that these artificial ‘elements
were first produced only 40 years ago makes i impossiblé to

consider the effects of gcochemxcal processcs over thc ncccssary

span of time.
The system of radioactive waste management that is cur-
rently most favored involves converting the waste into an

insoluble form such as borosilicate glass, packaging the solidi- -

fied waste in corrosion-resistant canisters, and placing the

waste package in deep underground mined cavities, where ‘the

wastes must remain isolated from the biosphere long enough to
allow decay of most of the radionuclides (NRC 1983). How-
ever, many of the nuclides have such long half-lives (i.e., about

25,000 years for 23Pu) that the repository might be brc”ac&hcd '

wiron Geol Water ScrVol. 6, No. 1. 1-9

by groundwater or, in extreme cases, might erode to the
surface, before the radionuclides have decayed sufficiently. The
potential risks to the public health in the event of such failures
would be determined to a considerable extent by the rates of
mobilization, movement in groundwater, and uptake by biota

‘of the transuranic actinide elements, plutonium, americium.
curium, and neptunium. »

To test whether construction of a proposed repository would
entail undue risk to public safety. transport models have been
developed that predict the dose 10 humans in the event of
repository failure under a variety of hypothetical circumstances
{Denham and others 1973). The dose estimates predicted by

- those models are subject to uncertainties that may span several

orders of magnitude.

Naturally occurring clemcms that have properties similarto

those of the transuranic actinide elements offer a possible
means of constructing transport models that are more reliable
than those now in use. Two conditions must be satisfied 10
make such -models useful. First, the chemical elements in

" nature must be shown to be valid analogues for the elements of

concern. Second, enough must be known about the chemical
and physical forms in which the analoguc elements occur, and
the geochemical processes involved in their mobilization and
transport by environmental processes, to ensure that the infor-

" mation obtained is applicable to proposed repository sites.

An unusually favorable site for such studies exists at the
Morro do Fc_rro (MF) in the state of Minas Gerais, Brazil,

9 1984 Springer-Vertag New York lnc‘
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2 M. Eisenbud et al.

Figure 1. Auloradiograph of a fern, Adiantum lorentzii, Hiern.
growing on the Morro do Ferro. The radivactivity is due 10 the uptake
of **Ra, a nuclide in the 2*Th decay chain.

where an ore body is located that is rich in Th and rare earth
elements (REE) that can be studied as analogues for three
transuranic actinide clements. Th is analogous in its behavior
to Pu'*, the oxidation state in which Pu exists under many
environmental conditions. Nd*>* or La’~ can serve as an
analogue for both Am>* and Cm>*.

General Features of the Morro do Ferro

The MF is a hill near the center of the Pocos de Caldas
plateau about 300 kilometers north of the city of Sio Paulo.

The ore body, chiefly confined to the south face of the hill, was

discovered in the early 1950s. Estimates of the Th, U, and REE
content of the ore body were made independently by Wedow

{1967) and Frayha (1962), based on analyses of cores. Someof .

these cores, the spoils from nine wells recently drilled, and a
new core that has been drilled through the ore body to a depth
of 450 m, are currently being analyzed, using the more
advanced methods now available. As an interim working

estimate of the Th content, we use a value of 30,000 tonnes,

based on the estimate made by Frayha, whose studies included
samples from greater depths than were available to Wedow.
The ambient gamma radiation levels near the summit of the
hill range from 1 to 3 mR /hr (100 10 300 times normal) over an
area of about 30,000_m2 (Cuilen 1977). The plants on. the MF
are so radioactive (because of absorption of 22%Ra from soil)
that they can be autoradiographed (Fig. 1), and the exposure of
indigenous burrowing rodents to thoron decay products is
estimated to result in an average dose to the basal cells of rat

bronchial epithelium of about 3,000 rem per year (Drew and

Eisenbud 1966).

The Pogos de Caldas plateau, which is roughly circular and
about 35 km in diameter, is believed o be a deeply eroded
caldera. The MF is near the center of the plateau, rising 140 m
above its immediate surroundings. The geology of the area has
been described by Wedow (1967), Fravha (1962), Almeida
(1977), Ellert (1959), and Bushee (1971). Age determinations
by Bushee show that intrusion of molten rock took place over a
long period: phonolites and tinguaites give ages between 75 and
87 million years, and foyaites 63 to 64 miilion years. Thus, the
body of alkalic igneous rocks was built up by piecemeal
additions over some 20 million years toward the end of the
Cretaceous Period. The caldera must have formed later by
collapse of the intruded rocks.

The underlying rock of MF shows extensive alteration, due
in part to weathering and in part 10 hydrothermal activity.
Material fresh enough for identification is tinguaite (fine-
grained nepheline syenite), partly massive and partly brec-
ciated. The only rock outcrops at the MF are magnetite, which
occurs as a set of subparallel dikes up to a few meters in
thickness on the south face of the hill.

The Th and REE are widespread in the surface material
and are especially concentrated near some of the dike contacts.
However, the Th-rich material is apparently not directly
related to the magnetite. From the studies of Frayha and our
recent examination of the gamma ray log of the 450-m drill
hole, we conclude that abnormal concentrations of Th exist to
depths of nearly 200 m. The reason for the concentration of Th
and REE at this one site is a mystery. These elements
commonly show slight enrichment in alkalic rocks, but the
large concentrations at MF are extraordinary.

Wedow (1967) reported that bastnaesite, thorogummite,
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.able 1.

Logarithms of formation constants for thorium and plutonium complexes. lonic strength O except when indicated

otherwise in parentheses (See text for explanation and references.)

|
Complexing . s 0 . > i '
Agent: . F- SO%~(ky) . 503’(k3) u HPOj(k) HPO; (ks) . . - C.H.0%" EDTA
Pu'* P 621 103 | 131 ey 15.0 (0.5) 25.7 (0.5)
Th** 8.0 54 .97 10.8 (0.3) 22.8(0.3) 13.0 (0.5 25.3(0.1)

. : : i
and cerianite were present, but only as secondary minerels
associated with magnetite outcrops. In our previously reported
study (Eisenbud and others 1982) of thin sections of some of the
deeper cores, zircon, monazite, and cheralite, a rare monazite-
like mineral, were found to be present in micron-size crystals

However, this information came from cores that were drilled
by wet methods about 30 years ago. It now appears that only a
minor fraction of these elements is contained in- these hlghly .
insoluble minerals. and that most of the thorium is associated
with clavlike material that was washed away in the process of -

wet drilling. Samples of rich ore had, therefore. not previously
heen available for mineralogical siudy. Nine wells were

recently drilled dry, and a study of the spoils. which contain

ample rich ore, has shown that most of the Th (and presumably
the REE) is present on the surfaccs of clay and oxnde mmcr-
als, ¢ ‘

The rainfall on the Pocos de Caldas pl.nc.xu averages 170

n/yr, about 80% of it occurring during a four-month rainy
season. The groundwaier level is a subdued: replica of the
surface topography, with recharge from precipitation and

discharge into a network of seepages at or near the stream level.

“T'he highest point of the water table during the 1981-82 rainy
seison was about 73 m below the surface of the ridee, or .th'nut
3 m above the base of the hill. During the i'm]1-82 r.um

© season. in which the rainfall was close 1o average. the gruund- s

water level in the vicinity of the ore body Hldctuazed by about 2
m. ‘

Groundwater flow is uniform through much of the (lcépl\'

weathered ore body, except that near the magnetite dlkes it

mayv be controlled by fractures. Permeability me.xsurcmcms in

and near the ore body give hydraulic conductivities gcncrall\ in

the range of 10°* 10 l()"' cm/sec .md average gmund\smcr
velocities of + em: d..l\ (U’T 1"8’)

Appropriateness of the Selected Analogues

Thonum as an Analogue for Plutomum

Thc chemlcal snmnlamy bclwecn Pu** and Th“ has bccn
noted by others (Bondieui and Tamura 1980). The outstand-
“ng difference between the iwo elements is that Pu may exist in

several oxidation states, whereas Th is restricted to the 44 ¢
valence. N

It is to be expected that Pu compounds would exhibit greater
solubility than Th compounds under extreme oxidizing or
reducing conditions, but that in the moderate range of Eh and
pH that characterizes most nawural environments, especially
thuse that would be acceptable for a repository, the behavior
would be similar. It is difficult to evaluate the degree of
similarity in detail because thermodynamic dawa for the two

“elements are incomplete and in some cases of uncertain valid-

iy. - ‘ : S
The two elements in solution should be limited by the .

- solubility of the oxides ThO> and PuOs in the absence of
" complexing agents other than OH™. The principal Th

hydroxy complex at pH levels over 3 is the neutral Th(OH),
and. between 3 and 5, Th(OH)3* (Langmuir and Herman
1980). The equilibrium concentrations for erysialline ThOa- in
contact with pure water are 107 '* M at pH levels over 4.5 and
rising to only about 10~'" M at a pH as low as 3. These
concentrations can be as much as tive orders of magnitude

‘higher in equilibrium with amorphous oxide, or if complcxcs

are formed with such ions as F~, SO:I~. HPO3-, or orgamc

< compounds. Thus, the (hcore;ual concentrations of Th in

dilute nawral solutions (pH range 4-21 should normally be
helow 107 7 NI (about 0.2 g, liter), but in some circumstances
can be well above this figure. Actual measured concentrations
may differ .widely-from the theoretical equilibrium values net
only because of Lomplexing’ but also because of slow rates of
solution and the prescnu: of colloids. ‘

The situation is more complicated for Pu because of oxida- -

~ tion-reduction reactions, but recent estimates of the solubility

of crysialline and amorphous Pu(), (Eisenbud and others
1982, based on Allard and others 1980; Rai and others 1980a;
Rai and others 1980b; Jakubick 1979; Jensen 1980) show that
under most Eh-pH conditions 10 be expected in nature the
solubilities are closely similar 1o those for Th. Only under.
extremely oxidizing alkaline conditions or extremely reducmg
acid conditions, such as are not likely in a repository environ-
ment, would Pu be markedly more soluble.

Solubilities calculated from thermochemical data for the
oxides in pure water have only limited applicability to natural
environments because of the frequent presence of complexing
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agents besides OH™. The relative stabilities of complexes
formed with commonly occurring ligands are an important
consideration when judging the chemical similarities of Th**
and Pu*~. Available data are far from satisfactory, but.recent
compilations (Langmuir and Herman 1980; Cleveland 1979;
Lemire and Tremaine 1980; Moskvin and Poznyakov 1979;
Phillips 1982) make possible a rough comparison (Table 1).
Numbers in the table are logarithms of equilibrium constants
for the reactions

M** + L = ML*"(k,)
‘ and
M** + 2L"" = ML*"%" (k,).

Despite the uncertain quality of some of the data, the similarity
in constants for the two elements is striking. Where differences
exist, they are in the direction that would be expected theoreti-
cally—slightly more stable complexes for Pu'*, because its
ionic radius (0.98 A) is a little smaller than that of Th (1.07 A).
Especially notable in the table are the high values for the two
organic complexes, reflecting the fact that the solubilities of
both elements are markedly increased by the presence of
organic materials.* '

Neodymium or Lanthanum as Analogues for
Curium and Americium

It was recognized carly during World War Il that the
chemical properties of the REE would be similar to those of the
transuranic actinides, and the REE were accordingly used to
study the chemical properties of the then-scarce artificially
produced clements (Seaborg 1958). More recently, Weimer
and others (1980) have called attention to the fact that Nd
should be an appropriate analogue for Am and Cm. It is to be
expected that, like Nd, these actinide elements will exist in the
3 + oxidation state under environmental conditions. The ionic
radii are identical for Am*>* and Nd** (1.05 A), and nearly
identical 1o Cm>* (1.06 A). Experimental evidence for the
analogous behavior of these elements has been provided by

*Addiuonal data tha appeared while this paper was in press suggest that
under some conditions the analogy may not be complete. Allard (1983)
reported a stability constant for PuCO4* that makes this ion the dominant one
in equilibrium with solid PuO; at pH's below 8 in slightly reducing solutions
with high concentrations of CO}~ (log CO}~ (molar) = 0.76 pH ~ 10.83,
higher than the concentrations in most deep groundwater). The stability of this
complex, or ather carbonate complexes of Pu®*, is corroborated by measure-
ments (Cleveland and mhers, 1983) of relative concentrations of plutonium in
difTerent oxidation states in the xery alkaline (pH 10) and carbonate-rich water
of Mono Lake. Under conditions 10 be expected at most repository sites,
however, Allard’s calculaied solubilities for PuO, remain below 10 ppb.
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Figure 2. Acrial view of the Morro do Ferro and immediate
environs showing the main features discussed in the text.

laboratory and field experiments. The distribution coefficient
(K4) for Nd in aqueous soil suspensions was found to be nearly
identical to those for Am and Cm over a wide range of pH and
contact times. Uptake factors for plants grown under labora-
tory conditions were also found to be similar (Weimer and
others 1980). :

Although similar laboratory comparisons have not been
made with La, its chemical properties are known to be similar
to those of Nd. We have found close correlations between the
concentrations of Nd and La in various samples of soils and
water from the MF environs. Because La is present in higher
concentrations in the MF environs, and is more easily analyzed
by the method to be described, we have chosen La as the
analogue of choice for Cm and Am.

General Investigative Approach

The main objectives of our studies are: (1) to estimate the
annual mobilization rate, i.c., the fraction of each substance of
interest that is removed from the ore body by ecither erosion or
solubilization; and (2) to understand the underlying hydrologic
and geochemical influences that determine the mobilization
rate. S
Most of the drainage at the MF is down its south face into a
small stream (South Stream) that rises from the southwestern
edge of the hill (Fig. 2). The flow enters the stream mainly via
a series of gullies that receive both surface runoff and ground-
water seepage. A flume has been constructed in the location
shown in Fig. 2, and instruments have been installed that
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permit continuous flow measurements and water sampling at a

rate proportional to stream flow. The watershcd that drains
through the flume has an area of only 0.5 km?, and there are no °

impoundments. Surface runoff is thus rapid during a rainfall,

and is often accompanied by intense scouring. In a tvplcal
shower, the flow in the South Stream can increase in a matter
of minutes from a vear-round dry weather baseflow of _07
m’/min (stage height 3 cm) to flows as high as 66 m>/min
(stage height 50 cm). In the absence of dditional rain, the flow
then returns to its baseline value in less than one day. During
periods of baseflow. water reaches the stream by seeping from

the ground into small tributaries and thus contains thonum g

that has been mobilized chemically. Hence the stream water
contains Th both in dissolved form and in suspended solids that
were eroded during previous brief periods of surface flow.
During and immediately following a rainfall, the stream walcr
is larze:v the accumulation of surface runoff.

A mund stream (North Stream) rises from the extréme
western edge of the north face but receives less drainage from

the ore body than the South Stream. Based on Th and flow

volume measurements made during the 1981-82 rainy season,

it is estimated that mobilization via the north facc of the hl’l is

about 25% of that via the south face.

Nine wells, the locations of which are shown in F ig. 2, have-

been drilled to permit study of groundwalcr characteristics, and

meteorological station at the summit of the hill prowdes 2
continuous record of rainfall as well as tempcraturc and winc
direction and velocity. .

A complicating feature is lhat water passmg through thc
flume has drained not only the MF, but also the hills that rise
from the south bank of the stream (opposite hills). The
concentrations of Th and REE in lhc soils and rocks in lhls

portion of the smail drainage basin are much less than inthe. '
MF, but are a significant addmon to the material mobilized

from the ore body. An attempt to correct for this conmbupon

has been made in the I'ollowmg way, and is illustrated only for -

Th.

It is assumed thal lhc amount of lhonum mobllnzed in .

particulate form is proportional to the concentration of thonum
in the surface soil and the area presented to falling rain. We
estimate the average Th concentration in soil over the ore body
to be 5,660 pg/g and in the remaining portion of the drainage
basin to be 180 ug/g The area of the ore body is estimated to be

6.2 x 10* m> The arca of the remaining portion of the":

drainage basin above the flume is csumaled tobe 5.0 x 10° m*.
The ore body thus occupies an area that is about 11% of the
area of the drainage basin above the flume. With’ thesc

assumptions, we calculate that the surface of the ore body.‘ 5

contributes 80% of the total mobilized paru,cu!alc thorium.’

The relative contributions of the ore body and surrounding

f

areas to the soluble fraciion of the thorium Aux were similarly

tional to the quantity of Th contained in the geologic media
through which the groundwater passes. The ore body is
estimated to have a volume of 6.2 x 10° m® at an average Th
concentration of 1,900 ug/g. The volume of the drainage basin
upstream of the flume, but not including the ore body, is-
estimated to be 1.1 x 107 m?® with an average concentration of
180 ug/g. In this way, we have estimated that the ore body
contributes 86% of the Th contained in the filtrate. We

recognize that this is at best a coarse estimate: for example, the
groundwater could be channeled in passing through the mag-

__netite stockwork associated with the deposit, or the concentra-

estimated, assuming that the contributions would be propor- .

tion of thorium could be solublhty-llmued and, therefore, -

independent of the higher concentration of Th in the ore body.
Moreover, thorium is undoubtedly dissolved in surface runoff.
However, at this stage of the investigation, we do not have

sufficient 'information to pcrmu more than thls first approxx-
mation.

Methods of Sampling and Analysis

Because of the low concentrations of Th and REE, 20-liter ‘
samples are taken, usually in duplicate. During the past year,

pcriodic gfab samples have also been taken from the “North

* Stream,” which drains the north slope of the’ hill; streams

draining into the opposite bank of the South ‘Stream; and a

stream oulsndc of the plateau, in the town of Sio joao da Béa

Vista.

Eh and pH are measured in the field before the samples. are
taken to a nearby laboratory where thev are filtered through
0.45-um membrane filters (Millipore). The filtrates are acidi-
fied and reduced by evaporation on hot plates from about 20
liter 10 0.25 liter 1o facilitate shipment 10 New York, where
they are analyzed for REE by induciively co )p]cd plasma
spectrometry (ICPS), and radiochemically for ***Th, ***Th,
and *

The analytical procedure for Th in water samples and so:ls

','has been modified from that of Sill and others (1974; Sill and

Williams 1981). In brief, the sample is dissolved in a potassuum
lluondc-sodlum aulfatc fusion. This caxe is then dissolved in
dilute HCI, and the Th separated by co-precipitation on
BaSO,, which is ﬁltcred and dissolved in HCIO,. The Th is

* purified by extraction into Aliquat-336 (General Mills),

washed with 8 M HNO,, and slnppcd from the Aliquat wuh

aliquat and other organics carried over in the exxracuon are
wet-ashed with perchloric-nitric acid. The Th is co-precipi- -

" tated on cerium fluoride from a1 M HCI solution of the
residue and mounted on a Tufiryn (Gelman) filter for alpha

" 10 M HCI. The HCI solution is boiled to dryness, and any
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Table 2. Concentrations of thorium in baseflow water samples compared w}th two control sites.

Mean Th concentrations

(ug/1)
No Suspended solids : .
Locations Samples Filtrate® As reported Normalized® Total
South Stream 55¢ 0.053 £ 0.013 0.53 = 0.11 - 012 0.59 = 0.11
North Stream . 14 0.027 = 0.006 0.26 + 0.03 0.11 0.29 = 0.04
Opposite hills 13 0.041 = 0.012 0.64 £ 0.25 0.056 0.68 + 0.25
S3o Jodo do Bda Vista 5 0.011 = 0.004 0.72 £ 0.33 0.015 0.73 = 0.33
Hudson River - 5 0.005 = 0.001 0.17 = 0.10 0.009 .0.18 = 0.10

“The South Slream samples are weekly composites, collected by continuous proportional sampler and by grab sampling. All others are grab samples.
*Dissolved Th is present chiefly in the form of complexes with Auorine and organic material.

*See text for normalization procedure.

spectrometry. The chemical extraction for Th is traced inter-
nally by the alpha-emitting 2*Th.

The lower limit of detection of 232Th at the 95% confidence
level is about 0.12 ug, or about 0.006 ug/liter for a 20-iiter
sample.

Samples of rock, soil, and suspended solids have also been
analyzed by the above procedure or, when a sufficient sample is
available, by X-ray Auorescence.

Rare earths in samples of soils, rocks, and suspended solids
filtered from our water sample are determined by XRF
analysis (Laurer and others 1982). For samples of water and
suspended solids, we have adopted the method of Crock and
Lichte (1982), in which the Th and REE are separated from
the matrix by calcium oxalate precipitation following lithium
borate fusion. The REE are separated from Th by sequential
elution from a cation exchange resin with 8 M HNO, and
analyzed by ICPS. .

Annual Thorium and Lanthanum Mobilization Rates
Thorium

Our estimates of the annual Th flux cover the period May
1981 through April 1982, during which time the rainfall was
177 em (similar to the 30-year annual average of 170 cm). Data
are available for both the suspended solids and the filtrates.

The How in the South Stream during much of the year is
constant, at 54 m*/hr. This “baseflow” accounts for about 35%
of the year-round drainage via the South Stream. The results of
Th analysis of samples of the bascflow are given in Table 2,
together with analyses of water samples from other locations
for reference.

Th carried in suspended pamculatcs ranges betweer 91%
and 99% of the total Th Aux for all localities, with the weighted
mean being 92%. The flux of particulate Th is highly depen-

dent on the concentration of total suspended solids. The
suspended particulate data in Table 2 are given both as ug
Th/liter and normalized as ug Th/liter per milligram of
suspended solids per liter. The mean concentration of thorium
in the filtrate samples varies only from 0.011 ug/liter at S3o
Jodo da Bba Vista 10 0.053 ug/liter in the South Stream.-

From the data of Table 2, and our knowledge of annual dry
weather flow (4.75 x 10° J), we conclude that the annual flux
of Th mobilized by the baseflow, including both the North and
South Streams, is 0.027 kg in soluble form and 0.26 kg in
suspended particulates. We assume the filtrate component
during periods of baseflow results from solubilization of Th by

groundwater. Based on our estimate that the ore body contains

30 x 10° kg of Th, groundwater mobilization under baseflow
conditions is at a rate of 0.027/(30 x 10%) = 9.1 x 10~ yr~",
Mobilization of Th in particulate form during periods of
baseflow is similarly calculated to be 8.5 x 10~° yr~}. The
total mobilization during dry (baseflow) periods is thus 9.4 x
10~% yr~'. It is reasonable to assume that much of this fraction
is due to resuspension and bank wash of stream sediments.
Fifty-four samples were collected during ten periods of
rainfall in the 1981-82 rainy season. The Th flux (¢y,) in
particulates was found to be highly correlated (r = 0.9) with
stream flow (Q) according to the following equation:

b = 5.4 Q%2

where: ¢y, = mg Th/min and Q = m*/min

Twenty-five filtrates of the 54 storm samples were also '

analyzed, but no relationship between Th concentrauon and
flow was evident. The mean filtrate concentration, 0.22 =+ 0.06
ug/liter, was assumed to be representative of stormflow
filtrates. This value is four times greater than the average
concentration (0.05 + 0.01 ug/liter) found in the South Stream
baseflow filtrates. This may be due to the presence of a greater
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quantity of fine particulates (<0.45 um) in thc storm water
filtrates.

