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SUMMARY

Radioactive wastes are generated in different activities and these wastes need to be
managed in a safe manner including waste disposal. Safety assessment is an important
procedure for evaluating the acceptability of the proposed, on-going or past waste disposal
practice. Safety assessment can be seen to be an important component of practical decision
making about the long-term safety of disposal facilities.

It is generally accepted that radionuclides contained in the radioactive wastes will be
eventually released and that these radionuclides will be transported to the accessible
environment(Near field, far-field, biosphere). Therefore, the long-term safety assessment of
near-surface radioactive waste disposal should be described by modeling the potential
releases of radionuclides from the repository, far field area, and biosphere, as well as by the
consequent health risk to humans.

In this study, characteristics of radionuclides behavior are analyzed and radiological doses
are evaluated for the reference near-surface radioactive waste disposal facility in Vaalputs,
South Africa, which has been selected as a part of the IAEA coordinated research program
on improvement of safety assessment methodologies(ISAM). This disposal facility is
composed of 20 concrete vaults located above the ground level and has a total of about
750,000 drums.

The analysis includes drinking water scenarios from a well. The parameters for the
modeling of the near-field, far-field and biosphere are mainly obtained from the site specific
data reported in IAEA publications. The release and transport of radionuclides in the vault,
unsaturated zone, and saturated zone, and radiological safety assessment are simulated by
using GoldSim. This simulation provides the time variation of effective doses over long-term
period after closure of disposal facility. The simulation result is compared with the result of

IAEA safety assessment conducted with other tools(AMBER and MASCQOT) for the same

Vi
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facility and scenario.

The simulation result shows that the release of radionuclides begins 300 years after
closure of the facility. The short-lived radionuclides are almost decayed out in the
unsaturated zone, and only long-lived radionuclides come into the well.

It is found that the annual effective doses are dominated by the radionuclides such as S
129), 24y, 28y, #°Th, #®Ra, *'°Pb, *°Po which can be characterized by the half-live and
mobility of parents and daughters. The contribution of **°| to total effective dose is dominant

among these radionuclides. Dose from the #°| has a peak dose at 5800 yr, and this dose value

is 15 uSvl/yr. It is concluded that total effective dose caused by drinking water would be far

below the general regulatory limit 0.1 mSv/yr for radioactive waste disposal facility.

The comparison of both simulation results is performed to identify similarities and
differences between our modeling approach and the IAEA approach which has been carried
out using AMBER and MASCOT codes

It is shown that there is a good agreement in the peak values of the release rates, well
radionuclides concentration, and resulting radiation dose between our simulation and the
IAEA simulation conducted with AMBER. However, these are substantial differences in the

timing of the peak values.
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Table 1. Evaluation target of safety assessment for disposal facilities
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f5 : fraction of parent which decays into s
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SP~s : stoichimetric ratio of moles of a produced per mole of parent decayed

wS, wP: molecular weight of s and parent, respectively [M/mol]

N;  : number of mass flux links from to cell i

@7,; :influx ratio of s into | through advective and diffusive mass flux link | [M/T]

S :rate of direct input of s of i from source [M/T]
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@%  : flux of s leaving the pipe pathway [M/T]

¢S : concentration of the suspended solid in the mobile zone [M/L?]

Q  :volumetric flow rate in the pathway [L*/T]

KS,  :sorption coefficient between the suspended solid and the fluid for s [L*/M]

D, : effective diffusivity of s in the mobile zone [L%T]

a . dispersivity of the pathway [L]

L : length of the pathway [L]
X - distance in to the pathway
c$  : dissolved concentration of s in mobile zone of pathway [M/L°]
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A : diffusive area of the matrix zone per unit length of mobile zone [L]
0 . porosity for s

R, Rp: retardation factor for s and parent in the mobile zone, respectively
p . perimeter of the pathway [L]

fin,  : perimeter fraction occupied by matrix diffusion zone [L]

D§, : diffusivity of matrix diffusion zone for s [L*T]

NMD : number of matrix diffusion zone

Ciy : concentration of s in the rock matrix diffusion zone im

21(2.3) A A(24)% 7l=E 5 St

Oy [ Dy chy, Db oMtpocy) [ o Zcpxpfsspﬁs RE,
ot OimRim 022  OimR$pAim 0z 0z wP RP

(2.4)

Df, : effective diffusivity of s in the matrix zone [L2/T]
0;m, : porosity of the matrix zone
R, R‘i’m: retardation factor in the matrix zone for s and parent, respectively

Aj,, : Diffusive area of the matrix zone per unit length of mobile zone [L]
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8(t) : dirac delta fuction [T™]
M§ :initial mass of s applied to the pathway [M]
@3  :boundary flux of s [M/T]

@3 : flux of s from external pathway [M/T]

714, EH A HAAZXAL 2(2.6)7 ).

c,=c¥atz=0
aCim _ _
oz 0at z =Ty, (2.6)

Tim : thickness of the diffusion zone [L]
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Table 4. The high level interaction matrix for the main component system

Near-Field Leaching Flow
Geosphere Well water abstraction
Infiltration Infiltration Biosphere

