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ABSTRACT

U.S. Department of Energy (DOE) Order 5820.2A (DOE, 1988) requires performance

assessments c,' all new and existing low-level radioactive waste (LLW) disposal sites.

An integral part of performance assessment is estimating the fluxes of radioactive

gases such as radon-220 and radon-222. Data needs pointed out by mathematical

modelsdrive site characterization. They provide a logical means of performing the

required ftux estimations.

Thorium-230waste, consistinglargelyof thoriumhydroxideand thoriumoxides, has

been approvedfordisposalin shallowtrenchesand pitsat the LLW Radioactive

WasteManagementSite in Area 5 of the NevadaTest Site. A sophisticatedgas

transportmodel,CASCADR8(Lindstromet al., 1992b),was usedto simulatethe

transportand fate of radon-222from its sourceof origin,ninefeet belowa closureca,o

of nativesoil,throughthe dryalluvialearth, to its pointof releaseintothe atmosphere

CASCADR8is an M-chaingas-phaseradionuclidetransportand fate model. It has

beentailoredto the site-specificneedsof the drydesertenvironmentof southern

Nevada. It is basedon the massbalanceprincipleforeach radionuclideand uses

gas-phasediffusionas wellas barometricpressure-inducedadvectionas itsmain

modesof transport. CASCADR8usesbothreversibleand irreversiblesorptionkinetic

rulesas well as the usualclassicalBateman(1910) M-chaindecay rules for its kinetic
processes.

Worstcase radon-222gas-phaseconcentrations,as wellas surfacefluxes,were

estimatedover40 days. The maximumfluxwas thenused in an exposure

assessmentmodelto estimatethe totalannualdose equivalentreceivedby a person

residingin a standard2500-square-foothousewith10-footwalls. It was foundthat

the predictedtotalcommittedeffectivedose equivalent(HE)is 4 x 10"11rein per year.

The estimatedHE is manyordersof magnitudelessthanthe allowablelimitof 0.025

rein peryear for DOE wastedisposaloperationsand0.100 rem peryear for
inadvertentintruders.
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1.0 INTRODUCTION

U.S. Departmentof Energy (DOE) Order 5820.2A (DOE, 1988) requiresperformance

assessmentson all new andexistingLLW disposalsites. An integralpart of

performanceassessmentis estimatingthe fluxesof radioactivegases suchas radon-

220 and radon-222. Mathematicalmodels,whichin themselvespointout data needs

andthereforedrivesitecharacterization,providea logicalmeansof performingthe

requiredflux estimations.Very few mathematicalmodelsof noblegas transportfrom

the spatialpointof originin the low-levelwaste repositorythroughthe surroundingsoil

andclosurecap with subsequentreleaseto the atmosphereseemto exist (Nazaroff,

1992). This modelincludesthe diffusionand barometricpressure-inducedadvection

of an M-chainof radionuclides.The parentmaterial is assumedto be buried

somewherebetweenthe soil-atmosphereinterfaceand the water table some240

metersbelowthe surface. The usualBatemandecay mechanicsare includedwith

each radionuclide.Bothlinearreversiblesorptionkineticsand linearirreversible

sorptionkineticsare assumedfor eachradionuclide.

Our modelis called CASCADR8. The detailedphysics-basedmodelassumptionsand

mathematicalmethodsusedto obtainthe numericalsolutionare givenin Lindstromet

al. (1992a and 1992b). The homogeneousporousmediumversionof thisgas-phase

model(CASCADR8)was successfullyusedto predictthe transportand fate of radon-

220 inthe samedry NTS porousmediumin Lindstromet al. (1992c). CASCADR9

allowsfor directbarometricpressuredrive(realweatherdata) whileCASCADR8

requiresthe user to tailorthe barometricpressurefunctionas a seriesof trigonometric

sineandcosinewaves(upto 15 components).CASCADR9can easilybe run in the
homogeneousporousmediummode.



2.0 THORIUM-230 LOW-LEVEL WASTE

In the spiritof performanceassessment,CASCADR8was used to simulatethe

transportand fate of radon-222,wh!3his derivedfrom radium-226(a metal),and is the

secondradionuclideinthe thoriumchainof the uraniumseries. This document

illustratesthoriumwastecharacterization,its subsequentburialat the Area 5

RadioactiveWaste ManagementSite (RWMS), and the resultantworstcase surface

fluxscenariofor a 10,000 year periodof time. Figure2.0.1 liststhe uraniumseries

and relatesthe positionof thorium-230inthe series.

2.1 Thorium-230 Waste Stream Summary

The WestinghouseMaterialsCo. of Ohio (WEMCO) thoriumwastestreamcurrently !

approvedfor disposalat the NevadaTest Site (NTS) consistsof thoriumhydroxide

andthoriumoxidespackagedfromfeed materialsstoredin Femald, Ohio. Table 2.1.1

summarizesthe thorium-230wastecurrentlybeingreceivedfromWEMCO.

Table 2.1.1 Thorlurn-230Waste Stream Summary
r , i, , " "" , , ,

approximate number of containers 1600

container type 48-gallondrumsin 55-gallonoverpacks

estimatedtotalvolumeof drums 339 m3

estimatedtotalvolumeof waste 291 m3
,,,,

total mass of waste 288,774 kg = 63,767 Ibs

totalmassTh-230 (impurity) 99 g

tota_activity 2.0 Ci

specificactivity 6.9 (l_Ci/kg)

meanactivity/drumvolume 5.9 mCi/m3

meanactivity/wastevolume 6.9 mCi/m3

meanmass/drum 180 kg x 1,600 = 288,_00 kg

meanactivity/drum 1.2 mCi = 2Ci/1,600
,;, ,,, ,,, , , ,



Figure2.0.1 Uranium-238DecayChain.



2.2 Ch,aracterizat!on of Source of Rad!0nuclides

Table 2.2.1 detailsthe thorium-230decay-chainphysicaldata necessaryto

characterize'thesourceterm for radon-222. A separatechemicalmass-based

Bateman(1910) decay-chainmodelcalled CHAIN1, that is detailedin AppendixB, of

Lindstromet al. (1992b),was runto simulatea periodof 10,000 years. Figure2.2.1

showsthe ingrowthof radium-226in gramsgiven99 grams of thorium-230at time t=0.

Table 2.2.2 givesthe chemicalmassof each radionuclidein the thoriumchain

beginningwiththorium-230at time t=0 seconds(column2) andcascadingdown

throughradium-226(column3).

Table 2.2.1 Thorium-230 Chain Data (Brown and Firestone, 1986)
=_--i ii ii, , , i , L , ,I I I, I ,, ,, ,

Atomic Mass Branching SpecificActivity
Radionuclide Half-Life (gin/mole) Ratio (pCi/gm)

' , , , , , , ,,, , ,, ,, ,, ,, , , , , ,,,,

thorium-230 7.7 x 104yrs 230 1.0 2.0202 x 19_°
radium-226 1,600 yrs 226 1.0 0.989 x 10": I

radon-222 3.8235 days 222 1.0 1.6377 x 1017 j

The massof radium-226currentlyavailableatthe 10,000-yearmark(3.15576 x

1012sec) is computedto be 1.86 grams. By 10,000 years,the peak in the

radium-226ingrowthcurveis achieved. Figure2.2.1 showsthe radium-226ingrowth

fromthe 99 gramsof thorium-230. Thus,itwas assumedthat 1.86gm of radium-226

willbe constantlyavailableinthe 99 gm of low-levelthoriumwaste. Table2.2.3

illustratesthe datafile usedin CASCADR8to make the simulationrun. The Area 5

RWMS OperationsManagerdecidedto stackthe thoriumwastepackagesin Trench3

intwo rectangularparallelepipednests768 cm wide, 1,377 cm long,and490 cm high.

Becausethe bottomof Trench3 is 25 leet belowgrade,the wastewillbe 9 feet below

gradewhenfullystacked. The sourceterm for radium-226wasthenassumedto exist

inthe worstpossiblecondition;namely,radium-226is instantaneouslyand uniformly

releasedwithinthe above-definedvolume. Thus,the constantsourcerate function
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Figure 2.2.1 Ingrowthof Ra-226 from 99 grams of Th-230 at time t=0 years.