The annual Th flux during pcnods of ramfall is esumatcdv

to be 0.015 kg .in “‘soluble” form, and 27.2 kg as suspcnded
solids. Noi surpﬂsmgly, 99% of the annual Alux of Th particu-

lates is mobilized durmg periods of rainfall. Mobilization of

Th in particulate form is at an annual rate of 27. 2/(30, x

10°) = 9.1 x 10~7 yr~!, Thc moblhzauon rate of solubIeTh by
!. The total annual mobxlxzauon_

stormflow is 5.0 x 10‘
rate in soluble form nsthuss 0 x107° +91x10"°a 1 4 X
10-%,

Lanthanum

There are no previously published estimates of the quantity
of La in the ore body, but this can be approximated from our

analysis of 101 samples obtained from the well cuttings and -

cxploralory trenches and tunnels. The mean ratio of LatwTh
in the individual samples is 2.3 = 0.4. Applying this ratio to thc
quantity of Th in the ore body provides an estimate, 2 3
x 30,000 tonnes = 69,000 tonnes, of La.

We have previously estimated that there is about 4000
tonnes of Th upstream of the flume, but outside of the ore body.
The observed La;Th ratio in this region for 71 samples is
7.6 = 0.5, which permits an estimate of 30,400 tonnes of La in
this portion of the drainage basin. -

The observed La, Th ratio in 12 samples of suspended sohds

aken during storm flow is 2.9 = 0.2, similar to the ratio found
* in the ore body. From this, and knowing the annual Th flux,
we estimate that the quantity of La mobilized in particulate
form is 2.9 x 27.2 = 78.9 kg. The annual mobilization rate of

La in particulate form is, therefore, 0.079 tonnes per year/

69,000 tonnes = l l x 0'7 yr~'. which is in close agreement to
the 9.1 x 107 " estimated to be thc moblhzauon rate for
Thin paruculmc form

No samples are available from which the rate of stormflow

solubilization of La mass can be determined. However, 20
samples from the baseflow regime have been analyzed, ylcldmg
0.03 ug/liter, which gives an estimated -

a mean of 0.28 «
mobilization rate by groundwater solubilization of 1.6 x I()'
per vear, which is similar to the rate for Th (9.1 x ID"“ pcr
veuary ‘

Sngnmcance of These andnngs | .

The mobilization rates have been estimated abovc for two

mechanisms, surface erosion by the action of rainfall and _
solubilization by groundwater. Groundwater intrusion is more

relevant 10 a geological repository, although the possxbllny of

eventual exposure of a deep rock. repository due to erosion.

cannot be excluded. , . {

concentration of Pu**

Table 3. Use of the Th analogue to estimate the
in South Stream water.*

A. Mass of Th in MF ore body . = 30,000 tonnes

B. Average concentration of Th ‘
(<0.45 um) mobilized by
groundwater

C. Expecied accumulation of ***Pu
in U.S. by 2050 (U.S. Dept.
of Energy. 1980)

D. Predicted #°Pu™* concentration
in South Stream water”.
Maximum allowable concentra-
tion of **°Pu in waste water
{Code of Federal Regulation)

" =0.053 g/l

- 2,000' tonnes

= 0.08 ug/l

" = CB/A = 0.0035 g/l .

" *Based on assumptions given in text.

The mobilization rates of the natural analogues of Pu, Am

and Cm have been found to be so low that despite the long

half-lives of some of the actinide isotopes, essentially complete

decay would take place in situ if the analogues we have studied .
are valid. For example, if we assume that the annual ground-
water mobilization rate of 2’Pu will remain constant at the -

present rate for Th, the mean life of the deposit would be 7 x
10° yr compared to 3.4 x 10* yr due 10 radioactive decay of
239

="Pu.

It is all the more remarkable that the mobilization rates are

so low in view of the characteristics of the ore body and its

environs. Site selection. criteria for geological repositories °

(NRC 1978) require that they be placed at great depths in
unweathered rock, under hydrological conditions that would

assure long transit times for nuclides carried by groundwater.

The MF ore body meets none of these requirements—depth of -

burial, condition of the host rock, or transit time of ground-
water to potable water. Moreovér, preliminary results of
speciation studies conducted by Miekeley and others (1982)
suggest that a major fraction of the Th in groundwater filtrates
is complexed with organic acids which presumably form from

the decomposition products of vegetation that percolate to the’

groundwater through the porous rock. Nevertheless, the mobil-
ization rate for Th is so low that if the Th-Pu analogy is valid,

_the South Stream filtrates would meet the presently accepted

waste discharge standards if all the Pu expécted to exist in the

" United States by 2050 (U.S. DOE 1980) were to be emplaced

under conditions comparable to those existing at the MF. We
come to this conclusion in the manner shown in Table 3, in
which it is estimated that under such conditions the Pu

concentration would be about 5% of the maximum permissible
concentration {CFR, Title-10) allowed by the regulations of the .

Nuclear Regulatory Commission.
This conclusion would be particularly valid if the acnmdc

.wastes were not exposed so directly to atmospheric oxidation as

859
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is the MF deposit, since this exposure might lead to a change in
the oxidation state of plutonium, and hence to greater mobility.
Measured Eh (+400 to +700) and pH (4.4 to 7.1) in soil and
water at MF. despite exposure to air, are within the field
where plutonium has the same valence as thorium and should
be similarly immobile (Eisenbud and others 1982). Neverthe-
less, access to air always offers the possibility of oxidation of
some of the plutonium. For a repository well sited and deep
underground, such access of air by deep erosion is extremely
unlikely. A more probable scenario for repository breaching
would be invasion by groundwater, which implies no extremes
of either Eh or pH, and in this case the hehavior of plutonium
should closely mimic that of its analogue.

If neptunium is also present in the waste, the need to site a
repository so as to minimize the chance of exposure by erosion
is still more urgent, because neptunium is more easily oxidized
than plutonium, and because its half-life is longer (2.1 x 10°
vr for *Np). Quadrivalent neptunium is not as close a
chemical analogue of thorium as is plutonium, but still should
be similarly immobile as long as conditions remain reducing.
Thus, the data on thorium migration at MF indicate clearly
that none of the transuranic elements would be appreciably
mobilized by groundwater contact with the waste in a reposito-
ry.

Our finding that these analogues of the transuranic actinide
elements are so extraordinarily immobile is consistent with
findings at the site of the natural reactor in the Oklo uranium
mine in Gabon, West Africa (Cowan 1976; Curtis and others
in preparation). It is known that about 1.8 billion years ago,
conditions in this uranium deposit were such as to sustain
criticality for an estimated 10* to 10° years. The transuranic
clements produced by this lengthy episode have long since
decayed. but the stable isotopes of the end products of decay
have remained, and mass spectrographic studies of rock sam-
ples collected in the vicinity of the ore body have shown that
minimal migration of actinide elements occurred.

The investigations at Oklo and MF are not yet complete,
but the data obtained thus far from both studies suggest that,
although the actinide elements are hazardous when absorbed
into the body, there are geochemical barriers that would, under
ordinary conditions, block these elements from leaving a waste
repository and being incorporated into food and water.
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Disposing of High-Level Radioactive Waste -
~ The US. Regulatory Appmach

Melvm W. Cartcr and Sldncy JS. Parry
-Nuclear Waste Technical Review Board
Atlanta, Georgia, land‘ Washington, D.C., US.A.

" Abstract

This paper focuses on the regulatory approach being used in the United Szaws to
managc the disposal of high-level nuclear waste. A summary of the roles of the various
governmental agencies in the United States that hold responsibility in these areas is
provided. The paper then describes in general detail the regulatory requirements being
applied in other countries and provides a frame of reference for a detailed discussion of
the current U.S. regulations, including a review of areas of uncertainty. Uncertainties and
perceived difficulties that have been identified in the proposed high-level radioactive waste
environmental standards and related implementing regulations in the United States are
discussed. Modifications to the curreat U.S. regulations are suggested that might provide
a level of protection in the United States that is consistent with that being used
internationally. Finally, some lhoughls on developing a scheme of apportioned risk to the
public from nuclear sources are posed for consideration and discussion.

\
!

fntroduction

A current topic of discussion among upens in the U.S. high-level waste disposal field is the
regulatory framework in place in the United States. Many agencies, including the Nuclear Waste
Technical Review Board (the Board), have e:pmsscd their concerns about existing standards and
regulations. In its First Report (NWTRB, March 1990), the Board stated that although licensing standards
and criteria must be adequately conservative on the side of safety, they should not, for example, foreclose
at the outset a candidate site that subsequently could be proved suitable based on sound scientific
considerations. In its Second Report (NWTRB, November 1990), the Board expressed its belief that the

- current regulatory framework could be improved. It is the view of the authors that the existing regulatory
framework could foreclose a site at the outset'and that the framework should be improved.

This conference has provided the authors the opportunity to review the U.S. regulatory framework
within the international context. Although members of the Board and staff, the authors would like to
state that the thoughts presented do not necasaﬁly represent the views of other Board members, nor of
the Board as a whole. Especially the suggestions for making changes 10 the regulations and the concept of
apportionment of radiation risk should be considercd the personal opinions of the authors.

|
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The Hierarchy ol the U.S. Nuclear Waste Management f’mgram

In the United States, the responsibility for disposing of high-level nuclear waste has been divided )
among a variety of federal agencies. The U.S. Department of Energy (DOE), through its Office of Civilian
Radioactive Waste Management (OCRWM), is responsible for dc\icloying and operating a subsurface .
geologic repository. In 40 CFR 191, the Environmental Protection Agency (EPA) sets the radiation
protection standards and public exposure limits that must be met by the repository during the operational
and postclosure periods (EPA' 1985). In 1987, a federal appeals court remanded a portion of 40 CFR 191
10 the EPA for revision, where it is still under discussion.  The Nuclear Regulatory Commission (NRC),
which is responsible for implementing the EPA standards, sets criteria for doing so in 10 CFR 60 (NRC
1983). The NRC is the body that will ultimately issue a license for the operation of the repository and for
the disposal of high-level waste. In addition, the DOE has set site-selection criteria, which are codified in
10 CFR 960 (DOE 1984). A

Each of the above groups is reviewed by one or more entities that advise and comment upon their
technical efforts. The EPA's regulations are reviewed by its Science Advisory Board, which, upon request
of the EPA or on its own initiauve. examines pending EPA standards and rules. The NRC has had two
such advisory bodies. The Advisory Committee on Reactor Safeguards had oversxght responsibility in the
area of waste management of both high- and low-level waste. These tasks were assumed in 1988 by the
Advisory Committee on Nuclear Waste. The DOE and OCRWM receive advice and oversi ght from,
among others, the Nuclear Waste Technical Review Board, which is the only group appointed by the
President that provides Congress with regular reports oa the technical and scientific aspects of the DOE's

program.

Survey of Non-U.S. Nuclear Waste Guldelines and Regulations

In 1985, the International Commission on Radijation Protection (ICRP) published ICRP
Publication 46, Radiation Protection Principles for the Disposal of Solid Radioactive Waste (ICRP 1985). It
proposed a dose limit to the pubdlic of 1 mSv per year, excluding medical and natural sources, and
recommended apportionment of radiation risk for other sources by national authorities. The International
Atomic Energy Agency (IAEA) issued reports 96 (1989a) and 99 (1989D) in its Safety Series. These
documents presented criteria and guidance for the underground disposal of nuclear wastes, and were
directed to the disposal of high-level waste, such as spent fuel. -

Individual governments have used these documents in the development of theu' own standards and
regulations.! In 1987, the International Energy Associates Limited prepared and published a compilation
of the various nuclear waste regulations by country (IEAL 1987). -In Table 1, which is largely drawn from
that document, the term “protection limit® is the maximum allowable exposure limit for members of the
pudlic during the operational phase of repository activitics. The repository *system performance goal® is
the maximum dose to a2 member of the public after closure. It is clear that the values set bracket the value

lm:am'standard'and'regulation'aresome@mused interchangeably. For thefurpa:e of this
paper, the term “standard® connotes the base or fundamental level of performance or protection. *Regulation® Ty
and “rule® refer to specific criteria by which a standard is to be met. )
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of 1 mSv annually, origmally proposed by the [CRP as the principal limit for members of the pubhc. It
also should be noted that, of the several nations that have set performance limits, only the United States
has chosen to sét activity release limits on rcpo;itory performance in addition to dose limits. It is difficult
to precisely compare the curie release limit with a dose limit. Alternatively, in the U.S. approach, if one
uses the excess health effects goal of one health effect every 10 years, which is the basic risk goal of the
EPA Standard, to calculate dose, a value of approximately 5x10™ S mSvir is obtained. This value is well
below conventional levels of detection, or measurement, and is 1/5000 of the EPA’s 1,000-year, individual
protection requirement of 0.25 mSvir. Altemaxivcly, the proposal by the radiation protection and
nuclear safety authorities in Denmark, Finland, Ireland, Norway, and Sweden (Nordic) contains both a
individual protection limit and limit on activity inflow. While not yet in force, the limitation on activity
inflow is expected to restrict the average popu!#tbn dose to approximately 0.1 mSv annually.

A further point of comparison is the relative level of protection of the public during the pre- and
postclosure phases of repository operation. 1'hé U.S. regulations require a very large reduction in risk
upon closure; the criteria set by Germany and thc United Kingdom, for example, make no such increased
demands on the performance of the repository after closure. Those specified or under consideration in
Switzerland and Japan call for intermediate reductions in risk upon disposal.

The unique element that distinguishes the U.S. approach from those in other countries is that,
unlike most countries, the United States has predefined or specified *subsystem performance criteria®
before the proposed site has been investigated, br the repository designed.

Dmrlptlon of US. ngh-bevel Waste Regu!aﬁohs '

The dcvclopmcnt and operational activitla that support the proposed high-lcvel radloact:ve waste
repository are controlled by (1) the EPA Standard 40 CFR Part 191, Environmental Radiation Protection
Standards for Management and Disposal of Spent Nuclear Fuel, High Level and Transuranic Radioactive -
‘Waste; (2) the NRC Regulation 10 CFR Part 60, Disposal of High-Level Radioactive Waste in Geologic

| |
2private Communication - Dr. D. Beninson, ICRP, Argentina.
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Reposﬂod}:; and (3) the DOE Regulation 10 CFR Part 960, General Guidelines for the Recommendation of
Sites for Nuclear Waste Repositories, The DOE regulations provide gui@ancb In determining the suitability
of a site, whereas the NRC regulations define the detailed requirements plated on both the host rock and
the engincered features of a repository. Both of these regulations are subordinate to the EPA Standard 40
CFR 191, which defines the absolute level of protection that a repository must provide to the public.

During the NRC hearings on Part 60 before the Nuclear Regulatory Commissioners in 1982, the .
director of the Waste Management Division stated that merely meeting the requiremeats included in
the—then proposed-version of Part 60 would not assure compliance with Part 191 (then in draft form).
This statement was reaffirmed by the NRC staff in December 1990, when, in a presentation to the
Advisory Committee on Nuclear Waste, the director of the NRC's Office of Nuclear Materials Safety and
Safeguards stated that the specific subsystem requirements of Part 60 were neither necessary nor sufficieat
in fulfilling the requirements of Part 191.

It also is important to understand that when the regulations and the standards were being
developed, all repository sites then under consideration were in saturated media. This changed in 1983
when the proposed repository depth was reduced for the site at Yucca Mountain, Nevada. However, the
rules were not amended at that time to reflect the conditions at Yucca Mountain, The staffs continued to
assume (1) that the site would be saturated and (2) that borehole emplacement of the waste packages
would be used. In 1986, however, Part 60 was ameaded to explicitly consider emplacement in the
unsaturated zone. ,

Analysls of the Standard and Regulauons

Below is a discussion of the repository subsystcms, the containment and performance
requirements, and the regulations. Both Parts 191 and 60 provide definitions of the boundaries, real and
imaginary, that constitute the repository system. Pertinent definitions from both parts are represented
graphically in Figures 1 and 2. Also illustrated in Figures 1 and 2 are the performance requirements
applicable at the boundaries, which are discussed separately below.

Repository subsystems

The repository consists of scvcral arcal or volumetric entities. The innermost unit is the waste
package, which includes the waste form (either spent fuel or vitrified wastes), its container (canister and -
overpack), and other materials within or immediately surrounding the container. Normal usage and
specifications by the NRC staff limit the extent of the waste package to the interior surface of its
emplacement site. The waste package is a component of the engineered barrier system (EBS). The EBS
also includes the underground facih‘g;, which comprises all excavated areas and their associated backfilling
materials.

The controlled area is located bcyond the EBS. The two regulations define different starting points
for the controlled area. In addition, the horizontal extent of the controlled area is defined somewhat
differently in each regulation. These differences are noted in Figure 1.



The dumrbcd 20ne s defined as that ﬁorﬂon of the coatrolled area whose physical and/or chemical
properties will be changed by the hcat rclcased by the cmplawd wastes or as a result of the construction of
the underground facility. : v

Containment and performance requirements

The criteria in Parts 191 and 60 place requirements on the performance of the overall rcposnory
system and some of its components. (Se¢ Fi F'gum l1and 2.) B

“The overall criterion for repository performance requires’that there be only one chance in ten that
the total releases to the accessible environment over 10,000 years exceed the quantities listed in Table 1,
Appendix B of Part 191, under expected operating conditions (Section 191.113). Two other NRC
mandated performance criteria apply at the waste package and EBS boundaries. The respective

requirements are that *substantially complete containment® within the waste package be maintained for a

minimum of 300 years and that the annual rclease of certain ndionuchds from the EBS be less than 105
of a portion of the radionuclide inventory at l 000 years. S .

Analysis of the regulanon.s | ~ i

Part 191. Thus far, little attention has been paid to Subpart A of Part 191. - That portion of the
standard is similar to the requirements of 40_CFR_ Part 190 (EPA 1977), which is the EPA protection
standard for nuclear processing facilities, such’as reprocessing plants. Part 190 and Subparts A and B of
Part 191 all bave dual standards of both dose and release limits. Subpart A of Part 191, which was not
remanded, is now in effect and limits the annual exposure to any member of the public to 0.25 mSvjr to
~ the whole body and to 0.7 mSvAt to any critical organ during storage and other waste handling '
operations. Although this exposure limit is lower than the value of 1 mSv previously allowed by the NRC
in Section 20.105 for reprocessing operations, it is similar to limits set by other countries; for example, in
Germany the limit is 0.30 mSvjr. After closure, the dual limits of Subpart B would apply. raxhcr than
those of Subpart A.

The postclosure curie hmits were choscn by alcu!ating the individual doses reccived by the public
from an ore body containing an amount of uranium comparable to the original uranium in the spent fuel
and estimating the resultant pumber of excess hcalth effects. It was from this calculation that the base
health effect limit of 1,000 health effects in 10000 years was obtained. The curie release limit has been
estimated to have the capabmty of delivering 4 maximum annual dose of perhap: 5x 10 mSv. This
represents a reduction in the allowable dose of approximately 5 x 103 afier the repository closes. The
reason cited by the EPA staff for requ!ring this massive rcduction in allowable dose is that they believed
that the uncertainties of geologic data and pcrformance assessment calculations required that very low
allowable releases be mandated. Thus, the EPA has attempted 1o accommodate for its perception of the
uncertainty inherent in site-characterization studis and performance assessments by setting very low limits
and using probabilistic reqmrements R

Commenters on Part 191 have noted the suingcnq of the lcvcl of releases noted above. In
addition, questions have been raised as to the toxicity of certain of the radionuclides, such as carbon-14,
and whether or not such clements deserve 0 bc included in Table 1 at all. In the case of carbon-14, it
turns out that (1) duting rcptooessing all the carbonou contained in spent fuel is available for release, (2)
no limit has been plaoed on the release of carbon-u (rom operating reactors, and (3) the Subpart B limit

L
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. Figure 1
Regulatory Boundaries — Outside of Repository

+
-

S

Accessible Environment
Su‘fac'c Facilities Atmosphers
[ - N
.“‘.......'.-.‘;......;.ﬂ _.‘d__.~'_.___
Outer Boundtary
of Waste Confainers s v
' _ SM@wdm
Disturbed Zone. | ' Whosphare
; SdETiE O | Accessible Environment
Soe Figure 2/\ GWTT < 1,000 years .
App. B. Table 1 Imits apply
DWbeGZon. Boundary
i Controlled Area
EPA < SKm, < 100 Km?
NRC < 10Km-
| Figure2 . - | ‘ )
" Regulatory Boundaries |
Waste Cortainers l Outer
T Backfill | Disturbed Zone
' | : ' Boundary
I/(urspecmed
I location)
[
!.
| EBS
) . Bou
Wasto Containers A - Foi v
(Canister) Wasth Package | Containment Period)
[] ’ Bwndal']' X
8§  (Substantially Complete '
Contalnmerd >X00 ysan)

P SUTI) CEED CERED GNP LN CLANp CEN SN D CED SEEN U Sm——

. 6



of Part 191 is two or three orders of magnitude below what is cosmogenically produced annually, thereby
rendering moot the very low limit on the release of carbon-14. .+ .