HEH PP DAL A4, AHA Fde A7 ARE THRAE

A F9L A AV=H 3T WHoR FAdH o FEF U
H7lE HE9 9, offell =AI3F= Upper concrete barrier 2+ Down concrete
¥l Concrete barriers 2} 495 ¢S A3F o2 A3 & 9=

barrier = T4

Multiple Layer & ©]Fo]zit},

Near Field

Waste Engineered Barriers

Concrete Barriers Multiple layer

Fig 4. Components of the near field system

22

Collection @ jeju



A 92 4 Fo] 223U 1 T T3tz 7AE o, =
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hyA
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rlr
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Fig 5. Components of the far field system
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Precipitation weeus |nfiltration
_l mmm [Ngestion

Near Field

Biosphere

UnSat. Zone

1
1
1
1
:
Far Field i ¥
!

Aquifer — Aquifer

I abstraction 1
______________ r e

Fig 6. Simplified representation of the conceptual model

Table 5. The interaction matrix for the system

Waste
Unsat. F_Iow Barrier Unsat. F_Iow
(Infiltration) (Infiltration)
Unsat. Zone
Sat. Zone Ingestion
Ingestion Human
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200 B Z="of| IE$E dHE AEY 150,000 m® o WA H I ES

1o

ZAZE FZE(concrete cube)oll Azt AEHW, =y3te] ZIEE GLFRES

Wi F3tels AME=RZ WXt olHd AFS AR FAYE TR
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A Aow AFHY wEolth Table 62 iHE 7] LYAMYAF

AnFT PARARF] BAALES WolFH], Table 7 AZHel

Site boundary fence

200 m Buffer zone
- no disposal

Waste disposal area

_.
=
=]

Operations &
Maintenance
Buildings

Administration
Area

Fig 7. Planned site layout for the vault test case
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I |
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2.25%n
/ 1.2m
21 1lm
Concrete cube

Fig 8. Proposed Waste System Dimensions for the Vault Test Case
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Table 6. Radionuclide inventory at closure and decay chains considered

Radionuclide Inventory(Bq) Daughters
*H 1.00E+15
S E 1.00E+13
*Ni 2.00E+10
®Ni 1.00E+15
sr 1.00E+14
*Tc 3.00E+10
2 6.00E+09
BiCs 8.00E+15
2y 5.00E+10 20Th-25Ra-?1%Ph-2%Pg
2y 5.00E+10 24 20Th-225Ra-21%Ph-21%Pg
#py 2.00E+10 24 20Th-25Ra-210Ph-21%Pg
*py 3.00E+10 25Y-Bpa- 22T Ac
#ipy 3.00E+10 24 Am-2"Np-2¥pa-22y-#Th
“Am 2.00E+10 ZNp-23pa-22y-*Th

Table 7. Radionuclide half lives and decay constants

Radio- Half Life Decay Radio- Half Life Decay
nuclide Constant nuclide Constant
(yr) ®) (yr) v
’H 1.24E+01 | 5.59E-02 20Th 7.70E+04 | 9.00E-06
1c 5.73E+03 1.21E-04 281py 3.28E+04 | 2.11E-05
N 7.54E+04 | 9.19E-06 2%3py 7.39E-02 | 9.38E+00
BNj 9.60E+01 | 7.22E-03 28y 1.59E+05 | 4.36E-06
Ogp 2.91E+01 | 2.38E-02 24y 2.45E+05 | 2.83E-06
®Te 2.13E+05 | 3.25E-06 2%y 7.04E+08 | 9.84E-10
129) 1.57E+07 | 4.41E-08 238y 4.47E+09 1.55E-10
BCs 3.00E+01 | 2.31E-02 “'Np 2.14E+06 | 3.24E-07
210pp 2.23E+01 | 3.11E-02 238py 8.77E+01 | 7.90E-03
21%pg 3.79E-01 1.83E+00 29py 2.41E+04 | 2.88E-05
26Ra 1.60E+03 | 4.33E-04 241py 1.44E+01 | 4.81E-02
2Ipc 2.18E+01 | 3.18E-02 2Am 4.32E+02 1.60E-03
29Th 7.34E+03 | 9.44E-05
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% BARSAT Fig 02 AR Aol mhek F3E W J)sAste] hE B4

T AT fsk A S BojEn

= Event
Closure (yr)
P 100 300 500 1,000 1,000,000
4 t ¢ 4
Drum Failure Concrete cube Failure Cover Failure Total Assessment
Period
100 500

= Infiltration (% of total precipitation)

l«
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»| < »|
>« d
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Fig 9. The time frame to reflect the degradation of near field