Table 2.2.2 Chemical Mass Form of the Thorlum-230/Radlum-226 Baternan Decay-Chain

XMASSO - 99.000000000000000
DT = 3.155760000000000E+009
NEVAL = 101

HALF-LIVES AND DECAY CONSTANTS TABLE

1 2.429935200000000E+012 2.851927903262605E-013
2 5.049216000000000E+010 1.372490303445129E-011

CHAIN COEFFICIENTS

1 .100000E+01 .000000E+00 .000000E+00 .000000E+00 .000000E+00
2 .212202E-01 -.212202E-01 .000000E+00 .000000E+00 .000000E+00

MASTER EVALUATION LOOP

Time\Sec Th-230 (gm) Ra-226 (gm)
f , , ,.

.000000E+00 .990000E+02 .337502E-15

.315576E+10 .989109E+02 .856427E-01

.631152E+I0 .988220E+02 .167578E+00

.946728E+10 .987331E+02 .245963E+00

.126230E+11 .986442E+02 .320949E+00

.157788E+11 .985555E+02 .392680E+00

.189346E+11 .984668E+02 .461293E+00

.220903E+11 .983783E+02 .526921E+00

.252461E+11 .982898E+02 .589691E+00

.284018E+11 .982013E+02 .649724E+00

.315576E+11 .981130E+02 .707135E+00

.347134E+11 .980247+E02 .762036E+00

.378691E+II .979366E+02 .814534E+00

.410249E+II .978484E+02 .864730E+00

.441806E+II .977604E+02 .912723E+00

.473364E+11 .976725E+02 .958605E+00

.504922E+11 .975846E+02 .I00247E+01

.536479E+11 .974968E+02 .104439E+01

.568037E+11 .974091E+02 .108446E+01

.599594E+11 .973215E+02 .112276E+01

.631152E+II .972339E+02 .115936E+01

.662710E+11 .971465E+02 .119433E+01

.694267E+11 .970591E+02 .122775E+01

.725825E+11 .969718E+02 .125967E+01

.757382E+11 .968845E+02 .129016E+01

.788940E+11 .967974E+02 .131929E+01

.820498E+11 .967103E+02 .134710E+01

.852055E+11 .966233E+02 .137366E+01

.883613E+11 .965364E+02 .139902E+01

.915170E+11 .964495E+02 .142323E+01



Table 2.2.2 Chemical Mass Form of the Thorlum-230/Radlum-226
Bateman Decay-Chain (Cont.)

MASTER EVALUATION LOOP (Con.t)
i

Time\Sec Th-230 (gm) Ra-226 (gm)

.946728E+II .963628E+02 .144634E+01

.978286E+II .962761E+02 .146840E+01

.I00984E+12 .961895E+02 .148944E+01

.I04140E+12 .961029E+02 .150952E+01

.107296E+12 .960165E+02 .152867E+01

.110452E+12 .959301E+02 .154693E+01

.113607E+12 .958438E+02 .156435E+01

.116763E+12 .957576E+02 .158095E+01

.119919E+12 .956714E+02 .159678E+01

.123075E+12 .955854E+02 .161186E+01

.126230E+12 .954994E+02 .162622E+01

.129386E+12 .954135E+02 .163990E+01

.132542E+12 .953276E+02 .165293E+01

.135698E+12 .952419E+02 .166533E+01

.138853E+12 .951562E+02 .167713E+01

.142009E+12 .950706E+02 .168836E+01

.145165E+12 .949851E+02 .169904E+01

.148321E+12 .948996E+02 .170919E+01

.151476E+12 .948143E+02 .171884E+01

.154632E+12 .947290E+02 .172800E+01

.157788E+12 .946438E+02 .173670E+01

.160944E+12 .945586E+02 .174496E+01

.164100E+12 .944735E+02 .175280E+01

.167255E+12 .943886E+02 .176023E+01

.170411E+12 .943036E+02 .176727E+01

.173567E+12 .942188E+02 .177394E+01

.176723E+12 .941341E+02 .178025E+01

.179878E+12 .940494E+02 .178622E+01

.183034E+12 .939648E+02 .179187E+01

.186190E+12 .938802E+02 .179720E+01

.189346E+12 .937958E+02 .180223E+01

.192501E+12 .937114E+02 .180698E+01

.195657E+12 .936271E+02 .181146E+01

.198813E+12 .935429E+02 .181567E+01

.201969E+12 .934587E+02 .181963E+01

.205124E+12 .933746E+02 .182334E+01

.208280E+12 .932906E+02 .182683E+01

.211436E+12 .932067E+02 .183010E+01

.214592E+12 .931229E+02 .183316E+01

.217747E+12 .930391E+02 .183601E+01

.220903E+12 .929554E+02 .183867E+01

.224059E+12 .928718E+02 .184115E+01

.227215E+12 .927882E+02 .184345E+01

.230370E+12 .927048E+02 .184558E+01

.233526E+12 .926214E+02 .1847454E+01

.236682E+12 .925380E+02 .184936E+01



Table 2.2.2 Chemical Mass Form of the Thorlum-230/Radium.226
Baternan Decay-Chain (Cont.)

MASTER EVALUATIONLOOP (Con.t)

Time\Sec Th-230 (gm) Ra-226 (gm)

.239838E+12 .924548E+02 .185102E+01

.242994E+12 .923716E+02 .185254E+01

.246149E+12 .922885E+02 .185392E+01

.249305E+12 .922055E+02 .185517E+01

.252461E+12 .921226E+02 .185630E+01

.255617E+12 .920397E+02 .185731E+01

.258_72E+12 .919569E+02 .185820E+01

.261928E+12 .918742E+02 .185899E+01

.265084E+12 .917915E+02 .185967E+01

.268240E+12 .917089E+02 .186025E+01

.271395E+12 .916264E+02 .186073E+01

.274551E+12 .915440E+02 .186112E+01

.277707E+12 .914617E+02 .186143E+01

.280863E+12 .913794E+02 .186165E+01

.284018E+12 .912972E+02 .186178E+01

.287174E+12 .912150E+02 .186185E+01

.290330E+12 .911330E+02 .186183E+01

.293486E+12 .910510E+02 .186175E+01

.296641E+12 .909691E+02 .186160E+01

.299797E+12 .908873E+02 .186139E+01

.302953E+12 .908055E+02 .186111E+01

.306109E+12 .907238E+02 .186078E+01

.309264E+12 .906422E+02 .186039E+01

.312420E+12 .905607E+02 .185994E+01

Table 2.2.3 Data File Used in CASCADR8 for Simulating Thorium-230 Waste

Datafile is (C9230102.DAT) Transport of (Radon 222) chain,
starting with Ra226 (from the Thorium230 chain) as the parent.
NOAA, NTS Frenchman Flat data.

Run 2: Run with *new* baro.dat (revised Nov ' 92).
400 day run.

Note -- Comment lines now end with "$" in column 1

$

SET OF FLAGS: NFLAG(I)
0,0,0, 0, 0, 0,1, 1, I,0i

NLAYERS NODES NUCS NOUT
1 401 1 600
Spacing is 'A' for Absolute, 'R' for Relative
oR ,

ZOFF, then NM1 spacings for DZZ
0.0D0

1.0D0 1.5D0 2.0D0 2.5D0 3.0D0 5.OD0 7.5D0 1.OD1
7.5D0 I.ODI I.OD1 1.5D1 1.5D1 2.OD1



Table 2.2.3 Data File Used in CASCADR8 for
Simulating Thorium-230 Waste (Cont.)

