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01 Deep geological disposal based on multi-barrier design
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Fuel pellet of Spent Ductile iron insert Bentonite clay Surface portion of final repository

uranium dioxide  nuclear fuel

Cladding tube ~ BWR fuel Copper canister Crystalline Underground portion of
assembly bedrock final repository

500 m

= Deep geological storage is widely considered as the most safe and realistic solution for high-level radioactive waste.

= Korea has decided to introduce the concept of an multi-barrier system for deep disposal at a depth of 500 m underground.

= The geological repository utilizes a multi-barrier system comprising engineering (e.g., buffer and concrete) and natural barriers (e.g.,

granitic rock) to mitigate the release of radionuclides into the terrestrial ecosystem.

= Therefore, in order to evaluate the safety of deep disposal facilities, understanding of the transport behavior of nuclides in each

barrier are critically required.
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02 Transport of Radionuclides from Repository to Environmen B\ D JESNE

Distribution & Diffusion coefficient of RN through
= Buffer material : Bentonite
= Natural Barrier : Crystalline bedrock

Dissolution Sorption Diffusion

Advection/Dispersion

adsorption, ion—-exchange,
( P g through pore structure of SR

precipitation, etc.) natural/engineering barrier

from SNF to
groundwater

Surface portion of final repository

Bentonite clay

Transport of Radionuclide
from Repository to Environment

500 m

This study investigates..

The sorption and diffusion of several non—-radioactive nuclides using bentonite and

granitic rock matrices in oxidizing groundwater conditions and provides a comprehensive

understanding of the transport behavior of radionuclides within disposal environments.

Crystalline Underground portion of
bedrock final repository
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01 Materials M R

? Solid Materials Solid Materials Sorption

Ca—-bentonite + Used as received (without pre—equilibration) * Compacted specimen with thickness 7mm
(Bentonil-WRK) * Density 1.6 g/cm3, Porosity 37 %
Rock  Crushed (75~150 um) & washed + sliced core with thickness 3mm
from DB-2 (~ 800 m #140) | » Pre—equilibrated with groundwater (3d) * Density 2.61 g/cm3, Porosity 0.222 %
# Groundwater Synthetic groundwater
& _ KURT DB-3 Synthetic GW
Target nuclides Composition mg/L Chemicals mg/L
Na* 37.9 Mg(OH), 0.696
Caz* 5.70 KCI 0.629
K* 0.33 Na,SO;9H,0 35.483
Mg?* 0.29 CaSO, 8.220
Sio, 7.50 NaCl 2.458
HCO;" 79.3 Ca(OH), 6.064
CI- 1.79 NaHCO4 109.183
SO,z 5.80 NaF 1.402
F 8.10 HF 7.380 box#140
Temp (C) 14.8 25 :
oH 0.05 g2 T TargetNuclides
Eh (mV) 438 426 - Cs Nb, Ni, Pd, Zr, Sn, C, C, 1, Tc, Se (POSTECH)
DO (mg/L) 0.05
EC (uS/cm?) 196 *  Sr,Ra, Ac, Am, Cm, Np, Pa, Pu, Th, U (KAERI)




02 Sorption Test Methods

? Sorptiontest _ Initial conc. (M) | s/s ratio* (g/L) | _
Nuclides . , , , Analysis
Bentonite Granite Bentonite Granite
Cs 7.32x1075(10 ppm) 7.95x1075 (10 ppm) 5 50
Ni 3.55x1077 (20 ppb) 1.97x1077 (11 peb) 1 1
lr 1.26x1077 (11 ppb) 1.08x1077 (10 ppb) 5 5
Pd 3.38x1078 4 ppb) 3.60x1078 4 ppb) 5 5 ICP-MS
Sn 3.31x1078 (4 ppb) 2.84x1078 (3ppb) 1 1
Nb 5.63x1078 5 peb) 4.66x1078 (4 ppb) 50 50
Tc 1.48x1077 (15 ppb) 1.48x1077 (15 ppb) 100 100
C 1.03x1072(123ppm) 9 48x1(Q~3(113 ppm) 50 50 TOC
Cl 2.77x1073 (98 ppm) 2.78x1073 (98 pom) 10 10
| 6.06x1078 @ ppb) 5.76x1078(7 ppb) 5 5 =
Se 4.56x107568pem | 4 72x107538ppm) 5 50 ICP-MS
The solid/liquid ratio and Initial concentration was determine according to
the adsorption capacity of the nuclides.
» Distribution Co— Ceq V
coefficient, K4 K; = —

Coq M

Co (mol/m3 or Bg/m3): Initial concentration of nuclides
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’ lon exchange,
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Liquid

,  Nuclides /

R k " r\\‘\
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Bentonite / Granite Sorption

70 rom at RT for 7 days

Ceq (mol/m?3 or Bg/m?3): equilibrium concentration of nuclides in liquid phase after equilibrated with solid phase

V (mL): volume of groundwater, M (g): mass of solid phase



03 Diffusion Test Method NEL Enswnarsers | 9

il Laboraiory

' i Bentonite
» Experimental Nuclides Initial conc. (M) Analysis Bentonite :
Method or Granite
etho Cs | 7.52x1074(100pem)
Ni 1.70%1077 (10 ppb) Source + GW

Zr 1.10x1077 (10 ppb)
Pd 4.7OX1O_8 (5 ppb) ICP MS
Sn 4.21x1078 G ppb)