Precipitation

l

Multiple layer

infiltration

A 4

Upper concrete

infiltration

h

Waste

leaching

h 4

Down concrete

Unsaturated Flow

L 4

Fig 10. The process of moving radionuclides in the near field
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Fig 103= <A Well 2z} wjAIZre] dFols = HojFrh WA He] o]
= BHS GoldSim Edlo] Ag3l7] 918t multiple layer®2 ¥ = Frss
oAl A"o] HXE Vaaluputs #|9 9] 7F43F(1.8E-3 miyr)S AFE-3FIth Multiple
layer oA upper concrete 2] %2 Multiple layer o ARAl ] we} < 3
o] G&}xt} H 7| E )4 Down concrete 22| 3 Z(leaching)el 4 ol A= A|7ke]
wE Down concrete 2] 71773-& REGalobwt st} At concrete barriers & 1
dol A= 300 7HA &= #H71Ee] WA AE ] &S glew 300 o] F-of

= B¢ Wl dFolEw miAYFel wet dFo] o]Fdth tha 42 concrete

Meach = = (3.1)

qadv . advective velocity of water (m/yr)
din : Darcy velocity of water through the medium (m/yr)
(equivalent to the infiltration rate)

vy . the water filled prosity (-)

D : depth of the medium through which the radionuclide is transported (m)
R - Retardation coefficient (-)
K
R=1+24 (3.2)
Vw
p - bulk density of the medium (kg/m3)
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Kd :distribution coefficient of the medium (m3/kg)

©]7]4, Down concrete oA ¥AZ Y%+ Unsaturated flow S 21(3.1)
EdatA A HTt.

Table 8 9} 9 = GoldSim Kol 289 g3} Sl 2@B.1)E Aty 91
dEolW, 11 T Table 8 = IAIGGelMY WA Aol WE AT E

ey,

Table 8. Near field distribution coefficients (m*/kg)

Element Non-degraded Vault Degraded Vault

H 0 0

C 2.0E+00 2.0E-01
Ni 1.0E-01 1.0E-02
Sr 1.0E-03 1.0E-03
Tc 1.0E-03 0

| 1.0E-02 1.0E-03
Cs 2.0E-02 2.0E-02
Pb 5.0E-01 5.0E-02
Po 0 0

Ra 5.0E-02 5.0E-02
Ac 1.0E+00 2.0E-01
Th 5.0E+00 1.0E+00
Pa 5.0E+00 1.0E-01
U 2.0E+00 1.0E-01
Np 5.0E+00 1.0E-01
Pu 5.0E+00 1.0E+00
Am 1.0E+00 2.0E-01
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Table 9. Parameter values for the near field

Parameter Symbol Units Value
Ragis D M g.év%iztr?():rete cube)
Darcy Flux Qlin m/yr
Water-filled 0.2 (both waste and
porosity Vw i concrete cube)

Bulk density P Kg/m3 1600 (both waste

and concrete base)

3. YA (Far-field) 34

A aL7E SIAIRE Vaalputs A9 Ask Zolo] wet F 5F AHATEE

AL

7AW 1 F5+ 27+ Red sand, Brown Sand, White Kaolinite clay, Weathered granite
o] 4%y} 719kl Fractured Granite = A AT A S ZHE ©F 50~70 m
A= B3O E FAEHS low I o]FF= Weathered granite® TAlE
E3th7F A s

<718 Concrete barrier = S33t Flas AAIEL] e g A

(|

gojow fETh 94 dele A BEge TR oAt gL
A4 54E AL QueE Exstelre BA9 olFd EahrhlAd
B4 % wAUZI o7k YUtk meErd B AANE e AAed

FshAwt =astthol 23S M2 st ATl
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3.1 EX3 34

(A

<A Y s F3dE AYst] A 4F EXsUE F s

A 717ke) 4%e) Brstge QA 7], et 24 Sol wel 7] oe

225 W%, BuASE JFAY Table 108} 118 439 *3e EAI
EujAFE RHojFt) Table 103 110 AAE ARE ZF WS E35tE

TUFE 4= T 247t =y olF AAs] fleiM = A AR A

(3.1)S T3] AW S Stk Fig 11 EX 3ol 2 wiAzte] dFolF

‘ Unsaturated Flow

Red Sand

Unsaturated Flow

v

Brown Sand

Unsaturated Flow
A 4

White Clay

Unsaturated Flow

A 4

Weathered Granite

Unsaturated Flow

Fig 11. The process of moving radionuclides in the unsaturated zone (far field)
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Table 10. Characteristics of unsaturated zone lithologies at vaalputs