05*2. ODI
2.0DI

I. 5DI i. 0DI 7.5D0 7.5D0 5.0D0 2.5D0 2.5D0 5.0D0
1.0D1 1.5D1 2.0D1
19"2.0D1

2.0D1 1.5D1 1.0D1 5.0D0 5.0D0
1.0D1 1.5D1 2.0D1
127"2.0D1
2.0D1 3.0D1 4.0D1 5.0D1 6.0D1 7.0D1 8.0D1 9.0D1 1.0D2
207"1.0D2

Spacing for layers: 'A' for absolute, 'R' for relative
,A t

BOTTOM DEPTH FOR N-I LAYERS; LAST ONE IS DEPTH OF WATER TABLE, NOT LISTED
NDEP; then 'N' for nodes or 'Z' for actual depths
08 'Z'
PRINT AT THESE NODAL POSITIONS

0.0D0, 1.0D2, 2.0D2, 2.75D2, 7.60D2, 1.6D3, 3.2D3, 2.44D4
INITIAL TIME: TO
0.0D0
FINAL TIME: TIME
3. 456D+7
NUMBER OF PRINT TIMES: NPRT
360
DT
60.0D0

i PARTDN EPS KAPPA
2.6 0.37 4.00D-8
EPSIN, EPSOT
0.37, 1.0
DS01
0.10

DSPI ONE ROW FOR EACH LAYER
0.05
DSOT1
1.00
FREVI
0.10
FIRRI
0.10

KEQI
0.00

THALF [0.. MNUCS ]
5.05D+I0, 3.305D+5
AM[0..MNUCS]
226.D0, 222.D0
SA[0.. MNUCS ]
0.989D12, 1.5377D17
LTIRRI ONE ROW FOR EACH LAYER
0.0
AREA
1.0D+4
COT1
0.0
CIN1
i.000D-28
DXIN
100.0D0
DXOUT
100.0D0

TAIR, RG, MASSA, GKAV, RHOWAT
2.93D+2, 8.3143D+7, 29.0D0, 9.8D+2, 1.0D0
PA AND NPRES



Table 2.2.3 Data File Used In CASCADR8 for
Simulating Thorium-230 Waste (Cont.)

917. 0D0, 1
POC'S FROM 1 TO 15

+0.0000D0, +0.0000D0, +0.0000D0, -0.0000D0, +0.0000D0
+0.0000D0, -0.0000D0, +0.0000D0, -0.0000D0, 0.0000D0
0. 0000D0, 0. 000090, 0.0000D0, 0. 0000D0, 0. 0000D0

POS'S FROM 1 TO 15

-0.0000D0, +0.0000D0, +0.0000D0, +0.0000D0, -0.0000D0
-0.0000D0, +0.0000D0, -0.0000D0, +0.0000D0, 0.0000D0
0.0000D0, 0.0000D0, 0.0000D0, 0.0000D0, 0.0000D0

PERIODS OF EACH COMPONENT IN SECS.

1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0
1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0
1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0, 1.0000D+0
Number of Source Regions; 'N' for nodes, 'Z' for depths.
01 'Z'
INITIAL DISTRIBUTION DATA

00 0.000D0 2.440D4 1.000D-28, 0.0D0
01 2.750D2 7. 600D2 I.000D-28, 5. 0480D-20

required by CASCADR8 is obtained as

=/ 1.880=1 (0.893) lo-=oSap(X)t5.0g_x108crn3 5.0492x10,0 = 5.048x
sec (gm/cm3/sec) (2.2.1)

Having the constant-in-time source rate function defined as per above, the top of the

source is placed nine feet below grade and the bottom of the source is 25 feet below

grade. In the following simulationthe water table is 240 meters below grade. A cap

of nine feet of native soil (gas permeability of 4 Darcies) is put over the top of the

waste to bring the soil-atmosphere interface up to grade. No credit is taken for any of
the waste packaging material.

2.3 Radon-222 Diffusion Coefficient, Sorption Coefficient_

The diffusioncoefficient for radon-222 in still, dry air is approximately 0.1 cm2/sec

(Nazaroff, 1992). Our current site characterization project in Area 5 indicates that the

surface soils have an average porosityof 0.37 cm3/cm3 (site characterization report in
I

progress). A tortuosity of 0.5 seems reasonable (Nazaroff, 1992), considering surface

10



moisturecontentsare approximately0.05 to 0.07 cm3/cm3 (sitecharacterizationreport

in process). Therefore,the radium-222diffusioncoefficientin the dry desertalluvium i

is set at 0.0225 cm2/sec. Thisvalue providesa conservativeestimateof

radium-222diffusioninthe dry desertsoilon the NTS.

It is assumed that radon-222does not bind to any of the dry alluvial surfaces.

Nazaroff (1992) does show that in the presence of pore water, radon-222 is

appreciably retarded in its diffusion due to the partitioning into and diffusion through

water films around the particles. Therefore, it is a conservative assumption that

radon-222 is nonbinding.

2.4 Barometric Pressure Data

SinceCASCADR9 useseither real barometricpressuredata or "homemade"pressure

data made up from a linearcombinationof up to 15 sinusoidsandcosinusoids,real

barometricpressuredata was selectedfor use. Thus, pressuredata from MEDA 5

(a NOAA weatherstationin Area 5 of NTS) collectedovera twoyear periodwere

obtainedfrom Dr. DarylRanderson(1992) of the NuclearSupportServices

Departmentof USDOE/NV. The 15 minutebarometricpressuredata spanneda time

of two years (730 days). Itdid containnumerousomissions(gapsin the sequence)

and thereforerequiredthe writingof a Lagrangecubicspline(Presset al. 1986) to fill

in the missingdata. Juliandatesare used in the data file for readingthe barometric

pressure. Thus,the 40-day simulationrunsfoundinthis reportused real 15 minute

barometricpressuredata and Lagrangesmoothcubicsplineestimated15 minute

barometricpressurein millibars(mb) beginningat day 110 (midnight= 0, time) and

endingat midnighton day 150. Figure2.4.1 showsthe actualsurfacebarometric

pressurein mb used for the 40-daysimulationruns.

2.5 Other Environmentaland Boundary Datn

The air temperatureis fixedat 20°C (293°K). SinceCASCADR9 is an isothermal

model,the soiltemperatureis also assumedto be constantat 20°C. Laterversions

of CASCADERwill relaxthe isothermalrequirements.

11





The radon-222atmosphericconcentrationis fixed at zero witha screen heightof

100 cm above the soil-atmosphereinterface. The radon-222flux at the surfaceis

calculatedaccordingly.The cumulativeradon-222flow is definedas
i

t

cum/tl=A.[q-I _ ' <2s_>
0 Z=0

whereA is fixedat 104 cm2 (one squaremeterof surfacearea).

13



3.0 RESULTS OF 40-DAY SIMULATION RUNS

3.1 BaseCase

The basecase meansthe usualconfigurationof stackingthe drums one on top of the

otherand therebygeneratinga "thick"source16 feet thick. Allowedhere is about

three inchesof nativesoilbetweeneach layer or tier of drums. The top of the waste

regionis thenninefeet belowgrade(-2.8 m) whilethe bottomof the waste regionis

25 feet belowgrade (-7.6 m).

Figure3.1.1 showsthe flux of radon-222offthe surfaceimmediatelyabove the buried

low-levelwaste. The actualchemicalflux in gm/cm2-secof radon-222has been

multipliedby the specificactivityof radon-222in pCi/gmto obtainthe radon-222

activityflux in pCi/cm2-sec.NationalEmissionStandardsfor HazardousAirborne

Pollutants(NESHAP) requiresthat the surfacefluxof radon-222be lessthan 2 x 10 .3

pCi/cm2-sec.The backgroundsourceof radon-222(naturallyoccurringradium-226in

the desert alluvium)has beenartificiallyloweredby roughlyten ordersof magnitude

so as to notconfoundthe surfacefluxstemmingfromthe buriedmanmadesource.

The 24-houraveragesurfacefluxof radon-222on day 40 is -3,762 x 10.2

pCi/cm2-sec.The minussignindicatesa lossof surfacefluxto the atmosphere. This

configurationis clearlyin violationof NESHAP.

Figure3.1.2 showsthe cumulativeflow of radon-222offthe surfaceof one square

meterof soil-atmosphereinterface. The "straightline"character,appearingafter

day 10, showsthe steady-statediffusivelosscharacter.The steady-statediffusion

controlledlossis "_"for largetimet valuesandwhenplottedon semi-logpaper,the

characteris quitelinearor straightline looking. Figure3.1.3 showsthe radon-222

air-phaseconcentrationin pCi/cm3 at the atmosphere-alluviuminterface. Some of the

dailypeaksreachabout200 pCi/cm3. Whilesomeof the lowvaluesdip downto
about5 pCi/cm3.
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Surface Flux vs. Time
10 0 , , . , , , .... , , .... ,

N -.

lO.S .................................................................................................... "_

lo-lO ............................ .................................................................... -

10"15 "
0 10 20 30 40

Time (da)
Run is c9232901.dat

Figure 3.1.1 Surface flux of radon-222 in pCi/cm2-sec. Base case NESHAP requires
the flux to be less than 2 x 10.3 pCi/cm2-sec.
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lOz° Cumulative Flow vs, Time
ii i,,

10s ...........................................................................