Part 60. The NEC staff adopted the approach of assuming a multiple-barrier system and setting
individual performance requireméents on the barriers, or successive concentric zones, that comprise the

" repository. Thus, there is a containment requirement on the interior subsystem (the waste package), an
annual fractional release limit on the next Iayer;(thc EBS), and a limit on the groundwater travel time
(GWTT) to the accessible eavironment from the disturbed zone.

1. Containment Requircmcnt. The NRC staff recognized the impracticality of scuing corrosion
limits on the waste form (i.c., speat fuel and vitrified waste) since the chemical composition and physical
form of the waste materials and consequently their corrosion behavior will be determined by fabrication
and service conditions beyond the control of the DOE. As a consequence, the staff developed qualitative
rather than quantitative criteria on containment. In particular, the phrase “substantially complete
containment* provides no quantitative criteria that would allow the licensee to estimate either the
permissible number of failed canisters or the quantity of material dissolved into the host rock. Nor does
Part 60 provide any definition of what "containment” means. For example, members of the NRC staff have
stated that any loss of i integrity of a waste packagc. even a pinhole penctration, would constitute loss of
containment, thus contributing to exceeding lhis particular criterion. .In late 1984, the NRC circulated a
draft proposal for quantifying the term “containment” Essentially, the proposal was to apply the post-
containment annual release limit to the containment period, thus enabling the calculation of the amount
of inventory allowed to leave the waste package. However, that approach has been abandoned without
public explanation. The NRC now has an effort underway at its Center for Nuclear Waste Regulatory
Analysis to provide a further definition of these terms, but this work appears to be directed at a
nonquantified specification that will not assist designers in meeting the regulation.

, 2. Annual Release Limit. Section 60.113(a)(1)(i)(B) specifies that subsequent to the containment
period, only one part in 100,00_0 of the radionucf.lldc inventory present at 1,000 years in the repository may
be released annually. That release limit is mnncr qualified to the extent that only those radionuclides that
individually constitute more than 0.1 percent of the inventory need be considered. This limitation also is
subject to the requirement that the total rclcasés must not exceed the values set in Table 1, Part 191,

3. Groundwater Travel Timc‘(G\VIT).V In Part 60, the criterion placed on the geologic setting is |

that *the geologic repository shall be located so that (the) pre-emplacement groundwater travel time along
the fastest path of m:ay radionuclide travel from the disturbed zone to the accessible environment shall be
at Jeast 1,000 years .. . * -This requirement illustrates the fact that the regulation was written with the
prezumption that the tepository would be lomted in a saturated zone. It s necessary to note that an
amendment to the regulation clarifies the intent of the regulation 1o be equally applimblc 1o all
repositories, whether they are in either saturated or unsaturated geologic media. - '

“Three questions arise about this critcrlon. particularly for a repository in an unsaturated zone: (a)
Since there is free access 10 the accessible environment through a direct atmospheric pathway, what will be
the impact upon meeting this requirement for radionuclide transport when the release of volatile
radionuclides is considered? It would appear that the release of both fodine and carbon (as C-14) is likely
to occur promptly upon failure of the principal container (b) How should one define and quantify 2
property such as GWTT when there ks not a continuous water phase that would support the transfer of
radionuctides in the conventional sense? (c) Given that one may be able 1o define and measure GWTT,

what constitutes the *fastest travel time?* It would be expected that any measuring technique will not
o

|
1
|
1

101



103

define a single value, but give a range or distribution of values. Consequently, there will be a range of
possible values, but no specification as 1o how the lowest value is to be chosen. For example, one might

selea a 90-percent cutoff-or a 99 percent. ' )

The concept of specifying that certain characteristics be evident in the host rock or geologic
setting is, of course, reasonable and prudent. But it may be equally prudent 10 include such characteristics
as desirable rather than making them requirements or speafyfng their value before the site has been
speaﬂed and characterized.

Oversight Comment on the Regulatlons

There has been an extensive commentary on the standards and the regulations. This has included
(1) a report by the Waste Isolation Systems Panel (WISP 1983), (2) the review of the EPA standards by
the EPA's Science Advisory Board (SAB 1984), (3) thé preparation of an analysis of the then proposed
Part 60 by 2 group of NRC contractors (Chu et al., 1983), (4) concerns voiced by the ACNW in 1989 on
Part 191, (5) a report by the National Academy of Sciences in 1990 (NAS 1990) and; (6) recommendations
by the NWTRB in 1990 (NWTRB, March and November 1990).

Advisory and oversight groups have supported as well as found fault with bolh the standard and
implementing regulations. However, the general thrust of the comments has been negative. It appears
that three principal concerns are (1) the application of very low, or overly stringent, release rates (e.g.,
carbon-14) as the principal repository performance measure; (2) the use of probabilistic factors to control
application of the primary performance limit; (3) the imposition of numerous, ill-defined, and ambiguous
restrictions on the design, investigation, construction, and operatioa of the repository before the site has )
been identified and characterized, or the repository designed. . ]

‘Recommendations

Since the EPA is in the midst of a revision of the standard, the authors belicve that it would be
appropriate to encourage the EPA staff to request the EPA Science Advisory Board to set up a new
subcommittee to provide guidance on the format and content of the re-issued rule. We also encourage the
development of 2 national consensus on a “system of permissible risk® from such sources as nuclear
reactors, other parts of the nuclear fuel cycle, and waste processing and disposal operations. We would
not recommend the inclusion of natural and medical exposures i this system of permissidle risk. The
magnitude of this permissible risk could be in the range of observed variations in natural background
doses, up 10 1.0 mSv/yr or a risk level of about 105, In fact, such a system seems 10 be developing in the
United States now. The system is based principally on the analysis of radiation risks by the United
Nations Scientific Commtittee on the Effects of Atomic Radiation (UNSCEAR 1988) and the Committee
on Biological Effects of lonizing Radiation (BEIR V 1990). Recommendations for a dose limit to the
general public of 1 mSv/yr averaged over any five consecutive years were made recently by the ,
International Council on Radiation Protection (ICRP 1990). Similar recommendations had been made
carlier by the National Council on Radiation Protection (NCRI? 1987) and by the ICRP (ICRP 1935) and e

N ‘;'ﬁ:')—) .



the IAEA (1989b). The UNSCEAR reoommcddaﬁons called for an annual effective dose equivalent not
to exceed 1 mSviyr for continuous (or frequent) exposure from man-made sources other than medical.

-'The DOE, in Order 5400.5 (DOE 1990), reduced ts radiation standards for the general public to
1 mSv average annual effective dose equivalent. The NRC has proposed similar limits and requirements in
- fts draft 10 CFR Pan 20, whercas the EPA is in the prooss of developing similar guidancc for all fedcral
agencies. ,

The next logical step fs to apportion pans of this pubdlic radiation standard 0 various categories of
radiation exposure (sources). To some extent, this has beea done on a de facto basis. For example, the
EPA in its uranium fuel cycle standard, 40 CFR 190 used a value of 0.25 mSv/yr This standard excludes
mining, transportation, and waste disposal. ,

We suggest that the EPA use a radiation standard based on an annual tad!alion dose in 40 CFR
191 and that a dose 0.1-0.3 mSv/T to the maximally exposed individual be considered. This represents.10-
30 percent of the 1 mSv/yr preseatly in use and proposed for the general public for all man-made radiation
exposure other than medical applications. Such a radiation standard is ri_sk'bascd, taken from a system
with which there is broad national and international experience, generally understood by members of the
public, defensible in the licensing process, consistent with international practioc, and fully protective of the
health and safety of the public. : /

Regardless of the EPA’s ultimate decision on revising 40 CFR 191, we believe that the NRC -
- should seriously reexamine, and perhaps revise, 10 CFR 60. The detailed criteria supporting the standard
should be directly related to meeting the standard. The regulations should be neither ambiguous nor -
should they act to direct or limit the design or technical approach used to meet the standards.
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8

OVERALL PERFORMANCE CRITERION FOR
;. GEOLOGIC WASTE DISPOSAL . -

i

‘8.1, mrnomzbn AND SUMMARY

In previous chapters we have described and evaluated the .state of
knowledge of the components ‘of the geologic waste-disposal system. In
Chapter 9 we present the calculated performance of the overall system of
these -components in terms of expected and possible long=-term releases of

- radionuclides in the ‘environment and radiation doses therefrom. To

-assess whether or not this predicted 1ong-term performance is adequate.

an cverall performance criterien is needed.

No overall performance: criterion fcr geologic waste ‘disposal has yet
been adopted by the federal agencies. The Environmental Protection
Agency (EPA) has been working for several years to develop suwch a
standard. The EPA staff has written several internal drafts and

. supporting technical reports, and a progosed standard has recently been

issued for public review. This begins the formal process for
promulgating an EPA regulation that would adopt some overall performance
criterion as its standard.- The Nuclear Regulatory Commission (NRC) has
issued both draft and proposed final regulations, which contain detailed
numerical criteria for ‘individual components and are 1ntended by NRC to
implement the proposed EPA standard., ‘'

' As is explained later, the panel ‘finds technical flaws in EPA's

~ derivation and justification of its proposed standard.. -In reviewing’

NRC's proposed regulations, we conclude that they are premature in that
they purport to implement an cverall EPA standard not yet issued and not
yet subjected to the review process wherein the bases and merits of the
standard can be fully examined. We also find flaws in NRC's technical
basis £or some of its numerical criteria. Similar reservations
concerning NRC's numerical criteria have been noted by the National
Research Council's Board on. Radiocactive wWaste Hanagement {(Wilson and
Krauskopf 19€1), Consequently, we are reluctant to adopt the EPA and

"NRC approaches for selecting an overall criterion for thia study. .

The Department of Energy (DOE) has not adopted, to our knowledge) an
interim overall criterion for evaluating waste-isolation performance,
although authors of studies by DOE contractors have assumed values of
the individual-dose rate as criteria for comparing with calculations of
doses from radionuclide ‘migration and release.

?
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Therefore, the panel found it necessary to adopt its own performan
criterion for the purpcses of this study. We conclude that the most
meaningful and useful form of the criterion is the annual or lifetime
radiation dose to an individual exposed at some future time to
radionuclides released to the environment from a geologic repository.
We have adopted as our criterion an annual radiation dose of 10° =4 gy
to an individual, averaged over his lifetime, calculated at all future
times. This dosae criterion is to apply to estimated average annual
doses resulting from events that have a high probability of eventually
occurring.

When the predicted radiation exposure is due to scme unexpected
ralease of radicactivity, i.e., a ralease probability of less than
unity, then the predicted dcse should be weighted by the probability
before comparing with this performance criterion. This is qualitatively
similar to the present NRC-EPA practice of allowing greater individual
radiation exposures for suitably improbable accidental releases of
radicactivity.

One reason for adopting the 1nd1vidual-dose critarion is that the
individual docsa from released radionuclides can be expressed as some
fraction of the radiation dose that each individual receives from
background radiation. Another reason i3 the considerable precedence for
individual-dose criteria in radiation safaety, as is reviewed in Section
8.2. In Section 8.3 we discuss why a criterion based on radiation
axposures as low as reasonably achievable is not meaningful at this
tima. In Section 8.4 we discuss the features of an alternate appzoaeh.
in terms of a criterion based upon population risk or collective

)

population dose. In Section 8.5 we review the EPA proposed - )

population-risk-based standard, and we discuss our reasons for not
adopting such a performance criterion or the activity release limits
derived therefrom. ‘ .

In Section 8.5 we review the numerical criteria proposed by the NRC
to implement the EPA's proposed standard, and we discuss the reasons for
not adopting the NRC staff's numerical criteria for the purpose of this
study. In Section 8.7 we discuss the compatibility of geologic.

isolation with the criterion of suitably low radiation dose to future
individuals.

8.2, PRECEDENTS FOR AN INDIVIDUAL-DOSE CRITERION
8.2.1. Considerations in Specifying an Individual-Dose Criterion
Two arguments for an individual-dose criterion are (1) individual dose
can be more meaningfully predicted than can a population dose and (2)

even if a population-dose criterion is adopted, an individual-dose

criterion would necesaarily also be included to pravent undue individual
exposure.

#] gievert (Sv) = 100 rem.

L
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A consideration‘in selecting a value for an individual-dose
_criterion for geologic disposal is that the value of the individual dose
be low enough that the number of individuals potentially exposed iS not
a major consideration. We examined several existing radiation standards
developed for p:oteotion of the punlic from radionuclides released to
the environment. Natural background radiation exposure was also ‘
considered in selectlng a value of the individual dose criterion.

8.2 2. Recommendations by the Inte:national
! cOmmisslon on Radlological Protection

The International Commission on Radiological Protection (ICRF) concludes
that a lifetime exposure to an individual member of the public of 10-3
Sv/yr corresponds to an acceptable level of risk, based on a total
stochastic risk factor of about 1,4 x 10~2/sv (International

Commission on Radiological Protection 1877y . The commission recommends
a limit of 5 x 1073 sv for the exposure to an individual in any one
year, and it concludes that this would result ir an average dose rate
equivalent of less than 5 x 10 -4 Sv/y: to members of the public.

These exposures are considered to 'be.in addition to exposure from
background radiation. :l : :

O

8.2.3., Pederal Radiation Council Guidance

In 1960 the U.S. Federal Radiation Council (FRC) issued guidance for
exposure to members of the public’ from federally sponsored or licensed
activities. The basic radiation protection guide (RPG) is A

S x 107 =3 Sv/yr to any individual (the maximally exposed 1ndlvidual).v
The FRC also stated that the average annual dose. to a particular exposed
_ group should not "exceed 1.7 x 107 =3 Sv/yr (U.S. Federal Radiation
Council 1960) . 'These RPGs are also implied as the basis for most of the
present limits in the U.S. NRC (1982a, Appendix B) regulation concerning
concentrations of radionuclides in effluents f:om 1icensed facilities.

%

L té.z;4._ The Envitonmental Protection Agency s
- . . Fuel Cycle Standard . -

The EPA publlshed an environmental ptotection standard fot the uranium
fuel cycle that contains a dose equivalent limit of 2.5 x 10~4 sv/yr

to any individual member of . the‘public (U.S. Environmental Protection .
Agency 1976b). This standatd has been incorporated by the NRC in its
regulations for nuclear- fuel- cycle licensees (U.S. Nuclear Regulatory
Commission 1982a). and-has been prOposed by the NRC for inclusion in its
rules on commercial low-level (U.S. Nuclear Regulatory Commission 19814d)

and high—level (U.S. Nuclear Regulatory Commission 1981lc) waste
disposal. In the EPA high-level waste standard, ‘it is proposed to

i
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include the dose limits for application to the above-qround
preemplacement operations of a high-level :epository (U.S. Environmental
Protection Agency 1382) .

. 8.2.5. Other Regulatory Standards

A number of other regqulations have adopted radiation dose or dose rate
to the individual as the radiation gafety criterion, with values varying
from below 10~4 Sv/yr up to- 5 x 10°° Sv/yr. Some of these

regulations were developed for situations wherein the radionuclides are
already present in the uncoatrolled environment. They include:

o 5 x 1073 sv/yr, uncontrolled releasae of biomedical wastes
containing tritium and carbon=14 (U.S. Nuclear Regulatory Commission
1981b)

o 10-% Sv/yr decommissioning of nuclear facilities (U. S. Nuclear
Regulatory Commission 198la)

o 2.5 x 107 -4 sSv/yzr, aquivalent whole-body dose to an adult f:om
public water supply fron :adium (U.S. Environmental Protection Agency
1976a)

o 4.3 x 10"4 Sv/yr, whole-body exposute for home construction on
phosphate lands (U.S. Environmental Protection Agency 1979)

o 9 x 104 Sv/yr, gamma dose from disposal of uranium wastes
(U.S. Nuclear Regulatory Commission 1981f) :

8.2.5. Natural Background Radiation

According to the National Council on Radiation Protection and
Measurements (NCRP), .whole-body irradiation from natural sources results
in dose rates to individuals in the United States varying from
0.7 x 1073 Sv/yr to about 2 x 107 -3 Sv/yr, depending on location
(National Council on Radiation Protection and Measurements 1975). This
includes penetrating radiation from cosmic rays, from naturally
occurring radicnuclides in the atmosphere and in the earth's crust and
from radionuclides in the human body. The average individual whole=body
dosa rate from these sources in the United States is about 10~3 sv/yr.
The variation of background radiation dose with location is due to
several factors. Cosmic radiation intensity increases with altitude;
the average whole-body dose ratae from cosmic rays at an elevaticn of 1
nmile (136 km) is approximately twice the sea-lavel dose rate of about
3 x 10™* sv/yr (Naticnal Council on Radiation Protection and ’
Measurements 1975). Variations in the concentration of naturally
occurring radionuclides in the earth's crust also affect the doses
received.., Regional whole-body dose equivalent rates from terrestrial
sources range from about 2.3 x 10 -4 Sv/yr in the Atlantic and Gulf
coastal plain to about 9 x 10-4 Sv/y: in the Colorado plateau. The
above-average dose rates in the Colorado plateau region of the United
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States are due to extensive depOSits of uranium (National Council on
Radiation Protection and Measurements 1975).

Internal doses vary considerably as a result of variations in

bradioactivity concentrations in drinking water and air due to. natural

terrestrial sources. In some cammunities. elevated levels of
radionuclides in the uranium-238 decay series (p:imatily radium-226 and
daughters) in domestic water supplies result in dose rates to organs
such as bone surfaces that are several times above the average U.S. bone
dose rate of about 1.2 x 1073 Sv/y; (National Council on Radiation
Protection and Measurements 1975) . Exposure to respiratory tissues, and
to a lesser extent to other internal organs, results from the inhalation
of naturally occurring radioactive ‘gases, p:imatily radon-222 produced
from the decay of radium-226. This is more of a problem inside
buildings constructed on soil or £i11 materials containing natural

‘uranium or thorium. The inhalation dose varies with several factors

such as building ventilation rates, and lung doses that are several
times the U.S. average -lung dose of about 2 x 107 -3 Sv/yr can occur
(National Council on Radiation Protection and Measurements 1975). The
organ doses given here have been adjusted upward by a factor of two to
account for the inc:ease in the quality factor for alpha radiation from
the value of 10 used in the 1975 NCRP report to the current recommended
value of 20,(Intetnetiona1 Commission on Radiological Protection 1977).

. 8.2.7." Use of Individual—nose C:iteria in Othe: Count:ies

It is evident from publicaticns and project reports that the lifetime
dose commitment to future individuals, or the average lifetime dose rate
to individuals, is being calculated in other countries to assess the
performance of geologic isolation systems (e.g., Wuschke et al. 1981).
Limits to individual dose have been adopted by the Swiss regulatory
authorities as safety protection goals (Nuclear Energy Agency 1980). In
a draft report by the International Atomic Energy Agency (1982) for
criteria for undetgtound disposal. the principal numerical radiological
protection criterion is specified in terms of the :adiation dose to
future individuals. : ,

i
i

a'z 8. Summa:y and Discusaion

The average lifetime dose rate to an individual of 10-4 SVIyr<se1ected
as the criterion for this study is about 10 percent of the average
annual effective whole—body dose equivalent from all sources of external
background radiation in the United States. It is also less than half of
the current average annual dose commitment from the ingestion of
naturally occurring radionuclides, There is some parallel to future
doses due to radionuclides released from a geologic repository, because
ingestion is predicted to be the most important potential mode of

. exposure. The individual-dose‘'criterion of 10™4 Sv/yr is well within

the range of variations in the natural background dose rate.
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.The panel wishes to make clear that the individual-dose criterion of

216

The dose standards and criteria now applied by EPA and NRC for
regulatory purposes suggest that a dose equivalent of 2.5 x 10~4 Sv/yr Y
to the average individual in a particular exposed populaticn group or to
the maximally exposed individual {s considered to be sufficient
protection for public health and safety. The panel has seen several
regulations or proposed regulations that use this value. We have also
seen a regulation that uses 107% Sv/yr and one that uses 0.5 x 10~%
Sv/Yr.

The values of 2.5 x 10~% Sv/yr are applied to radiocnuclides that
are, in many instances, identical with some of the more important
radiocnuclides of concern in a geologic repository for highe-level waste.
Examples are the application of 2.5 x 107 Sv/yr to ground dispesal of
low=level radicactive wastes (U.S. Nuclear Requlatory Commission 1981a)
and radium in drinking water (U.S. Environmental Protection Agency
1976a). Other examples are the 10~ Sv/yr limit for decommissioning
nuclear facilities, together with the bone-dose equivalent exposure
limits of 3 x 10™2 Sv/yr for uranium and transuranic wastes.

The ICRP has concluded that an annual whole-body equivalent dosae of
10-3 Sv/yt represents an acceptable level of risk such that no limit
naed bes placed on tha size of the exposed population (International
Comnmission on Radiological Protection 1977) . This is tenfold greater
than the value selected by the panel,

"Finally, saveral regqulations or guides use 5 x 10-3 Sv/yr as an
acceptable limit for exposure to individual members of the public.
including the proposed NRC rule on low-level waste disposal.

These observations suggest that the panel's individual-dose

criterion of 10~% sv/yr provides an adequate margin, of about two i
orders of magnitude, below a dose that could be teasonabla cause for -
concern. i

3.2.9. Application of the Panel's Performance Criterion

104 Sv/yr is not intended as an upper limit of radiation exposure.

It is simply a goal against which a particular :eposito:y system
performance can be compared. The dose valua of 10~4 Sv/yr is
sufficiently low so as to provide reasonabla assurance that no member of
the public will be exposed to a radiation risk greater than that
experienced and permitted from natural sources in day-to-day life,
Other, higher limits (International Commission on Radiological
Protection 1979) should be used to evaluate the upper levels of exposure
estimated f£rom the uncertainties inhaerent to the paramete:s used for
calculating system pe:formance.

