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or usefulnessof any information,apparatus,product,or processdisclosed,or representsthat itsusewould
not infringeprivatelyownedrights.Referencehereinto anyspecificcommercialproduct,process,orservice
bytradename,trademark,manufacturer,orothemvise,doesnot necessanlyconstituteor imply its
endorsement,recommendation,or favoringby theUnited StatesGovernmentorany agencythereof.The
viewsandopinionsofauihorsexpressedhereindo notnecessarilystateor reflec(thoseof theUnited States
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AN ASSESSMENTOF THE IMPORTANTRADIONUCLIDESIN NUCLEARMASTE
... ,- . ,- . .
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ABSTRACT

The relativeImportanceof the variousradlo-
nuclldescontainedIn nuclearwastehas been
assessedby considerationof (1) the quantityof
each radlonuclldepresent,(2) the Environmental
ProtectionAgency’sreleaselimitsfor radlo-
nuclldes,(3) how retardationprocessessuchas
solubllltyand sorptionaffectradlonucllde
transport,and (4) the physicaland chemicalforms
of radlonuclldesIn the waste. Threetypesof
wastewere revleued:spentfuel,high-levelwaste,
and defensehigh-levelwaste. Condltlonsspecific
to the NevadaNuclearWasteStorageInvestlgatlons
projectpotentialsiteat YuccaMountainwere
usedto describeradlonuclidetransport.The
actlnldesAm, Pu, Np, and U were Identifiedas
thewasteelementsfor which volubilityand sorp-
tiondatawere most urgentlyneeded. Other
Importantwasteelementswere Identtftedas Sr,
Cs, C, Nl, Zr, Tc, Th, Ra, and Sn. Undersome
condltlons,radlonuclidesof threeelements(C,
Tc, and I) may have high solubllltyand negligible
sorpt~on. The potentialfor transportof some
wasteelements(C and I) tn the gas phasemust
also be evaluatedfor the YuccaJMountainSite.,.,...

.-
-. .-

-.

1. INTMIDUCTION ..{: *
A programto buildand llc~ns~’a’nuclearwaste repositorymust consider

the typeof wasteto be storedand, tnpartlcular,the radlonuclldecomposition
of the wasteoverttmeafterstoragebegins. Thts InformationIS needed to

assesshow well the proposedrepos~to”ryw’lll-”conta~nthe wasteovera long
time. Presently,thereare severaldifferenttypesof wastethatmightbe



storedat potentialrepositorysitesbeingstudiedby the OffIceof Civilian

RadtoactlveWasteManagementof the Departmentof Energy. They includespent
fuelfrombotllngwater reactors(BWR)or pressurizedwaterreactors(PWR),
high-levelwasteobtainedfrom reprocessingBWR or PWR spentfuel,defense
high-levelwaste,and transurantc(TRU)waste. The differentphysicalforms
and radlonucltdecompositionsof thesewastescreatedtfferentproblemsIn
sitecharacterizationand performanceassessment.

The NevadaNuclearWasteStorageInvestlgatlonsprojectIs studyinga
stteat YuccaMountaintn southernNevadaas a potentialnuclearwastereposi-
tory. As partof the geochemicalsitecharacterizationof YuccaMountainbeing
done at Los AlamosNationalLaboratory,questionsconcerningthe relatlve

Importanceof variousradlonuclldeshavearisenIn the contextof studiesof
how solubllltyand sorptionon localmineralsaffectradlonuclldetransport.
In assessingthe sultabllltyof the site,thoseradlonuclldesthatare present
In largequantities,thatmust be containedwell,or thatpresentspecial
problemsshouldbe givenattentionearlyIn the program.

This reportpresentsan assessmentof the relativeImportanceof radlo-
nuclldesIn varioustypesof nuclearwaste. Fourfactorsare consideredIn
thisassessment:

1. the quantityof vartousradlonuclidespresentIn thewaste,
2. the EnvironmentalProtectIonAgency(EPA)releasellmltsfor the

radlonucltdes,
3. how differentretardationprocessessuchas solubllltyand sorption

mightaffectradlonuclldetransport,and
4. the physicaland chemicalformsof the radlonuclldesIn thewaste.

Becauseof the uncertaintiesaboutwastetypes,presentinga singlellstof
radlonucltdesorderedby relatlveImportanceIs Impossible.However,this
reporthighlightsradlonuclldesthatmay be importantregardlessof the waste
formand othersthatmay be Importantundercertainconditions.

II. REPOSITORYINVENTORY

Beforean assessmentcan be made of the Importanceof the variousradlo-
nuclldesIn nuclearwaste,It Is necessaryto knowthe radlonuclldecomposition
of the waste. Forwastefrom clvlllanreactors,data fromthe compilationof

Croffand Alexanderlwere used. The two commontypesof llght-waterreactors

2
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(PWRand BWR)producewaste (spentfueland high-levelwaste)thatIs suffi-
cientlystmllarto consideronly PWR data In thisanalysls;conclusionsdrawn
for PWRwastegenerallyapplyto BWR wastealso. The PWR-wastedataare for
fuel thatwas irradiatedat 37,5MW/MTHMto a burnupof 33 000 MWd/MTHM. The
unitMTHM Is metricton
chargedto the reactor.
unitsof Ct/1000MTHM.
and structuralmaterial

of heavymetal(uraniumplusplutonlum)originally

The radloactlvltycontentof thewaste Is reportedIn
The spent-fuelwasteis composedof fuel,cladding,
from the fuelassembly.l High-levelwastecomes

from reprocessedfuelfrom speiit-fuelwaste. Duringreprocessing,99.5%of
the uraniumand plutonlumare flssumedto be removedfrom thewaste. Other
flsslonand activationproduct$may also be Isolatedat thistimefor separate
storage. For the analyslsdone here,It was assumedthata repositorystoring
high-levelwastewouldalso storeftsstonproductssegregatedduringreproc-
essingalongwith claddingand structuralwastes. Althoughmany of these
wastes,claddlngand structurai~wastesIn particular,are usuallynot consid-
ered to be partof high-levelwaste,theyrepresenthighlyradioactivematerial

generatedIn the fuelcycleth~trn~s~ebeIsolatedfrom the environment.,.. ,~. 1 3
Datafor defensehigh-levelwastewere obtainedfromcalculationsby

J. R. Fowlerand M. D. Boersmaof the WasteSolidlflcatlonTechnologyDtvlslon,.
of SavannahRiverLaboratory,;~lke~,South,Carpll,ni.The results2give the...
radlonuclldeInventoryof SavannahRiverhigh-levelwastefromthe future
DefenseWasteProcessingFacll{ty._ -

, .,
This fac~~ltyIs designedto,process..>

alkalinewastesludgethathas.been‘storedfor 5’years‘afterdischargefroma.+ >,,- ‘.””w-‘.’”.I
reactor,mixedwith ceslumconcentrate-from~olublealkal{newastethathas,:,
been storedfor 15 years,Intoa boroslllcateglass. The radlonuclldetnven-
torlesare reportedIn termsoi the actlvlt~lo! mass of radlonuclldesper5.,.~ ‘~.*.
canisterof glass(1480kg). A conversionbetweenthe quantityof waste in a
canisterand the quantityof heavymetalorl~lnallychargedto the reactorIs
not available. For the analyslsdone here,“itwas-assumedthatthe equivalent,~,,,,.,”., ,,....: ,,!
loadingof defensehigh-levelwastecanistersin MTHM/canistercouldbe
estimatedfromthe totalactlvlty(C1/canister)of PWR high-levelwasteand
defensehigh-levelwastecanls~ers. PWR high-levelwastecanisterswill
contatnwastefromabout2 MTHl!3with about70 000 Ct/cantster100 years
afterdischarge.’lDefensehlg~-levelwastecanisterswIII containabout
16 000 Cl/canister100 yearsa~,ter.discharge.Basedon an equivalenceof the—.
curiecontent,the loadlngof defensehigh-level

— .
,— ..--+-.. . .. . .... .
. ,. ~= -,,..,.. ,U,.,..— -..