_ _
__oO .....................................................................................................-
_ -

-l,m
I0._

..=

10-1o
0 10 20 3O 4O

Time (de)
Run is c9232901.dat

Figure 3.1.2 Cumulative radon-222 surface flux through one square meter of surface.
Base case.
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3.2 Alternatj.veBurial Scenarios,.

Figure3.1.1 clearlyshowsthat the basecase burialscenarioresultsin a radon-222

fluxat the surfaceexceedingthe NESHAP standardby two ordersof magnitude.

Lindstromet al. (1992b) used a laterversionof CASCADRS,a versionwhichallows

for layeredporousmedia,in an engineeringdesignstudyto assessthe effectsof

changingthe transportpropertiesof a controllayerover the waste,and changingthe

depthof burialof the manmadewasteon the surfacefluxof radon-222. The work

showsveryclearly,the depthof burialis a crucialengineeringdesignparameterwith

the surfacefluxof radon-222appearingto falloff exponentiallyas the depthof burial

increases. Thus,the followingscenariosare presentedas alternativesto the base

case of wasteburialwhereradon-222transportandfategive realcause forconcern.

The key changein this burialprocedurefrompastprocedureis that insteadof

stackingthe wastepackagesin a "four-tier"fashion(eitherboxesor drums),a single

tier or layeris assumed. Thiseffectivelyreducesthe thicknessof the sourceby a

factorof four. Eventhoughthe same massandvolumeof waste is involvedas the

basecase andthe area increasedby a factorof four,the addedarea is more than

offsetby the reductionin sourceregionthickness.AppendixF of Cawlfieidet al.

(1993) detailsthe mathematics,whichfor the case of purelydiffusionaltransport,

showsthe non-lineareffectsof the sourcethicknessonthe radon-222surfaceflux

assuminga very dry homogeneousporousmediumaboveand belowthe waste

region.

In the followingfive depth of burialscenariosthe sourceregionconcentrationis

assumedto be the same as the basecase;namely,

Ssp(X) = 5.048 x 10.20 (gm/cm3-sec). (3.2.1)

The thicknessof the sourceregionis reducedto one meter (3.3 feet) in the following
fivescenarios:

18



Alternative1 (XT = 280 cm, XB= 380 cm)

In thisscenariothe singletier sourcetop is 280 cm belowgrade and its bottom380

cm belowgrade. Figures3.2.1 through3.2.3 summarize the radon-222surfaceflux

as a functionof time,the cumulativeradon-222surfaceflow per squaremeter as a

functionof time, andthe radon-222gas-phaseconcentrationat the surfaceas a

functionof time. The simulationwas made for 40 days. Comparisonof Figures3.1.1

the basecase and 3.2.1 the shallowestdepthof burialscenariointhe suiteof five

depthof burialalternatives,showsthat alternativeone liesunderthr=base case, but

that NESHAP is stillexceeded. There is noengineeredcover overthe waste, onlythe

necessary2.8 metersof nativealluviumto bringthe surfaceback to background

grade. The surfaceflux has achievedsteady-stateaboutday 10.

Alternative2 (X T = 660 cm, Xa = 760 cm)

Inthisscenariothe singletier sourcetop is 660 cm belowgradeand itsbottom760

cm belowgrade. As per Figures3.2.1 through3.2.3, Figures3.2.4 through3.2.6

summarizethe radon-222surfacefluxtimedistribution,the cumulativeradon-222

surfaceflowthrough104 cm2 of surfacearea, andthe gas-phaseradon-222

concentrationat the alluvium-atmosphereinterfaceoverthe same40 daysof real

barometricpressuredata used in alternativeone. Comparisonof Figures3.2.1 and

3.2.4 clearlyshowsthatthe radon-222surfacefluxpeaksare verycloseto the

NESHAP ',avelof 2 x 10 .3 pCilcm2-sec. A dramaticreductionin surfaceflux is seen

withthe increaseindepthof burial. No engineeredcap is used,onlythe 6.6 meters

of nativesoilas a backfillmaterial overthe topof the waste region.

Alternative3 (XT = 1,120 cm, XB = 1,220 cm)

in this scenariothesingle tier sourcetopis placed at 1,120 cm belowgradewhilethe

bottomof the sourcelies 1,220 cmbelowgrade. Figures3.2.7 through3.2.9

summarizethe sameattributesof the modelas the firstandsecondsetsof figuresin
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Surface Flux vs. Time
10 °

10 .5

-

10-1o ................................................................................... -

lO'l 5
0 I0 20 30 40

Tune (da)
Run hi c9232902.dat

Figure 3.2.1 Alternative 1. Raclon-222 surface flux (pCi/cm2-sec).

20



•Cumulative Flow vs. Time
101°

lO s ...................

10 ° .....................................................................................................

-
N -'
N

10.5

lO-I o
0 10 20 30 40

Time (da)
Run is c9232902.dat

Figure 3.2.2 Alternative 1. Cumulative surface flow of radon-222 through 104 cm 2
of surface area (pCi).
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Gas Phase Concentrations at Horizons vs. Time

lOSl.., ,..,,-T , , , ,, . ........ , "..... ' ' _ ' ' ...... _' " '-I
.-i

_ 10 o

8 -
i -
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I.

10"15 ......... I ............ I , , _,, A _ , , , ! ........ I
0 10 20 30 40

Time (da)
Run is c9232902.dat

Figure 3.2.3 Alternative 1. Radon-222 gas-phase concentration (pCi/cm 3) at the
alluvium-atmosphere interface.
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Cumulative Flow vs. Time
101°

105 --.

10 o

10.5 . ...................................................................................................
i

.m

.i

10 -lo
0 10 20 30 40

Tune (da)
Run is c9232903.dat

Figure 3.2.5 Alternative 2. Cumulative sudace flow of radon-222 through 104 cm 2 of
surface area (pCi).
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Gas Phase Concentrations at Horizons vs. Time

t_

!00
_ _o__.................... :

10 J i i .[ ..... | I i ....... | t , , | , t_ i t t | 1 l t , l I ......

0 10 20 30 40
T'une (da)

Run is c9232903.dat

Figure3.2.6 Alternative2. Raclon-222gas-phaseconcentration(pCi/cm3) at the
alluvium-atmosphereinterface.
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Surface Flux vs. Time
104

,_10 "e ..............................

"8
10-8

' _ 10"1o

_1o -12

_I0 "14

10-16
0 10 20 30 40

Tune (de)
Run is c9232904.dat

Figure 3.2.7 Alternative 3. Raclon-222 surface flux (pCi/cm2-sec).
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CumulativeFlowvs. Time
10 e ....•' • • ' ' _ ' ' 1 ' ' ' ' " ' ''_'''_ ' I " ' ' ' .... ' i " ' ' " , t • • ,

]o'

10 2

I0 o

_ 10 .2

t
10 .4

-6
10 .......... I • • , , , , , .... ! , , . , , . , , , I .... , , ,_ I

0 I0 20 30 40
Tune (da)

Run is c9232904.dat

Figure3.2.8 Altemative3. Cumulativesurfaceflowof radon-222through104cm2 of
surfacearea (pCi).
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Cumulative Flow vs. Time
I0 _'. • • ""'-"" ''"" '_l'" " " ' '_ "' _""" i _ ' " " '""" ' _'''''i'''' '_ '"" " '""' ''_' "....