8.3. AS LOW AS Rzasdmm.y ACHIEVABLE

The panel has- made no evaluation as to whether the individual dose rate
criterion of 104 sv/yr is as low as is reasonably achievable,
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referred to by the U. S. Nuclear Regulatory Commission (1982a) as ALARA
‘According to the Internaticnal Commission on Radiological Protection
(1973} , dete:mininq-whethez :adiation exposure from a proposed act;vlty
is as low as reasonably achievable requires. among other things, an
assessment of the costs of p:oteotive measures weighed -against the
expected benefits from the activity. Present data on the design, costs,
and expected performance for geologic waste disposal are not sufficient
for any meaningful analysis of the costs of incremental reductions in
radiation dose. Az will be seen in the ensuing discussion of this
chapter and ‘in Chapter 9, there are large uncettainties in estimating
the radiation dose, patticulatly if it is the population dose usually
considered in ALARA calculations, and there are: latge uncertainties in

' the technological performance of a geologic disposal system. It is not
possible to make any meaningful determination at this time of what
radiation doses and dose tates would be ‘as low as teasonably aohievable.

" B4, FEATURES oF INDIVIDUAL-RISK AND POPULATION—RISK CRITERIA N

A central issue is whether to select for the present study an overall
performance criterion based on the radiation dose, or risk to future
individuals, or on the integrated radiation dose, or risk to future
populations. There are important features to each. o

A population—tisk criterion, if implementable. could avoid _undue.
risk to a large number of people and over many generations. A given-
risk to an individual may be reascnable if it does not exceed scme .-
specified level of acceptable risk. - Radiation exposures that result in
risks not far below the specified acceptable limits for individuals may
be unacceptable if large numbers and many generations of people are
similarly exposed. Some geologic repositories for radioactive waste are
predicted to release small quantities of radionuclides over long periods
of time, and there are mechanisms by which this released radicactivity
can reach even distant populations. This argues for serious
‘consideration of a population-risk—based criterion £o: qeologic
i repositories.

- If such a popuiation-:isk limit could be meaningfully implemented,
it would be reasonable to accept an allowable dose to a few indiviguals
that is greater than the average li etime individual dose to the
population. However, a population—risk criterion alone, as is proposed
by EPA for geologic :eposito:ies. can allow intolerable risk to a few
individuals, as is shown in the ensuing analyses in this chapter and in
Chapter 9.

The p:actical diffe:ences between an individual-risk crite:ion and a
population-risk criterion can be illustrated for a geologic repository
for which the expected risk results from the long-term groundwater
transport of a small portion of the radiocactive inventory to the -
environment. Future humans can use that contaminated water for drinking
and for g:owing food. A futute maximally exposed individual is
conse:vatively assumed to be one who obtains his lifetime intake of
potable water from-this contaminated source and his lifetime intake of
food from edible species grown in. ot by this contaminated water. This

J
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lifetime radiation dose can be estimated from estimated concentrations )
of released radionuclides in water-and from food chain calculations. By
assuming that risk is proporticnal to accumulated dose, the calculated
individual dose i3 translated to an estimated risk to that individual.
This assumption is the linear hypothesis that has been adopted by the
Comnittee on the Biologtcal Effects of Ionizing Radiation. .

(BEIR) (National Research Council 1380) for estimating stochastic :isks
that might be associated with the lifetime exposure of a population of-
individuals to radiation at a dose equivalent rate of about 10~ -2 Sv/yr
or greater, provided the exposures are well below the range of acute
exposures where the effects become nonstochastic. Adoption of this-
linear hypothesis for all levels of lifetime exposure that could result
from a geologic repository is a fundamental assumption in EPA's proposed
standard (U.S. Environmental Protection Agency 1982),

There are many uncertainties in such a calculation of maximum
individual doge, including uncertainties in the prediction of wasta
dissolution and hydrogeologic transport. The dose calculation assumes
that future individuals will have dietary habits similar to those at
present. It assumes that they will dzink about the same amount of
water, will eat the same amount and kind of food, and will respond in
the same way to ingested radicnuclides. It assumes that agricultural
practices and uptake of radicnuclides in food chains will be the same as
at present. The result of a criterion based on individual dose is to
limit the maximum concentration of individual radionuclides in water
contaminated by future radioactive releases from a repository. This
maximum concentration can be controlled by choosing radiocactive wasta -
material with suitably small rates of dissolution, by selecting ‘ )
repository sites with suitably long travel times for contaminated -
groundwater to reach the environment, and by selecting repository sites
with natural processes that dilute the concent:ation of released
radionuclides.

‘ Once a population-risk criterion has been specified. to deternine
compliance, such as. the maximum number of health effects from the entire
exposed population over some specified number of generations, it will be
necessary, in principle, to integrate the individual radiation exposures
and risks therefrom over extremely large numbers of people and over many
genarations. Some of these individuals may be the maximally exposed
individuals described above who live in the vicinity of the repcsitory

~sitey others will 1live elsewhere but will consume some of the food

products grown from the contaminated g:cundwatez. A large number of
these individuals will receive extremely small radiation doses,

To estimate each individual risk, it i3 necessary to know the
relation between individual dose and risk for individual doses ranging
fzrom the minuscule to the maximum described above. No proved or
recommended relation exists over this dose range (cf. Section 8.5.7).
However, if one assumes, as does EPA, that the- linear hypothesis is
valid for all values of the incremental collective (i.e., accumulated)
dosae to the many different exposed individuals, then the estimate of
population risk translates to an estimate of the total radiation dose
sunmed over all of tha exposed people for many generations.

may)
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A meanzngful escimate of the' total intetgene:ational population dose
requires detailed estimates of the time-dependent number of individuais
‘'who may be living in the vicinity of the repository site and the extent
to which their water and food are derived from the contaminated water,
and it requires estimates of the extent to which this contaminated water
is used to grow food for shipment to other parts of the world. It
requires estimates of the time-dependent numbers, geographical
distribution, and eating habits of the future populations who may eat
food grown by the contaminated water. Clearly, the direct estimate of
population dose and risk involves far more uncertainties than does the
estimate of the dose and rigk to the maximally exposed individual.

- If the population-risk- criterion is translated by the regulator into
a limit on the amount of radionuclides released from a repository, as
has been attempted by EPA (1982), then the derived release limit is
subject to all of the uncertainties described above for determining
compliance with a population limit, and the uncertainties are compounded
by the need to assume how radiocactivity released from presently
unspecified repository sites will result in radiation doses to future
humans. These preoblems inherent in EPA's derivation of release limits
to achieve a specified population-dose criterion are discussed in
Section 8.5.

The implementation of a pcpulation-risk criterion, or of a
release-limit criterion derived therefrom, could result in a different
dependency of risk on the concentration of radiocnuclides in the
contaminated water. For example. if 2 low radicnuclide concentration
results because of dilution in water at the repository site, the dose to
the maximally exposed individual is reduced, but there may be a larger
number of future individuals who use the contaminated water. If it can
be assumed that, within a given generation, the number of people using
the contaminated water or inqesting food grown from the contaminated
water is proportional to the volume or flow rate of the contaminated
water, then a population—dose limit for that generation would result in
a limit on the amount of :adionuclides released to the envitonment
“during a human lifetime. "It would not limit the’ concentration of these
tadionuclides in contaminated water.

1f an intethnerational pcpulation—dose or risk criterion is to be
applied, and if parameters assumed above to be ‘constant over a human
lifetime are now assumed to be constant over the many tens and hundreds

and thousands of years found to be important in estimating individual
~ doses, then again-a population-dose limit would not limit the
concentration of radioénuclides: in contaminated water but would limit the
total amount teleased over the long time period of many gene:ations.

' Applicacion of a population-dose criterion can result in views as to
the adequacy of a :epository site that can be quite different from those
resulting from an individualsdose criterion. Large differences in
estimated doses to maximally exposed individuals for different
repository sites are shown in Sections 9.7 and 9,10, where the different
individual doses result mainly from differences in water flow rates.

The contrast between different sites is less apparent if a
population-dose criterion is applied, without considering doses to
individuals.

.. ?1~7
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In principle, dosa criteria that specify both the dose to the )
maximally exposed individual and the intargenerational ‘dose to future
populations should be considered. However, the latter should be adopted
as a numerical criterion only if it can be reasonably implemented
without rzequiring the accumulation of unrealistic assumptions that would
undermine its validity. If this proves to be imposaible, a
semiquantitative or qualitative criterion may still serve the purpose of
limiting the integrated risk over many generations to a tolerable
lavel, This would help emphasize that compliance with an
individual=risk criterion should be achiaved to a maximum :eascnable
extent by containment and decay within the geologic disposal system,

In past regulatory practice (e.g., 10 CPR 20, Sect. 106(a)), it has
frequently been assumed that the choice of a suitably conservative
individual-dose criterion, such as that adopted in this study, would
result in acceptably low population doses. The same principle may apply

to geologic repositories, although this assumpt:ion would require scme
detailed study.

8.5. THE EPA PROPOSED STANDARD

8.5.1. Introduction

_ The proposed EPA standard has undergone an avolutionary process. Draft

number 12 was provided to the panel in September 1980.. Meetings and
extensive written communications have been held with members of the EPA.

staff to discuss their technical work that forms the basis of the )
proposed standard. Several drafts have been provided to the panel
during the course of the study, and the proposed standard was released
for public comment in late 1982 (U.S. Environmental Protection Agency
1982). Our technical evaluation is based on these drafts, on
discussions and communications with the EPA statf, and on EPA draft
technical reports (C. B. Smith et al. 1981, J. M. Smith et al. 1981)
provided to the panel for the purpcse of this review., Additicnal draft
reports by the EPA staff are understood to be pertinent to this review,
but they wera not provided during the panel study.  These include an
individual-dose assessment report, an environmental impact statement,
and other identified reports (D. J. Egan, Environmental Protection.
Agency, personal communication to T. H. Pigford, 1981). The review-
summarized herein is based in part on a more detailed technical analysis
by Pigford and Mana (1982) carried out to support the panel's study.

A fundamental premise of the proposed EPA standard is that there
should be no more than 1,000 fatalities ("health effects®) in the next
10,000 years resulting from radioactive releases from a full-scale
geologic repository, i.e., a repository containing the radioactive
inventory from 100,000 Mg of uranium fuel from light-water reactors.
EPA proposes to achieve that objective by prescribing quantitative
limits on the amounts of radicactivity from various radionuclides that

could ba released to the 'accessible environment® over a period of
10,000 years.

:; ﬁ;AﬁajkL . i
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penetrate the backfill’ material that might surround the waste. One
quoted study calculates dissolution rates averaged over several thousand
years, including the time during which no radionuclides have penetrated
the backfill. If NRC intends that its release rate criterion be
anything other than a performance standard that must be met at every
instant, it should so state. TO &#ssess the ability of a backfill
pmaterial to help attain NRC'S required release - rate, the rate of release

. of long-lived radionuclides from the waste package during the eventual
- steady state diffusion through the backfill should be considered, i.e.,

during the time when backfill sorption has little effect on the release
rate.

wWe do not consider the NEC staff's review of the waste-form
technology and its expected and possible performance in a repository to
be adequate to support their’ propesed release rate criterion. ‘The NRC
evaluation is not based on a predictive technique with a clear or valid
technical basis. To verify that waste packages comply with such
performance criteria in the long-term future, a proven and reliable
predictive technique must be available. Such verification has not been
addressed in the proposed rule, and the predictive techniques used by
NRC do not seen capable of verification.

8,6, 16. Summary

‘The NRc's numerical criteria for 1,000-year containment and an

across-the-board’ fractional release rate of 10° /yr from the waste
package after 1,000 years are of guestionable importance to long-term
safety and are proposed without a technically valid basis and with

. invalid assumptions of existing technology If such numerical criteria

were adopted, compliance could probably not be verified. It would be
more appropriate for NRC to state the considerations that may help guide
DOE in its development and proof of the waste package as one of the
possible barriers that may aid in meeting a reascnable overall safety
criterion. One of the important considerations is for DOE to continue
work on developing a means of predicting the long-term performance of
waste packages.

“NRC has not yet addressed the question of how either its numerical
criteria or the EPA release limits can "support a finding of no
unreasonable £isk to the health and safety of the public,”™ the objective
stated in NRC's first release of the proposed rule.

Because of the foregoing, we do not adopt the Nnc’technical criteria.

as indicators of satisfactory performance of the waste-isolation
technology. Instead, we adopt the overall performance criterion in
terms of average annual radiation dose to an individual, and in Chapter
9 we evaluate the expected and possible performance of the
waste—isolation eystem ‘in terms o£ meeting this overall criterion.
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3.7. 1S GEOLOGIC ISOLATION INCOMPATIBLE WITH AN
INDIVIDUAL~DOSE CRITERION?

It has been suggested that adopting an individual-dose criterion for
geologic waste isolation can lead to approaches for protecting future
individuals from released radioactivity that may be incompatible with
achiaving waste isolation (M. J. Bell, Nuclear Reqgulatory Commission,
personal communication to T. H. Pigford, 1982). As an examples, the
magnitude of individual dose from ingestion depends on the concentration
of radionuclides in water, 30 ona way of reducing individual doses is to
dilute released radionuclides with large quantities of water. B3y
contrast, a stated goal of geologic isolation is to prevent
radionuclides from reaching the environment, so that techniques of
diluticn are unnecessary. The problem occurs because there is no
complete isolation of all radionuclides in geologic systems. Geologic
repoasitories in natural salt come the closest because there {3 no
flowing groundwater in salt to carry radionuclides to the environment.
Isolation in natural salt would seem to be complete but for the possible
intrusion into the salt repcsitory by people or by a major natural
diversion of flowing water, however improbable it may be. Therefore, we
must deal with the reality of incomplete isolation, and the public must
be protected from those radionuclides that eventually do reach the
snvironment. '

We have already pointed out in Section 8.4 that although limiting
the total releases of radioactivity to the environment, as in the EPA
and NRC proposals, might seem the most direct and practical approach
toward achieving isolation, the proposed standard with its 10,000-year
releasa limits does little toward limiting the releases that will later

occur, Further, our calculations summarized in Chapter 9 show that even "

though the EPA 10,000-year release limits are achieved by the WRC:
numerical criteria, the radionuclides released to the groundwater that
EPA and NRC intend to protect are likely to reach concentrations far
greater than would be allowed in potable water. We show that
radionuclides released to surface waters can be easily diluted by
rapidly flowing rivers to concentrations far below the levels that would
result even in the low individual-dose criterion of 10-4 sSv/yr adopted
for this study. We also show that for surface water flowing at a
relatively low rate, the released radionuclides may not be diluted
anough to result in sufficiently low zadiation doses to individuals.
Although these individual doses are ignored in the proposals by EPA and
NRC, protecting the health and safety of future individuals is not to be
ignored.

what this means is that geologic isolation is a worthwhile
objective, but it should not become a slogan that obscures the fact that
aven though most of the radionuclides will ba successfully isolated long
enough to disappear by decay, some will be released. Protection of
individuals and populations from those released radionuclides is a
realistic, legitimate, and nontrivial issue. If hazards to individuals

,
.
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from released tadionuclides can be reduced by taking advantage of

- dilution, as by rapidly flowing rivers, then repository sites that need
and have that capability for dilution should be qiven_full credit.
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Drinking Water Standards Division.

* Office of Ground Weter and Drinking

Water (WH-550D). Environmental
Protection Agency, 401 M Street, SW.,

"~ Washington, DC 20460. A copy of all
- public comments and supporting :
documents for this proposed regulation

will be available for review at EPA,

Ground Water and Drinking Weter

Docket, 401 M Street, SW., Wuhington.
DC 20480. For access to the docket -

materials, call 202-382-3027 between @ _ A
.. Abbreviations Used in This Notice

a.m. and 3:30 p.m. Commenters are
requested to submit one original and
three copies of their written comments.
Commenters who wish to receive
acknowledgement of receipt of their

‘comments should include a self

addressed stamped envelope. All
comments must be post marked or

- - delivered by hand by October 16, 1991.

No facsimiles (faxés) will be accepted,
es EPA is not equipped to receive the

. {202) 382-7575. Unregistered speakers

will be heard after all registered

-speakers have made their statements..

FOR FURTHER INFORMATION CONTACT:

. The Safe Drinking Water Hotline,
“telephone (800) 4264791, or Gregory

Helms, Drinking Water Standards
Division, Office of Ground Water and

‘Drinking Water (WH-550D), -

Environmental Protection Agency, 401 M
Street, SW., Washington, DC 20460,
telephone (202) 382-7575.

BAT: Best Available Technology

- BEIR: Committee on the Biological

Effects of lonizing Radiation
CWS: Community Water System
EMSL: EPA Environmental Monitoring
_ eand Support Laboratory [Cincinnati
- "orLas Vegas) :

- ede: effective dose equivalent -

GAC: Granular Activated Carbon

Federal Registar / Vol 56, No. 138 / Thursday, July 18, 1981 / Proposed Rules-
© ENVIRONMENTAL PROTECTION large volume of comments expectedto -  ICRP: International Commission on
AGENCY arrive near the close of the comment . . .  Radiation Protection
od, and cannot assure that faxes will MCL: Maximum Contaminant Level
40 CFR Parts 141. 142 ‘ up%mddo to the docket.dhﬁﬁ Mm.goalilmmum Contaminant Level
: . ' s cuments cite
(WH-FRL 3958-4)  reference section of the proposed rule ~ MDL: Method Detection Limit -
' RIN 2040-AAS4 , - will be available for inspection at the Mr/br: milliroentgen per hour
: o »  Drinking Water Supply Branches in mgd: Million Ga!lonsIDay -

- National Primary Drinking Water EPA’s Regional Offices listed below: mrem/yr: millirem/year -
-Reguiations; Radionuciides 1. JFK Federa! Bldg. (One Congress Street,. ~ NIPDWR: Nau"‘o,nal Interim Primary

: o . 11th ficcr), Boston, MA 02203, Phnnc (617} Drinking Water tion
AQENCY: Environmental Protection $85-3610, jerome Healey NPDWR: National Regulam
Agency. . IL 28 Federal Plars, Room 624, New York. NY . Water Rma'o’nm‘

ACTION: Notice of proposed m!emakmg 10278, 20::3' (212) 284-1800. Wdu: ' NTNC: Non-transient. non‘eommnmtv
SUMMARY: In this action ung:;z t!:le Safe W 12:;7 Chémutéges’.m thdal&u:. l:gs oCl I:;m ter ;
Drinking Water Act (as ami in , Phone: -8873, .

- 1888), the Environmental Protection Ni’hm Cozi-lhnd Street, &tlanu.mm g% gi;tt-:ff-gnu-gr ‘rechn;:!osics
Agency (EPA) i proposing Maximum * SR ISR VAR LR, Py ot i) Quanittation Level
Contaminant Level Goals (MCLGs) and “Phone: (312) 353-2850, Ed Watters " PTA: Packed Tower Aera%‘;m e B
National Primary Drinking Water VL 1445 Ross Avenue, Dallas, TX 75202, " PWS: Public Water System
Regulations for the following . - Phone: (214) 6557155, Thomas Love Ra-226: Radium-226 v

. radionuclides: radon-222, radium-226, VIL 728 Minnesota Avenue, Kansas City, KS Ra um-
radium-228, uranium, alpha emitters, 85101, Phone: (913) 236-2515. Ralph Ra-228: Radium-225 |
and beta particle and photon emitters. - . Langemeir RIA: Regulatory lmpact Analm
These radionuciides are classified as VILL One Denver Place. 9099 16th s"“l Rn-222: Radon-222, or radon
to EPA's classification scheme: also, (303] 293-1424, Patrick Crotty , “Act”, as amended in 1586

. : [X. 78 Hawtharne Street, San Francisco. CA SMR: Standard Mortality Ratio
uranium {s toxic o the kidneys. This 94105, Phone: (415) 974-8073. Bruce Macler

. notice proposes MCLGs. Maxinmm X. 1200 Sixth Avenue, Seattle, WA 88101, WLM: Working Level Month
Contamnanm‘ td laevgiis m%lrak g:omtoﬁns. - Phone: (206) 442-1225, Jan Hastings Table of Contents .
reporting, and public notification hearings will be held in the cmary NPRM

- requirements for these radionuclides. foup:al::g hcaﬁ;m be g ks&mu:ﬁ'l‘oday’l :
OATES: Written comments shouldbe - . shington DC—Cry -~ A, Statutory Autharity and Requirements |
submitted by October 16. 1991. A public w:lotel. uunleﬁerao;tglaﬁl;yﬂm‘:: ~ 1.MCLGs, Mcls and BAT - :
hearing will be held on September €, Aclington, VA "'+ 2 Variances and Exemptions
1991 in Washington, DC beginning at8 . Chicago, Mlingis—}.C. KI i 3. Primacy c“m!' and
a.m. A second public meeting willbe - “p L0y b s ey Dufyrb?m Stweet, neem&im:e’”p&f“u v
held on September 12, 1691 kn Chicago, 1;;“ earoom Public Notficati

oor, Chicago, IL = 8. ¢ Notification -
Hlinois at @ a.m. Washington hearing B. Applicability °
speakers should register by August 23, - Members of the public who plan to C.Regulatory Background
Chicago hearing speakers should . make a statement at either public D. Comments by the Science Advisory
register by August 30. o hea.r!ngt lgpoxlmngsc;&ar‘l;:ﬁ g;ig t: Board c:& the Public en the ANPRM
Yy i | . 1'2818 er, I € 1. SAB ent .
(A:g::::::t? cf:&d_‘ggg:‘?ﬁ:?m to ‘SW., Washington, DC 20460, telephone = 4. General comments and generic lssues

8.1 General comments and generic issues.

b. Responses to the five specific questions

¢. Comments on important issues in the
criteria documents

2 Public Comment on the ANPRM

E. Other EPA Radon a.nd Radiation

Programs
F.Basics of Rndxauon

M. Occurrence and Exposure

A. Radium-228

B. Radium-228

C. Radon

1. Occurrence

2. Assessing individual radon exposure
from inhalation end lnguuou

D. Uranium :

E. Bets and Photon-Emitﬂns Radionuclides

. F. Alpba-Emitting Radionuclides
IV. Proposed MCLGs for Radionuclides

A Setting MCLGs

B. Estimating Health Risks for
Radionuclides

C. Adverse Health Effects of the
Radionuclides

1. Radium-228 and Redium-223

2 Radon
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. & Asration- .
b Secondary Effects of Asration: Pstimate.
of Riske from PTA Emissicns of Radon

G Crazular Activated Carbon
Uraniom

3
a. Coagulation/Filtration
b, Ion Exchange |

- alims

Softsning
d. Reverse Osmosts ,
4, Bata and Photos Bmitters
5. Alpha Emitting Radloauclides
C. Wasts Treatment and Disposal
D. Analytie Mesthods .