, w. .:”. -*. . *,. -!.

ff - Lr.a. .LiK.

wastecanisterswouldbe about

+“.



0.5 MTHM/canister.This assumptiondoes not affectthe relatlveImportanceof

radlonuclldeswlthlna givenwastetype;It does,however,make comparisons
betweenPWRwasteand defensewastesomewhatuncertain.

TRU wastes,whichcontainalpha-emittingtransuranlcradlonuclldesat
levelsgenerallylowerthanhigh-levelwaste,may also be storedIn a geologlc
repository,but theywere not specificallyconsideredIn thisanalysis.
Presently,the amountof TRU wastethatmightbe storedIn a repositoryand
the radlonuclldeInventoryof thatwasteare uncertain.The radlonuclldesIn
TRU wasteare generallyalso presentIn htgh-levelwaste;thus,no new

Importantradlonuclldesshouldbe addedfromTRU waste. One Importantaspect
of TRU wastethatmay InfluenceradionuclldetransportIs the presenceof other
materialssuchas organlcs.4 The effectof theseothermaterialson waste-

elementspeclatlonand solubllltymust be InvestigatedIf a decisionIs made
to storeTRU waste~n a geologicrepository.

TableI Is a listof the totalInventoryIn C1/1000MTHM for the various
typesof wasteconsideredhere. The InventoryIs dlv~dedintoactivation
products,flsslonproducts,and actlnldesfor clvtl’tanwaste.l Throughout
an Importantperiod(1000to 10000years)for the effectsof geochemlcalproc-
esseson radlonuclldetransport,the Inventoryfrom PWR spentfuel Is aboutan
orderof magnitudelargerthan fromPWR high-levelwaste. Thus,spentfuel
presentsa more difficultcontainmentproblem.

More slgnlflcantfor IdentlfylngImportantradlonuclldesIs the Identity
of the radlonuclldesthatcontributemost to the Inventoryovertime.
TablesII, III, and IV listthe primaryradlonuclldesand the amountsthey
contributeto the totalInventoryof thewastefor PWR spentfuel,PWR hlgh-
levelwaste,and defensehigh-levelwaste,respectively.The actlnldesand
theirdecayproductsare representedby Isotopesof Np, U, Pu,Am, Cm, Th,
Ra, and Pa. The radlonuclides137CS,‘OSr,99Tc,126Sn,135CS,151Sm,

7gSe,and theirshort-liveddaughtersare flsslonproducts. The radlo-

nucllde‘3Zr Is botha fissionproductand PWR claddingactivationproduct.
Othercladdlngactivationproductsare 63NIand 5gNt. The radlonucllde
14C comesprimarilyfromactivationof 14N,which Is presentIn both PWR

fueland cladding. The 14C contentof defensehigh-levelwasteIs lnslgnif-
~cant.2 The flsslonproduct’291 Is generallyconsideredImportant,but

It does not appearIn TablesII, III, and IV becauseIt does not contribute
slgnlflcantlyto the totalInventoryof the waste;1291will be discussed

4



REPOSITORYINVENTORYFOR VARIOUSTYPESOF NUCLEARWASTE
.
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102 year 103 year 104 year 105 year
.- —.- -..

PWR SDentFuel
Activationproducts
Actlnldes
Flsslonproducts
Total

PWR High-LevelWaste

Actlvatlonproducts
Actlntdes
Fissionproducts
Total

DefenseHlqh-LevelWaste
Total

3.2 X 105 8.4 X 103 6.4 X 103
6.8”X 106 1.7 x 106 4.4 x 105
3.4 x 107 1.9 x 104 1.9 x 104
4.1 x 107 1.8 X 106 4.7 x 105

.,. . ..

3.2 X 105 8.4 X 103 6.4 X 103
3.2 X 105 8.3 X 104 2.0 x 104
3.4 x 107 1.9 x 104 1.9 x 104
3.4 x 107 1.1 x 105 4.5 x 104

,.., ... ....

3“?.?0!1.6,0 X 104 3,1 x 104

2.5 X 103
3.9 x 104
1.4 x 104
5.6 X 104

2.5 X 103
2.5 X 103
1.4 x 104
1.9 x 104

1.7 x 104

t..
In Sec. VII becauseof Its high solubllltyand-poorsorptionbehavior. Some.
radtonuclldesltsted tn Tables II, III, and IV have relativelyshorthalf-lives
and wouldnot be ImportantIn a studyof transportmechanisms.At 100 years
afterdischarge,‘37CS,90Sr, and theirshort-llveddaughtersdominatethe
Inventoryfor all typesof waste. By 1000yearsafterdischarge,the actlnldes
are the predominantradlonuclldes.At 10 000 and 100 000 years,activation
products,flsstonproducts,and act~nldesare all”lmportant,althoughthe--.,.
actlnldesare more Importantfor spentfuel‘thanfor high-levelwaste.

III. EPA LIMITS

The totalactlvltyof the variousrad{onuclldespresentIs onlypartof
the measureof theirImportance. In responseto the NuclearWastePolicyAct,
the EPA Is developinga standardfor nuclearwaste repositories.5In ~ts

5.-. ,.. . ...”.-,

1!
‘a’Lu ”%cauT;i?mL-;2”. , .“ ‘.;’” ‘;.’”??””

.- .-—
b..+w;,-> ..m.-
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TABLE11

PRIMARYRAD1ONUCLIDESCONTRIBUTINGTO
REPOSITORYINVENTORYFOR PWRSPENTFUEL

Radlonuclldeand Per centof TotalActlvltyfor VartousOecayTimes

102 vear

‘37CS 25%
137mBa 24%a
‘OSr 17%
90Y 17%b

241Am 9%
23*PU 3%
24’PU 2%
240Pu 1%

239Pu 0.8%
63NI 0.8%
151Sm 0.4%

103 year

241Am 51%

240Pu 27%

239PU 17%

243Am 0.9%
239NP 0.9%C

99Tc 0.7%
5gNi 0.3%
234U 0.1%
‘3Zr 0.1%
‘3mNbO.l%d
242PU 0.1$4

104 year

239PU 51%
240PU 39%

‘9Tc 3%

243Am 1%

239NP 1%C

59NI 1%
234U 0.4%
93Zr 0.4%
‘3mNb0.4%d
242Pu 0.4%

237NP 0.3%

105 year

239PU 33%
‘9Tc 17%
59NI 4%

‘3Zr 3%

‘3mNb 3%d
234U 3%

242PU 3%
237NP 2%
233Pa Z%e

226Ra 2%f

230Th 2%

aShort-llveddaughterof 137CS.
bShort-llveddaughterof ‘OSr.
cShort-llveddaughterof 243Am.
‘Short-llveddaughterof ‘3Zr.
‘Short-llveddaughterof 237NP.
fDecaYProductsof 226Raare in secularequlltbrlurn;eachdecay
productalso represents2% of Inventory.The 226Radecayproducts
are generallyshortltved.

presentform,this standardIlmfltsthe releaseof radlonuclldesto the
environmentfor 10 000 yearsafterdisposal. Cumulativereleaselimltsfor

radlonuclldesare prescribedIn the standard. TableV Ilststheserelease
llmltsas presentlyset. They coverall radioactiveIsotopes. All alpha-

emlttlngradlonuclldesexcept230Thand 232Thhavea releaselimitof

100 C1/1000MTHM. Most radlonuclldesthatdo not emitalphaparticleshavea

releaselimitof 1000C1/1000MTHM;the exceptionsare 14C and 1291,which

have lowerreleasellmlts(100C1/1000MTHM)becauseof theirbiological
act~vlty,and ‘9Tc,whichhas a higherreleaselimit(10 000 Ct/MTHM).

6



PRIMARYRADIONUCLIOESCONTRIBUTINGTO
REPOSITORYINVENTORYFOR PWR HIGH-LEVELWASTE

..-..-. , -, .>.
..,...+ . .- . . .