1o'

10 2

10 0

10 .2
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10 "¢ ....... , _ J !
10 20 30 40

Time (da)
Run io c9232904.dat

Figure 3.2.9 Altemative 3. Radon-222 gas-phase concentration (pCi/cm 3) at the
alluvium-atmosphere interface.
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this sectionindicate. Figure3.2.7 (the radon-222surfaceflux)clearly showsthat the

peaks in radon-222fluxare nowwell belowan orderof magnitudebelow the NESHAP

standard. Observethe progressivelag inthe timeto steady-statein the radon-222

surfacefluxas burialdepthis increased. Atthisdepthit takes about20 days to come

to steady-stateflux. No engineeredcap is used,onlythe 11.2 metersof nativesoilas

a backfillmaterialover the top of the waste region. The same 40-day barometric

pressuredata, as discussedbefore,was used. J
i

Alternative4 (xT - 1,420 cm, XB- 1,520 cm)

In thisscenariothe singletier sourcetopis placedat 1,420 cm belowgrade whilethe

bottomof the sourceis placed1,520 cm belowgrade. Figures3.2.10 through3.2.12

summarizethe same attributesof CASCADR8as the figuresforthe firstthree

alternativesdo. The radon-222surfacefluxtimedistribution,shownin Figure3.2,10

comes intosteady-stateaboutday 35. The peak in the radon-222surfaceflux liesat

leasttwoordersof magnitudebelowthe NESHAPstandard. Figure3.2.11 showsthe

timecumulativeradon-222flowthrough104cm2 of surface,whileFigure3.2.12 shows

the radon-222gas-phaseconcentration(pCi/cm3) at the alluvium-atmosphere

interface.The same40-day barometricpressuredata was useclin generatingthese
attributesovertime.

Alternative5 (XT= 2,840 cm, XB= 2,940 cm)

Inthisscenariothe singletier sourcetopis placedat 2,840 cm belowgradewhilethe

bottomof the sourceis placed2,940 cm belowgrade. Thiscasecan be considered

deep burial,sincea burialdepthof 2,840 cm is essentially93.1 feet belowgrade. The

same40-day barometricpressuredata wasusedas per the proceedingfour

alternatives. The timedistributionof radon222 surfacefluxis shownin Figure3.2.13.

The levelsare at leastten ordersof magnitudeunderNESHAP. However,the

radon-222surfacefluxhasnotcomeintoa steady-stateby clay40. Therefore,a

400-day run,startingwitha repeatof the first40 claysof realbarometricpressure
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Surface Flux vs. Time
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Time (da)
Run is c9232905.dat

Figure 3.2.10 Alternative 4. Radon-222 surface flux (pCi/cm2-sec).
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Cumulative Flow vs. Time

104 I- ....... ',,, ,...., ,....._ , . _

F
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Time (da)
Run io c9232905.ctot

Figure 3.2.11 Alternative4. Cumulativesurfaceflowof radon-222through104cm2
of surfacearea (pCi).
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Tune (ds)Run is c9232905.dst

Figure 3.2.12 Alternative 4. Radon-222 gas-phase concentration (pCi/cm3) at the
alluvium-atmosphere interlace.
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Surface Flux vs. Time
10"13.
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J
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Time(da)
Run is c9232906.clat

Figure 3.2.13 Alternative5. Radon-222surfaceflux(pCi/cm2-sec).
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data, followed by the next 360 days of actual Lagrange cubic spline interpolated real

barometric pressure data, was made. The surface flux of radon-222 for the 400-day

run is shown in Figure 3.2.14. Clearly, the radon-222 surface flux comes into a

steady-state about day 60. The peak flux is about eight orders of magnitude below

the NESHAP standard. The additional long period changes in the flux are likely due to

the combined seasonal and semi-annual barometric pressure effects as shown in

Figure 3.2.15. Figure 3.2.16 shows the cumulative radon-222 flows off a surface area

of 104 cm2 at the alluvium-atmosphere interface. Since the steady-state flux had not

been reached by 40 days, Figure 3.2.17 shows the same cumulative flow distribution

only now plotted for the 400-day run. Figure 3.2.18 shows the radon-222 gas-phase

concentration distributionat the surface over time for the 40-day simulation run.

Figure 3.2.19 shows the same thing except the simulated concentration data is from

the 400-day run.

3.3 Depth of Burial Effect on Surface Flux

In Appendix F of Cawlfield et al. (1992) formulas are developed that allow the

estimation of the surface flux of radon-222, in the case of a homogeneous, isothermal,

very dry porous medium, for purely diffusionaltransport and simple first order decay

processes. The formulas give simple exponential dependencies, especially for long

times, i.e., steady-state of the surface flux on 1) depth of burial and 2) the source

region thickness. The simulationsconducted here are not strictlydiffusional. The

valving action of the boundary layer effective gas transfer diffusivity together with

barometric air pressure induced advective pumping combine to produce not negligible

real effects. Therefore, it is unknown at this time just how applicable the exponential

fall off of surface flux mightbe by increasingthe depth of burial. However, in the spirit

of an engineering design study, the daily mean surface flux for the 40th clay have

been plotted on semi-log paper as a function of the depth to the center of the waste

region in Figure 3.3.1. The dotted line is the regression line obtained usingthe 40-day

daily mean surface fluxes for alternative one through four. The 400-day daily mean

surface flux for alternative five is used as the fifth clarapoint in the regression.
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3.2.14 Alternative5. Radon-222surfaceflux (pCi/cm2-sec)Figure 400 clay
simulation.
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Cumulative Flow vs. Time

J __ 10"5

_

10 .6
0 10 20 30 40

Tune (da)
Run is cO232906.dat

Figure 3.2.16 Alternative 5. Cumulative surface flow of radon-222 through 104 cm2
of surface area (pCi).
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Cumulative Flow vs. Time
1001 .=
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T_e (da)
Run is c9232907.dat

Figure 3.2.17 Alternative5. Cumulativesurfaceflow of radon-222through104 cm2
surfacearea (pCi) 400 claysimulationtime.
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Gas Phase Concentrations at Horizons vs. Time
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Run is c9232906.dat

Figure3.2.18 Alternative5. Radon-222gas-phaseconcentration(pCi/cm3)at the
alluvium-atmosphereinterface.
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Gas Phase Concentrations at Horizons vs. Time, ii i
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Figure 3.2.19 Alternative 5. Radon-222 gas-phase concentration (pCi/cm3) at the
alluvium-atmosphere interface. 400-clay run.
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Log[Surface-Flux] vs. Depth
Thorium 230 with Atmospheric Pumping
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Figure 3.3.1 Daily meanfluxon day 40 vs. mean burialdepth.
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Thelowerdatapoint,atmeandepth28.3meters,isthedailymean fluxvalve

obtainedforday40underalternativefiveconditions.Table3.3.1showstherawdata,

thelogtransformeddata,andthetwosetsofregressions.Clearly,usingthedata

pointat40daysandalternativefiveconditions(fluxisnotatsteady-stateyet)causes

aninferiorregression.Despitethefactthatthesurfacehasatimedependentvalving

actionoperatingaswellasthetimedependentinducedadvection,thesemi-logplot

yieldsasurprisinglygoodstralghtline,whichimpliesthatsurfacefluxisdependent

exponentiallyuponthemeanburialdepth.Thenonlineareffectofthesource
I

thickness,predictedinAppendixFofCawlfieldetal.(1992)cannotbeassessedhere

sinceallthealternativeswererunwithaconstantonemeterthicksourceregion.

42



Table 3.3.1 Quattro Pro 3.1 Regression _atistlcs for Daily Mean Flux
pCl/cm2.sec

, , ,, i i 1,1,, i1,, , ,,, i , ,, ,, , , , i H,

Thorium 230 with Atmospheric Pumping
1 m layering

,, ,, ,,, ,, ,f,,,,, , , r ,, ,,,,

Run Mean Rate Ln (Rate) Fit(5)
Depth(m) (pCl/cm2-sec)

,,, , ,,,,,,,, ,_.....................................................

C9232902 3.3 2,356E-02 -3.748E+00 2,756E-02
s,u,.. i,i ,,, , . ....,........

C9232903 7.1 6.787E-04 -7.295E+00 7.339E-04
IH ,,, i , IHI, i . i , ,,,,, , ,,,, , ,, i i H , ,,,.............