Hydraulic Bulk Water Disper-
Depth conduc- density Total : sivity*
Layer . . filled
tivity porosity B
(m) (miyn | (kg/m?) ooy L (m)
Red sand 2.70 0.91 1989 0.33 0.20 0.27
Brown 8.50 2.37 2230 0.41 0.20 0.85
sand
White
kaolinite 8.00 1.86 2160 0.37 0.20 0.50
clay
Weathered | = 35 g9 2.37 1683 0.36 0.20 3.58
granite
*Longitudinal dispersivity
Table 11. Unsaturated zone distribution coefficients (m*/kg)
Element Red Sand Brown Sand Al (R Weathgred
clay Granite
H 0 0 0 0
C 5.0E-03 5.0E-03 1.0E-03 5.0E-03
Ni 4.0E-01 4.0E-01 6.0E-01 4.0E-01
Sr 8.0E-03 7.1E-03 8.3E-03 5.5E-03
Tc 1.0E-04 1.0E-04 1.0E-03 1.0E-04
I 1.0E-03 1.0E-03 1.0E-03 1.0E-03
Cs 5.4E-01 3.4E-01 2.2E-01 2.6E-01
Pb 3.0E-01 3.0E-01 5.0E-01 3.0E-01
Po 1.5E-01 1.5E-01 3.0E+00 1.5E-01
Ra 5.0E-01 5.0E-01 9.0E+00 5.0E-01
Ac 3.4E-01 3.4E-01 7.6E+00 3.4E-01
Th 3.0E+00 3.0E+00 6.0E+00 3.0E+00
Pa 3.4E-01 3.4E-01 7.6E+00 3.4E-01
U 2.5E-03 6.8E-03 1.4E-03 3.0E-03
Np 3.4E-01 3.4E-01 7.6E+00 3.4E-01
Pu 3.4E-01 3.4E-01 7.6E+00 3.4E-01
Am 3.4E-01 3.4E-01 7.6E+00 3.4E-01
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2. X3 Sy

I or FUH= Fee 7 7HIE ST st 2xsel #4)
H= gelZoln, I g2 b= B XEHo Fo A Ho 93 golth T
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HFAoR 52 Fdl AHAR FEE Fig 125 Z3tdolA ZF wiAzke ¥
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Unsaturated Flow ‘
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Aquiferl1 =¥  Aquifer 2 soo Aquifer 10
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<-=¥% Dispersion

Fig 12. The process of moving radionuclides in the saturated zone (far field)

AAZ Zsefoll 8] A8t Fes dHS T SFOIth #E RPN =

oleldt Aol FAL shtel fEHow mAstel AMSTh o FERE B
W ASAFFES 2160 miyr oV, RASAY Aze] MEW FER 4HE A5

o2 8300 m¥yr oltk. 2P R YA 6140 miyr = L9 H A &e A s
ol o]= A At Aek42] F2 A F(Mian stream)ell °Jste] fE T B
Abatsiet.

ot E Exguel th2ZA FFo] o]Fe] o] F(advection)ol 2] o]
¥R obyel EAk(dispersion)oll o]§t o]so] iz ofof it} olelst E3tr] uf
Ao Eok BHols wiAUFE MAE] e Xt dlelA A5t
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Darcy velocity & #lxtelioF shw, L3t W] #&F=<] Darcy velocity (g, miyr)=
]2 o] =] A % & (hydraulic conductivity) ¢+ #3}=2] <=2] -l (hydraulic gradient)

of g Axt=Em 1 AL thEd g

q=-K— (3.3)

Z_z - hydraulic gradient (-)

olgA -3k Darcy velocity & &3l ZH2te] &9 AFo Fol| dolst= 3

7HA S vl Ao® AgoHm olE Fal Eitthuleld FFolTs &4

g 5 9k
Advective flux from compartment | to compartment j : 7\A’i]- = ﬁ (3.4)
w H1
a
Forward dispersion (i to j) : ADijzzzihA” (3.5)
X
Backward dispersion (j to i) : Apji = Z—XKA,ji (3.6)
X

Aajij - the rate of transfer of a contaminant by advection from compartment I to j

Ap,j : the rate of transfer of a contaminant by dispersion from compartment I to j

A, : the distance over which the gradient in radionuclide concentration is calculated (m)
ay : the dispersion length

2 Aol ZSHE EARgel Qlol kel Aquifer el 10 7 E
(compartment)©] SQlthal RAFSFITE Table 12 + st 4S8 Z Qs
Hrole], Table 13 & Eahrhe] AR Aol whE FujASE e

36

Collection @ jeju



Table 12. Parameter values for the saturated zone

Parameter Symbol Units Value
Lengths of each compartment L=A, m 30
Volumes of each compartment \ m? 90
Hydraulic conductivity K m/yr 1.8E3
Hydraulic gradient 0H/ 0x - 0.1
Water-filled porosity Vi - 0.25
Dispersion length ax 30
Bulk density p kg/m? 2000
Table 13. Saturated zone distribution coefficients (m®kg)
Sat Sat
Element Weathered Element Weathered
Granite Granite
0 Ra 5.0E-01
C 5.0E-03 Ac 3.4E-01
Ni 4.0E-01 Th 3.0E+00
Sr 5.5E-03 Pa 3.4E-01
Tc 1.0E-04 U 3.0E-03
| 1.0E-03 Np 3.4E-01
Cs 2.6E-01 Pu 3.4E-01
Pb 3.0E-01 Am 3.4E-01
Po 1.5E-01
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Table 14. Dose coefficients for ingestion

Radionuclide I?Sg\?/séis)n Radionuclide I?Sg\?/séi:)n
*H 1.8E-11 20T 2.1E-07
e 5.8E-10 %1pg 7.1E-07
*Ni 6.3E-11 %%pa 8.7E-10
Ni 1.5E-10 2y 5.1E-08
sr 3.1E-08 24y 4.9E-08
PTc 6.4E-10 25y 4.7E-08
I 1.3E-08 2oy 4.8E-08

e 1.1E-07 “Np 1.1E-07
“%Pb 6.9E-07 zepy 2.36-07
“*Po 1.2E-06 %Py 2.5E-07
“Ra 2.8E-07 2py 4.8E-09
“'Ac 1.2E-06 1AM 2.0E-07
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Table 15. Flux of radionuclides from the Repository

