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DETERMINATION OF DISTURBED ZONE BETWEEN ENGINEERED AND NATURAL

BARRIERS FROM THE STANDPOINT OF RADIONUCLIDE TRANSPORT

Atsuyuki Suzuki™
Shinya I\Iagasakf‘<

Abstract

Mass transfer from the bentonite filled fractures into the water-flowing fracture network
is mathematicaly analyzed. Bentonite is assuemd to fill fracture segments intersecting the
engineered barrier system up to a certain distance. Radionuclides diffusing in the EBS
subsequently enter the fractures filled with bentonite, and are released to the groundwater flowing |
in a fracture network. Sorption distribution coefficients of americiumand neptunium are measured
experimentally for various values of redox potential (Eh) in a simulated rock fracture filled with
bentonite. With the experimentally-obtained Kd as a function of Eh, we numerically evaluate
radionuclide transport in the bentonite-filled fracture.

Release of radionuclides to the circulating water is reduced by radioactive decay while
diffusion in the fracture is retarded by sorption and matrix diffusion. For americium, plutonium,
and neptunium, if the environment is reducing, the region right next to the EBS including the
bentonite filled fractures has special meanings with respect to radionuclide confinement. The
region enveloped by the tips of the extruding bentonite must be treated separately. For uranium
isotopes and their daughters, mainly because of their long half-lives, such a region has negligible
meaning. Futhermore, we performed the uncertainty analysis on performance assessment for
artificial barrier by using GA and fuzzy theory.

Work performed by The Faculty of Engineering, The University of Tokyo under contract with Power Reactor and
Nuclear Fuel Development Corporation.

PNCC Liaison : Isolation System Research Program, Radioactive Waste Management Project, Noriaki Sasaki
3 : The Graduate School of Engineering, The University of Tokyo
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AmBHE I NpBE#Z LR, BER (20m) OBRAEEZ fTo-HBT iz, X

VM FAMEREEANRMLS, CO 7Y —®, NaOH, HCIZMEZ AT it koT

pH# 9 Ic8 L7-. Am & Np DI, 2RTRIXI0OME Ix10TMTH - 72,
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W& (AmicxtLCi—EmM, Npiow L CRTBH) ko 2k, ¥ FiA
PR EEOSBEL, PHEHE L, LEAPLY Y TAEEY, 2 nmOBEHNT 4
VX DBENEBR L, 208, BAT74 VIROAM L Np OS2 TA 70—
AT ZR T VEIGe BTV FICE o THIE L, WHICHINL 72 ST seiRE &
BRALUE B ORETEEME 5, Am & Np 0RE THEEKI 258 L 72, EED Am
PNpOBEDEN, LieserHil | OEBRFEBICRVEIEL, TESTA
BOEICH o TEE LY,

ERIBR T LEANERAET TV, BEIE25X0. 5°c. £ TR

E%.:%ﬁﬁ%t L7 o



2. 4 SEEEHER

EEEREIBETEVNOBEEE LCTable 2.1 icF Lo/, Kunigel V1

D Am DEE SEEREB L Z, 65%10° ml/ gThoie ohit, OECD/N

EADWRET—F_—R (SDB) (1B HBRICFEEL TV S,

BREEORE (—100mVA50mV ETOM) KBWT, Kunigel VI
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+ Am (aerobic to anaerobic)

"ER(mV)

194 149 33 62 —11 —49 —o4
Kd(ml/g) 16.8x 103 6.3x 103 | 6.9% 103] 6.5 x 103 | 7.0 x 103 6.4x10%]6.5x 103
;ﬁp (aerobic to anaerobic)

Eh(mV) | 203 161 117 103 77 34 21
Kd(ml/g) |2.7x 101 [3.2x 101 {3.0x 101 | 3.5 x 10! | 2.0 x 102 1.5x 104143 x 104
Eh(mY) |8 —25 —66 -105