Radlonuclldeand Per c~ntof TotalActlvltyfor VariousDecayTimes

102 year

‘37CS 30%
137mBa 28%a
‘OSr 20%
90Y 20%b

63NI 0.9%
241Am 0.5%
151Sm 0.5%
238Pu 0.2%
244Cm 0.1%

243Am 0.05%
239NP 0.05%

103 year—
241Am 39%
243Am 14%
239NP 14%C
99lc 12%
240Pu b%
5gNt 5%
239Pu 2%
93zr ?%

‘3mNbZ%d
14C 1%
“Nb 1%

104 year
99

~C 28%
243Am15%
239NP 15%C

59NI10%
239Pu 9%
240Pu 5%
‘3Zr 4%
93mNb 4%d

“Nb 2%
126Sn 2%
14C 1%

105 year

‘9Tc 50%

59NI 12%

‘3Zr 10%

‘3mNb 9%d
239PU 3%
126Sn 2%
237NP 2%
233Pa 2%e
‘35CS 2%
79Se 0.7%
233U o.7%

aShort-llveddaughterof 137CS..
bShort-llveddaughterof ‘OSr.
cShort-llveddaughterof 243Am.
dShort-liveddaughterof ‘3Zr.
‘Short-llveddaughterof 237Ns.

..

The EPA standardllmlts‘thetotalreleaseof radloactlvltyto the
environment.The contributionof each”radlonuclldeto the totalreleaseis
calculatedfrom the ratioof the”amount’releasedto the E~A limitfor that..— ..
radlonucllde.Basedon this formulation,a measureof the relativeImportance..... . ~ ,.
of the variousradlonuclldes‘i;the rat~o’of{he‘radlonuclldeInventoryIn
C1/1000MTHM to the EPA llmtt. TablesVI, VII, and VIII listradlonuclldes
orderedby this ratioalongwith valuesof the ratiofor PWR spentfuel,PWR
high-levelwaste,and defensehigh-levelwaste,respectively.Radlonuclldes

nearthe top of the listsha,velargervaluesfor the tnventory/EPAlimitratio... ,.
Thus,largerfractionsof theseradlonuclldesmust be containedby the reposi-

toryto meet the EPA standard.

7



TABLEIV

PRIMARYRADIONUCLIDESCONTRIBUTINGTO
REPOSITORYINVENTORYFOR DEFENSEHIGH-LEVELWASTE

Radlonuclldeand Per centof TotalActivityfor VariousDecayTimes

102 year 103 year 104 year 105 year

‘OSr 25%
90Y 25%a

‘37CS 24%

‘37mBa 22%b

23*PU 3%

63NI 0.7%
151Sm 0.7%
241Am 0.2%
24’PU 0.07%
239PU 0.05%
240Pu 0.03%

241Am 31%
239PU 28%
240Pu 16%

59Nt 6%
‘9Tc 6%

‘3Zr 3%
‘3mNb 3%C
234U 2%
23*PU 1%
63NI 0.6%
126Sn 0.4%

239PU 43%
240Pu 13%
‘9Tc 11%
59NI 11%
‘3Zr 7%

‘3mNb ‘Xc
234U 5%
126Sn 0.8%

7gSe 0.5%
‘35CS 0.5%
230Th 0.4%

‘9Tc 14%
93Zr 11%
‘3mNb 1l%C
59NI 8%
234U b%

239PU 6%

230Th 4%
226Ra 4%d

‘35CS 1%

126Sn 1%
79Se 0.4%

aShort-llveddaughterof ‘OSr.
bShort-llveddaughterof ‘37CS.

cShort-llveddaughterof ‘3Zr.
dDecayproductsof 226Raare In secularequlllbrium;eachdecay
productalso represents4% of inventory.The 226Radecayproducts
are generallyshortlived.

Comparedwith an orderingof radlonuclldesbasedon theirInventory(see
TablesII, III, and IV), the orderingsshownIn TablesVI, VII,and VIII

Increasethe Importanceof actlnldesbecausetheyare usuallyalphaemitters
and thushave lowerEPA llmlts. In particular,‘9Tc,whichhas the highest

releaselimitof any radlonucllde,Is reducedfrombeingthe majorcontributor
to the Inventoryof PWR high-levelwasteat 10 000 and 100 000 years(see
Table III) to a levelbelowmany otherradionuclldeswhen orderedon the

inventory/EPAIlmltratio(seeTableVII).

8
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‘EpA“RELEASELIMITs
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.,
241Amor 243Am-------------------------------------------
14C -----------------------------------------------------
137Cs or 135CS------------------------------------------
1291----------------------------------------------------

237NP---------------------------------------------------
23*Pu,239Pu,240Pu,or 242Pu --------------------------

226Ra---------------------------------------------------
‘OSr ---------------------------------------------------

‘9Tc ---------------------------------------------------

230Thor 232Th------------------------------------------

126Sn---------------------------------------------------
233U 234U 235U 236U or 238U

# 9 9 9 -------------------------

Anyother alpha-emlttlngradlonu$llde .

with a half-lifegreaterthan 20 years---------------
Any otherradlonuclldewlt~ ~ “half-llfegreater
than20 yearsthatdoes not emitalphaparticles-----

100
100

1 000
100
100
100

100
1 000
10 000

10
1 000

100

100

1 000

Iv. EFFECTSOF VOLUBILITY
The previousdiscussionshavenot consideredany speclflcrepositorysite;..

the orderingsllstedin Tables’VI to VIII w;uld be the samefor any site
storingthe typeof wasteconsidered.However,solublllty,whichdependson
waterchemistry,has site-dependenteffects. A slrnplemodelhas beendeveloped
to assessthe effectsof solub~lltyon elementdissolutionfrom solldwasteat
the proposedYuccaMountainrepository.6Resultsfromthismodelcan be
usedto rankradtonuclldesIn termsof the ratioof the radl’onuclldedissolu-
tion rate(C1/1000MTHM year)to the EPA ltmlt(C~/1000MTHM). This ratio
representsthe fractionof the”~Pkl~mltoi ‘agivenradlonuclldethat Is..
releasedfromthe solidwasteeach year. The ratiois largefor radlonuclldes

with largedissolutionrates(radlonuclldesthatare not limitedby solubiltty)
and with low EPA releasellmltsfl

9
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TABLEVI

RADIONUCLIDESORDEREDBY RATIOOF
INVENTORYTO EPA LIMITFOR

PWR SPENTFUEL

Radlonuclldeand (Inventory/EPALimit)for VariousDecayTimes

102 year—

241Am 3.8 x 104
238PU 1.1 x 104
‘37CS 1.0 x 104
137mBa9.8 x 103a
‘OSr 6.8 x 103
90Y 6.8 x lo3b
240Pu 5.3 x 103
239PU 3.1 x 103
24’PU 1.0 x 103
244Cm 3.3 x 102
63NI 3.1 X 102
243Am 1.7 x 102

103 year—

241Am 9.0 x 103
240Pu 4.8 X 103
239PU 3.1 x 103
243Am 1.6 x 102
234U ?.0 x 10’
242pu 1.8 X 101
239Np 1.6 X 1OIC
14C 1.4 x 10’
237NP 1.0 X 101
238PU 9.7
59NI 5.2
238U s z.

104 year—

23gpu 2.4 X 103
240Pu 1.8 X 103
243Am 6.7 x 101
234U 1.9 x 10’
242PU 1.7 x 10’
230Th 1.7 X 101
237NP 1.2 X 101
23gNp 6.7C
59NI 4.8
14C q b
236U 3“5
238U 3“2.

105 year—

239Pu 1.8 X 102
230Th 1.0 X 102
234U 1.6 X 101
242PU 1.5 x 10’
237NP 1.1 X 101
226Ra 1.0 x 101d
233U q ,
236U 4“0.
22gTh 3.7
238U s z.
59NI 2.2

‘3Zr 1.9

aShort-llveddaughterof ‘37CS.
bShort-llveddaughterof ‘OSr.
cShort-llveddaughterof 243Am.
dDecayproductsof 226Raare tn seculare~ulllbrlum.EachalDha
emitterIn the decaychainhas the same~nventory/EPAIlmlt~atlo;
othershavean orderof magnitudelowerratio. The 226Radecay
productsare generallyshortllved.