C9232904 11.7 1.075E-05 -1.144E+01 9.109E-06
..... =............................ J i ,,

C9232905 14.7 6.407E-07 -1.426E+01 5.204E-07
, ,, ,,, ,,,JL , , ,,,, ,,,, ,,, i, r,,, r,, , , J • ,_, ,,, , I ,, I

400-day C9232907 28.3 1.049E-12 -2.758E+01 1.204E-12

40-day C9232906 28.3 9.434E-15 -3,229E+01 1.204E-12.....................................

Regression Output: All Six Points
,, , , r., , 1 , , ,, ,,,.,, ,,,, ,,,, i, , , , ,,,, ,......

Constant 0.45899

Std Errof Y Est 1.79825
i i i l]i i i i iii iiiii i i iiii iiiiliii iii i ii i ill i[_ L

R Squared 0.98008
,,,, ..........................

No. of Observations 6.00000
"" '"' ' '" ' ,,.,,, , ,, ,,,,,. , ,, ,m , L, ,,

Degrees of Freedom 4.00000
I I II IIII I I IIIH IIII II I IIIIIIIII I I I IIIIII

X Coefficient(s) -1.06399
'"' ....... ,, ,. ,, LL, , ,,,. ,, , ,.,.,

Std Err of Coef. 0.07585
'" , , , i ,, ,,, .,, ,, ,, , ......

RegressionOutput: First Five Points

Constant -4.427E-01

StdErrof Y Est 2.004E-01

R Squared 9.996E-01

No. of Observations 5.000E+00
=,, ,L , ,, ,, , ,

Degreesof Freedom 3.000E+00
IIIIII II IIIII II III I I

X Coefficient(s) -9.541E-01

Std Errof Coef. 1.045E-02
" ' ,, ,, , , ','- ,, , , i
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4.0 ASSESSMENT OF DOSES FROM PROJECTED RADON-222 EMISSIONS
f

4,! Reaulatorv Requ!re_nts

The purposeof this radiologicalassessmentis to select a disposaloptionfor purified

thoriumwastethat meetsallapplicableregulations.This assessmentconsidersonly

inhalationdosesfrom radon-222progenygeneratedfromthe serial radioactivedecay
of thorium-230.

Waste disposalat DOE facilitiesis governedby DOE Order5820.2A, Radioactive

Waste Management.This orderrequiresthat releasesto the atmospheremeet the

requirementsof Title40 Code of FederalRegulations(CFR) Part61, the National

EmissionStandardfor HazardousAir Pollutant. SubpartQ of (NESHAP),andthe

NationalEmissionStandardsfor RadonEmissionsfrom Departmentof Energy

Facilities,statesthat no sourceat a DOE facilityshall emit morethan20 pCi/m2/s

(2 x 10.3 pCi/cm2/s)of radon-222as an averagefor the entiresource.This standard

appliesto disposalfacilitiesthat managebyproductmaterialas definedundersection

11.e(2) of the AtomicEnergyAct. The thoriumwastemorecloselymeetsthe

definitionof sourcematerialas definedin section11.z(1). Sincethere is no radon-222

emissionstandardfor sourcematerial,it is assumedthat at the timeof disposalthis

wastestreamcan be considered11.e(2) byproductmaterialand that 40 CFR 61, and

SubpartQ of NESHAP apply. Muchof the NESHAPdeals withmonitoring

requirements.Obviously,compliancewith monitoringrequirementsis impossibleafter

the lossof institutionalcontrol. It is assumedthatDOE Order 5820.2Arequires

selectiveapplicationof the emissionstandardportionof 40 CFR 61 beyondthe period

of institutionalcontrol. Therefore,the periodof compliancefor the emissionstandard

of the NESHAP is assumedto be 10,000years.

In additionto the 40 CFR 61 requirements,DOE Order5820.2A setsintruder

committedeffectivedoseequivalent(HE) limitsfor continuousexposure. The

requirementis thatthe HE receivedby individualswho inadvertentlyintrudeintothe
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facility afterthe lossof institutionalcontrolshall not exceed 100 mrem/yr. The period

of compliancewiththis requirementis taken from 100 years to 10,000 years.

Since there are many potentialintruder exposurepathways, it is desirablethat

exposurefrom raclon-222remainmuchlessthan the 100 mrem/yrlimit. The objective

of thisanalysisisto selecta disposaloptionthat yieldspredictedradon-222fluxes

lessthan 2 x 10.3 pCi/cm2/sandan HE that is a smallfractionof 100 mrem/yr.
i

i

4,2 Radloloalcal A,ssessment Model

Compliancewiththe NESHAP has beenassessedby comparisonof the standardwith

the radon-222fluxespredictedby the CASCADR8modelfor severalwastedisposal

options. The resultsof theseanalysesare discussedin Section3. Compliancewith

the intruderHE limitswas evaluatedwitha radiologicalassessmentmodeldescribed

below. The intruderHE limitwas foundto be the mostrestrictive.

The principalexposurepathwayfor an intruderwas assumedto be inhalationof radon

progenyina structurebuilton a wastedisposalcell. The primarysourceof radonin

the structurewas assumedto be radontransportedfromthe soil-pore-gasto roomair.

Anotherpotentialentrancepathwayis the releaseof radonfromgroundwaterpumped

intothe structure.The groundwaterpathwaywas notconsideredbecausethe mean

timerequiredfor radionuclidesto leachthroughthe vadosezone is estimatedto be at

least20,000 years.

AppendixC presentsthe mathematicaldetailsof a modelthat predictsHE for intruders

residingin a buildingconstructeddirectlyovera wastedisposalcell. The model is

extremelyconservativeand is expectedto significantlyoverestimatethe dose

equivalentspossible. The modelassumesthe wasteis purethorium-230at timezero

andthat radium-226and raclon-222are formedby serialradioactivedecay. It is

assumedthat leachingor erosionof the wastematerialdoes notoccur. The

concentrationof radon-222in soilpore gas at a depthof z=0 metersis assumedto be

proportionalto the activityconcentrationof radium-226in the waste. Thisconstantof
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proportionalityis derivedfrom the CASCADR8 modeland is based on the maximum

soil-pore-gasconcentrationspredicted. The constantdoes notvary withchanging

atmosphericconditionsand is specificfora givenwaste activityconcentration,depth

of burialandwaste thickness. However,the radon-222soil-pore-gasactivity

concentrationwill increasewithtimeas radium-226ingrowthoccursinthe waste. The

maximumHE willoccurat the timeof maximumradium-226concentration,whichwill

occurapproximately9,100 yearsafter separation.

Most housesin southernNevadaare constructedon concreteslabs. The entranceof

radon intostructuresbuiltonconcreteslabsis dominatedby advectionof soil-pore-gas

throughpenetrationand cracksinthe slab (Nazaroff1992). Forsimplicity,soil-pore-

gas was assumedto enterthe housewithoutdilution. It wasconcludedthat

parameterizationof a modelthat considersdilutioneffectswas notpossibleat this

time. The assumptionof nodilutionis extremelyconservativeand probablypredicts
!'

radon-222 concentrationsseveralordersof magnitudeabovethoselikelyto occur.

Radonprogenyare generatedby radioactivedecay of radonin roomair. Radon

progenywere assumedto be presentat 0.4 of the equilibriumconcentration

(AppendixC).

Estimatesof HE are obtainedby convertingthe concentrationof polonium-218,

lead-214,and bismuth-214intopotentialalphaenergyconcentration(PAEC) in unitsof

workinglevelsand multiplyingbythe timeof exposureandthe HE/Workinglevelmonth

(WLM)conversionfactor. Exposurewasassumedto be continuousfor a year and the

intruderswere assumedto spend100%of theirtimeonthe site. The HE/WLM

conversionfactorselected,0.72 rem/WLM,was basedon a dose equivalent

conversionfactor forthe bronchialepitheliumof 12 rem/WLMusedin NCRP Report94

(1987) anda weightingfactorof 0.06 forthe bronchialepithelium.The ICRP (1981)

has reviewedtwo publishedradonlungdosimetrymodelsand the ICRP 30 (1979)

lungmodel. They set rangesforthe HE/WLMconversionfactorthat includethe NCRP

factor. The BEIR IV committee(NRC 1988) reviewedthe sametwopublishedmodels

and a thirdmodelandconcludedthat the modelsyieldcloseconversionfactorsthat
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arewithina factorofthreeofeachother.The BEIR IVcommitteefurtherconcluded

thatsincethesemodelscannotbe validatedbyphysicalmeasurements,itis

impossibletodeterminewhichmodelisthemostaccurate(NRC 1988).The ICRP

hascautionedthatdoseconversionfactorsshouldbe correctedforexposure

conditionsthatdifferfromthoseassumedinthedosimetrymodel.The BEIR IV

committeehasattemptedtodevelopa correctionfactorthatconsiderstheeffectsof

particlesizedistribution,theunattachedfraction,theequilibriumfactor,and the

breathingrate(NRC 1988).TheirestimateoftheratioofHE/WLM forresidential

exposuresoverHE/WLM formineswas 0.94(NRC 1988).Giventheoverall

uncertaintyofthelungdosimetrymodels,i.e.,a factorofthree,thecorrectionfactor

fortheexposureconditionshasbeenassumedtobe I.0.