Kd(mVg) 14.0x 104} 6.0x 104 | 72 x 10| 6.1 x 10%

* Np (Anaerobic to aerobic) _

Eh(mV) [-39 =51 —34 g

Kd(ml/g) | 6.0x 104] 7.0x 104 [ 6.1 x 104 | 6.9 x 102

Table 2.1 EERIZ L - TH S N AmE NpDIEE D EARRK




Cylmdrlcal sample
(20 mm? x 20mm

AN

I_(I')f granite

Loosely compacted
bentonit
(20 mm xQSmmH)

[TT1

Filter

Cylindrical sample of granite
(20 mm ? x 20mmH )

7

Fig. 2.1 WAEZEEH Vv
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2MAI‘I‘I sol. in HNO3 237Np sol. in HNO3

L T
CMPO Extraction CMPO Extraction Dissolution in HCI after
& Back-extraction (Remove Np(IV), Np(VD), Evaporation (3times)
(Remove impurities) Pa-233, impurities)
Heating
Ultrafiltration (2 nm iltrati &
i ( ) Ultrafiltration (2 nm) Addition of NH2NH2-HCI
Np(IV)
(Confirmed spectroscopically)
¥ Ultrafiltration (2 nm)
l.oosely t’.)ompactec!a
Bentonite (0.8 g/cm¥ )
pH =9: CO, free NaOH /HCI
Experimental Cell I'=0.1M: NaClO,4

Experimental Cell

Addtion of Hydrazine Addtion of Hydrazine
Eh: + 200 (mV) — - 100 (mV) 9
_ [Am]=1x10° M

Introduction of 0
[Np]=1x108M 2

Eh: 100 mvV —= 0 mv
|

25C

N2 .
Cenirifugation
Ultrafiltration (2 nm)

Ge counter & 2; gas flow counter

Sorption distribution coefficient

Fig. 2.2 EERFE
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NV A P REAROBEREBELZAL DI, NV A PAREE AR

HOETNMEZATo 72, BT, BER= (HOrOHEHBIIEECRE) / (A
O ENABREOBE) 2ERTI2LIKXY, Chast8dazkiclL, #

O¥E, Thiele$, Sherwood#%, Fourier$t, H#ALE hi-BRhOILERY, BRI

SNT-BEBAOEZEONT A—F 2BV, FHEERE, EBORTMEMEOZE L
BIsZicd), BEEEARY ML PONY THEIZOWTORFZME 72,

¥ 7 Np O IZBRETE Y b F 4+ OBMLBRTEERIC OV T AL,
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NT/SD 7 %20 BLY % REEEER (Figure 3.1) K8 LTAD &5 2R E
EZAHILILT A, BEMEZRVE LT 57201, FIATFEFEERVE Z LR L,
Kan g‘ [TIPRL72Ed 1, BRARAOWPAILE T, BIMERICHS POEELR
T LR B, FIT, AFETRRD X IRETE I LICT D, MEHEEREIZA
TN FHRLCRE SNBEEP LB SATVS, ZITENRY b F4 MEEEE

FWY BTV D, BOE2D OTATHRARERET 2BRE TOERE) ] OBIET
Ry A M EEHBCEAICREL TV A, B A BEMEREDT ) v 7 AT
B SRTV, BRIy 2 ARE, OBRREELTWE, $70, BYAS AL

BCAZEL TV 5%, M FARICERS LT VRS 2BROF0LT AR 1 1) v
AEERTV D, BRENICRARAONSEES TTAY 94 P THREL AT

VB, [ REEICHL T2 THa LT 5,

RS OO SRR Y P PERICHEE T A, BB P v 2R
X, BREEXY PP BRI PCEREIIIBHL TS0, Hk< b
Ty 7 AROEEE, BREENRY P HA VORI DINSL LB EFEL LA T
2o NINYTHORY b F4 FOBGHERER, 59 L0X > EHT2RBAON
BlECIh, BRETERY ML MV RERET 5, BERPLOT M) v 7 ATHDEE
SNTWE, BRRPONY bF A MEEEROKER P S, BEHEEEII AP OB TK
HICHEEEh S, |