2 .
3, Unrezscaabls Risks to Health (URTH)
VL Publie Notice Requirements.
VIL Economis {mpacts and Benefits

A. Regulatary Flexibility Analysis

B. Paperwork Rednction Act

Emitters . .

Appendix C—Alpha Emitters
L Summary of Today’s NPRM"
Applicability

Tha regulations proposed in this
- .otice would a to all community -
public water «The .
regulations would not apply to private
water supplies {Le., systems serving
fewer than 23 persons). :

Proposed MCLGs and MCZ{.-A
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2 Radun-228..

MCL
20 0L
20 pcL
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Beta and photon emitters: lon exchangs,
£everse osmosis
Alpha emitters: Reverse osmosis

Proposed BAT Undler Section 1413 of the
SDWA. . :

The same as BAT under Section 1412,
Coagulation and %lx:ni.t};xrn and lims
softening are not ' for smail systems. -
* ot? ;ﬁoﬂng vnrlnnwz%.:c?’f
purposs uss
they are not technologically fsasible for
small systama.

Proposed Compliance Monitoring

() The proposed initial monitoring
requ’k;mentl for radon are: 4

{1) For ground water systems an:
mixed ground and mrfa'c?water ‘
systems, four consecutive quarterly
samples for ons year, and then annnal
samples for the remainder of the first

. three year compliance period. States

could grant monitoring waivers to -
systems that demonstrate compliance
with the MCL reliably and consistently
in tha initial complianca period,
allowing systems to collect only ons

m;hudhm, it alpha is
8 anuary 1996 if gross

less than the MCLs for radium-228,
cranium, and adjusted gross alpha,
screening would ba reduced to-

. Labaratories

- mazitoring once per thres year..
compliance peri

pQ/L . - B
{2) U gross aipha exceeds the radlum-
zzummmmadmm?umdyhn
MCLa, specific analysis foe uraniom
and/or radium-228 must be conducted. If
tha contaminant-specific analyses show
thalﬂxamdinm-mwmmmt
was exceeded, quarterly monitoriog for
that contaminant is required. If neither

" MEL1s exceeded, monitoring for- -
' radium-228 and uranivm (or gross alpha

bo reduoed 13 ono sammple overy Syenr
8 toone every 3-year
compliance pericd after 3 annual
samples, Sampling may be reduced to
one sampla every 9-year compliance
cycle if the stata finds; through a
monitoring waiver, that the system
mesty the MCL reliablyand-
consistently, -

.~ (3§ that violate the MCL
. i .
"until foor consecntive quarterly sanwples

N ,mthaMCle.d toring
(c proposed mond
r:aﬂmbbrmdim-mmu
innlys mmn&&nﬁ

s .
radium-223 MCL i3 exceeded, quarterly
monitoring would be I the
system is consistently below the MCL,
‘then the annmel period may be reduced
mmumpleperﬂnu;:ueomplim
pericd. Monitoring may be further
reduced to once avery 9-year -
complianca cycle by the issuance of a
monitoring waiver if the state finds that
the system meets the MCL reliably and

. consistently. A gross beta test may be

used as a screen for radium 223,

;am‘glo per thres year compliance period -~ Systems that violats the MCL would be
or .

@ remainder of the nins year- tequired to monitor quasterly until four
compllance cycle. Systems: solely- consecutive quarterly samples is below
on surfacs wates ars not required to the MCL. v
monitor f?: t:-ladan. 2:;8;» radonis a (d) Gross beta monitoring. ttznly
highly volatils zas not expected 8 es deemed vulnerable
_ to be found in surface water. contamination would be to
Laboratories would be expected to monitor for beta and photon emitters.
accurataly measure radon down to Vulnerable systems would be
lavels of 300 pCi/l at the tims of - to measurs gross beta quarterly and
sampling, ... . trittum and strontium annoally. The - =~ |

(2) Systems that violats the MCL presumptive screen for compliance v )
would be required to monitor quarterdly  tha MCL would be 50 pCi/L Becauss L
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B aotation-
L= - 1/1,000 10"° One partpar .

. thousend.
MICTO=Greek m ¥ 171,000,000 10°¢  One part par mifion.
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rad deposited in tissus by alpha particles o - ‘ v o
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damage 1 rad of ganuma ray B0 ceand | €057 —lesE4R $0-100 106453
compensate for this difference in damage co-58 159403 £D-101 134E+0¢
subsequent effect, & new unit was created— CO-58M CASE+04 PO-103 SO4E4+02
the rem. This {s called the dose equivalent. " CO-00 J21eE402 " PO-107 J 368E4+04

~ The absorbed dose is mewsured inradsand | wi-69. L.70E 404 PO-109 21ZE403

‘the dose equivalent {s measured in rems. “NI-83 SIE+0D AG~105 1 270E+03

The rad and rem are related by & quality Ni-685 A81E403 AG-108 626E+405

- factor a !‘oum CcU-84 1L.YEH+O04 AG-108M. T23E4+02
Number of rems mQ times the pumber of rads INL5 -] $.06E4-02 AG-109M. 187E+07

“Whers Q i th factar which has - IN-58. utim AG~110 1.84E 408

Q is the quality : oM

IN-89M 42E 403 AG-11 B1ZE402

been assigned the following valus: GA-87 1025403  AG-111 1.00E 403
Q=1 for beta particles and all GA-T2 119E+ Q3 ' CO-109 2ZTE42
slectromagnetic radiations (gammarays | GE-7Y €36E405 “CO-115 9.58E+02

and x-rays) . “AS-T3 TB5E4+03 “CO=115M 2.30E+02
Q=10 for peutrons from lponunem ﬁulon AS-74 tA1E403 IN-113M S24E4+04
and for protons ; g;; 1.D8E 403 lN-t':" l.nezg

- 20 ha de. on 4NE+Q IN-11 423
O e P = e | ene Jizeee

+Q 11 +

The quality f“""""”m‘” BB-82 &36E 405 'EN-113 1vr4E+
spproximately account for the relative barm AB-26 4B5E402 SN-121 06E4+03
caused by verious types of radiation. The .RB-67 SOIE4+ 2 SN-121M 298E403
International System (ST) unit RB-88 201E+ 04 ‘EN-125 SABE402
to the rem is the Sievert (87). Oce Smm RB-80 S2TE4+04 EN-128 200E402
equah 300 rem. SR-82 2A1E+02 §B-122 810E4-02

. SR-85 283E403 §8-124 gﬁeﬁtg
APPENDIX B—BETA PARTICLE mo Msn amelex -Si}z‘% S.ME+C2
PHOTON EMITTERS - SR-00 420E+01 $B-126M 885E 404
. SR-01 ziéws :&ag uastg

- SR-92 S.106403 1 .00
Nuctide CrpQitwn | yv.g0 E90E 402 TE-125M... 1.49E4.03
, Y01 S.78E4.02 TE-127 785264+03
H-3 6.00E 404 Y-01M 1.32E4.08 TE-127M A83E+02
8E-7 : 435E404 - v-62 287E403 TE-129.— 2125404
N-13 1526405 Y63 1.20E4.03 TE-120M 624E4-02
C-11 9.82E 404 ZR-03 S.00E4+C TE-121 268E4-04
C-14 3.20E403 ZR-95. 1.46€ +C3 TE-131M. S.71E+02
C-15 689€406 | ZR-G7.- 6.50E 402 TE-132 i 6.80€4-02
O-18 485E 4058 NB-G3M . 1.05E+04 122 201E+CS
F-18 3.95€404 NB-84 TOTE+02 122 1.07E+04
NA-22 4.88E 402 NB-8S 215E+03 125 1.81E4-02
§A-24 2356403 NB-O5M 2NEL0I 128 S.10E 401
$-31 102E 404 NB-07 295E 404 129 2106401
P-32 S41E 402 NB-97M 137E+08 =130 1.19£4+03
P23 1.87E+03 MO-09. 1483403 =131 1.08E 402
§-35 1.29E+04 TC-05. GO7E404 132 &15E403
CL-38 185E4+03 TC-05M. 3.12E403 =133 S4SE+Q2
CL-38 2128404 TC-96 205E4 02 =134 2UEHO4
K42 3.90E4-03 TC-06M 1.78E4+03 =135 ZUE+
CA-4S : LTESHQ TC-87 S25E4+04 CS-131 222E404
CA-47 SABE4+02 TC-o7M SASE4+00 CS-134 S13E4+01
5C48, L8E+02 TC-00. ATE4+02 €S-134M 1.01E405
SC47. 244E403 TC-09M. 8.96E 404 €S-135 TH4E402
8C-43 T.88E 402 RU-97 796E+03 CS-138 S18E402
V48 €44E402 RU-103 1.81E4+03 CS-137 1L18E4-02
CR-51 S00E404 AU-108 49%E403 €S-138 256E4-04
MN-E2._ 730E+02 .| RU-108 203E402 BA-131 2835E403
MN-64 201E403 : | RH-103M 4&TIE4 05 6A-133 1.82E403
MN-58 . B64E+03 | RH-108 1726403 BA-133M 282E403
RH-105M BA-137M .. 215E408
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APPENDIX B—BETA PARTICLE ANO-

- —— ' |

PHOTON EMITTERS=—Continued PHOTON EMITTERS—Continued
Nucicse On (pCU/iten Nuckde Ch (pCu/iter
BA=132 1388404 RA-228 9.14E+00
BA=140 5828402 AA-228 7.85E4-00
LA=140 8.52E+02 AC-227 1.27E+-00
CE-141 1.50824.03 AC-228 3278403
CE-143 121E4+03 JTH-231 407E+03
CE-144 201E402 TH-234. 4018402
PR-142 104E+C3 PA-233. 1.51E+03
PR-143 1176403 PA-234 2558403
PR-144 4708404 PA-234M 9.308+-03
PR-144M 1128409 u-237 1.78E+0)
NO-147 1258403 U-240 1.5484-03
ND-149 LITE404 NR-236 8968403
8 NP-239 1.63E+03
PMa=t S.0sE+02
PM=148M 3758402 NP-240 z:;::-ma
PM-149 1388403 Ay b 301
SH-151 1416408 +
PU-243 1.84E4-04
- SM-153 1.538+03 AM-2420 127400
EU-152 i;;g-o-gg
EU=-154 +
Ch=Concentrstion v waier u 4 n'nm adely,
EU-158 3598409
EU-158 8008402 sssuming 2 liters dadly intaka.’
GD-153 4686403
Go-159 2768409 " APPENDIX C—ALPHA EMITTERS
Ta.158, 1256403
T8-160. A15E402 NUCUDE | Cv(pCv/Eeny | O (pCUTHen
ovY-168 1516404 :
OY-168 8.308 +02 &
bigid SaEres g'a_n.t 7 | 1.0684.02 |.o4§+oz
210 | 194840 1.01E403
ER-1689 3.848+03 Bl211 | 2058405 1.58E+-03
ER=-171 3808403 PO-210 | 1.408 401 7486400
TM=170 1.03E+03 PO12 ] 115E 414 A.78E+13
yg_—:g’i :ﬁzg P0-213. | 8.03E+12 a&guz
PO-214 e 243 411 1888411
Y8-173 L1E+03 PO-215emccccd RATEH0D 8848409
ITRY ) 2552403 PO-218 ] 7388407 3.308+07
HF-181 1ITE+03 PO-218.ceen| 9508 404 8918404
TA-182 8428402 AT-217 | S74E408 4278408
W-18Y 1.508+04 FR=22Y ] 4508404 2268404
w-185 344E+0 AA-22) ] 3218400 241E4.01
W-187 2688403 RA-224 | 5488401 408840t
RE-133 3408400 RA-228 e} 207E 401 1578401
RE-158 1 18884+ 00 | 1.858403 1138402
RE-187 8828403 TH-227 ) 8828402 4038402
RE-188 1.79€+ 03 TH-220 | 1538402 1258402
08-158 2468+03 TH29 ] 3158401 4.83E+01
03-191 238E4+03 TH-280 ] BZTE 4OV 7.928401
CS-1910 1.438+04 TH-232 1 2188401 8.80€ 401
0S-193 1808403 PA23Y o] 1.02E 400 1028401
3-190. 1.016+03 U232 e 1028401 5.72E+00
=192 9.57E+02 o = J—- 1. ¥4 | 1.38E401
1A-154 1.04E403 U-234 | 2506 +01 1.39E+01
P19t 3818403 U=238 g 2858401 1.45E+01
PT-193 401E4+04 U200 e d 2.74!+g‘1 :::E#-g:
PT-193M, 3.028 U-238 | 2628+ 4B+
it Yobes | WI__17108400 |7oeas00
PT-197M 1.75E 404 PU-26 ] AITE 401 3J23E+00
AU-194 2682403 U-238, 2.15E4+00 7.0284+00
HG-197 3768403 (PU-240. | G40E 401 8228401
30203 2398403 . U242 | 838401 A34E+0t
.-202 A84E+03 PU-244 | 7.028400 8878400
TL.204 1688400 AN24Y ] 8458400 634E4+00
TL-207 4008 +08 AR242 18068403 3348403
- ANR2AD ] B4A0E4+00 Q7E+00
208 283E+08
TL200 2583408 CN-242 e L1458 402 1LRE+02
PB-203 5062403 o] 8ATE 400 8308400
PB-209 2538408 CM-244 e ] 1.008 404 D.8484-00
PB-210 YD1E.+00 CM248 ] 8352400 8238400
P-211 1268404 CM-248 e ] 8382400 8378400
PB.212 1238402 CMe2UT ] B0 400 0.7084.00
S Bl20? 1.01E+03
81212 wﬁ:“ Cmw= n water kor kfetime mortality
81-213 1508404 | "G cuuion 1n water tor Hetime incidence
Bl-214 1.808 404 riskm 93¢ 10°4
3418403

"30

Sothy assume 2 Ners dally intake of water.

unotSublommwmmxumt

112

Cheminb. Reporting and reeord
keepxng requifements, Water supply.
Administrative practics ancl procedure.

Dated: June 17, 1991.
Willlam K. Reilly,

Administrator, Eavironmental Protection

Agency.

For the reasons set forth in the
preamble, titla 40 of the Cods of Federal
Regulations is proposed to be amended

as follows:

PART 141—NA110NAI. PRIIARV
DRINKING WATER REGUI.AT!ONS

1.Ths authority citation for part 141
followss

continues to read as

Amuummmg-nm
300g-3, 30034, 300g-3, 300g-8, 30044 and

2, Section 141.2 is amended by adding.
in alphabetical order, a definition for
“adjusted gross alpha” as follows:

§ 1412 Definitions

* * * [ ]

.

Adjusted gross alpha: Adjusted gross
alpha is defined as the result of a gross
alpha measurement, less radium-228 and
less uranium. Radon is not !ndnded n -

adjusted gross a!nha.

*

3, Section 141.15 is amended by
revising the introductory text to read as

follows:

$ 14115 Maximum contaminant levels for
radium=228, radium-228, and gross aliphs
systema, e :

Ths following are the maximum
contaminant levels for radium-2286,
radium-228, and gross alpha particle
radioactivity, which shall remain
effective until {insert dats 18 months
after publication of the final ruls in the

Federal Rosiltar].

[ ] .o L]

4. Section 141.16 Is propoued to be
amended by sdding introductory text to

read as follows:

§ 141.18 Maximum contaminant levels for
beta particie and photon radicectivity from
man-made

radionuciides in

water systems. -

cOmmnity--

The following maximum contaminant
levels shall remain effective until [insert
dats 18 months after publication of the
final rule in the Federal Register):

8. Section 141.25 is amended by
revising the section to read as follows:

b

.
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" PROPOSED METHODOLOGY FOR ‘RADIONUCUDE CONTAMINAN‘T S

Reterence (method or page aumber)
EPA EPAS | EPA® | EPAS Sms ASTM ¢ UsGs* DOE* Other
Gross giphs and | Evaporation: ....... 900.0 | PB. 13y 00-01 ] . 1 e} 7110 Bioeeee] O 1943-81 ... A-1120-76
Radium 226 ...} Radon m’ , 9031 | pp. 16-23..— Ra-03 . p. 19 ... 7500-Ra B....] D 345486 oo R-1141-76 Ny
Radum 228 ......] Radiochemical...] 004.0 | pp. 24-28cce] Re-05 .} P, 19 d 7500-R2 D° .. R-1142-76 m':.
Radon 222.... ] Liguid o - - . . g3
scintitation, ' i . S LS 1*
“ﬂ . ! . v, . - Lc 18
UM eeecreend Riocheemical.... - 9080 — T rsoo-uaj D 397282
Fuorometric......... 008.1 eessrroomd T600-Y C oo D 200783 ... | R-1180-76 .....] E-U-03.......}
: . v ) ‘ R-1181-76... - :
] Alpha » , 0007 p. 33 R-1482-76 ] EU-04..|
Radioactve . . | Precipitation......... - 9010 jpp. &5 —— . 7500-Cs B R-1110-87 ... E-Ce-01......
- Radioective Preciptation ..., 902.0 01 ‘ 75004 B e | O 2334-88
Rasoactve Precipitation........| 905.0 | pp. 2033 e} 9. 65 o] 7500-S¢ B R-1160-76
stronbum 89, - ) : . : ’ )
) . N A . ‘ __J
Radiochemical 0. 108-114 .| S04 - i E-S-01
Tritum. Uqud - © 9080 | Pp. 34-40..coof H-02—] p. 67 —{ TSO0-3H B ....| D 2476-81 (37)_# R-1171-76
Gavraend  |Gemmamy - ooi.t - : : D-3849-85 as2a._ |
! emiters. . ) - ) b . ! : b]

3 “Prascribed Procedurss for wumhmww. EPABMMW\Q“WW Cincinnatl, OH (EPA-£00/
WW!M (EPA, 1980).

Me ‘ for Drinking Water,” EPA-BOOM—'IS—OD&MMW?& (EPA, 1976} - .
i mmm mwmw thmﬁuauu)._ [ 3
i mwmumu Sampies,” EMSL-LV-O&O-V.M!S‘N (EPA, 1976b). : :
standard Methods for ‘mfm-m?\dw“mw“."lmm Amarican Public Health Aseociation, Americen Water Worka Association, Water A
‘1m m Book of ASTM bd. 11.02, m for Testing and Matarials, 1916 ﬁm Street, Pa. 10103. (ASTM, 1989)
* Mathods for Dessrmination &m maoou.im'rmuw Invesiganons of the
u:ms:.mw&m MAS.(USGSJ
4 Ervyonmental Measurements mummmmsmmm (DOE, 1990).
'W&Yu'ﬂl“mm Raciciogicat Sciences Instituts Center for Ressarch—New York Siats Depertment of Health, January 1880
"-o- ummnmwu'swou Wammamm—&nw
Radiston m Auou- 1990. (NJ DEQ, 1990), .
e & A Ty B, S WWWWM WL TR AR W R o o
mmcm. .Bmwmu-unm (EPA. 1987e). ]
(2) Sample callection forradon,  _ emitters under this sectionshallbe hold:nsﬁmeprocedma tpeci.ﬁedinthe
radium-226, radium-228, edjusted gross  conducted using the sample - . table below: -
zlpha, uranium, and beta and phaoton preservation, container, and maximum -
Parameter . Preservative } ol e bme &
Gross aiphs ) Conc. HCI or HNO, 1 pH <24 MR P or Gy . -1 & months.
Gross beta Conc. HCI or HNGs 0 pH <2¢ PG .| & months.
Radurw-228 Conc. HO or KNG, o pH <2 : PorG : € months.
Radum-228 Conc. HCI ar HNO, 1 pH <2 . PG . & months.
Radon-222 & Coot 4°C. Glass wath Teflon-ined Se0tUM et 4 days
Uraruum ngturs Conc. HO or HNO, 1 pH <2 . Por G € months.
Racioacive Cestm —J Conc. HCl © pH <2 o PorG € months.
Radiosctive Strontum | Conc. HOI or HNO, 10 pH <2 . PG ¢ months.
Radicactve lo0ine None e PorG € months.
Tritaam. None . € months.
Fhoton emitters Conc. MCI or HNOs 0 pH <2 - PouG € months.
§ (Al axoept racon-22 smpies). it i recommencied that the presrvative be added © the sampie gt the time of coliection uniesd suspended solids activity

- | 131
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b mumumwmmammmummawmmumnnmmawmnm ,
HIHG mnmmmnmuwummammmmmmmmmnmmm‘
transier of he sampies to planchets.

* The proceaurs Of & POSItve® prassurs collacton n 50-mi gQlass boties © o be followed. This procedxs is
umwu—ﬂmu&TmeMaFaRmmDm&uw:w tnteriaboratory

(3) Analysis under this section shall
only be conducted by laboratories that
have received approval by EPA or the
Stats. To receive approval to conduct
analyses for radon. radium-228, radium-
228, adjusted gross alpha, uranium, and
beta and photon ermtters the laboratory
must:

(i) Analyze Perfomance Evaluation
samples which those subatances
provided by EPA Environmental
Menitoring and Support Laboratory or
equivalent samples provided by the
State. .

(ii) Achieve quantitative results on the
analyses that ars within the followmg
acceptance limits:

pCinL,
Gross beta m._.._‘ 230% =t > 30 pClL

| 2£20% &t 2 1200 pCIN.

'WMMmiwmﬁcm

fe
g

8. Section § 141.32 is amended by

adding paragraphs (e)(77} through (82),
to read as follows:

§ 141.32 Publie notification.

(e)'l.'

(77} Radon: The United States
Environmental Protection Agency (EPA)
sets drinking water standards and bas
determined that radon is oi health
concern at certain levels of exposure.
Radon is a naturally occurring
radicactive contaminant that occurs in
ground water. It is a gas, and is released
from water into household air during
water use. Radon has been found in
epidemiology studies to cause I..
cancer in humans at high expos... .
levels; at lower exposure levels tne risk
of lung cancer is reduced. EPA has set
the drinking water standard for radon in
public water supplies at .. Y0 picocuries
per liter (pCi/l) to [protect against lung
cancer risk. g water that meets
the EPA standard is associated with
little of this risk and is considered safe
for radon.