Radio- Flux Flux Flux Flux Flux Flux Peak Pt_aak
i 300y 500y 10E3y | 10E4y | 10E5y | 10E6y Time
(Balyr) | (Balyr) | (Balyr) | (Balyr) | (Balyr) | (Balyr) |[(Balyr) |(y)
*H 7.3E+08 | 1.1E+06 | 7.0E-06 - - - 7.3E+08 300
e 5.3E+02 | 1.3E+05 | 2.8E+06 | 1.2E+07 | 2.0E+02 - 1.4E+07 6,300
*Ni 4.4E+02 | 1.0E+05 | 1.5E+06 | 7.4E+05 | 4.4E+00 - 2.1E+06 1,900
Ni 2.4E+06 | 1.9E+08 | 1.1E+08 | 9.0E-19 - - 3.9E+08 700
%05y 3.9E+07 | 8.8E+06 | 1.6E+03 - - - 3.9E+07 300
e 4.1E+06 | 2.6E+08 | 1.8E+01 - - - 2.6E+08 500
B 1.2E+07 | 4.4E+06 | 4.3E+03 - - - 1.4E+07 400
29 1.2E+04 | 1.9E+06 | 4.4E+06 | 8.3E+01 - - 6.0E+06 700
SV 2.7E+00 | 2.5E+03 | 6.2E+04 | 5.1E+05 | 1.9E+05 | 2.5E+00 || 5.3E+05 | 14,200
2y 2.7E+00 | 2.5E+03 | 6.2E+04 | 5.1E+05 | 1.9E+05 | 2.5E+00 || 5.3E+05 | 14,200
28py 1.6E-02 | 3.6E-01 | 2.1E-01 | 2.5E-28 - - 6.6E-01 700
2Py 2.6E-01 | 2.0E+01 | 3.9E+02 | 5.4E+03 | 1.7E+03 | 3.7E-09 || 7.6E+03 | 25,700
#1py 2.6E-04 | 1.3E-04 | 4.6E-10 - - - 2.6E-04 300
Am || 5.3E+00 | 3.0E+02 | 2.8E+03 | 2.4E-02 - - 2.8E+03 1,100
20Th 1.6E-03 | 2.7E-01 | 1.9E+01 | 3.2E+03 | 1.9E+04 | 8.4E+00 || 1.9E+04 | 90,800
**Ra 7.5E-01 | 8.7E+00 | 2.6E+02 | 6.0E+04 | 3.6E+05 | 1.6E+02 || 3.6E+05 | 91,800
2%pp 4.7E-02 | 8.2E+00 | 2.6E+02 | 6.0E+04 | 3.6E+05 | 1.6E+02 || 3.6E+05 | 91,800
%pg 2.2E+04 | 9.7E+04 | 1.5E+06 | 1.1E+08 | 5.8E+08 | 2.6E+05 || 5.9E+08 | 91,300
v 5.0E-07 | 6.7E-04 | 2.8E-02 | 2.0E+00 | 5.3E+00 | 8.4E-05 || 6.8E+00 | 53,200
Blpg 4.4E-10 | 4.0E-06 | 3.6E-04 | 2.4E-01 | 3.7E+00 | 8.4E-05 || 3.7E+00 | 85,600
2INc 3.5E-09 | 1.5E-06 | 1.6E-04 | 1.2E-01 | 1.8E+00 | 4.2E-05 || 1.9E+00 | 85,600
Z'Np 4.1E-05 | 2.0E-01 | 7.4E+00 | 8.2E+01 | 3.0E+01 | 2.9E-04 || 8.5E+01 | 14,200
*%pa 4.0E-05 | 2.0E-01 | 7.4E+00 | 8.2E+01 | 3.0E+01 | 2.9E-04 || 8.5E+01 | 14,200
2y 1.3E-07 | 2.8E-04 | 2.1E-02 | 3.3E+00 | 1.1E+01 | 3.1E-04 || 1.2E+01 | 68,500
#9Th 4.2E-10 | 1.9E-07 | 4.4E-05 | 9.9E-02 | 1.1E+00 | 3.5E-05 || 1.1E+00 | 80,700
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Table 16. Flux of radionuclides from the unsaturated zone