The modelused In thisanalyslsIs basedon the assumptionthatdissolu-
tion ratesare llmltedby diffusionof wasteelementsIntowatermovingpast
the solidwasteor by bulk-wastedissolution,whicheverrateIs lower.6
Wasteelementswith largesolubllltlesor thatare presentIn very small
quantitieswill dissolveat the bulk-wastedissolutionrate;elementswtth low

solubllltleswill dissolvemore slowly. The bulk-wastefractionaldissolution
rateused In thesecalculationswas 1 x 10-4/yrexceptfor Cs, Sr, C, and I

In spentfuel,where1 x 10-3/yrwas usedto accountfor mlgratlonof these

10
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RADIONIJCLIOESORDEREDBY RATIOOF
INVENTORYTO EPA LI#lIT.FOR

PWR HIGH-LEVELWASTE
..” . . . .- ”- . . . . .- ---- ~ -. - . ,-

Radlonuclldeand (Inventory/EPALimit)for VariousDecayTimes

lo2 year

‘37CS 1.0 x 104
‘37mBa9.8 x 103a

90Sr
90Y

241Am
238PU
244Cm
63NI
243Am
151SM
240PU

242Cm

6.8 x 103
6.8 x lo3b
2,0 x 103
5.2 X 102
3.3 x 102
3.1 x 102
1.7 x 102
1.7 x 102
6.8 x 10’

2.0 x 10’

103 year—

241Am
243Am
240Pu
239PU
239Np
14C

59NI
237NP
‘3Zr

1.8 X 103
1.7 x 102
6.3 X 101
2.1 x 10’
1.6 X IOIC
1.4 x 10’
5.1
3.5
1.8

‘3mNb1.7d
‘9Tc 1.3

94Nb 1.2

104 year 105 year

243Am 1.6 x 102 239PU
239PU 4.0 x 10’ 237NP
240Pu 2.4 X 101 230Th
23gNp 6.7C 5gNl
5gNt 4.8 93zr
14c 4 b. 93mNb
237NP 3.5 233U

‘3Zr 1.8 22gTh
‘3mNb1.7d 99TC

‘9Tc 1.3 126Sn
“Nb 9.1 X 10-’ 234U

126Sn 7.3 x 10-1 233pa

aShort-llveddaughterof 137CS.
bShort-llveddaughterof ‘OSr.
cShort-llveddaughterof 243Am.
‘Short-llveddaughterof 93Zr.
‘Short-llveddaughterof 237NP.
foecay~roductsof 229Thare in seculareciulllbrlum.Eachalpha
emlt~erIn the decaychainhas the same~nventory/EPAItmttratio;
othershavean orderof magnitudelowerratio. The 22gThdecay
productsare generallyshort lived.

.. .. ,.

5.1
3.4
2.4
2.2

1.7
1.6d
1.2
l.lf
9.4 x 10-’
3.9 x 10-’
3.6 X 10-1
3.4 x lo-le

7] - .:-,-,,..1.
,. . . . .
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I p ..- ., . L m.. -, . ... 4
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TABLEVIII

RADIONUCLIDESORDEREDBY RATIOOF
INVENTORYTO EPA LIMITFOR
DEFENSEHIGH-LEVELWASTE

Radlonuclldeand (Inventory/EPALlmtt)for VartousDecayTimes

102 year 103 year 104 year 105 year

23*Pu 8.7 X 103 241Am 1.9 x 102 239PU 1.3 x 102 230Th 7.5 X 101

90Sr 7.8 x 103 239PU 1.7 x 102 240pu 3.8 X 10’ 234U 1.1 x 10’
90Y 7.8 X 103a 240Pu 9.9 x 10’ 234U 1.4 x 10’ 239PU 9.7

‘37CS 7.4 x 103 234U 1.5 x 10’ 230Th 1.3 X 101 226Ra 7.4d

137mBa7.0 x 103b 23*PU 7.1 59NI 3.3 ‘3Zr 1.9

241Am 7.8 x 102 59NI 3.5 ‘3Zr 2.0 ‘3mNb1.9C

63NI 4.3 X 102 ‘3Zr 2.0 ‘3mNb2.0C 59NI 1.4

151Sm 2.1 x 102 93mNb2.0C 226Ra 9.7 x 1O-ld 236U 6.3 X 10-1

239PU 1.7 x 102 230Th 1.2 236U 6.2 X 10-1 237NP 2.6 X 10-1

240Pu 1.1 x 102 236U 6.0 X 10-1 ‘9Tc 3.3 X 10-1 ‘9Tc 2.4 X 10-1

24’Pu 2.4 X 101 ‘9Tc 3.4 X 10-1 237NP 2.7 X 10-1 238U 1.5 x 10-’

aShort-llveddaughterof ‘OSr.
bShort-llveddaughterof 137CS.

cShort-llveddaughterof ‘3Zr.
‘Decayproductsof 226Raare In secularequlllbrlum.Eachalpha
emitterIn the decaychainhas the sameinventory/EPAllmltratio;
othershavean orderof magnitudelowerratio. The 226Ra decay
productsare generallyshortlived.

radlonuclldesto regionsof greateraccessdurtngirradiation.Thtsmay be
higherthandissolutionratesthatare ultimatelyachieved. If lowerbulk-
wastedissolutionratescan be achievedfor longtimes,dissolutionrateswould
be lowerthancalculatedhereand solubllttywouldbe lesstmportant.The

modeldoes not accountfor effectsof engineeredbarriers;In this respect,
the model Is also veryconservative.Estimatesof waste-elementsolubilltles

and a numberof parametersthatcharacterizethe solidwasteand waterflow

12
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near the repositoryare requiredfor the calculation.TableIX llststhe
solubllltlesassumedfor 16 wasteelementsIn waterfromYuccaMountain. These

elementswere chosenfor furtheranalysisbecausetheirIsotopesare prominent
In TablesVI to VIII. Some of-thesol~bllltles“werecalculated~7some

measured,8 and otherswere estimated.The solubllltfleslistedas largeare

assumedto be largeenoughthatbulk-wastedissolutionand not solubllltywould
llmltdissolutionratesunderany conditions.6The solubllltlesof carbon
and Iodineare llstedas largefor PWR spentfuel but are lowerfor PWR htgh-
levelwaste. This variablesolubllltyreflectsan uncertaintyaboutthe

physicalformand releasemechanismsof theseelementsfrom spentfuelcompared
with theirseparationand storageas calciumor bariumcarbonateand barium
lodatefor PWR high-levelwaste.4 The otherparameterscharacterizing

dissolutionare the sameas describedIn Ref.6 for PWRwaste,exceptthatthe
latestestimateof the maxlmurrrechargerateat YuccaMountain,1 nwn/year,was
used.9 Solldwaste sizesfor.Qefensehigh-levelwastewere takenfrom
Ref.2.

TablesX, XI, and XII listradlonuclldesorderedby the ratioof dissolu-
tion rateto EPA limitand valuesof this ratiofor PWR spentfuel,PWR hlgh-
levelwaste,and defensehigh-levelwaste,respectively.Severalshort-llved
decayproductsof radlonuclldesllstedIn thesetableshavenot been Included
becausetheywouldnot existlongenoughto providesolubllltycontrolson.*-.
dissolution(seetablefootnotes). If the ~ct’;vltyof theseradlonuclldes
were countedwith theirparentradlonucltdes,the dissolutionrate/EPAllmtt
ratioof the parentswould Increase. How much increasewoulddependon the
numberof decayproductsand theirEPA llrntts.As notedabove,radlonuclldes
near the top of the listare be~ngreleasedfrom the solidwasterelativeto
theirEPA ltmltsat a fasterratethan radlonuclldesfartherdown the list.
SolubllltyIs not an effectiveretardationmechanismfor elementsnear the top
of the list. In particular,radlonuclldesof neptunium,carbon,technetium,
ceslum,strontium,radium,and nickelhavegenerallymovedup In TablesX to
XII relativeto theirposltlonsIn the tablesorderedby inventory/EPAlimit
ratios(TablesVI to VIII). Radlonuclldesof thorium,tin,and zlrconlumhave,..-’.,A. .
moveddown In TablesX to XII;these-’e~emen?shave solubllltleslow enoughto
slgnlflcantlyllmlttheirdissolutionrates.