(78) Radjum 228: The United States
Environmental Protection Agency (EPA)
sets drinking water standards and has

" determined that radium 228 is of health

concera at certain levels of exposure.
Radium 228 is a naturally occurring
radioactive contaminant that occurs
primarily in gr-und water. Radium 228

“has been foun. 1 epidemiology studies
. tocause bons -

.ncer in humans at high
exposurs leveis. and is belisved to cause
other cancers as wellk; at lower exposure
lsvels the risk of cancer is reduced. EPA
has sst the drinking water standard for
radium 226 at 20 picocuries per liter
{pCi/l}) to protect against cancer risk.
Drinking water that meets the EPA
standard is associated with littls of this
risk and is considered safe for radium
228,

{79) Redium 225: The United States
Environmental Protection Agency (EPA)
sets drinking water standards and has
determined that radium 223 i3 of health
concern at certain levels of exposure.
Radium 228 is a naturally o
radioactive contaminant that occurs
primarily in ground water. Radium 228
has been found in epidemiology studies
to causs bone cancer in humans at high
exposura levels and is belisved to cause
other cancers as well; at lower exposure
levels the risk of bona cancer is reduced.
EPA has set the drinking water standard
for radium 228 and 20 picocuries per -
liter (pCi/l) to protect against cancer -
risk. Drinking water that meets the EPA
standard is associated with littls of this
risk and is considered safe for radium.

(80) Uranium: The United States -
Environmeatal Prc-~ction Agency (EPA)
sets drinking water -randards and ha
determined that uraaium is of healt.h
concern at certain levels of exposure,
Uranium is a natum!ly
radioactive contaminant that occurs in
both ground and surface water. Uranium
is believed to cause bone cancer and

_other cancers in bumans at high

exposure levels; at lower exposure
levels the risk of cancer is reduced. EPA
also believes uranium can bs toxic to
the kidneys, EPA has set the drinking
water standard for uranium at 20
micrograms per liter (ugl) to protect
against both cancer risk and risk of
kidney damage. Drinking water that
meets tha EPA standard is associated
‘with little of this risk and is considered
safe for uranium.

(81) Gross Alpha: The United States
Environmental Protection Agency (EPA)
sets drinking water standards and has
determined that alpha emitting :
radionuclides may be of health concern
at certain levels of exposure. Alpha

described in aooendu
Coﬂabum Study, EPA/600/2-87/082, March ¢

_ emitters are primarily naturally

occurring radioactive contaminants, but
several derive from man-made sources.
They may occur in either ground or

- surface water. Alpha emitters are

believed to cause cancer in humans at
high exposure levels becausa they emit
ionizing radiation. At lower levels, the
risk of cancer is reduced. EPA has set
tha drinking water standard for alpha
emitters at 15 picocuries per liter (pCi/l)
]

" to protect against cancer risk. Drinkin:

water that meets the EPA standard is
associated with littls of this risk and is
considered safs for alpha emitters.

(82) Beta and photon emitters: The
United States Environmental Protection
Agency (EPA) sets drinking water
standards and has determined that beta
and photon emitting radionuclides may
be of health concern at certain levels of
exposwre. Beta and photon emitters are
primarily man-mads radioactive
contaminants associated with the
operation of nuclear power facilities,

facilities using radioactive material for

research or manufacturing, or facilities
where thess materials are disposed.
Some beta emitters ars naturally
occurring. Beta and photon emitters are
expected to occur primarily in surface
water. Beta and photon emitters are
beliaved to cause cancer in humans s
high exposurs levels because they em.
fonizing radiation. At lower levels, the
risk of cancer is reduced. EPA has set
the drinking water standard for beta and
photon emitters at 4 millirems effective
dose equivalent per year (mrem ede/yr)
to protect against cancer risk. Drinking
water that meets the EPA standard is
associated with little of the risk and is
considered safe for beta and photon
emitters.

- L] * * *

7. A new section § 141.44 is added to
subpart E to read as follows:

§ 141.44 Special monitoring for
radlonuciides,

(a) Each community and non-

transient, non-community water system

shau taks one sample at each sampling
point for lead-210 and report the results
to'the State. Monitoring must be
completed by December 1998. -

(b) Groundwater systems shall take a

minimum of one sample at every entry

point to the distribution system which is
representative of each well after
treatment (hereafter called a sampling
peint). Each sample must be taken at the

. same sampling point unless condiﬁor}?D

X C NIRS Samanmq.

-
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. B of the Standard was - remanded. to EPA

" transuranic waste.

HOMAN INTRUSION SCH‘IARIOS

oo : IN NUCLEAR WASTE REPOSITORY EVALUATIONS

- *

Janes K. Chamau bokesh Chnturvedi Robert: H. Neill
! N l:rml.romencal Evalustion Group = -
T 7007 Wyoning Boulevard NE, Suite F-2
o Albuquerque, KM 87109

(S05) 828-1003°

ABSTRACT

When ptouulgated the Emri.romenul l’rc:ucuon
Agency (EPA) High Llevel and Transuranic Vaste
Standard (40 CFR 191) f{s expected to nquire
consideration of human intrusiocn inte a nuclur
waste repository as part of the post-closure
containment requirements.: Most  preliainary
evaluations conclude that this will be the no:t
difficult porticn of the standard to neet.
Many believe it unressonable to require con-
. sideration of human intrusion. Others cbject to
portions of EPA Guidance on . implementation of
the requirement. The Envircrmental Evaluation
Group (EEG) believes the human intrusicn
requirement is reascnable, achlev&blc. anéd will
lead - to better siting of repositories and
designs ot wutc forms and nngimeud barrtln.

- NTRODUCTION

In S¢ptenber 1985 - the Environaental
Protection Agency (EFA) promulgated 40 CFR Part
191 - Environmental . Radiation - Protection
Standards for Management and Dilpoul oi Spent
Nuclear Fuel, High-Level and Transuranic
‘Radiocactive Wastes (the Standard). Although,
there had:been significant disagresments during
. the  development .stage . (1978-1983) - of . the
Standard, it was scceptable to the. lclentlftc

» comxnunity when promul;sted.

Subpu: B ot :he EPA sundard vas subu-
quently vacated by a U.S, Court of Appeals in
" June 1987 on grounds that it was less stringent
than the Safe Drinking Water Act and no explnm-
tion was provided for this discrepancy. _Subpart
for
. revisfon and rvepromulgation. . The existence of
an appropriate Standard 4is {important to the
State of New Mexjico because the Waste Isclation
Pilot Plant (WIPP) 1s located in New Mexico and
has to comply with the Standard since it {is
_intended tc serve as a repository for defense
In August 1987 the State of
New Mexico entered inte an agreement (Second
Hodlficuion to the 1981 Agreenent for Consul.u-

~ (KAS-BRWH),

. Stsndarxd.
_Standard that have been criticized.
“most significant issues is how human intrusion
_.should’ be evaluated
assunptions that should be used.
. discusses

tion and Cooperation) with the Department of
Energy (DOE) to continue to evaluate WIPP
against the wvacated standard. This Agreement
wvas made- because . the technical requirements of
the tevised standards were. not- expecnd to

change substantfiallv.

During 1990, the Advuoty Conaittes on

. ‘Nuclear Waste (ACNW) of the Ruclesr Regulatory

Comnission (NRC), the National Academy of
Science Board on Radioactive Waste Management
the Nuclear Waste Technical Review
Board (NWTRB) and others have expressed doubts
about the feasibility of implementing the
There are several aspects “of -the
One of the

in the Sctandard and the
‘the . human _.intrusion controversy,
relevant upeccs ‘of the VIFP . site, and the
Environmental Evaluation Group' s (EEC) vievs on
the human intrusion issus.

HUMAN INTRUSION PROVISIONS IN THE STANDARD

The Standard assumes’ that lﬂndﬁnrtint himan
intrusion into a repository from expleratory

. drilling for vesources is possible after the

. active

- monitoring) period.
pernit taking credit for sctive control for more

_institutional control (site access
control, maintenance, cleaning up releases, and
‘The Standard does not

" than 100 years after repository clomre.

191.13.

Both the 1985 S:andard and the 1/31/90

‘Working Draft 2. require the consideration of

human intrusion in evaluating whether & site
meets the containment requirements in subsection
It is clear from the preanble to the’

1985 Standard and Appendices to the Standard and

* the Working Draft, that EPA intends that human ~
. intrusion .be considered at all sites and that
_passive’

308

‘insctictutienal controls (markers,
records, govermment regulation, etc.) cannot be
used to completely rule out the possibility of
intrusion.

This paper -
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Guidance on the assumptions that nay be
used to svaluate human intrusion in ths Standard
is presented in Appendix B of the 1935 Standard
and is essentially unchanged in the 1990 Vorking
Draft. An {introductory nots to the Appendix
states, "The supplemental information in this
Appendix is not an integral part of 40 CFR 191.
Therefore, the i{mplementing agenciss ars not
bound to follow this guidance. Howevar, it is
included because 1t describes the agency’s
assumptions regarding the izplementation of
Subpart B. This appendix will appear in the
Cods of Federal Regulations.® Regardless of
this disclaimer, theras is a tendsncy on the part
of thoss doing performance assessaant to take
the guidance literally and to belisvs that the
burden-of-proof is on them if they deviate.

The Guidance statss that inadvertant and
internictent intrusion by sxploratory drilling
for resources (other than thoss provided by the
disposal system itself) can bes the nmost ssvars
intrusion scenario assuned by the implementing
agencies. Also, that "i{mplementing agencies can
assums that passive institutional controls or
the intrudsrs own exploratory procedures ars
adequate for the {ntruders to soon detact, or be
warned of, the incompatidilicy of the arsa with
their activities.”

The Guidance also suggests that “the
likelihood of such inadvertent and intermittent
drilling need not ba taken to be greatsr than 30
boreholes per squars kilomater of rspository
area psr 10,000 years for geologic repositories
in proximity to sedimentary rock formations, or
more than 3 borsholss per squara kilomster per
10,000 ysars for repositories in othar geologi-
cal formations."®

Alio. that “the cohscqﬁoncu of such
inadvertent drilling nud not b. assumed to be
more savers than:

1.  direct relsass to the land surface of all

the ground watsr in the repository horizon
that would promptly flow through tha newly
‘ereated borehole  to ths surfacs dus to
natural lithostatic pressurs--of (if
puzping would be raquired to raise water to
the surface) rslease of 200 cubic meters of
ground water pumped to the surface if that
ouch water {s vreadily available to be
pumped; and .

2. creation of a ground water flow path with
the least protectiva practices followed by

exploratory drillers (not the permeabilicy -
of a borehole carafully sealed to ninimize

relsass from the repository, since the
intruders may not maks such an effort).”

CONTROVERSIES ABOUT HUMAN INTRUSION

A. Should Human Intrusion be 1nc1uded in
- the Standard?

Many in the scientific community belisve
that {t {s {inappropriats to consider human
intrusion at all ian 40 CFR 191. Typical
reasons given for chis position are:

1. All repositories are subjsct to
human intrusion and thersfors
this requirement doss nothing to
separats good sites fros infsrior
ones;

2. No site could meet the standard
1f human intrusion must bs
considerad;

3. It {s {mpossible to predicc the
futurs behavior of individuals or
estimate futurs drilling rates;

4. Socisty -would never forget the
- location of ‘s repository and
would not drill in the vicinity

of one. Furthermors, regulatory

agencies would be in existencs

and forbid_ drilling.

Thers ars arg\mnncsr that partially rsfute
these claims. Site locations that contain
natural resources of currsnt intarast to soci

are clesarly less likely to be subjected to o .

ploratory drilling in the futurs than those that
currsntly contain sconomic concentrations of
resources. A human intrusion standard would be
the strongest deterrent against choosing a
resource-rich site. It remains to be seen if
repository sites cannot meet a human intrusion
standard even with current design concepts.
Furthermore, modifications to waste and con-
tainsr form and repository design can bs made to
mitigate human intrusion consequances. Adnit-
tedly, it is difficult to predict (and impos-
sible to prove) what future human actions will
be. Historical drilling rates are a useful
indication and the use of expert opinion has the
potential to help predict actions or detsrmine
mitigative measures. Recent history indicates
that all persons are not afraid of handling
radioactive material (for example, diversions of
uranium nill tailings and low level radioactive
waste) and that current compliance with regula-
tions and institutional memory ara not pcrt‘act
(sea WIPP sxamples below).

B. Preliminary avaluations of human

intrusion efforcs

Prelininary Perforaance Assessaent svalua-
tions at the WIP? sits and at Yucca Hountaip,
have indicated that the consequences of hu’
intrusion scenarics dominate. Norie of

)
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prelicinary evaluations suggest that sither site
would have preblems wmeeting the containment
requirements fin 191.13, ‘except for _human
‘Intrusion. The prelininary studies. indicate
that, depending on assumptions used, some human
intrusicn scenarfios could result in the Stan-
. As a Tresult of these
. preliminary results a nuaber of organizations,
vho sppeared to be satisfied in 1985, nowv take
exception to the human intrusion portion of the
Standard, - R : o

'C. _ Recommendations ,‘By o@her ot‘aniéhéign&

No erganization has called for the deletion
of human intrusion congideration from .the Stan-
dard. "However, DOE' bhas. recommended thit
"consideration of human intrusion be separated
from the CCDF* (Complementary Cunulative
Distributicn Function) without specifying how
the human 1intrusjon scenarics should be
addressed. The ACNW® of the NRC has recomaended
"that the Standard be revritten to separate the
. evaluations of anticipated pezformance into
three parts: ) ‘

1. the undisturbed repository;

2.  the disturbed vepository, exclusive of
hunan intrusion; and ‘

3. the repository as it might be affected
" by hunan intrusion.

. This would clearly separate cut the problem
of human intrusion and permit it to be addressed
directly.®  The ACNW. did not make specific
recomzendations on how human intrusion should be
addressed separately.

Other . organizations = have recommended
changing some of the assumptions in the Guid-
ance. Both Sandia Katicnal Lnbotl:ory3 (SNL)
and DOE* wanted the reference to maximum
drilling rates (30. boreholes per square kilo-
meter in 10,000 years) to be rewvorded so it vas

clear that this value wvas an upper bound and °

that & distribution of wvalues less than the
upper bound could be developed, justified and
used.  The current wording of the Guidance
appears to pernit the use of a distributien.

SNL3 and DOE! have also taken exception te
the quality of borehole sealing (following human
intrusion) that should be assumed. They belleve
the least protective practices required by
current law for exploratory drilling should
constitute &n upper bound and that use of a
. distribution of values should be permitted, !

" The NRC® sctaff conmented that EPA reevalu-
-ate the technical base on frequency and severity
of intrusion and include other than petroleun
exploration, They believe the present assunmp-
.tions may not be conservative,

‘and effects "of human intrusion.

- rooms for hundreds of years.
closure there is a potential for infiltratier
- fron Salado’ Formation brine, a Castile brine
reservolr, or drilling fluid. "Present plans are.
to divide the entire repository (by panel seals)

VIFP SITE mrum

" Conditions at VIPP maxinize the frequency
" The site is
located in a mineral-rich area with a history of
exploration. The 30 borehole per square

"kilometer per 10,000 year drilling rate canme

from the historical drilling rate in the WIPP
area. The repository horizon 1is located in
bedded salt (the Salado Formation) at & depth of
655 weters (2150 feet). Pressurized brine

reservoirs exist Iin the underlying Castile

Formation and are believed to be present under
approximately one-half of the wvaste storage
roons. Some of these reservoirs contain several
million cubic weters of brine and have. sufff-
cient pressure to ow about 60,00 ad &t the
surface or 400,000 m” at the repository horizen.
A brine reservoir could significantly increase
the consequences of human intrusfon {f the brine
reservoir were comnected to the repository by an
exploratory borehole. :

Under present plans, most of the wastes

 coming to VIPP will mot be {mmobilized or

treated. These wastes are expected to produce
large quantities of gas from organic decomposi-
tion of the waste, anoxic corrosion of metals
and radiolysis. Also, there iz a high void
fraction inside the waste containers and in the
planned salt or salt-bentonite backfill. The

-high void fraction coupled with potentislly high

gas generation and low Salado Formation geas
.permesbility could lead te non-closure of the
Pricr to room

into only 10 compartments.

' This combination of factors leads to the
possibility that & human intrusion borehole into
the repository could {mpact several inter-

~_ connected rooms where the non-fixed waste vas in

intimate contact vith brine or where void spaces
exist for the drilling fluid to circulate among
the waste. S

SNL is evaluating whether the ‘present

design of the repository .can meet the human
intrusion standard without any "enhancements,®
‘such as waste treatment and use of engineered
barriers. It should not be surprising that
prelininary analyses indicate the present
repository design would not easily meet the
Standard. .

The following exanples of human activities

around the WIPP gite indicate that the clains .

. made by some about the degree of site control by

future socleties may be too optiaistic:

(1) The Gnone site, located 13 kilometers
(8 ‘miles) southwest of the WIPP sice,
vas the location of an underground
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nuclear dstonation in 1962. Since
then the sits has been cleaned up
(zmsasurable radicactivity still sxists
at the surfacs) and 2 monusent
erscted. Access to the sits is not
restricted, ths monument has degradad,
and thers is littls awareness by area
rasidents of this event that occurred
just 28 years ago.

(2) A recent BLM studyd, wvhich included
the WIPP area, found widespread non-
compliance by private industry with
BLM regulations by £failing to plug
abandoned wells or by (doing it
ioproperly. This suggests that the
SNL. and DOE requests to EPA ¢o
consider that all futurs bdoreholes
would meet or exceed the current
standard is non-conservative.

(3) 1a October 1990 it was ra-discoversd
that a gas well located just outsids
of the site had slant drilled under
the site in 1983 and produced gas froo
1983 to 1988. The lease is still
active, This is interesting becauss
DOE was avars in 1984 of the Stats of
New Mexico’'s objection to dsviated
drilling under the site and in August,
1987 (vhile the well was still
producing) signed an agreement with
the Stats prohibiting slant drilling
under the site. Neithar ths DOE nor
BLY apparently remenbered that the
well existed bstween 1987 and October
1990, when a newspaper Treporter
received information from an anonymous
source. The center of the WIFP site,
whera about 500 persons work, 1is
located less than S5 Xilometsrs (3
miles) from the surfacs location of
this well, This {ncident suggests
that drilling in a remots arsa without
the knowledge of regulatory agesncies
hundreds of years in the futurs is
possible.

EEG STUDIES AND POSITIONS
A. Pasc Evaluations

EEGC has made several svaluations sinces 1981
that involved human intrusion. These scenarios
have considered: :

1. the effects of a brine reservoir
intaracting with the rspository
and ths surface;

2. the drilling through stacks of
high-curis druns;7

3. the drilling into a disposal room
vhere ths wasts is in a brine
slurry.

-

All of these analyses have been ptinat

detsrministic, although some of them inc.

porated uncertainty analysis, considered
probabilities, and discussed the results in
raspect to ths containment requirements (40 C€FR
191.13).  These -detarministic calculations
indicats that relesases “might” sxceed the
propossd Standard. However, . EEG has nmnot

considared any potential engineered enhancements -
(vhich includes both waste form modification and
enginssred barriers) because DOE has not
conmitted to incorporating then. Also, ths
potential reductions in uncertainty Zfrom on-
going experiments have not been included. Our
evaluations {ndicats that the human intrusion
scenario is very significant at WIPP and ths

assumptions used are very important.

B. EEG Positiona on Hupan Intrusion

~ EEG has expresssed positions on several
aspects of the human {intrusion issue in the
puca'g'u‘. Evaluations ars currantly underway
which could amplify or modify some of these
positions, ‘

1. Human iatrusion must be rstained
as an integral part of the
Standard. This {is especfally
pertinent ‘for the WIPP sits
since it {s located in a mineral
rich area with a history 7,

exploratory drilling. Also,
WIPP the presence of ¢ ..
requirenent has forced ‘&

reovaluation of the need for
enginesrsd enhancements and for
a bettsr understanding of the
repository horizon.

The suggested maximum drilling
rates are reasonable., Thoss for
sedimentary rock formations come
from Delawaras Basin (WIPP area)
experience and it appears likely
" that exploratory drilling for
hydrocarbons and other ainerals
will not be less in the next few
canturies. Furthermors, there
should be some penalty in the
Standard for choosing a site in a
~ mineral rich area.

3. The actions of drillsrs upon
ancountering wasts and/or brine
and in sealing boreholes should
bas based on current practice, not
current standards or possible
futurs _tschnology. Rescent
avidencs indicates that oil
field plugging practice does not
always mest vTequirsd pluggirs.
standards. - Also, that drill N)
encountaring brine often allow
to flow to the surface

extended periods.

tow
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the use of &

of values
rates, drillers
actions, and borehole sealing
would be appropriate.
propriate distributions to use
will be difficult to arrive at.
The HAS-BRWMLZ has reconmended
the use of expert opinion from
*gutside® the implementing and
regulatory agencies throughout
the gite selection and perfor-
mance assessment phase to reach
agreement on assumptions to be
used, EEG strongly supports
“this concept and believes it will
be especially valuable in

4, EEGC believes
distridbution
drilling

developing human {ntrusion
assuaptions, It is {important
that & consensus be sought

during the performance assessment
process and not "after-the-fact.*

5. SNL has formed several panels of
cutside experts (primarily mnon-
techniczl persons) to assess
future events and ways that
intrusion might be mitigated by
monuments and barriers. Some
reports from the panels are
expected in 1991, EEG believes
this exercise is worthvhile and
may lesd to useful information.
Both the ACNW and the NAS-WIPP
Panel have expressed concern
sbout whether there 4is enough
technical input to the panels.

CONCLUSIONS

The human intrusion scenario will probably

be the most difficult portion of the Standard

for most repositories to meet.

It should be

retained because of its incentive to avoid
mineral rich areas and to require a re-evalua-
tion of the need for engineered enhancements
and for a better understinding of the repository

horizon.