NV N4 P AT L BB ORI ET RS 2D, KOT ERE Lz, REAL

TORREMFEHR, [l LoMT—EREL L THE{ S T2 (Figure 3.1
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) o AL WAL N 7O L 2 BARMERL C0d, ¥72, [~ £ Bl

HREOANT NN 7o ORBEREEL TV, BEPONY F 4 FHEEROE
WICBIBHREMHIHT LT, WEHBHREEHET 5.

BHEREEANY P4 2 @8 T 2ROW IRy 5 XEARRSUTO L9 i
BwEIN5,

%:%ma%o«a,»o (1a)
-%%:A%%?-ACW0<x<L0<y<Lt>0 (1b)
DTregfisgttt 75,

Cx,0)=0, 0<x<1 (2a)
C,(%30)=0, 0<x<1, O<y<l (2b)
C(0,5) = Co (), £>0 (2¢)
-g—g N =0, 0<x<l, >0 : (2d)

15



C,x0,)=Clx,1), 0<x<1, t>0

(2e)
-'g(-;ﬁ | =0,0<x<1, 450 (21)
zzT,
q:—e£§%-w0,0<x<l,t>0 (3)
x=%, y=%, t=§§, ng, cp=ér THD, (4a)
A—ng, A gﬁz, b=§f§2, Sh=%, h=on, tz=§i (4b)

T&%%o

CRBETHENY FF A} AT CORIMEBEOBETS 5, ), WERT

)y yATORETHE, CR B Ef, L OMOAT ) 7HtEETHS. D&

Dy, ZRERBEFENY M4 MRRTEEY MY v 7 2B T ORSHEBBON

BRETHE, RE R, &, TNEFNBEFTENRY M HA FPPRTEE< Y v 7 AW
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TORERKTHS, HRABEHDONY M4 FEEERO 58 TOWBBERHT
Boo ) HEHEBEORBER THL., ERBETEAY M A FORRETS

%o A EShiz, #hFNhThieleZk 'Sherwood¥ & BTN T3,

ARBB< M) vy 7 20 ORBIL IR LRI THE, A> 11RO 28BY 0
FENB, Thbb, Bl v 2 AR TORKSBAEIHMAY FF 4 P TORHKIC

WRTEO D, FRRRZEM [ iR, BREEAY M4 P OERY) OBRELIEBL
THBEH/NEWROELLPTHE, EELP—FOBAILBWVWT, BIEAS 22008
HEOEBET M)y 7 ACBITAAMTORMNEEEOBERIZLEALE —EICRoTW

., A<1 DBAR, BB M)y ZATOTMY v 7 AR 2EHIIEBIED
HEECHEEENS,

BHEITENRY MM PO THRERTDIC, BEAOND, BREFENY M
A PRAD AL BFHEESEORICHT 2, SR TORBEDCHAL LT, BIESRH
EBERENTWES,

BRCESES N BB & LATE, BT 7T BRI E ) BRI
Phb,

3. 3 HEEE

3. 3.1 AhW7—-%

Table 3.1 KRFEH LN A —FERRENTVE, BEDOZREE (0. 01) ¢F

B (2. 68/ cm’) R LCRBIBRZERERESCH LTRAEETS 282601
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TVD, HEERRIE, HERADEMSRAERIO cm2, /secTH b = & 23 FEE
L, BEFEERY b4 FeRY M4 FEIOBRECH L TERER0. 1, RO
0. 00 1DtortuosityZ2# I A4bEEILICXoTHREL, BEFTHE Y FFH A4}