Radio- || FluxAt | Fluxat | Fluxat | Fluxat | Fluxat | Fluxat [f Peak Peak
ok lids 300y 500y 10E3y | 10E4y | 10E5y | 10E6y Time
(Balyr) | (Balyr) | (Balyr) | (Balyr) | (Balyr) | (Balyr) |f (Balyr) | (yr)
*H 5.1E+02 | 1.5E+03 | 6.5E-01 - - - 1.6E+03 400
“c - - 2.7E-24 | 1.1E+04 | 2.3E+02 - 9.8E+05 25,000
*Ni - - - - 1.6E-29 | 1.0E-01 || 1.0E-01 | 982,800
63Ni _ _ _ _ _ _ _ _
QOSr _ _ _ _ _ _ _ _
*Tc 4.4E-04 | 8.5E-01 | 6.2E+05 | 7.6E-02 - - 1.9E+07 1,800
137(:S _ _ _ _ _ _ _ _
129 5.0E-21 | 2.2E-16 | 1.4E-05 | 2.3E+05 - - 1.4E+06 5,800
2y - - 1.6E-22 | 5.0E+03 | 2.4E+05 | 3.1E+00 || 5.0E+05 35,100
28y - - 1.6E-22 | 5.0E+03 | 2.4E+05 | 3.1E+00 || 5.0E+05 35,100
2y - - 1.6E-22 | 5.0E+03 | 2.4E+05 | 3.1E+00 [[ 5.0E+05 | 35,100
238p . _ _ _ . . _ .
%Py - - - - - 1.2E-18 || 1.3E-18 | 923,400
#1py - - - - - - - -
21Am - - - - - - - -
20T - - 5.7E-29 | 4.0E-02 | 1.9E+02 | 2.4E-01 || 2.0E+02 | 116,500
Ra - - 5.7E-30 | 6.3E-02 | 1.1E+03 | 1.4E+00 || 1.2E+03 | 118,900
2%p - - 5.2E-30 | 1.0E-01 | 1.9E+03 | 2.4E+00 || 2.0E+03 | 118,900
%pg - - 1.0E-29 | 2.0E-01 | 3.8E+03 | 4.8E+00 || 3.9E+03 | 118,900
U - - 4.4E-29 | 4.3E-03 | 6.2E+00 | 1.0E-04 || 6.9E+00 71,200
#lpa - - - 6.6E-07 | 4.5E-02 | 2.2E-06 || 4.7E-02 | 120,300
2INC - - - 6.3E-07 | 4.5E-02 | 2.2E-06 || 4.7E-02 | 120,300
“'Np - - - - - 9.5E-09 || 9.5E-09 | 1,000,000
25pa - - - - - 9.5E-09 || 9.5E-09 | 1,000,000
3y - - 2.3E-29 | 7.8E-03 | 3.1E+01 | 2.4E+01 || 3.4E+01 | 170,500
2Th - - - 5.5E-07 | 2.9E-02 | 2.5E-02 || 3.4E-02 | 182,800
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Table 17. Well water concentrations

Radio- Flux At | Fluxat | Fluxat | Fluxat | Fluxat | Fluxat Peak Pgak
melidt 300 y3 500y 10E3y | 10E4y | 10E5y | 10E6Yy Time
(Ba/m°) | (Balyr) | (Balyr) | (Balyr) | (Balyr) | (Balyr) || (Balyr) (yr)

*H 6.0E-02 | 1.8E-01 | 7.7E-05 | 1.6E-09 | 1.6E-09 | 1.6E-09 || 1.9E-01 400

e - - - 1.4E+00 | 2.8E-02 | 2.1E-18 || 1.2E+02 25,000
*Ni - - - - - 1.2E-05 || 1.2E-05 | 982,900
83Njj _ _ _ _ _ _ _ _
90gy . _ _ _ _ _ _ -
“Tc || 5.2E-08 | 1.0E-04 | 7.4E+01 | 9.0E-06 | 1.2E-23 | 1.2E-23 || 2.3E+03 1,800
187cg - _ _ _ _ _ _ .

129 - - 1.7E-09 | 2.7E+01 | 8.9E-22 | 8.9E-22 || 1.7E+02 5,800
SV - - - 5.9E-01 | 2.8E+01 | 3.7E-04 || 5.9E+01 35,100
2y - - - 5.9E-01 | 2.8E+01 | 3.7E-04 || 5.9E+01 35,100
238p, . . . . . . . .
2Py - - - - - 1.4E-22 || 1.6E-22 | 923,400
#1py - - - - - - - -

#1Am - - - - - - - -

20Th - - - 5.1E-06 | 2.3E-02 | 2.8E-05 || 2.3E-02 | 116,500
“Ra - - - 7.8E-06 | 1.4E-01 | 1.7E-04 || 1.4E-01 | 118,800
2% - - - 2.5E-05 | 45E-01 | 5.7E-04 || 4.7E-01 | 118,900
21%p - - - 1.2E-05 | 2.3E-01 | 2.9E-04 || 2.3E-01 | 118,900

U - - - 5.1E-07 | 7.4E-04 | 1.2E-08 || 8.3E-04 71,200
#lpa - - - 8.2E-11 | 5.3E-06 | 2.7E-10 || 5.6E-06 | 120,200
2IANc - - - 7.9E-11 | 5.3E-06 | 2.7E-10 || 5.6E-06 | 120,300
%Np - - - - - 1.1E-12 || 1.1E-12 | 1,000,000
*3pa - - - - - 1.1E-12 || 1.1E-12 | 1,000,000
3y - - - 9.3E-07 | 3.6E-03 | 2.9E-03 || 4.0E-03 | 170,500
2Th - - - 6.9E-11 | 3.5E-06 | 3.0E-06 || 4.1E-06 | 182,800
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Table 18. Individual dose from drinking water.