It is appropriate tc use a distribu-

tion of values for drilling rates and actions by

drillers
determined by =&

but the distribution needs to be
scientific consensus that

includes "outside” technical experts.
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UNITED STATES
NUCLEAR REGULATORY COMMISSION
- ADVISORY COMMITTEE ON REACTOA BAFEGUARDS
: SASWNTTON, O. C. S908 *

. July 19, 1951

™he uonornblc Ivan aclin
Chairsan :

U.8. Nuclear Roqulltory Colllclion
Halhinqton. D.c.' 20555 o

- Dear. Chllfiln loltn:

BUIJtCT: - THE cnusx:tzuw US: or PRD!AIILISTIC RISK ASSZSSNINT
During the J75th meeting of tbo Adviaory Committee o©n Rsactor

~ Safeguards, July 11-13,:1991, and in ezrlier meetings, ve discussed

ths unevenness and 1nconntctoncy in the use of probablilistic risk
assessaent (PRA) in NRC. PRA can be & valuable tool for Judging
the quality of regulation, and for helping to ensure the. 1l
use of regulatory and industry resources, 80 ve would hava liked
to ses a desper and more dsliberate integration of the methodology
into the NRC activities. Our recommendations to this end are
directed at prodblems that took time to dovclop. and are ltkcxy to
take a long txaa to lolv.. o

7'?&& to not & ctuplc subjcct. co th-ro are wtdn variations in the

sophistication vwith which it {s used by the various elements of
NRC. There are only s fev staff membdars exper: in scme of the

- unfamilisr disciplines =~ especially statistics ~- that go into s

PRA, 8o it is not surprising that there are 1nconntst¢nc193 in the

. :application ot the :athodology to regulatory probleas.

Tc 1110:::.:0 th. problcls. lot us’ ju:t l1ist a fev of the
- fundanental &spacts of the uss of PRA, ‘in which ditt.ront elaments

of the staff seex tc @O0 their ovn wvays.  Thess are just
illustrations, - but oacb can lo.d to nn eronoous regulatory

dociuion.r

- 1.: The propor use. of uqniucmt ttquru is in principls a

. trivial matter, but it does provide & measurs Of a parson‘s
' understanding of the limitations of an analysis. Yet ve often
_hesr - from members. of  the staff 'who quote core-damage

protabilitias to three significant figures, and who appear to
believe that the nundbers :are aeaningful. It is a rare PRr in
vhich even the first significant figure should bs Tegarded as
sufficiently accurate to play an {mportant role {n a
regulatory dacition. but there is something mesmerizing about
,nnnbcrl, vhich 1Ibun: thon uith llll.ndtﬂg verisimilituda.

. They deserve tcspoct. but not too much, and it 1. vrong to err
in either direction.

2:. Clossly related is uncertainty. There is no vay to knov hov

ssriocusly to take the results ©f a PRA vithouvt soms estimate

of the uncertainty, yet we often hear thoroughly
unsatisfactory ansvers (scme parhaps invanted on the spot)
vhen we asX about uncertainty. One of the advantagss of PRA
is that it provides a mechanisas for estimating unccrtntnt{n

uncertainty vhich is equally present, but not quantified,
deterministic analyses. _
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Conservatisa. A PRA should be done resalistically. The proper
tize to add an appropriate seasure of conservatisa is vhen its
results are used in the regulatory process. If the PRA itself )
is done with conservative assusptions (more the rule than the
exception at NRC), and is then used in a conservative
regulatory decision-making process, self-deception can result,

Or resources can be sguandered.

The inconsistent use of conservatisms vas illustrated by a pair
of briefings at our_April 1991 seeting, vhich included updates
on proposed rules on license reneval and on maintenancs. In
the former case, ve vers told that s licensee could use PRA
to add an item for latar review, "but never to remove one ==
8 one~vay sieve. In the latter. cass ve vere told that PRA
could be used to justify either enhanceaent or relaxation of
maintenance requiresents. Foolish consistency. may be a
hobgoblin, as Emerson sald, but there isg nothing foolish in
seeking consistency in regulation. ) :

The bottos line. It has been widqly recognized since WASH-
1400 that the bottom=line probabilities (of either core melt
or immediate or dslayed fatalities) are among the wveakest
zesults of 8 PRA, sudbject %0 the grsatast uncertainties.
(That doesn't mean they are useless, only that they should be
used with caution and sophistication.) Yet ve find staff
senbers unavare of these.subtleties, often dealing vith small
probleas, " justifying their actions in terms of the bottom-
1ine probabllities. This is only in part due to the Backfit
Rule, vhich almost requires such Dbehavior;: it is also
inexperience and lack of sensitivity to the limitations of the
»ethodology. : i .

A number of staff actions and proposals use bottom-line
results of a FRA as thresholds for decision making, often vith
the standard litany about the uncertainty in the reliabilicy
of these results. In fact, the quantified uncertainty in the
bottom=1line results of a PRA is just as important a number as
the probability itself. It would be straightforwvard to esploy

. & decision-nak algorithm that pnrascribes a confidence lavel

for the decision, and uses both the bottomeline- probability
and the uncertainty to achieve this. A further improvement
vould be to incorporate <the conssquances oOf  erroneous

decisions, vhat statisticians would call the loss function,

into the decision-making process. 7The Commission has come
close to this spproach in its recent instructions to the stafg
on the diesel generator reliability cuestion.

These are just & fev examples of probleas with the use of PRA in

NRC,
fe

comacn enough to be disturbing, and increasing in
" as the use of PRA increases. xi has been BOore than

fifteen years since the publication of WASH-1400, a pioneering
study whiych. despite known shortcomings, sstablished the NRC at the
forefiront of quantitative risk assessment. -One could have-hoped
that by nowv. a coherent policy on the appropriate use of 'PRA within
the agency, on both large and small probleas, could have evolved. .
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’". recoxmend that:

A.

A sschanisa be found (perhaps a retreat) through vhich the fev
PRA and statistical experts nowv scattersd throughout the
agency (and generally ignored) can bs brought together vith
the appropriate senior managars and outside experts, to wvork
tovard a consistent position on the use of PRA at NRC. It
could be worth the time expended. (Among other long-tera
benefits, such an interaction would add an eleasent of
horizontal setructure to 'the NRC's predominantly vertical
organisgation.)
B. The Commission then £ind a wvay to give credencs and forcs teo
that position.: ‘

C. The Commission emphasize recruitnent of larger numbers of
professionals expert in PRA and statistics.

D. The Commission consider scme kind of mandate that any latter,
order, issue resolution, etc., that contains or depends on a
statistical analysis or PRA, be reviaved by one of the expert
PRA or statistical groups. -

We do not pretend that thil{il an easy problea. The solution
invelves rot only a cultural shift, eo that those fev experts
already at NRC have some impact, but also substantial enhanceasnt
of the staff capadbilities. That will require incentivas that only
the Commission can supply. It is interesting that the Commission's
Severe Accident Policy -Statsmant, dated August 1985, stated that

*within 18 months of the publication of this severe accidant

statement, the staff wvill issue guidance on the form, purpose and
role that PRAsS are to play in severe accident analysis and decision

- making for both existing and future plant designs....®

Additional comments by ACRS ﬁanbcrl Harold W. Lewis and J. Ernest
Wilkins are presented below. :

' stnccrixy.

! David A. Ward

|

We thoroughly endorse ‘this letter, and regret only that the
Committee chose to ignore the parallels betwsen the PRA probleas
and those in a number of other never technologies significant to
nuclear safety. Recommendaticn C should have included mention of
sone Of these =~ electronics and computers, for exasple -- which
are of increasing importance. Weaknesses in those areas also need
correction.  Computerized protection and control systess, in
particular, require the kind of sophisticated review that NRC is

tn 716 posifionn A /omult(e,

Chairman
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K Y UNITED STATES
s edy NUCLEAR REGULATORY COMMISSION
" i & ADVISORY COMMITTEE ON NUCLEAR WASTE
[ (’ WASKINGTON, D.C. X656
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April 29, 1991

Mr. Robert M. Bernere, Director

oftice of Nuclear Material Safety
and Safeguards ‘

U.S. Nuclear Regqulatory Commission

washington, DC 2055S

Dear Mr. Barnero:

SUBJECT: INDIVIDUAL AND COLLECTIVE DOSE LIMITS AND RADIONUCLIDE
RELEASE LIMITS '

The Advisory Committee on Nuclear Waste has been daveloping
comments, thoughts, and suggestiong relative tc individual and
collective dose limits and radionuclide release limits. Since wa
understand that your staff is reviewing thesa same topics, we
wvanted to share our thoughts with you. In formulating these
conments, wae have had discussions with a number of people,
including members of the NRC staff and Coxmittee consultants. The
committes algo had the benefit of the documents listed.

Basjic Definitions

As a basic philosophy, individual dose limits are used to place
restrictions on the risk to individual members of the public due
to operations at a nuclear facility. If the limits have been
properly established and compliance is observed, a regulato
agency can be confident that the associated risk to individua
members of the public is accepteble. Because the determination of
the dose to individual members of the public is difficult, the
International Commission on Radlological Protection (ICRP) nas
developed the concept of the “eritical group" and recommends that
it be used in assessing doses resulting from environmental
relaages. As defined by the ICRP, a critical group is a relatively
honogeneous group of people whose location and living habite are
such that they receive the highest doses as a result of radio-
nuclide releases. The group may bs real (in vhich case their
actual habits may be known or predicted) or hypothetical (in which
case their habits may be asgumed, based on observations of similar
groups) . : )

The dose to individuals within the critical group is assumed to be
that received ‘by a typical menber of the group. The purpose of
this approach is to ensure that membars of the public do not
receive unacceptable exposures while, at the same time, ensuring
that decisions on the acceptability of a practice are not preju-
diced by a very small number of individuals with unusual hablts.

T ——
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In many respects,

'Mr. Robert M. Bernero ... 2 - April 29, 1991

1f the nusber of people being exposed is large, the question often
arises as to hov to quantify the societal impact of the individual

~ exposures. The collective dose concept. wvas developed for express-
- ing that inpact in a quantitative manner and, as such, it is a
_nuneg:i_._gal expression ¢of the summed doses to a given populatien.

, lhcln?' iinits on ‘total radionuclide releases
from a nuclear facility is comparable to placing a limit on its

© total societal impact. In other words, placing a limit on the
. quantity of a given radionuclide that can be released is equivalent
-to placing & limit on the total societal impact that the facility

can exert. This was the basic used by the U.S5. Environmental
Protection Agency (EFA) in esetting release limits for a high-level
radicactive waste repository, and it rolates directly to EPA's
basic criterion that the number of health e¢ffects should not exceed

1,000 during the first 10,000 years. . :
' Dnderlving Assumptions | |

Although it isg ,_qéna:,aily 'iccépted tﬁat ..thé dose fccal\?cd by‘ an

" individual is a reascnable axpression of the associated risk, it

is questionable whether the collective dose ig a trua mesasure of
the societal impact of the aggregate of exposures to  individual
wenbers of & population. Implicit in the concept of collaective
dose is the assunption that . the linear hypothesis is correct, that
is, that there is 2 linear (non-threshold) relationship between the

total dos‘o} toca populatq,on g‘;-qup‘ and the associated health {mpacts.

In many vays, application of the collective dose concept leads to
& paradox. At high ‘doses and high dose rates where the risk
coefficients are best known, the concept of collective dose cannot
be applied since tha doso-responce curva ia nonlinear; at low doses
and low dose rates vhere linearity between dosge and the associated
health affects ig ascumed to apply, the risk coefficients are far
less certain. This leads to additional restrictions in the

application of the _col'la_ctj_di/vo dose concept, as follows:

e ' The exposed population must be well known with :‘-evspectv to size

' and possibly age, sex, and temporal distributions.

e The exposure pathways must be characterizad for the population

at tiﬂko ‘ )

‘e Individual contributions to the 6011ect}:lv_¢ dose m":éi:‘ consist

only of doses to the whole body, or to specific organs or
- tissues for vhich stochastic risk coefficients are known. :

In short, application of ‘the ‘cc.':»!,:I.e::t‘i\'reT dose éoncept requires

" detailed knowledge of the exposed population and the radiation

doses to its menbers. The collective dose concept is valid for

- representing the collective riek only if both of these factors can

MAY 9 °81 14:23 NRC PHILLIPS BLDG PAGE . 803
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be described and quantified, and it should be used for risk
agsessmants only if the associated uncertainties are sufficiently
small that the calculated collective dose itself 1s within an
acceptable range of uncertainty. In addition, it is important to
note that a high individual risk to a small number of people is
not necessarily the same as a low individual risk to a large nuzbar
of pecple, sven though the collective dose may ba the same. For
this reason, expressions of sccistal risk in terms of collactive
- dose should always include detailed data not only on the number of
pecple exposed, but also on the number of peopla receiving
sxposuras within each dose rangs. Although collective dose can be
used as a surrogate for societal risk, its interpreatation requires
care. :

On a theoretical basis, there is no justification for excluding the
application of the linear hypothasis to the evaluation and
interpretation of the societal impact of low doses and low dosa
rates on population groups. This hypothesis, in fact, has baen
generally accepted by the scientific community, including organiza-
tions such as the National Council on Radiation Protection and
Measurements (NCRP) and the ICRP, as a valid basis for estinmating
the stochastic risks associated with 1lov doses of ionizing
-radiation. If one accepts this observation, calculations of

~ collective dosaes should include tha dosas to all individuals within

 tha population group, raegardless of how szall the associated doses
and/or Qose rates may be. At the sane time, however, it is
important to recognize that thers may be cogent reasons for not
including within collactive dosa calculations extremely low doses
to individual membars of a population group. Saveral approaches
that have been proposed and/or applied to justify such onissions
are discussed belov. A

Pollowing the concept that certain risks to individual membera of
tha population are neqligidble, the NCRP has recommanded (under vhat
it defines as the concept of a *Negligible Individual Risk Limit®)
that annual doses to individual members of the population that ara
less than 0.01 nSv (1 mrem) be excluded from collective dose
calculations. In interpreting this recommendation, however, it is
important to understand the underlying principle on which it was
based. Informal discussions with represantatives of the NCRP
revealed that truncaticn in this case wag considered to be
accsptable fron the standpoint of sociatal impact, because the
burden on socolaty represanted by any additional cancers among
people receiving aexposures in this doss rate range would not
nacessitate any additional medical facilities. Another approach
for truncation that has been informally suggested by representa-
tives of the NCRP is that it nmight be pernissible to discard a
collective dosa (calculated on the basis of oxtremely low dose
ratas to mombers of an exposed population) provided that the
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associated collective dose would not be estimated to result in one
additional cancer.

Variations in the dose rates from natural background radiation
sources have been proposed as another basis on which to truncate
collective dose calculations. The contribution to collective dose

‘from natural sources ic large relative to that from many artiticial

sources. Consequently, it is often difficult to measure in a
neaningfully quantitative manner very low dose rates tc individual
nembers of the population that arise from artificial socurces.
Thus, although there may be no biclogical basis for excluding very
lowv dose rates from collective dosa calculations, there ic
justiftication for excluding them on a gtatistical basis because of
the uncertaintiaes in the associated calculations., -

Qg;f:minn:jgng of compliance With Standards
from the previéua discussion, it follows thai: the 'utablilhnent of

- -1imits on the concentration of individual radionuclides in various

environmental media (eig., air and water) is comparable to the
establishnment -of dose limits for individual mnembers of the

~population., Likewise, the placenent of limits on total radio-

nuclide releases from & nuclear facility is comparable to the
establishment of limits on the associated pearmissible collaective
doses to the affected population. In terma of the determination
of conpliance with a set of standards, it is readily possible to
measure the concentrations of individual radionuc¢lides in various
environmental media, and it is similarly possible to eatimate the
associated doses to individual nembers of the population. In
contrast, estimates of the total releases of radionuclides fronm a

. nuclear facility would regquire not only knowledga of the concentra=-

tions of individual radionuclides in all environmental media, but
alsc the determination of the rate of movament (transport) of each
radionuclide (including the evaluation of site-specific pathways)
within all such media from the facility to the accessible environ-
ment. Similar uncertainties would accompany estimates of the

associated collective doses.

summary

In sumnary, the Committee offers the following statewents on the

benefits of the application of various limits for determining the
public health risks associated with nuclear operations.

1. Individual dose 1limits can be used to limit the risks to
individual nembers of a population group.

2. Collective dose limits can be used to limit the societal
impacts of doses to a large number of individuals. The
accuracy of cocllective dose as a measure of societal risk,
howvever, depends on the validity of the linear (non-thrashold)
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hypothesis in assasaing the stochastic effecta of ionizing
radiation. ~

Collectiva dcose calculations are representative of societal
risk only if certain conditions are scatisfied; namely, the
axposed population is defined and characterized with rxespect
to size, age, and sex; the distribution of doses to individual
nmembers of the population i3 within a 1limited range; the
exposure pathways have been characterized for the population
at risk; and individual contributions to the collective dose
consist only of doses to the whole body, or to specific organs
og tiegues for which stochastic risk coafficlients have been
adopted.

Tachniques for mneasuring the concentrations of individual
radionuclidas in various environmental wmedia, and for
gstinating the associated dose rates to individual nmembers of
thae population, are roadily available, and conpliance with
such limits can be determinad. In contrast, tha measurenments
that would be reguired to datermine the total relsases of
individual radicnuclides from a nuclear facility and estima-
tions of tha asscciated collective dose to all offsite
Fopulation groups would be difficult.

Given the general acceptance of the linear hypothesis, there
is no biological basis on which to truncate calculations of
collectivae doses. Nonetheless, regulators must recognize that
estimates of dose rates from artificial radiation sources,
that represent only a few percent of those from natural
radiation sources, carry with them large uncertainties and
relatively little aggregate risk. sSuch uncertainties may well
Serve as a basis for truncating collective dose calculations
at very low dose rates without adverse impacts on estinmatas
of tha aasscciated risks.

We trust that these comments will be helpful. We plan to review
and comment on your report regarding this subject whan it becones
available, consistent with tha SRN dated April 18, 1991.

Sincarsly,

Bhcte 9/ Pfoelly

Dade W. Moeller
Chairman
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2age® June 37, 1991

The Honorabla Kennath M. Carr
Chairman

U.S. Nuclear Ragulatory Comnission
Washington, D.C. 20555

Deay Chairman Carr:

SUBJECT: RESPONSE TO QUESTIONS ACCOMPANYING WORKING DRAFT #3 OF
THE® EPA STANDARDS

Dratt 73 of the proposed Envircrnmental Protection Agency (EPA)
Standards for the management and disposal of spent nuclear fuel,
high=lavel and tranguranic radiocactive wasctes includes six
questions. With the thought that cour commants would be helpful,
ve h:\;o prapared the following summary responses to each of these
questions. :

Question 3:

Two options are presanted in Ssctions 191.03 and 191.14 pertaining
to maxinun exposuras to individuals in the vicinity of waste
nmienent. etorage and disposal facilities: a 25 millirems/year
ede limit and a 10 millirems/year aeda limit. Which is the more
appropriate choice and why?

Responsa:

The question, as phrased, refers to vmaximum" axposures to
"individuals."” Becausse radionuclide releases from a highelevel
wagste (HLW) repository, if thay occur, could continue for a numbay
of years, we have responded to the question in the sanase of wvhat
would be the maximum acceptable annual exposurae (dose) to mambers
of tha public over an extended pericd of time, in contrast to what
might ba considersd an acceptable maxirun exposure over a llngo
year. This is in accord with the approcach taken by both the
Naticnal Council on Radiation Protaecticn and Heasuremonts (NCRP)
and the International Comnission on Radlological Protection (ICRP).

In a sinilay manner, we assume that by maximum oxposures to
»individuals,” the EPA nmeans maximum exposures to a "gritical
population group," following the approach recommended by the ICRP,
With those caveats, cur response follows.

Wa baliave an effective dose rata linmit of 0.10 mSv (10 mrem) per
year is more appropriats for several reasons: -

PP s
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1. Recent evaluations indicate that the biological affects of
ionising radiation may be higher than prevlmlg eatinated.

: z..' u‘hd poffuiutidn l.n &uiétlon may be. expoaaa €0 more than one

‘radiation source.

’3'. S N tr'act’ién of the. c'urrﬁent dose limit ehould l:;o resarved for

. potential future radistion sources. S
4. Radionuclide releases from a repository, if they ocecur, could
continue over a long pg:‘iod.

. Such & dose rate linmit vould also be con \siatent vith the rescumene
. Qations of - international organigations such as the ICRPW, e

International Atcmic Energy “Aqenuf, and as noted in the 1989 re
prepared by the radiation protection and nuclear gafaty authoritics
of Danmark, Pinland, Iceland, Norwvay and Sweden (commonly referred
to as the "Nordic* study). . : - S .

i n 23

A new assurance requirement {s presented in Section 191.13 that
would require a qualitative avaluation of expected roleases from
potential disposal systems over a 100,000-year timeframe, Are such
evaluations likely to provide usaful information in any future
selecting of preferred dispceal eltes? = = ,

Bs.mnni,

We racognize that the gpecification of the 10,000-year time linit
is comevhat arbitrary. It |is important that significant geoloegic
or climatic changes do not occur in the near=term period folloving

the 10,000-yesar limit. We also agres that many geologic and
climatic events that may affect the evaluation of site perforzance
can be meaningfully extended beyond 10,000 yeurs. In these cases,

|
|

- such an- extension could provide information that would be useful

for comparing the relative merits of ceveral potential repository
sites. In general, however, and particularly in the evaluation of

the nerits of a single pite, the uncertainties involved in such an
‘extension would make the valua of the associated asssesoments

questionable. It {s important to note that, although evaluations
of site performance may be guantitative, the results are subject
to interpretation. i[ L o

Question 31 ,

Tvo éptions are presented in s'éction '19"1'.14 and 191.22 pertaining
. to the length of time over which the {ndividual and ground vater

protection requirements would applyt a 1,000~year duration and a
1g .gooeyear duration. Which is the nore appropriate timeframe and
whyr , : - .
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Responsas

Title 10 Part 60 of the NRC regulations specifiaes that containment

of the radionuolides within the wvaste be substantially complate
gor a period not lass than 300 years nor more than 1,000 years.
This constraint, coupled with other requirements, inoluding the
stipulation that the groundvater travel time to the acoessible
env t be at least 31,000 years, is designed to ensure that
rotection of the individual and the groundvater will axtend well
eyond 1,000 years. . ‘

¥hen one aleo considers the fact that, after only a few thousand
years ©f decay, thae health hasarda of the high=lavel wvastes will
be no greater than that of the original ned uranium ore, it
becomes readily apparent that it shoculd be possiblea to ansure
individual and groundvatar protection for a duration of 10,000
years. We tharafore andorsa tha extansion of thig time riod.
Such an extension vould also makae this requirement compatible with
the limitation on health affacts resulting from an HLW repository.