4.3 Results

Conservativeestimatesof committedeffectivecloseequivalentshave been made for

intrudersenteringthe siteafter lossof institutionalcontroland occupyinga structure

builtona wastedisposalceil. Sixdisposalalternativeshavebeen investigatedfor a

specificwastestreamcontaininghighpuritythorium-232withtracesof thorium-230.

In all casesthe predictedHE risesto a maximumaround9,100 years. The results
havebeen summarizedin Table 4.1.

Table 4.1. Summary of Intruder Committed Effective Dose Equivalents for
Different Disposal Options
, ,, ,,, , , ,,

Maximum raclon-222 Soil ks Maximum HE
Pore Gas Concentration at (rerrvyr at

Disposal Option z=o m from CASCADR8 (m3/I) 9,100 yrs), ,, ,
,, , , ,, , ,

Tiers: 4 Depth of Burial: 2.8 m 2 x 105 pCi/! 2.9 x 10.5 29,000

Tiers: 1 Depth of Burial: 2.8 m 1 x 105 pC.,i/! 1.4 x 10.5 14,000

Tiers: 1 Depth of Burial: 6.6 m 6 x 103 pCi/I 8.7 x 10 `7 873

Tiers" 1 Depth of Burial" 11.2 m 100 pCi/I 1.4 x 10"_ 14

Tiers: 1 Depth of Burial 14.2 m 8 pCi/I 1.1 x 10.9 1.1

Tiers 1 Depth of Burial: 28.4 m 3 x 10.5 pCi/l 4.3 x 10"15 4.3 x 10-6
--- , , , ,, ,. ,,

, , , J
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The firstdisposalalternative(base case), fourtiersof waste packagesburiedat

approximately2.8 meters,representsthe currentwaste managementpracticesat the

Area 5 RadioactiveWaste ManagementSite. The HE over time is plottedin Figures

4.3.1 through4.3.5. The HE at the end of institutionalcontrol,100 years, was

estimatedto be 1 x 103 rem/yrand rose to a maximumof 3 x 104 rem/yr. The

assessmentresultsforthe firstthreedisposalalternativesare plottedin Figures4.3.1

through4.3.3. In all threecases the predictedintruderHE exceeds the limitat the end

of institutionalcontrol. The fourthdisposaloption(Figure4.4.4), one tier buriedat

14.2 metersdoes notexceedthe limitat 100 years, buteventuallyrisesto a maximum

of 1 rein/year. The fifthalternatemet all the performanceobjectives. In orderto

determinean acceptableburialoption,the relationshipbetweendepth of burialand the

maximumHE was investigated. FromFigure4.3.6 it can be seenthat a burialof a

singletierof thoriumwasteat approximately16 metersto 17 metersis estimatedto

resultin a HEto an intruderof approximately100 torero/yr.The additionof three

metersof soilreducesthe HE to approximately10 mrem/yr. Sincethe committed

effective dose equivalentlimitsare forthe sumof all pathways,burialat a depth

greaterthan 18 metersis recommendedto allowfor dosesfromotherpathways.
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Figure 4.3.2 Intruder committed effective dose equivalent from inhalation of radon progeny; alternative 1, burial of one
tier at 2.8 meters.
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Figure 4.3.3 Intruder committed effective dose equrvalent from inhalation of radon progeny; alternative 2, burial of one
tier at 6.6 meters.
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Figure 4.3.4 Intrudercommitted effective dose equivalent from inhalation of radon progeny; alternative 3, burial of one
tier at 11.2 meters.
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Figure 4.3.5 Intruder committed effective dose equivalent from inhalation of radon progeny; alternative 4, burial of one
tier at 14.2 meters.
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APPENDIX A

NOMENCLATURE

Several equationsappear in the text. The mathematicalsymbolsappearing in these i

equationsare definedbelowintheir orderof appearance.

Symbol I Meaning I Unitsa [[_i"_i ' ' 'i iii 11 i[ lllil ' iiii III ' Tl I iiiii '1 I I' I 1" • , 111 , I "'1_ i ii 'II i 11 TII[I I III

Ssp(Z) radium-226sourcerate function{assumedto be gm/cm3-sec
uniformlyoperatingthroughoutthe waste region)

,i i ,.,,,,, ,, , i,,, , ,, ,, , ,,. , , i i , ,...... i,, ,, , , ,,, ,

Cum(t) cumulative radon-222 flowthrougharea A (cm2) at gm
the soil-atmosphereinterface

., , , ,, , , ,, ,, ,, ,,,, , ,, ,,

qi'_ normalcomponentof raclon-222flux at the gm/cm2-sec
Iz=0 soil-atmosphereinterface

,, ,, , i ,,, ,. ,L , ,, , , , ,,,,,

A characteristic cross-sectionalarea of soil- cm2
atmosphereinterface

, ,,m ,,, ,, ,, ,,, , ,,,,, ,

t elapsetime fromcommencementof radon-222 sec
release

, , , ,, , , , , ,, , , ,,

z depthbelowsoil-atmosphereinterface cm
,,, , ,,,,,, .... ,., , ,,, ,; ,, ,,, ,,, . _ ........ J, .,....... ,........
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APPENDIX B

CHEMICAL MASS FORM OF BATEMAN CASCADE RADIONUCLIDE CHAIN

The chemicalmass formof the Batemancascadechain is shownin the sketchbelow.

v,

FigureB.1 BatemanCascadeChain

Let NObe the number of atomsof radionuclidezero (parent) in the first "conlpartment."

The volumeof the spacecontainingthese atomsis V0 (cm3).

Let Mo be the atomicweightof radionuclidezero and A0 be Avogadro'snumber

6.023 x 1023(atoms/mole). Then, with;L0 beingthe decay constantspecificto the
parentradionuclide,

dN._..._Eo= _;koNo, No(0)prescribed (' #atoms "_
dt • Lcm_-sec) (B._)

Multiplicationof bothsidesof equationB.1 by Mo yields

Ao

rM°N°

Since the chemicalmass of parentradionuclidein the volumeVo is CO= Mo No I

Ao

dC__.9_o=_;LoCo , ( gm )dt cm:_-sec (B,3)

Multiplicationby Voyields

d(VoCo)
c, = -_,o(VoCo) s-_ (B.4)
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or, in termsof parent radionuclidemassmo,

= I,m)- ;Lomo • (B.5)

Integrationobtains

too(t)= mo(0)e-_t, t_0, mo(0)= initialmass(gm)ofradionuclide"0". (B.6)
f

N1, the secondradionuclide(firstdaughter)in the chain, is treated similarlyso that

dN1 = ;L° No_ ;L1N1' N1(0) = 0 (' #atoms "_
" _,cm3 "sec) (B.7)

Multiplicationof bothsidesof equationB._y yields

d I,M1N!
/Ao)

or in terms of chemicalconcentration

dO1 = ),.oI_-ol/ Co _ _1 Cl I gm 1T crn__-sec (B.9)

or interms of chemicalmass

mo-Zlml, ml(0) = 0 . _ (B.10)

By direct analogyfor, k = 1,2, 3..., we can find for the kth radionuclidein the

cascadechain

--_ = ;Lk_l rnk_l-;k kmk, mk(O) = 0 . _ (B.11)
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The solutionof the systemis readilyobtainedvia Laplace transformmethods. We

have

mo(0)
L {too (t)} =

s+ ;Lo ' (B.12)