13
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Element

NP
u
Pu
Am

Cm

Th
Ra
Cs
Sr

Tc
c
I
Sn
Nt
Zr
Sm

TABLEIX

WASTEELEMENTSOLUBILITIESIN WATER
FROMYUCCAMOUNTAIN

Solubllltv(moles/Q)

PWRSpentFuel

1 x 10-3
4 x 10-3
1 x 10-5
1 x 10-6
1 x 10-6
1 x 10-9
3 x 10-7
large
8 X 10-4

large
large
large
1 x 10-9
1 x 10-2
lxlo-10
2 x 10-9

PWR Hlqh-LevelWaste

1 x 10-3
4 x 10-3
1 x 10-5

1 x 10-6
1 x 10-6
1 x 10-9
3 x 10-7
large
8 X 10-4
large
4 x 10-4
2 x 10-3

Oefense
High-LevelWaste

1 x 10-3
4 x 10-3
1 x 10-5

1 x 10-6
1 x 10-6
1 x 10-9
3 x 10-7
large
8 X 10-4
large
not present
large

1 x 10-9 lx
1 x 10-2 lx
lxlo-10 lx
2 x 10-9 2x

0-9
0-2
0-10
0-9

In additionto the standardsImposedby the EPA,the NuclearRegulatory
Commission(NRC)has developedtechnicalcrlterlafor geologicrepositories.10

One crlterlonllmltsthe releaserateof radlonuclldesfromthe engineered
barriersystemto one part In 105 per yearof the Inventoryof that radto-
nuclldepresentat 1000yearsfollowingpermanentclosureof the repository.

This releasellmltdoes not applyto radlonuclldesreleasedat lessthanone
part In 108 per yearof the totalInventoryat 1000years(about
1.7 x 10-5C1/MTHMyear). If dissolutionfromthe solidwasteas calculated

by the dissolutionmodeldescribedaboveIs assumedto be the onlymechanism
llmltlngthe releaserateof radlonuclldesfromthe engineeredbarrier,the

dissolutionratescan be usedto determinewhich radlonuclldesdo not nleet

14
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Radlonucltdeand Otssolutt”;nRLte/EPALimit(Yr)-lfor variousDecayTimes
-.

102 year 103-year 104 year 105 year

‘37CS 1.0 Xlo’ 14C 1.4 x 10-2 “C 4.6 X 10-3 237Np 1.1 X 10-3

‘OSr 8.7 x 10-1 241Am 4~5 x 10-3 237NP 1.2 X 10-3 226Ra 4.7 x 10-4

244Cm 3.3 x 10-2 240Pu 1.1 x 10-3 239PU 7.9 x 10-4 239PU 4.5 x 10-4
14C 1.5 x 10-2 237NP 1.0 X 10-3 240pu 6.1 X 10-4 ‘35CS 3.4 x 10-4

63NI 1.0 X 10-2 239PU 6.9 x 10-4 1?5CS..3.4x.10-4 1291 3.1 x 10-4..7---------
241Am 5.4 x ID-3 ‘35CS 3.5 x 10-4 243Am 3.4 x 10-4 99Tc 9.4 X 10-5

238h 2.3 X 10-3 1291 3.1 x 10-4 1291 3.2 X 10-4 59NI 7.3 X 10-5

242Cm 2.0 x 10-3 5gNt 1.7 X 10-4 59NI 1.6 X 10-4 242PU 3.7 x 10-5

243Cm 1.3 x 10-3 ‘9Tc 1.3 X 10-4 226Ra 1.3 x 10-4 234U 1.1 x 10-5

240Pu 1.1 x 10-3 243Am 7.8 x 10-5 99Tc 1.3 X 10-4 233U 2.9 X 10-6

23gpu 6.7 X 10-4 242Cm 3,2 x 10-5 234U 1.4 x 10-5 236U 2.8 X 10-6

aShort-ltveddaughtersof 137C5~137m 908a), Sr (goY),243Am(23gNp),

and

this

short-liveddecayproductsof 226Rahavenot been Included.

NRC technicalcrtterlon. TableXIII llstsradlonuclldesthatdo not meet
the NRC releasecrlterlonfor the threetypesof wasteat 1000,10 000,and,+.,,,----
100 000 yearsafterdischargefromthe reactorbasedon thiscalculation.The

radlonuclldeson this listarc generallythe sameas thosethathead the lists
In TablesX, XI, and XII; tha}=fls,theyare.Isotopesof elementswhoserelease. .
IS not beingllmltedby solublllty. , ., -, , .Thts Is a veryconservqtlvecalculationr,-...
becauseIt Ignoresthe featuresof the-engineeredbarriersystemexceptwaste-
elementsolubllltyand Soltd-klastedissolution. It does highlightthose—
radlonuclldesthatmay requirelow solld-wastedissolutionratesor an
engineeredbarriersystemto meet thfsNRC.crlterlon.



TABLEXI

RADIONUCLIDESORDEREDBY RATIOOF
DISSOLUTIONRATETO EPA LIMITFOR PWR

HIGH-LEVELWASTEa

Radlonuclldeand DissolutionRate/EPALimit(yr)-lfor VariousDecayTimes

102 year 103 Year 104 year 105 year— — — —

‘37CS 1.0 240Pu 1.3 x 10-3 239PU 6.8 x 10-4 239PU 5.1 x 10-4
‘OSr 6.7 x 10-1 241Am 6.2 x 10-4 240Pu 4.1 x 10-4 237NP 3.4 X 10-4
244Cm 3.3 x 10-2 239PU 4.3 x 10-4 237NP 3.5 X 10-4 233U 1.2 x 10-4
23*PU 1.1 x 10-2 237NP 3.5 X 10-4 243Am 2.6 x 10-4 ‘9Tc 9.4 X 10-5
63NI 8.1 X 10-3 243Am 2.3 x 10-4 ‘9Tc 1.3 X 10-4 59NI 5.7 X 10-5
242Cm 2.0 x 10-3 14C 2.1 x 10-4 5gNi 1.2 X 10-4 234U 3.6 X 10-5
241Am 1.7 x 10-3 59NI 1.3 X 10-4 “C 7.3 x 10-5 ‘35CS 3.3 x 10-5
240Pu 1.4 x 10-3 ‘9Tc 1.3 X 10-4 234U 4.6 X 10-5 1291 3.1 x 10-5
243Cm 1.3 x 10-3 234U 4.7 x 10-5 ‘35CS 3.4 x 10-5 226Ra 2.4 x 10-5
239PU 3.5 x 10-4 ‘35CS 3.5 x 10-5 1291 3.1 x 10-5 242PU 7.9 x 10-6
237NP 3.2 X 10-4 242Cm 3.2 x 10-5 233U 1.5 x 10-5 236U 3.2 X 10-6

aShort-llveddaughters
and short-llveddecay

of 137Cs (137m 90Ba), Sr (goY),243Am(23gNp),
productsof 226Rahavenot been included.

v. EFFECTSOF SORPTION
SectionIV has outlinedhow solubllltycan Influencedissolutionratesof

radlonuclldesfrom soltdwaste. Thesedtssolutlonratesprovidea sourceterm
for transportof radlonuclldesIn waterpasstngthroughthe repositoryand
movingtowardthe environment.Sorptionwill affectthe rateat whichradlo-

nuclldesmovewith the water. Radlonuclldesthatare stronglysorbedwI1lmove
more slowlythanthe averagewaterveloclty;radlonuclldesthatare not sorbed
may move at aboutthe
nuclldeswill decay.

the repositoryto the
radlonucllde,release
dlscusslon,a measure

samevelocltyas the water. Duringtransport,radlo-
If the time requiredto transporta radlonuclldefrom

environmentIs much longerthanthe half-llfeof the
to the environmentwill be low. Basedon this slmpllfled
of the effectof sorptionwouldbe the fractionof a

16
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RAOICINUCLIOESORDEREDBY RATIOOF I
DISSCILUTIONRATETO EPA LIMITFOR