Radio- Dose Dose Dose Dose Dose Dose Peak Pgak
Suclide 300y 500y 10E3y | 10E4y | 10E5y | 10E6Yy Dose Time
(Svlyr) | (Svlyr) | (Sviyr) | (Sviyr) | (Sviyr)) | (Sviyr) || (Svlyr) (yr)

*H 8.7E-13 | 2.6E-12 | 1.1E-15 | 2.3E-20 | 2.3E-20 | 2.3E-20 || 2.7E-12 400

1c - - - 6.3E-10 | 1.3E-11 | 9.7E-28 || 5.4E-08 25,000
*Ni - - - - - 6.0E-16 || 6.0E-16 | 982,800
63Ni _ _ _ _ _ _ _ _

QOSI. _ _ _ _ _ _ _ _
®Tc | 2.7E-17 | 5.2E-14 | 3.8E-08 | 4.6E-15 - - 1.2E-06 1,800
137CS _ _ _ _ _ _ _ _

129 - - 1.5E-16 | 2.4E-06 | 7.8E-29 | 7.8E-29 || 1.5E-05 5,800
2y - - - 2.3E-08 | 1.1E-06 | 1.4E-11 || 2.3E-06 35,100
28y - - - 2.3E-08 | 1.1E-06 | 1.4E-11 || 2.3E-06 35,100
238Pu _ _ _ _ _ _ _ _
2Py - - - - - 2.8E-29 || 3.2E-29 | 923,400
241py - - - - - - - -

Am - - - - - - - -

20Th - - - 8.6E-13 | 3.8E-09 | 4.7E-12 || 3.9E-09 | 116,500
**Ra - - - 1.8E-12 | 3.1E-08 | 3.9E-11 || 3.1E-08 | 118,900
2%pp - - - 6.9E-12 | 1.3E-07 | 1.6E-10 || 1.3E-07 | 118,900
2% - - - 2.4E-11 | 4.4E-07 | 5.5E-10 || 4.5E-07 | 118,900

2y - - - 1.9E-14 | 2.8E-11 | 4.6E-16 || 3.1E-11 71,200
#lpa - - - 4.7E-17 | 3.0E-12 | 1.5E-16 || 3.2E-12 | 120,200
2IANc - - - 7.5E-17 | 5.1E-12 | 2.6E-16 || 5.4E-12 | 120,300
“'Np - - - - - 1.0E-19 || 1.0E-19 | 1,000,000
*3pa - - - - - 7.98-22 || 7.9E-22 | 1,000,000
3y - - - 3.8E-14 | 1.5E-10 | 1.2E-10 || 1.6E-10 | 170,500
29Th - - - 3.4E-17 | 1.7E-12 | 1.4E-12 || 2.0E-12 | 182,800
Total | 8.7E-13 | 2.7E-12 | 3.8E-08 | 2.4E-06 | 2.8E-06 | 9.0E-10 || 1.5E-05 5,800
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Table 19. Comparison of the results of GoldSim and AMBER for flux of

radionuclides at each point.

1.0e09

8 1.0e08
=
GoldSim _g
(This Study) E
1.0e07 Sl
1.0e03 1.0e04 1.0e05 1.0e06
Time (yr)
Near_field[H3) ———  Near_field[C14] ——— Near_field[Ni63]
Near field[Sr90] ~ swwwesseres Near_field[Tc99] ————  Near_field[Cs137]
e Near_field[Po210]
1E+09
AMBER ELBOS
(Philip g
Maul, 2004)
1E+07
100 1000 10000 100000 1000000
Time (Years)
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Table 19. Comparison of the results of GoldSim and AMBER for flux of

radionuclides at each point. (continue.)

10007
) a 10006+
GoldSim
(This Study)
10e0%;
foe ¥ 0803 10004 10003 10006
Time ()
F—— Unsai zonefC14] __ ——— Unsal zone{Tced] _ ——— Unsad gone(1128] _ ——— Unsat_zone[U238]
1.E+08
1.E+07
AMBER g
(Philip 5 '
Maul, 2004)
1.E+05
1.E+04
Time (Years)
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Table 19. Comparison of the results of GoldSim and AMBER for flux of

radionuclides at each point. (continue.)

GoldSim 10002
(This Study)
1.0e01
1.0e00

10003 10004 1.0e00 10008
Time {yr)

=y —— wiion  —— W ——— wemioeg

1000

AMBER
(Philip
Maul, 2004)

Cone. (Bq/m*3)
E

100 1000 10000 100000 1000000
Time (Years)
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Table 20. Comparison of the results of GoldSim, MASCOT and AMBER for timing

and magnitude of peak fulx from repository to unsaturated zone.