Furthermore,

Combiningliketermsobtains

( Mk)lVlk_l
(s+_.k)_k(s)= _.k-__ _k-l(S)•

(9,14)

m

Solvingfor mk(S),

ink(S) = ;Lk_! S+;Lk " (B.15) '=

Writ;ngoutthe first few termsin this recursiveformulaobtains

_o(S) = mo(O) I

s+ ;Lo (B.i6)

ml(s) = ;LoIM_o-o/ m°(O) 1S+_o s+;Lk ' (B.17)

IM,)
_2(s)= x, -_, s+_ (S+_o)(S+_,)(s+x_)(S,_o)(S+X,)(s+x2)'

(B.18)
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and in general

i__1/_k_,(S) ;LO_.1;L2.. '_'k-, (M_I mo(O) __,(s)= x,_, s+_,k= (S+_o)(S+_,,)(s+_2)...(s+xk)' (B.2O)

Using the inversiontheorem and assuming that each )"m is distinct obtains the general
formula for

f e-.o,mk(t) = ;Lo;LI_.2...;Lk_l mo(O) (),.I_;Lo)(;L2_;Lo)(;L3_;Lo).. " (_.k-;Lo)

e-_,_t
+

e-X'kt 1+"""+ (_.o- _.k)(_.,- _.,)(_._- _.,)•••(_.,-,- x,) '

(B.21)
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_0 _1 _2" • • _k-1 e-X4

+ X._/ (_k- X,_) k-'l;ko

_0 _,1 _2' • • _k-1 e-;_'2t

+ ...
_'0 _1 )"2" • ' _k-1 e-_"t

+"+ ...
(B.22)

or

•.. ;Lk_1
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e-Xkt (gm) (B.23)

+ + ...
k=1,2,3...

Thus, for example

mo(t) = mo(O)e-xot , (gm) (B.24)

IMll f ;k'°e-_'°t e-X',t l
m,(t) : _oo too(O) (;L,-;Lo) + i_)_| ' (gm) (B.25)

;%J

IM21mo(O){ X'oX'Ie-X°' Xo;L1e-_',' _.oX._e-x,` }m2(t) = io (;L,-;ko)(;k2-_.o) + (X.o_;kl)(;k2_;L,)+ (;Lo_;L2)(X.,_;L2) =

I ;k'°e-x°t + ),.1e-_'lt + e-X'zt

(B.26)
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APPENDIX C

RADON-222 MODEL

This appendix describes a simple model that predicts the concentration of radon-222

progeny and the potential alpha energy concentration in a structure built on a disposal

cell cap. Potential alpha energy concentration is used to calculate committed effective

dose equivalents (HE). Because of the short half-life of radon and its progeny,

committed dose equivalents can be expected to be equal to annual effective dose

equivalents.

Radon-222 gives rise to an eight-member serial decay-chain that ends with stable

lead-206 as described in Table C.1. Radon is an inert noble gas that is not

significantly accumulated in the body by any chemical or physical processes. Radon

progeny is formed as conden,_ation nuclei. A variable fraction of the condensation

nuclei become attached to the ambient aerosol. The attached an# unattached

fractions progeny are deposited in different regions of the respiratory tract when

inhaled. It is the radioactive decay of the alpha emitting progeny polonium-218 and

polonium-219 deposited in the lung, especially on the bronchial epithelium that is

responsible for the absorbed dose from radon. It is the unattached progeny that is

deposited on the bronchial epithelium in the greatest quantities (NRC 1988).

Radon-222 delivers a small fraction of the dose, except in unusual cases where the

progeny is present at less than 10% of the equilibrium activity concentration (ICRP

1981). Of the progeny, those members below polonium-214 are not important

because the 22-year half-life of lead-210 precludes significant ingrowth during the

relatively short residence times of the particulates in the atmosphere. Polonium-214

can be assumed to be in secular equilibrium with bismuth-214 and its concentration

need not be calculated directly. Therefore, the intake of polonium-218, lead-214, and

bismuth-214 must be calculated to determine the dose.

The model assumes that radon-222 occurs in outdoor air and indoor air at

concentrations equal to those predicted by the CASCADR8 model for soil-pore-gas at
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Table C.1 Radon-222 Decay-Chain

, ,,

Radionuclide Half-Life Yield Decay Mode

radon-222 Rn-222 3.8 d 100% alpha
polonium-218 Po-218 3.05 m 100% alpha

lead-214 Pb-214 26.8 m 100% beta
bismuth-214 Bi-214 19.7 m 100% beta

polonium-214 Po-214 1.6 E-4 s 100% alpha
lead-210 Pb-210 22 y 100% beta

bismuth-210 Bi-210 5.0 d 100% beta
polonium-210 Po-210 138 d 100% alpha

lead-206 Pb-206 Stable

the surface (z=0). This is the most conservative assumption possible. Radon-222

enters houses primarily though advection of soil-pore-gas through imperfections in the

foundation (Nazaroff 1992). In reality, soil-pore-gas emanating to the atmosphere or

into a house will be diluted by air with a lower concentration of radon. However, it

was concluded that parameterizationof a model that considered these dilution

processeswas not possibleat this time.

The concentrationof radon-222 in soil-pore-gasas predicted by CASCADR8 is

assumed to be proportional to the concentration of radium-226 in the buried waste°

This constant of proportionality (ks) is derived from CASCADR8 results based on the

highest concentration predicted. The ks factor does not vary with time, therefore, the

concentration does not change in time with atmosphericpressure. However, the

concentration of radon-222in outdoorand indoor air will increase over time as

radium-226 ingrows from thorium-230. The constant of proportionality ks is specific for
a given burial geometry.

The rate of change of the numberof atoms of thorium-230and radium-226 per volume
of waste over time is

dN-"'E°= - _,oNo
dt (C.1)
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dN1 = ;LoNo - _,1N1d--T (c.2)

where

No, N 1 = atom concentrationof thorium-230 and radium-226 in waste, and

;Lo, ;L1= thorium-230 and radium-226 radioactive decay constants

The solutionsof equationsC.1 and C.2 for the case where at t=0, No = NO(0) and

N1 = 0 is well knownas

No(t) = No(0)e -x'ot
(C.3)

_o No(0)(e-XOt_ e-X,t)Nl(t) =
;L1- ;k.o (C.4)

Assumingthat the radon-222concentrationis proportional to the radium-226 activity

concentration in waste and converting equationC.4 to activity gives an expression for
the radon-222 air concentrationas a function of time as below.

ks ;L1Ao(0) (e-_'ot- e-Xlt)A2(t) =
_.1- _.o (C.5)

where

A2 (t) = radon-222activityconcentrationin indoorair, and

Ao (0) = initialactivityconcentrationof thorium-230in waste

Since radon progeny seldom reach equilibrium in indoor air, an equilibrium factor of

0.4 was assumed based on NCRP (1987) estimates. Therefore, the activity

concentration of the progeny in indoorair is given by

A3= A4 =A s =0.4 A2(t)
(C.6)
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where

A3, A4, A5 = activityconcentrationof polonium-218, lead-214, and bismuth-214.

The potentialalpha energy concentrationin units of working levels (WL) at time t can

be calculated as

WL(t) = 1.05x 10-3 A3 + 5.16x 10-3 A4 + 3.79 x 10-3A5 (C.7)

where the activity concentrations (A3, A4, A5) are in units of pCi/l. Since the activity

concentration of radon-222 and its progeny will be controlled by the decay of thorium-

230 and ingrowth of radium-226, in any given yearly interval the change in the radon

concentration will be small. If the radon-222 concentration is assumed to be constant

in each given year and the intruder is indoors 100% of the time, the total annual

cumulative exposure in working level months is

WLM = 51.6xWL(T) .
(C.8)

Where 51.6 is the numberof 170 hourworkingmonthsin oneyear of continuous

exposure. The committedeffectivedose equivalent(HE) for anygivenyear of intake
is then

HE= < HE/WLM> x WLM (C.9)

where
< HE\WLM> = Dose conversion factor for reference man.
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