DEEE, BHER, BHEOKREE, BETORY M A FVEEAROE ST 51
PuschD@mX 216K,

INOOREMEL Y, ERTTASIN-BFIBEOKRZI bIZ0. 15 LTEELM,
BRBEVRETNE, XY A PRBAEPLZINVESCETRATEZSY, £ 0B
ARG EN-BRE L ORECHRICEZ L Bbhb,

SherwoodBHiF TN T TOHFMPLRTED b Milz, £ I T, Pecletd & Sherwood
BLOHOBERPHFELNTWES [8), RRMLMSE A (PecletFiZ 1451 00 %
TOE) X0, Sherwood#i2 0. 03+ 1 :DM=FEHE L7,

‘Table 3.2 Ti, MHMEET - PTLOOLATVS, TRV YT ARR TV =Y

LOBEFRBRBIEBERICETVTWE, 27V A LTI, ETHEeBt
WEREITT 2 EFRLRBRINTRE, BEICHTET AV TALRAT Y =T A0RHE
TERBELEORBDI N L LT, XU P FA MIHTHLOLRARETH L LAES
RTWbh, TV 2T ACHTHEIZAL D EORL PIKESTVWTV S, FICEELR

ZEiR, ERTALI N RS A B EES BRI LTI 18107 L 2B

ETH5bB,

3. 3. 2 HEEEER

Figure 3.2 i3, @ARERICBITHAERLEN2TRA 7T v 7 A%, Fourierfk OH%%
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YLTRLIERTH S, BREAOTIR, Fourierfi# 10724 510° ¥ T OM, M

BRFHRIE SN TS, 4 ZThieleficd LT 7 2Ol HirhTn b, 2hFh

DH—TORIRIS, BELERTOTATS v 7 AdFourierft 0. 0 4 25800 Ui

DB IENbRb, 1072% DA% wThielelicit LT, BEE[WARAELAL
B, TOZEPBLROZEFDbIL, LU OBEREC L IBREFRESEBTT, F

WARVZZOERT M VY 7 AN—BEHRL SRR, AORRTOREN

Fourier#10° T2 22072 Db, BURE~R-T{ 27=0E£3WTVd, —F,
HEERERIC X 2 RER VSRS LTI, < Yy 7 RS EEIC R AR
KRBT A7 M) v 7 ZEFHIFEBTE, BEFIVEEIERS v,

WK 2EET MYy 2 A~OEMEFigure 3.3 THARTW S, 284, (

Thiele#=8. 12) OHREREER, REP;POSEY MY v 7 ANOIH & LB L TH
Vi TRy 7 AR L HMHIRIIBREZRD 100D 1 LD dAS WV, 20—

T, Thiele§i®/J\§b=237Np BARZEZHO 105001 CETHERLTWwAZ Litbh

%o

Figure 3.4 TRARPONY F A PFTREFRICBITENYTEL TOHRITRE
NTnd, X¥ bHA PEEFEBONMITIE, BTRICE2PEBEHFBEEE, T2
%, SherwoodB Ak EViEE, X V5 ORSTEEER SMIEBRA~mT TR Sh
bo L7zt o T, BEFRIAEZL 25, —4, ThieleBxt L CTidThiele$is A i3
ERERFRE (2D, TOBHIBEGHERESE SRV BRER THRBEEAL LI TO

HiZ, BRICE > TRET S92 6 TH 5, Figure 3.40BWT, BERIF1I0k9D

AEVv:SherwoodBiZad LT3, BIZ—E ek 32, cOZ&hb, BEICBIT L WH
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EBRRAN I BT B EEREAEICR 51, AR TOWERRIZEL ZoTwa,
Figure 3.5& 89, 72U ¥ 7 AL CiE, Sherwood OLHEH IZh 72 ) MEX