CIEFENSE HIGH_LEvEL wAsTEa

lladlonuclldeand DlssolutlonRate/EPALlmlt (Y r)-l for various Decay Ttmes

lo2 ~e~r

90Sr 7.6 x 10-’
‘37CS 7.4 x 10-’
23*Pu 2.3 X 10-1
241Am 3.5 x 10-2
63NI 2.1 X 10-2

239Pu 4.6 X 10-3
240Pu 2.9 X 10-3
234U 9.9 x 10-4
24’Pu 6.4 X 10-4
59NI 3.6 X 10-4
236U 5.0 x 10-5

103 year

241Am 1.9 x
239PU 5.4 x
240Pu 3.2 x
234U -1,,2x

59NI 3.5 X

23*PU 2.3 x
236U 5.1 x

104 year

0-2 239PU 5.7 x 10-3
0-3 240Pu 1.7 x 10-3
0-3 234U 1.2 x 10-3
~,-,3,- .,.5gNl3..3X 10-4

0-4 226Ra 9.7 x 10-5
0-4 236U 5.2 X 10-5
0-5 ‘9Tc 3.3 X 10-5

‘9Tc 3.4 X10-5 237NP 2.7 X 10-5

63NI 3.2 X 10-5 ‘35CS 1.5 x 10-5
237NP 2.7 X 10-5 238U 1.3 x 10-5

‘35CS 1.5 x 10-5 242PU 6.6 x 10-6

105 year

239PU 9.-I x
234U 9.5x
2Z6

Ra 7.4 x

59NI 1.4 X

236U 5.3 x

237NP 2.6 X

99Tc 2.4 X

0-4
0-4
0-4
0-4
0-5
0-5
0-5

‘35CS 1.5 x 10-5
238U 1.3 x 10-5
242PU 1.3 x 10-5
233U 7.9 x 10-6

aShort-llveddaughtersof ‘37CS(137m8al,‘OSr (goY),243Am (239NP),

and short-llveddecayproductsof 226Ra havenot been Included.

.-.
radlonuclldeoriginallyreleasedto thewaterthat Is finally-releasedto the
environment.

Transportand sorptionare verycomplexprocesses that depend on details
. .

of the hydrology,waterchemistry,and mineralogyalongtransportpaths. For
thisanalysis,whichIs alme~.onlyat assessingthe relativeimportanceof
variousradlonuclldesfor sitecharactertzatlon,a much simplermodelwas used.
It was assumedthatwatertranspor~’from”therepositoryto the environment
couldbe characterizedby a traveltime (tw)and thateachelementcouldbe
assigneda retardationfactor(Rf)thatdefinesthe ratioof waterveloctty

to waste-elementtransportveloclty.11 Fromthesetwo parameters,the
elementtraveltimefrom the,reposltoryto the environmentIs (Rftw). TheIm .. ~——-..,.,
fractionof that radlonuclldeleftfrom simpledecay(withhalf-ltfeth)



Spentfuel

High-levelwaste

Defensehigh-level

aD~ssolut~onrates

TABLEXIII

RADIONUCLIDESNOT MEETINGTHE
NRC TECHNICALCRITERIONON

RELEASEIF ONLY DISSOLUTIONLIMITSRELEASEa

RadlonuclldeIdentttyat VariousDecayTimes

103 year 104 year 105Year
14C 14C 237NP
237NP 237NP 5gNt
59NI 59Ni 99Tc
‘9Tc ‘9Tc ‘35CS
‘35CS ‘35CS 226Ra
1291 1291 1291

14C 237NP 237NP
237NP 59NI 59NI
59NI ‘9Tc ‘9Tc
‘9Tc ‘35CS ‘35CS
‘35CS 240Pu 239PU
240Pu 239PU
239PU

waste 59NI 59NI 5gNt
63NI ‘9Tc ‘9Tc
99Tc 234U 234U
234U 239PU 226Ra
241Am 240Pu
239PU
240Pu
238PU

greaterthanone part In 105 per yearof the
1000-year~nventoryof that radlonucl~deand dissolutionratesgreater
than1.7 x 10-5C1/HTHMyear.

18



aftera time(t) Is exp(-0.693t/th)(Ref.12). Thus,for the time required 1
to transportthe radlonucltdefrom the repositoryto the environment,the I

deflnlngthe quantity

Re = (dlssolutlonrate/E;PAllmlt)exp(-O.693Rftw/th) , (2)
—

wherethe (dlssolutlonrate/EPAllmlt)ratioshavebeen listedpreviouslyIn
TablesX to XII. The quantityRe Is a measureof the releaserateof a

radlonuclldeto the environmentrelat.j.veto.ltsEPA releasellmlt,wherethe
geochemlcalprocessesof solu~~lltyandsorptlonare the only retardation

mechanismsconsidered.This-releasewouldstartat a time (Rftw)after

wastedissolutionstarts.
Equation(l),whichassessesthe-effectsof sorptionon radlonucllde

transport,Is onlyan approxtrnatlon.ItsrnalndeftctencyIs that It Is based
on simpleradloacttvedecay. Thisassumptlonlsgenerallyadequatefor.L .-!-.
activationproducts,flsslon’products~and many actlnldes. However,several
actlnldesthatare partof long-liveddecaychainscan be producedalongthe
transportpathas precursors~ecay. A primaryexampleIs 226Ra, a decay

productof 230Th. Thesecalculationsalso-ignorethe effectsof dispersion
duringtransport.Althoughsticha“simplemodelis Inadequatefor actual.
transportcalculations,It ls,.~cceptablefor the assessmentbeingdone here.!-

Retardatlonfactorsfor mos’t’of thewasteelementsexaminedherewere
chosenfroma compilationof sorptiondatameasuredon tuffsfromYucca
Mountain.llTableXIV llststhe valuesused. The measurementshavebeen
done on a varietyof tuffsantiretardationfactorscan vary stgniflcantlywith
the typeof mineralpresentin the tuff.ll The retardationfactorsused In
thisanalysisare generallynear the averageor medianof the measurements.
Varlatlonsof an orderof magnitudeor more

carbonate),nickel,zirconium,and samarium

fromthe repositoryto the environmenthave

are posstble. Datafor carbon(as

were estimated.Watertraveltimes
not yet beendeterminedfor Yucca

79
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TABLEXIV

WASTE-ELEMENTRETARDATIONFACTORS

Element RetardationFactora

NP
u
Pu
Am
Cm
Th
Ra
Cs
Sr
Tc
c
I
Sn
NI
Zr
Sm

50
25
500
1000
100
500
1000
1000
700
1
1
1

1000
20
100
1000

aRetardat~onfactor IS the ratioof watervelocityto waste-element
velocity; see Ref.11.

Mountain. Prellmlnaryestimatesthatare consistentwith 1 mm/yearrecharge
are In the rangeof 20 000 yearsor greater.9 Watertraveltimesthatare
greaterthan 1000yearsare acceptableunderthe NRC’Stechnicalcriteria.10

Radlonuclldetraveltimeand Re were calculatedfor watertraveltimesof
1000and 20 000 yearsto assessthe effectof thisparameteron the Identity
of the radlonuclldesreleasedto the environmentIn slgnlflcantquantttles

relatlveto theirEPA releasellmlts.
TablesXV, XVI,and XVII llstradlonucltdesorderedby thetrtraveltime

and initialvalueof Re as definedIn Eq. (2) for PWR spentfuel,PWR hlgh-
levelwaste,and defensehigh-levelwaste,respectively.Radlonuclldesthat
are nearthe top of the listshave shortertraveltimesbecausetheyare not
sorbedwell,and solubllltyIs not llmltlngtheirconcentrations.Becauseof

the exponentialtermIn Eq. (2),radlonuclldeswith shorthalf-llvescompared
with the watertraveltimedecaybeforereleaseno matterhowwell theyare
sorbed. Radlonuclldeswith longerhalf-livesdecayIf thetrhalf-livesare
shortcomparedwith the productRftw;thus,theirdecaydependson retar-

dationby sorpt~on. Otherwasteelementshave long-livedisotopesthatare

20
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RADIONU(:LIDESORDEREDBY TRAVELTIME
ANO INITIALRELEASERATE (Re)FOR

PWR SPENTFUEL
. .-,. ,-u ,-..7-..;~’ ‘-.-

WaterTravelTime = 1000year

Radlonucllde
TravelTime

Radlonucllde year)
14C
1291

99Tc

59NI
234U
238U
236U
235U
233U

237NP
‘3Zr
242PU
230Th
239PU
‘35CS
126Sn

1 x 103
1 x 103
1 x 103

2 x 104
2.5 X 104
2.5 X 104
2.5 X 104
2.5 X 104
2.5 X 104
5 x 104
1 x 105
5 x 105

5 x 105
5 x 105
1 x 106
1 x 106

Inltlal
Re

ti’ti

1.4X 10-2
3.2 X 10-4
1.3 x 10-4

1.4 x 10-4
1.q,x.lo-5
2.2 x 10-6
1.8 X 10-6
1.2 x 10-7
1.1 x 10-9
4.1 x 10-4

WaterTravelTtme = 20 000 year

Radlonucltde
TravelTime.