Quaation 4:

In Subpart C tha Agency proposes to prevent degradation of
*underground sources of drinking water® beyond the concentrations
found 40 CFR Part 141 -= the National Primary Drinking Water
Raegulations. The Agency is aware, however, that there may soae
types of ground watars that wvarrant additional protecticn because
they are of unusually high valua or are mors susceptible to con-
tanination. Should the Agency davelop no-dagradation requirenents
for especially valuable ground waters? I£ so, vhat types of ground
vaters warrant this extra lavel of protaction?

Responsas

Wa :i:.. that pollution of "underground sources of drinking water®
sho not be pernitted beyond the linite specified in the Nationa)l
Primary Drinking Water Ragulations. We belleve that a no-
degradation requirezant for certain large voluxe aquifers, that
ropresent major long-term existing or potantial drinking water
SOUYCes, 3AY represent undus stringency. A prefaerred approaclt
would be to reject as potantial sites for the storage or disposal
¢f high=lavel radiocactive wvaastaes those land areas vhich, if
contaninated, could have the potential for polluting such aquifers,
Howevar, tha volume and present value of an aquifer should not be
the sole criteria for identifying those that should be protected.
Other criteria may become significant with the passage of time.

At the same time, we beliave it is important to recognize that the
docse rate from underground sources of drinking water, even if
contaminated to the limits specified in the National Primary
Drinking Water Regulations, would gtill contribute only a small

Wi
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fraction (4 percant) of the curzent long-term dose rate limit for
uenbers of the public: . Bven considaring the more restrictive limit
for an HIW repository (as suggested in our response to Question 1
above), groundvater complying with the Drinking Water Regulations
would contribute no mors than 40 percent of the dose rate limit.
In this sense, applicatiocn pf the Drinking Water Regulations to a
repesitory represents a dagree of stringency, especially because
thse pr y pathway for public axposures from such facilities is
through drinking water.

. ;

ousstion &1 S

. TIwo options are presanted in Notes 1(d) and (e) of Appendix B
pertaining to the transuranic waste unit: a 1,000,000 curies
- option and a 3,000,000 curies option. Which is the more ap-
propriste TRU waste unit and why?. .

Besponse:

‘The number of curies of transuranic waete that would be cozparable
to 1,000 MTHM of spent fuel :anies frco 1 to 6 million curies,
dopending on vhen the assessment is made. Accordingly, we believe
- that it wvould be reasonable to adopt the .3 million curie option.

~ The Agency is investigating the impacts of gaseous radicnuclide
releases from radicactive vaste digposal systems and whether, in
'1{ght of these releasss, changes to the Standards are appropriate.
To.assist us in this effort, we would appreciate any informatien
‘pertaining to gasecus reledss scurce terms, chemical forms, rvates,

retardation factors, mitigation techniques and any other relevant
technical information. '

Besponsg! ‘
Two reports that may be helpful are
i. W, B. Light, et al., "C-14 Release and Transport frcm a
" Nuclear Waste Repository in an Unsaturated Medium," Lawrence
Berkeley laboratory, ;Report 181~28923 (June 1990).
e« W. B. l.ight, Bt'ulif:, tTrangport of Gasecus C~14 from a

Repository in Unsaturated Rock,* Lawrence Berkeley Laboratory,
Report LBL~2974d (Septanmber 1980). -

In cormenting ‘en this subject previously, we have noted the
followingt . R , '

a, The total 1nvéntory of carbon-i4 4in a repository
containing 100,000 NTEM is astimated to bes about 100,000
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curies. This ccupares tO a global production of carbon-
34 by cosmic radiation.of 20,000 curies par year, a
global invantory of about 230 million curies, and an
atnospheric inventory of 4 million curies. 1In fact,
release Of all of the carbon=14 inventeory in a repository
vould increass the atacsphariao inventory by only about
2 parcent; this compares to natural variations in the
atmospheric inventory ¢f 10 percent to 40 parcent.

b. Based on an assuzed inventory of 100,000 HTHM, the rate
of releasa of carbon=14 fron a :oponitory that vould be
pernigsible under the axisting EPA Standards would be
about 1 curie poar year. Experience shows that any
carbon-14 that is released would zapidly mix in the
atmosphare, and estizates are that the accompanying dose
rate to a person on top of Yucca Mountain would be far
less than 0.01 mSv (1 xrem) per year. We Also note that
the linit on the ralaease rate of 1 curie per year for a
repository compares to an average release rats of 10

curias per year from a typical 1,000 Nie light-vater
reactor.

At the time the EPA Standards ware developed, considarations vere
linmited to evaluations of a saturated site. In guch a case, vater
transport and geochanical barriers would have been strongly
influantial in retaining the carbon-i4. Bubseguent consideration
of Yucca Mountain (an unaaturated site) makes tho existing EPA
standards inappropriats. We belisve the l1linit for carbon-i4 as
specified in the proposed Standards should be relaxed, For
additional digcussion on this topic, we refer you to the tranacript
and ninutes of the Advigory Committaea on Nuclear Waste Working
Group maeting held on March 19, 1991.

Ke trust these comnments will ba helpful. 1If appropriate, ve
requast that you forward them to Mr. Floyd L. Galpin of ths U.S.
Environmental Protaction Agency.

. S8incerely,

Bucte G/ Wfoctly

Dade W. Moeller
Chairman

Rafaxence o

EPA, 40 CFR 191 = Draft Environmantal Standards for the Management
and Disposal of Spent Nuclear Fuel, High-level and Transuranio
Radicactive Wastes, dated April 26, 1991, with attachnents.
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_ Dear Nr. Bernerot

LI - : . 0 May 30, 1991

H
i

Mr. Robert M. Bernero, Director
office of Nuclear Naterial

Safety and Bafe ds -
U.8. Nuclear Regulatory Commission
Washington, D.C., 30555 ‘

SUBJECT! REVIIW OF DRAPT SECY PAPER ON DEALING WITH UNCERTAINTIES

The Adﬂlory ,'c‘quittetj ‘on xuélm wagte bag revieved a oopy of the
draft SECY paper, "staff's Approach for Desling with Uncertainties
in Implementing the EPA High=level Waste Standards." As you knov,

- the NRC staff is writing thie gnper i{n response to a raguest from

the Comnission for an explanation of the management of uncertain-
ties during the process of evaluating ccmpliance of a proposed
rvepository with the probabilistic ctandards of the U.8. Environ-
gental Protection Agency (ZPA). During our 3oth meeting, wve had

- extensive discuzsions on this topic with members of your staff,

The transcript of our April 24, 1991 meeting contains dstails of
our comments and CONCerns. .

The draft SECY paper and its accompanying document provide a broad
view of the uncertainties that will need to be addressed during
gite characterization and .  the subseguent 1licensing process.
Although the draft SECY paper includes discussion of methods to
reduce uncertainties, weo believe the staff has insufficiently
clariffed ite role in the management of uncertainties that will
rexain after a license application is submitted, The draft SECY
paper is also substantially silent on (1) the general program plan
envigioned by the NRC staff for managing uncertainties, (2) the vay
4n vhich rulemaking and similar protocols will be used to manags

‘uncartainties that are likely to becoma important at thes tire of

1icense hearings, and (3) the diectinction between the role of the
NRC and that of the U.§. Departument of Ener in reducing and
nanaqing technical uncertainties. At the saxze time, the dragt SECY
fapcr ncludes extensive coverage of topics that could be
nterpreted as not being pertinent to the questions that need to
be addressed. One exazple is the discussion of the benefits to be
derived frem the existing version of the EPA Btandards. The
discussion of collective versus individual dose limits should also
bs removed from the EECY paper.
Although the draft papar is fartiuly responsive to the request of
the Commission for a discussion of the managament of uncertaintias,
thera is a need to develop a program plan that (1) establighes
guidelines for developing responses to a broad range of uncartainty

Ay A —
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issues) (3) describes the bases for actions by the staff, for
exanple, the method of balancing reliadbility and risk; and ‘(3
serves as a guide to the preparation of additiocnal r tha
systematically explors the applicaticn of the overall plan to
various parts of the licaensing process, such as the approach ¢o
raconciling expert judgmaents that conflict, Such & plan would
provide assurance of long-term requlatory consis - and
conplatensss; in esaenca, it would gexve as a "road map.* The
existing draft paper and our discussions with the NRC staff can
readily serve as a beginning for the preparation of a program plan.

We beliave that the staff is approaching tha aifficult and cozplex
topic of uncertainty issues with groving insight. Although the
present draft SECY paper represents an improvement over the earlier
version, it damonstrates the naeed to organize the variaty of issues
to be addressed so that uncertainties are minimized and managed
satisfactorily, leading to the formulation of defensible policies.
Some parts of the draft paper, particularly portions of sacticn 2
and much of section 3, could, after revision, be 1issued as a
partial response to the Comaiasgion’s reguest.

¥We look forwvard to working with the staff on thase matters and to
ravieving additional documents on this important topic as they are
daeveloped. We would be pleased to maet with you to elaborats on
our ¢ommants and suggestions. :

Sincerely,

/ 92& %/M
Dade W. Noeller A
S.alrman :

Rafexencaqs | ;
Draft SECY Paper, "gtaff's Arproaeh for Dealing with Uncertaintias
in Ioplementing the EPA High-Level Wastae Standards,™ undated,
received April 26, 1991.
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 STAFF POSITION 60-001

SUBJECT: CLARIFICATION OF THE-300-1000 YEARS PERIOD FOR SUBSTANTIALLY COMPLETE
-CONTAINMENT OF HIGH-LEVEL WASTES WITHIN THE WASTE PACKAGES UNDER
110 CFR60.113(a)(1)(11)(A)

R . . i
THE QUESTION: Under the applicable performance objective in 10 CFR Part 60,
may waste packages for high-level waste be designed for a lifetime in excess
of 1000 years and, if so, may: containment over the entire desién'lifetime be
factored into required engineered barrier system and overall repository system
performance assessments?

STAFF POSITION: The requirement in 10 CFR 60. 113(a)(1)(ii)(A) for
substantially complete containment of high-level ‘wastes within the waste
packages for a period not less than 300 years nor more than 1000 years
following repository closure is a minimum performance requirement which is not
intended, and should not be iuterpreted as a cap on the waste package lifetime
or a limitation on the credit that can be taken {in engineered barrier system
and overall repository system performance assessments) if the waste package is
designed to provide containment in excess of 1000 years.

ISSUANCE DATE: July 27, 1990

DISCUSSION: § 60.113 contains the: subsystem performance requirements for both
the engineered and natural: barriers of the geologic repository. Specifical]y,
10 CFR 60. 113(a)(1)(ii)(A) states that assuming anticipated processes and
events:

Containment -of HLW within the waste packages will be substantially
complete for a period to be determined'by the Commission taking

- into account the factors specified in § 60.113(b) provided, that
such period shall be not less than 300 yearstnor more than 1,000
years after‘permanent»closureiof the geologic repository;

Gy 7poer—



and as referenced, 10 CFR 60.113(b) states that:

On a case-by-case basis, the Commission may approve or specify

some other radionuclide release rate, designed containment period
or pre-waste-emplacement groundwater travel time, provided that the
overall system performance objective, as it relates to anticipated
procaesses and events, is satisfied. Among the factors that the
Commission may take into account are:

(1) Any generally applicable environmental standard for
radioactivity established by the Environmental Protection
Agency;

(2) The age and nature of the waste, and the design of the
underground facility, particularly as these factors bear
upon the time during which the thermal pulse is dominated e
by the decay heat from the fission products; , T

(3) The geochemical characteristics of the host rock, surrounding
strata and groundwater; and

(4) Particular sources of uncertainty in predicting the performance
of the geolegic repository.

The phrase "not less than 300 years nor more than 1000 years" from

§ 60.113(a)(1)(i1)(A) can possibly be taken out of context and interpreted to

mean (1) that the waste package must be designed to have a lifetime no greater

than the stated period or (2) that, in assessing the performance of the waste

package and the engineered barrier system, one must assume that the waste

package fails at the end of the stated period. These interpretations would
mischaracterize the "containment" requirement. Sound safety policy (as

reflected in the rules) should encourage good waste package design, including a

long period of expected containment. Either of the interpretations mentioned S
above - a limitation on the waste package lifetime or limitation on the period

- r'.
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for which containment may be factored into analyses - would be at odds with
this desirable safety practice. Neither the languaée nor tﬁé:regulatory
history of the rule requires or supports any such interpretation. The waste
package may be designed for a longer lifetime and such longer lifetime may be
considered in evaluations of comp\iance with the engineered barrwer system and
overall repository system performance objectives.

I. Evolution of the “Containment" Rule

An understanding of the Commission's intent in the "containment" requirement
of 10 CFR 60.113 is best obtained By a review of the rule from its development
in proposed form to its promulgation in final form. - The “contafnment" rdIe.
as proposed states in part that "... the waste packages will contain all
radionuclides for at least the firét 1000 years after permanent closure."

(46 FR 35280, July 8, 1981). It is important to note that the containment
period in the proposed rule was fiied as a single durational figure (i.e.,
1000 years) and was unequivocally éxpressed as a minimum. However, a number
of commentors expressed concern with the formulation of the proposed
"containment" rule as well as the other subsystem performance requirements.
They pointed out that these requ1rements were supposed to contribute to
ensuring compliance with an overall EPA standard, yet, at the time the
requirements were proposed and commented upon, there was no such EPA standard.
(A11 that was available was an EPA “working draft," not even a proposed EPA
rule.) The staff accordingly‘sougﬂt Commission guidance on the question
whether to.proceed with the numerical subsystem performance objectives as part
of the final rule or to defer theirjpublication‘until after the EPA standard
had been issued. (SECY-82-427, "Commission Options on Developing Final
Technical Criteria for Disposal of High-Level Waste in Geologic Repositories.")
The language which the staff suggested for publication -- should the
Commission approve -- would have required a specific containment period (1000
years), subject to adjustment to take into consideration a variety of factors,
including the standard that EPA might actually promulgate. The specific text



(submitted as part of SECY-82-288, "10 CFR Part 60 - Disposal of High-Level
Radioactive Wastes In Geologic Repositories: Technical Criteria“) reads as
follows:

Containment of HLW within the waste packages will be substantially
complete for a period of 1,000 years after permanent closure of the
geologic repository, or such other period as may be approved or
specified by the Commission.

The Commission decided that the staff should proceed to finalize the technical
criteria, including numerical performance objectives for the waste packages.
However, the Commission decided that the wording should be modified so that, as
the final rule states, the containment period, to be determined by the
Commission, “shall be not less than 300 years nor more than 1,000 years after
permanent closure."

‘The change can be traced to a Commissioner's recommendation, dated 1J/
December 8, 1982 (captioned "HIGH LEVEL WASTE TECHNICAL RULE"):

Replacing the staff formulation of the designed waste package
containment period in Section 60.113(a)(1)(ii)(A) (1,000 years after
closure or such other period as may be approved or specified by tic
Commission) with the requirement that the Commission specify the
appropriate period within a range of from 200 to 1,000 years, taking
into account tha.four factors in Section 60.113(b). This should
accomplish essentially the same purpose as the staff's formulation
in a more neutral form.

(In subsequent Commission direction ta the staff, the 200-year figure was
changed to 300 years.) ‘

This history establishes clearly that the Commission intended no departure
from the principle that a specific minimum containment period for the waste ' ‘.
package should be specified. This was a cornerstone of the proposed rule and Ny



the staff's suggested revision, and the Commission undertook no change in that

purpose. The only alteration was one designed to eliminate the apparent

presumption that:the minimum containment period was to be 1000 years; by
providing a range, the length of this minimum period would be formulated
“in a more neutral .form." That 1s, the flexibility provided in the rule
(considering factors specific to particular sites and’designs) could be
applied to set an appropriate minimum containment period; and so long as it
was of sufficient duration to cover the period when radiation and thermal
conditions in the engineered. barrier system are dominated by fission product
decay (Section 60. 113(a)(1)(i)(A)). the rule expressed no further preference
for any particular number of' years within the range.
| o .3 o
The Commission s views were developed in the statement of considerations
accompanying publication of final technical criteria. The concern that was
being addressed involved uncertainties arising out of thermal disturbances of
the area near the emplaced waste: ] " the specification of a minimum containment
period (i.e., a prescribed period to be determined within & broad’ range) would
limit the source term (i.e., radionuclide releases from the waste package)
during the thermal pulse and thereby reduce these uncertainties. The
discussion (48 FR 28194, June 21, 1983 at 28196) includes the following:
...the Commission continues to be concerned that thermal
disturbances of the area near the emplaced waste add significantly
to the uncertainties in the calculation of the transport of
radionuclides through the geologic environment. The proposed rule
~ addressed this problem by providing that all radionuclides should
be contained within the waste‘packages for a period of 1,000 years.
The Commission continues to consider it important to limit the
source term by specifying.a containment period (as well as a release
rate). But the uncertainties associated with the thermal pulse will
be affected by a number of factors such as the age and nature of the
waste and the design of the Underground facility.  For some ‘
repositories, a period substantially shorter than 1,000 years may be
~sufficient to allow for some of the principal sources of uncertainty



to be eliminatedkfrom the evaluation of repository performance. Ffor
cases analyzed by the Commission on the basis of specified assumptions,
a range of 300 years to 1,000 years would be appropriate. (These
values appear in § 60.113(a)(1)(i1)(A)). Yet even a shorter designed
containment period might be specified, pursuant to § 60.113(b), in the
light of conditions that are materially different from those that had
been assumed. For example, if the wastes had been processed to

remove the principal heat-generating radionuclides (cesium-137 and
strontium=-90), the 3G0 - years provisions would not be controlling.

Given this discussion, it is evident in the public record as well as internal
documents that the Commission had in mind the fixing of a particular minimum
containment period (generally within the 300 - 1,000 year range) that would
suffice to eliminate some of the principal sources of uncertainty. (This is
emphasized by the Commission's explanation, also at 48 FR 28196, of its
defense in depth approach as one that would prescribe "minimum performance
standards for each of the major elements of the repository.") There is e
nothing to suggest that the 300 - 1,000 year range would play any other part

in the application of the requirements of 10 CFR Part 60.

II. Relation of the Containment Requirement to Other Post Closure
Performance Gbjectives

As discussed below, the containment requirement has an intended relation-
ship to both the overall repository system performance objective and the
controlled release performance objective of the engineered barrier system.

A. Overall System ﬁerformance Objective

As noted above, the containment requirement was established as a measure that
would limit the uncertainties arising out of thermal disturbances of the area
near the emplaced waste. The underlying reason for limiting the uncertainties
was the Commission's expectation that application of the EPA standard would be
facilitated thereby. Thus, satisfaction of the containment requirement would
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"ordinarily contribute'tofmeetingithe [EPA] standards"; and the "definite
contribution" of the waste package would be important "for the Commission to

be able to conclude that the EPA standard will be met." (48 FR at 28196.)
Clearly, if the performance of the waste package in accordance with Section
60.113(a)" is deemed to contribute ! to a finding of compliance with the EPA
standard, then the containment for an even longer period should make even more
of a contribution. To the extent warranted. by the data submitted in. support of
the license application, containment of radionuclides within the waste packages
can and should be recognized in applying the EPA standard without any arbitrary
time limitation. '

B. Controlled-Release Performance'objective""

| The close relationship betweén the two performance objectives in

10 CFR 60. 113(a)(1)-~ the containment requirement and the controlled-release
requirement-- needs to be recognized (See 48 FR 28209) These are coupled
requirements that serve to control the release of radionuclides to the geologic
setting and thereby contribute to meeting the EPA standard. The controlled-
release performance objective specifies that following the containment period,
the release rate of any radionuclide from the "engineered,barrier system“ shall
not exceed specified values. The Issue arises because the Commission indicated
its intention that each of the mul ipleibarriers*described in the rule must

make a definite contribution to satisfying the EPA standard; a valid question,
then, is whether credit for containment of radionuclides in the waste package
beyond the containment period'can 6e taken in judging whether satisfaction of
the controlled-release performancefobjective.would in fact contribute to meeting
the EPA standard. - The text of}thefrule'is_really unambiguous on the point, as
the controlled-release requirementﬁpertains to the "engineered barrier system,"
which by definition includes the waste packages. Accordingly, in determining
whether releases from the engineered barrier system are kept low enough, one
must consider the role of the components of that system, and that includes the
role of the waste packages. Once again, whatever degree of containment can be
demonstrated by the applicant will}be recognized in determining -whether the
engineered barrier system is making the contribution envisaged by the Commission.



I[II. Conclusion

Inasmuch as the waste package will be assessed by the NRC staff on the merits
of its design and its anticipated performance in the repository setting, the
staff can’'give credit, if warranted, for waste packages designed to provide
containment in excess of 1000 years. In other words, the staff would not
arbitrarily assume in its compliance assessment for the waste package and
engineered barrier‘system that the waste package will fail at 1000 years.

The staff recognizes the licensee's option to do more than just meet the
Commission's requirements (i.e., the minimum standards) and that, whean
warranted, the staff's assessments should reflect those design enhancements.
In this regard, the purpose of the natural and engineered barriers subsystem
requirements is to add confidence that the overall EPA containment requirements
will be met. One way of minimizing uncertainties related to compliance with
the EPA standard is to propose a waste package design for containment well in
excess of 1000 years and the DOE could factor this design into the performance
assessment which will be documented in its ticense application.

For the reasons cited above, the 300 - 1000 year containment period specified
in 10 CFR 60.113(a)(1)(i1){A) is not to be viewed as the waste package
lifetime but rather the minimun period for which substantially complete
containment of radionuclides within the waste package must be provided.
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