Radio. |_G0ldSim [This study] MASCOT [IAEA] AMBER [IAEA]
nuclide | Time (yr) P?SE E:_l)lx Time (yr) P(egl; /l;lrl)lx Time (yr) P?gz /l;lrl;x
*H 300 | 7.3E+8 320| 1.1E+4 200 | 2.2 E+7
O 6,300 | 1.4E+7 8,600 | 7.7E+6 7,000 | 7.7 E+6
*Ni 1,900 | 2.1E+6 6,100 | 1.7E+6 3,000 1.8E+6
3Ni 700 | 3.9E+8 700 | 4.4E+7 500 | 2.2 E+7
%0gy 300 | 3.9E+7 520 | 1.7E+5 200 | 5.1E+7
*Tc 500 | 2.6E+8 520 | 1.4E+8 600 | 4.4 E+7
129 700 | 6.0E+6 1000 | 5.5E+6 1,000 | 4.7 E+6
BCs 400 | 1.4E+7 540 | 2.3E+3 200 | 19E+7
24y 14,200 | 5.3E+5 42,000 | 5.4 E+5 20,000 | 4.5E+5
28y 14,200 | 5.3E+5 42,000 | 5.4 E+5 20,000 | 4.7 E+5
8Py 700 | 6.6E-01 1,100 | 1.1E-6 500 | 1.1E-1
2Py 25,700 | 7.6E+3 34,000 | 4.4 E+3 30,000 | 4.4 E+3
#py 300 | 2.6E-4 520 | 6.3 E-16 200| 2.1E-4
#1Am 1100 | 2.8E+3 2,400 | 13E+2 1,000 | 4.7 E+2

Table 21. Comparison of the results of GoldSim, MASCOT and AMBER for timing

and magnitude of peak fulx from unsaturated zone to saturated zone.

Radio. | ©°!dSim [This study] MASCOT [IAEA] AMBER [IAEA]
nuclide Time (yr) P?gz Elrl;x Time (yr) P?gz Elrt)jx Time (yr) P?gz /l;lrl)jx
“c 25,000 | 9.8E+5 31,000 | 3.3E+5 30,000 | 3.7E+5
*Tc 1,800 | 1.9E+7 2,500 | 1.8E+7 2,500 | 1.9E+7
129 5800 | 1.4E+6 6,900 | 1.3E+6 8,000 | 1.4E+6
2y 35,100 | 5.0E+5 65,000 | 5.2 E+5 40,000 | 4.1E+5
28y 35,100 | 5.0E+5 65,000 | 5.2 E+5 50,000 | 4.6 E+5
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Table 22. Comparison of the results of GoldSim, MASCOT and AMBER for timing

and magnitude of peak concentration from well.

GoldSim [This study]

MASCOT [IAEA]

AMBER [IAEA]

Radio- . Peak . Peak . Peak
nuclide T(lme concentration || '™ | concentration|| T'™€ | Concentration
W egmd) || 9 | ®gm) || Y7 | Egm)
“c 25,000 1.2E+2 31,000 6.7E+1 30,000 4.4 E+1
*Tc 1800 2.3E+3 2,400 3.7E+3 2,500 2.2 E+3
129 5,800 1.7E+2 7,000 2.7 E+2 8,000 1.7 E+2
2y 35,100 5.9E+1 73,000 1.3 E+2 50,000 5.5 E+1
28y 35,100 5.9E+1 59,000 1.1 E+2 50,000 5.5 E+1
#Th | 116,500 2.3E-2 120,000 1.6 E-1 100,000 2.3E-2
Ra | 118,800 1.4E-1 120,000 2.8 E+0 100,000 1.4 E-1
?%p | 118,900 2.3E-1 120,000 9.3 E+0 100,000 23E-1
%o | 118,900 4.7E-1 120,000 4.0 E+0 100,000 46 E-1

Table 23. Comparison of the results of GoldSim, MASCOT and AMBER for timing

and magnitude of peak individual dose from drinking water.

GoldSim [This study]

MASCOT [IAEA]

AMBER [IAEA]

Radio- Peak Dose Peak Dose Peak Dose
nuclide | Time from Time from Time from
(yr) Drinking (yr) Drinking (yr) Drinking
Water (Sv/yr) Water (Sv/yr) Water (Sv/yr)
O 25,000 5.4E-8 31,000 3.1E-8 30,000 2.1E-8
*Tc 1,800 1.2E-6 2,400 1.9E-6 2,500 1.2E-6
29 5,800 1.5E-5 7,000 2.3E-5 8,000 1.5E-5
2y 35,200 2.3E-6 73,000 42E-6 50,000 2.2E-6
28y 35,100 2.3E-6 59,000 4.1E-6 50,000 2.4E-6
#Th | 116,500 3.9E-9 120,000 2.7E-8 100,000 3.9E-9
*Ra | 118,900 3.1E-8 120,000 6.4 E-7 100,000 3.1E-9
?%p | 118,900 1.3E-7 120,000 5.2 E-6 100,000 1.3E-7
%o | 118,900 4 5E-7 120,000 3.9E-5 100,000 4.4E-7
Total 5,800 1.5E-5 7,000 2.4E-5 8,000 1.5E-5
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