Radlonucllde (Year)
14C 2 x 104
1291 2 x 104
99TC 2 x 104

59NI 4 x 105
234U 5 x 105
238U 5 x 105
236U 5 x 105
235U 5 x 105
233U 5 x 105

237ND 1 x 106
5.2 X 10-14 “‘3Zr 2 x 106

1.5 x 10-6 242PU 1 x 107

3.1 x 10-9 ‘35CS 2 x 107
3.8 X lo~1° ~
2.7 X 10-4

7.1 x 10-13

Initial
Re

e“

1.4 x 10-3
3.2 X 10-4
1.2 x 10-4
4.3 x 10-6
2.7 X 10-6
2.2 x 10-6
1.8 X 10-6
1.2 x 10-7
1.3 x 10-10
3.0 x 10-4
2.2 x 10-14
3.7 x 10-14
3.1 x 10-6

not stronglysorbedbut do have.1ow solubl11ties;ztrconlurn1s one example.
The same radlonuclldesheadthe llstsfor al1 threetypesof fuel;an exception
exlsts for defensehigh-1evel,~aste,where1:4$.and,129I are not presentIn~,-
slgnlflcantamounts. The same”radtonuclIdesare also presentfor watertravel
timesof 1000and 20 000 years;with the longerwatertraveltime,the radlo-
nuc1Ide traveltime 1s 1ongerand the,Yalue.s.of Re are smal1er.

VI. EFFECTSOF PHYSICALANO CHEMICALFORMSOF THE WASTE

As notedearlIer,considerableuncertaintystillextstsaboutthe typeof
wasteto be stored1n the proposedrepos~tor~”es.For r&nywasteelements,the
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TABLEXVI

RAOIONUCLIOESORDEREDBY TRAVELTIME
AND INITIALRELEASERATE (Re)FOR

PWR HIGH-LEVELWASTE

WaterTravelTime = 1000year WaterTravelTime = 20 000 year

Radlonucllde
TravelTime

I?adlonucllde(Year)

14C 1 x 103

‘9Tc 1 x 103
1291 1 x 103

59NI 2 x 104
234U 2.5 X 104
238U 2.5 X 104
236U 2.5 X 104
233U 2.5 X 104
235U 2.5 X 104

237NP 5 x 104

‘3Zr 1 x 105
242PU 5 x 105
230Th 5 x 105

239PU 5 x 105

‘35CS 1 x 106

126Sn 1 x 106

Initial Radtonucllde
Re TravelTime

~yr)-l Radlonucllde (Y ear)

2.1 x 10-4
1.3 x 10-4
3.2 X 10-5
1.1 x 10-4
2.6 X 10-5
1.6 X 10-6
1.3 x 10-6
1.2 x 10-7
8.6 x 10-8
3.1 x 10-4
4.0 x 10-14
7.6 X 10-7
2.5 X 10-9

2.0 x 10-10
2.7 X 10-5
5.5 x 10-13

‘9Tc
1291
14C

59NI
234U
238U
236U
235U
233U

237NP
‘3Zr
242PU
‘35CS

2 x 104
2 x 104
2 x 104
4 x 105
5 x 105
5 x 105
5 x 105
5 x 105
5 x 105
1 x 106
2 x 106
1 x 107
2 x 107

Initial
Re

(yr)-l

1.2 x 10-4
3.2 X 10-5
2.1 x 10-5
3.3 x 10-6
6.7 X 10-6
1.6 X 10-6
1.3 x 10-6
8.6 x 10-8
1.6 X 10-8
2.3 X 10-4
1.7 x 10-14
1.9 x 10-14
3.1 x 10-7

actualwasteformWI11 not stronglyInfluenceelementdlssolutlonratesor how
stronglyelementsare sorbedalongflowpaths. However,the physicaland
chemlcal formof thewastecan controlreleaseand transportof someradlo-
nuc1tales.Thts Is particularlytrueof the repositoryat YuccaMountain,which
Is currentlyproposedfor the unsaturatedzone,wherevaporas wel1 as aqueous
transportare possible. Both14C (as carbondioxide)and 1291couldbe

releasedfrom spentfuelas gases. The analyslspresentedhereassumedaqueous

transport.Thus,for spentfuel,a separatetransportpathmay be Important.

If bothof theseradlonuclldesare separateddur~ngreprocessingand storedas
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RADIONUCLIDESORDEREDBY TRAVELTIME
AND INITIALRELEASERATE (Re)FOR
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WaterTravelTtme = 1000Year WaterTravelTtme = 20 000 Year

Radlonucllde

99TC
59NI
234U
236U
238U

235U
233U

237NP

‘3Zr
245Cm
246Cm
247Cm
248Cm
147Sm
242PU
230Th
239PU
‘35CS
126Sn

Radlonucllde Initial Radtonuclide Initial
TravelTtme Re TravelTtme Re
(Year) ,~r)-l Radtonucllde (Year) ~yr)-l

1 x 103

2 x 104
2.5 X 104
2.5 X 104
2.5 X 104
2.5 X 104
2.5 X 104
5 x 104

1 x 105
1 x 105
1 x 105
1 x 105
1 x 1C5
2 x 105
5 x 105
5 x 105
5 x 105
1 x 106
1 x 106

3.4 x 10-5
3.0 x 10-4
9.2 X 10-4

5.0 x 10-5
1.3 x 10-5
2.3 X 10-6
2.9 X 10-8
1.7 x 10-5
2.3 X 10-11
6.9 x 10-12
3.2 X 10-15
1,2 x 10-15
1,0 x 10-15
1,1 x 10-13
1,6 X 10-6
2,1 x 10-8
2,6 X 10-9
1;2 x 10-5,
4’,8x 10.-:2.,;,+

‘9Tc
59NI
234U
236U

238U
235U
233U

237NP

‘3Zr
247Cm
248Cm
242PU
‘35CS
147Sm

2 x 104 3.2 X 10-5
4 x 105 8.8 x 10-6
5 x 105 2.4 X 10-4
5 x 105 5.0 x 10-5
5 x 105 1.3 x 10-5
5 x 105 2.3 X 10-6
5 x 105 3.3 x 10-9
1 x 106 1.3 x 10-5

2 x 106 9.7 x 10-12
2 x 106 1.1 x 10-15
2 x 106 6.4 X 10-17
1 x 107 4.0 x 10-14
2 x 107 1.4 x 10-’
2 x 107 1.1 x 10-13

solIds,gasesprobablyWI11 not be released. However,14C as aqueouscarbonate

couldexchangeWIth gaseousciirbondtoxide1n the unsaturatedzone. The enttre

questionof gaseoustransport‘andIts relatlonto aqueous-phasetransport
remainsto be investigated.

59NI,Is prominentIn the tablesA Iong-ltvedIsotopeOf nickel, -. ,.

presentedhere. For PWRwasti?,thls 1sotopecomesfrom subassemblystructural
,. ..-,

material1n the formof staln“lesssteel. The“solubl1ity of nickelwas based
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on NIO and NIC03,whichgive slmllarsolubllltlesIn water fromYuccaMountain.