BEDTAERDIDELRSTVE, N A VEERBTHE, 72T T LIESE

SRBELTLEY PaAn e Mamit, 2ren?p e P et s, A

INRYTFHTOTRNVITALE TNV b= LOBEICOWTOINFE TOBFTOERD
b, BEAOEIELALTAVI AR IV T2 X D LERIC 2H/M & 2 BICHE

LTwd, 20zkds, a0 0 Fpy~ommia 2py it s mERpmms

EHILIEBLRVERDND, BEH I AEGER 0PNy D1 v )Y}y
HaAm &) A2 2 0EREVEOTH B, Mamokda P Np 20 b s

NSV, FRWL, HHOREHEESRBEATCEET 2 2 e, 2 am ok
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Np 3ETHELBILEL TEREFEIRE( B2 oTw:, BEMETEZHERELT

wiiE, Np oiiid+a8Hshs,

Plxb, ZZT#HE6N-Thiele® / Sherwood® / BEBOEE,I S, BEFHEN
YIRFA PR LRBSY TRERIY N T — 2 ~OWERZICHLTIRY T Y ORK
HEREROBITICOEEN W LT ERS,
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Parameter Nomenclature | Value
Porosity of extruding bentonite £ 0.3

Porosity of rock matrix £ 0.01
Diffusion coefficient in extruding bentonite D 106 cm2/sec
Diffusion coefficient in rock matrix D, 10-8 crm/sec
Half spacing between two fractures d 30cm
Bentonite extrusion distance I 10cm

Half aperture of fracture b 0.] mm
Density of extruding bentonite p 1.8 g/crn3
Density of rock matrix g, 2.6 glem3
Normalized aperture b 0.15
Sherwood number Sh 0.03~1

Table 3.1 BMERTE CTHWIN5 X — 4
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Retarda-

Inventory | Half life | Sorption Retarda- | Thiele Normali-
in waste | (sec) distribu- |} tion fact- | tion fact- | modulus, | zed diff-

glass * tionco- |orin orinrock| A usion co-

- (mol) efficient | fracture, | matrix," efficient, -

mVg) |R%  |Rp$ A

243 Am 0.486 233El1l1 |65E3 2.7TE4 1.7 E6 8.1 1.8 E—5
241 A m 0.282 1.37E10 | 6.5 E3 2.7 EA 1.7E6 14E2 1.8 E-5
237Np (red) | 4.02 6.75E13 | 6.0 E4 25E5 1.5E7 0.259 1.8 E-5
237Np (oxy) | 4.02 6.75E13 | 3.0El 1.3 E2 7T.TE3 13E4 [ 1.8E-5
242py 0.0180 1.22E13|66E2 2.8 E3 1.7 E5 1.6 E-2 |I.8E-5
240py 0.200 206 El11 {66 E2 2.8 E3 1.7 E>5 0.93 1.8 E-5
239py 0.254 | 760Ell|6.6E2 2.8 E3 1.7E>5 0.25 1.8 E-3

TR=1+Kdp (l-g)e
§Rp=1+Kdg,(1-ep)lep

* From Ahn, et al. (1995). Per ton of spent fuel.

Table 3.2 ZHEEOHEE
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Normalized mass flux at fracture tip
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~ Reduction factor
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Reduction factor
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128N m, = (- C(E':w)) + Jres (9)

TH5b,

AT OBREI/NEVIES., F5ARLEROBRIZE > THF ABE{LEREAT
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B S 1B, [RASHSASY] SEASND, 75 X ELAKIEIT 53K
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AR R ER S N D35 E
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Table 4.1 AJ/SF X —% L iEifl

(@)

EREAR I B REE
Cm 6.30X10° 7.80X 10™
Am 8.12X10° 9.60X 10™
Pu 4.17X10° 5.20%X10™
Np 4.32X10° - 2.00X10"
U 2.68X10" 3.50X10™
6.31X10° 2.40X10™

(b)

RHEH

4.00% 10*
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Fig. 4.1 Min-MaxJEH
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R : Retardation Factor

S : Solubulity
LT: Leach Time
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