This solubllltyIs relativelyhigh (seeTableIX). If the stainlesssteel
passlvatesduringstorage,releaseratesof nickelfrom PWRwastemay be much
lowerthancalculatedherebasedon nickelsolubtllty.For defensehigh-level
waste,nickelIs In the boroslllcateglasswith the otherwasteelements. The

releaseratesof nickelbasedon solubllltyare probablyappropriateIn this
case.

VII. IMPORTANTRAOIONUCLIDES
Whichradlonuclldesare most Importantfor a repositoryat YuccaMountain?

Differentanswersarisefromconsiderationof differenttimescales,transport
mechanisms,regulations,or wastetypes. Threeaspectsof thisquestionare
addressedIn this report.

1. Whichradlonuclldesare presentIn wasteIn largequantitiesrelatlve
to theirEPA releasellmts? Theseare the radlonuclldesforwhich
the retardatflonprocessesof solubllltyand sorptionmust be most
effective.Such radlonuclldesare Importantbecausetheymust be
addressedduringperformanceassessment,and thus,must havethe
solubllltyand sorptiondata base for that analysis.

2. Whichradlonuclldesare not retardedby solubllltyand sorptionand
are presentIn largeenoughquantitiesto pose releaseproblems?
Thisquestioncan be addressedby performanceassessmentcalculations
usingestimatedsolubllltlesand sorptioncoefficients.A slmpllfled
analyslsIn this reportdeterminedhow solubllltyllmltsdissolution
ratesand how sorptionlimitstransport.The resultsof thisanalysls

hlghllghtradlonuclldesthatmay requirespecialconsiderationbecause
theyare not retardedstrongly. Theseradlonuclldesare Important
becausespecialdesignconsiderationsor performanceassessmentsmay
be requiredto assuretheircontainment.

3. Whichradlonuclldesmightrequirespecialconsiderationbecauseof
the physicalor chemicalformof thewaste? Theseare radlonuclldes

thatmay exhlbltuniquesource-termor transportbehavior. Theyare
also Importantbecausetheymay requirespecialdataor assessment
techniquesfor performance-assessmentcalculations.As solid-waste

formsbecomebetterdefined,otherradlonuclldesmay be addedto this
category.

24



.-. ,. L + Jr. . . b .- > . r
> . . . . . —+-J

. ., . . .

—

. —>- - - .
,.

-, . . .

.> , q. A . . ,.
L

The radlonuclIdespresen~eln,largequantitiesrelatlveto theirEPA

release1Imlts are a functlon~~f~wastety~ean,,d5toragetime. Ea,rlyIn the.. “-w.:..’.:’“:’? —
storageperiod(O to 500 years),two elementswith short-livedIsotopes(Sr

and CS) are Important(seeTablesVI, VII,and VIII). However,the waste
packagemust containwastesfor at least300 years10 so thatunderexpected
condltlons,theseshort-livedradlonuclldeswoulddecaybeforeslgnlflcant
releaseoccurred. Solubllltyand sorptionbehaviorof theseelementsfor
assessingthe short-livedIsotopetransportwouldbe tmportantIf the waste-
packagefailedearly. Solubllltyand sorptionwI1l be Importantretardation
mechanismsover1000-10000 years;the sameradlonuclldesare presenttn large
quantitiesrelatlveto theirEPA releaseltmttsover thattimefor the three

typesof wasteconsideredhere (seeTableSVI,VII, and VIII). Isotopes of
Am, Pu, Th, Np, and U are the
C, Nl, Zr, Tc, Ra, and Sn are
amountsoverthe sameperiod.
many of theseelementsmay be

most Importantduringthatperiod. Isotopesof
presentIn smaller,but stillslgnlflcant,
Althoughcurrentestimatesof solubllltlesfor
low (seeTableIX) or estimatesof retardation

factorsmay be high (seeTableXIV),data usedfor transportcalculationswill
haveto be supportedby an extensivedata base.

How solubllltyInfluencesradlonuclldedissolutionratesIs summarizedIn
TablesX, Xl, and XII; how sor~tionInfluencesradionuclldereleaseratesand
traveltimesIs summarizedIn TablesXV, XVI, and XVII. Theseanalyseswere
basedon estimatesof wasteelkmentsolubllltlesand sorptioncoefficients.

Threeelementswith largesolutillltlesand smallsorptioncoefficientsthat
have slgnlflcantquantitiesof”someIsotopesin most typesof wasteare C, Tc,
and I. Otherelementswith moderatelyhigh solubtlltlesand intermediate
sorptioncoefficientsare Nl, Np, and U. Theseelementshave Isotopeswith
the shortesttravelttmesand ~!ghestreleaseratesIn TablesXV, XVI,and
XVII. If watertraveltimesf[omthe-r~posltoryto the environmentare as
largeas expected(20 000 yearor more),the proposedYuccaMountainsite
shouldhave llttleproblemmeetingthe EPA releasestandard.5However,water,.
traveltimesshorterthan10 000 yearcould~e~ultIn releaseof someof the-. -. ..
radlonuclldeswith high solublllt~}s,andll~tle+or no sorptionduringthe,. ,.~~.
periodcoveredby the EPA standard. Some considerationshouldbe givento
bettercontainmentof thesera(llonuclldes.

All considerationsof Importantradlonuclldesso far haveassumedthe,..-..w..,
normalmechanismsof wastedtssolutlonand~ransporttn waterpassingthrough
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the repository.However,someradlonuclldesmay not move In thatmanner
becauseof the physicalor chemtcalformof thewaste. Radlonucltdesthatcan
be releasedas gasesmay havea specialtransportpath throughthe unsaturated
zoneat YuccaMountain. In particular,14C and 129I releasefrom spent

fuel shouldbe considered.Theseradionucltdeswill be separatedfromhigh-

levelwasteand shouldnot pose the sameproblemIn thatcase. Also,isotopic
exchangebetweencarbonateIn the aqueousphaseand carbond~ox~detn the vapor
phaseshouldbe examinedfor Its slgniftcance.Releaseof Nt Isotopesfrom
PWRwastesmay be much lessthanestimatedherebasedon solubllltyconsidera-
tionsIf the NI Is storedas stainlesssteel;however,N~ In defensehtgh-level
wastewouldnot be constra~nedby stainless-steeldissolution.

VIII. CONCLUSIONS

Provldlnga singlelistof Importantradlonuclldesand thework required
to assesstheirreleaseand transportis a dlfflculttask. Uncertatntlesas
to typesof waste,transportpathways,and data neededfor transportcalcula-

tionscreateseveralproblemsof similarimportance.Basedon the assessment
done here,the followlngrecommendationsare made for solubllltyand sorption
data needs.

1. Providea solubllltyand sorptiondata basefor the elementsAm, Pu,
Th, Np, and U.

2. Providea solubllltyand sorptiondata basefor the elementsSr, Cs,
C, Nl, Zr, Tc, Ra, and Sn.

3. Studyhow elementswith high solubllltyand low sorption(C,Tc, and

I) couldbe bettercontainedat Yucca!lountaln.Reconwnendexperi-
mentalwork,designchanges,or calculationsto assuretheircontain-
ment.

4. Studythe potentialfor gaseousreleaseand transportof radlonuclldes
fromvarioustypesof wastes,IncludingIsotopicexchangebetweenthe
aqueousand vaporphases. Recommendexperimentalwork,des’ign

changes,or calculationsto assurecontainmentof gaseousradlo-
nuclldesIf transportIs stgnlflcantIn thisform.
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Many of the dataneedsmentionedinitems,1. and 2. aboveare currentlybelng.. 11sIJpplled by the experimentalprogramat @“~Alarnos., Others,suchas the

solubllltyof Cs or Tc (under”oxl”dlzingcondtflons),may not be experimentally
determined,but may be assumedto haveworst-casevalues(no solubillty
llmlts). Decisionsconcerningthe levelof experimentaleffortrequiredto
providea data basefor theseImportantwasteelementswtll be made as the
site-characterizationprogramdevelops.
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