Nb 5.38x 108 (6 ppb)
Tc 1 48x10-7 (10 Ba/mL, 15 ppb)

C | 1.64x10-3(100ppom TOC (N2 -
Cl | 2.82x107 (1000 ppm) » ] &4}!“!’3“'" 5 = Do+ effect of porous media = D,
| 7 88x 103 (1000 ppm) IC ' - ‘n&@agar_ .
: o = ’ = D, + effect of sorption =D,
Se 3.50x1075 G ppm) ICP MS Diffusion area Diffusion length
' ' Time Lag meth : PP -
? D|ffu_8|_on ¢ Lag method = D, : Apparent diffusion coefficient
coefficient N , b
Q : Grani ' s D,aC aCylL L N
| GrnicorBertontc Fick's 20 law > 2= Pe®Co, lol ) L Dy=—— g
L 6 6t, 1+ T)
- Q/A : cumulative ion transmission per unit area of the specimen - o '
= C, : concentration of nuclide in concentration cell Kq : distribution coefficient (sorption)
da, L : thickness of porous specimen, a : capacity factor, t, : elapsed time py, - bulk density, 6 : porosity
&t ss. oy, : bulk density, 6 : porosity
= D, : Pore diffusion coefficient
RT 77+ = Nernst-Haskell equation
// D - DmOl Dmol _ Mnt  no ( qu )
p F2 1 1 D, - molar diffusion coefficient

A\ 4

/
. G R — . 2 -
-t | t AT AT n :ion charge, A : ionic conductivity
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2 Mineralogy
Density /

4 Porosity /
Surface area
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01 Characterization of Bentonite

X-ray diffraction (XRD)

T
O: Opal-CT
Q: Quartz

S: Smectite
M: Muscovite

Z: Zeolite (Clinoptilolite)
F. Feldspar (Andesine)
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—— Before separation
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# Cationic specious
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X-ray fluorescence (XRF)

Ca bentonite <3

3 9 15 21 27 33 39 45
20 (deq.)
(wt.%)
Mineral SuEeinecl Feldspar | Muscovite | Quartz Opal-CL Zeolite Total
Bentonil WRK 8.8 5.7 1.7 4.0 4.6 100.2
81.4 - 3.4 3.0
Powder Compacted specimen
Surface area Particle density Bulk density Porosity
59.1 m?/g 2.548 g/cm3 1.6 g/cm3 37 %

Comp.  °S0tON! pix-g0
sio, 6337 674
ALO, 1629 212
Fe,0s 379 41
Ca0 2.78 15
MgO 318 26
K,0 068 06
Na,0 055 2.3
TiO, 052 02
MnO 0.09 -
P,0x - 0.1




02 Characterization of Granite
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® Mineralogy X-ray diffraction analysis (XRD) (wt. %)
Mineral ‘ Plagioclase Quartz K—feldspars  Muscovite Biotite Chlorite ‘ Total
Granite | 313 29.5 26.5 7.2 4.2 15 | 1002

? Elemental X-ray fluorescence analysis (XRF) (Wt.%) ’ |
ono Ultrabasic Basic Intermediate Acid
composition '
P Si0, 71.4 K20 5.0 — g
A|203 1 49 Nazo 33 /'(\ \\‘ + Jurassic granitic rocks
. . . “= . N Nepheline .
Fe;,03 1.5 TiO, 0.2 Alkali granite ~ Granite /> gemse | XCetosmnicrds
N /s
P205 0.1 MnO 0.1 gl A T T
3 E // y e ' \\\ // \\
Loss of 9. 1.1 5 10k ; Va 7 Syenite /\/\\ / <
o) //\\ //\\\//é__"‘“7// Alkali gragite \
S 8 ’ // /7 / b Sye;o—diorite K,;—'E;y—! +
§ 7l £ o= 7 £ %
c . - ¢ | quz
? Density / Porosity Crushed rock Bulk specimen T8 i / / ————— i J.(g,a,.,,dwme
4 iorite
/ Surface area Particle size  Surface area | Bulk density ~ Porosity AR E e N
75~150  0.2087 m2/g 2 N b
2.61 3 0.222 % - o, SRRRCH T
150~300  0.1616 m?/g g/em °
¢ 4I° 510 610 710

SiO; (wt %)



03 Sorption

Retardation by Sorption

= Under typical natural conditions, clay or rock surfaces generally carry a negative charge,

leading to repulsion to anions and preferred attraction to cations.

= Anionic nuclides: |, C, Cl, and Tc showed low Kd values on both granitic rock and bentonite.

= WRK bentonite showed higher sorption capacity than granitic rock for most tested nuclides
except Tc, |, and Zr, because of the larger cation exchange capacity and surface area.

Speciation in GW Kd value

Cs Cs*
Ni Cationic N2+
species
Zr Zr(V) = Zr** or Zr(OH)3*, Zr(OH),2* _
High Kd
Pd Pd(1l) : Pd(OH)yq)
Less .
Sn soluble Sn(lV) : SnOCl, / Sn(OH),Cl,
Nb Nb(\/) . Nb(OH)G_(aq), szo5(aq)
Tc TCO4_
C HCO4"
cl | Anionic o Low Kd
7| species
| |-
Se Se042~

Distribution coefficient [Kd, mg/L]

\ TF A
; QJJ Helen ey AxEEEARy

Y Granite

= High surface area
* High cation exchange capacity

o —

———————— Sorption capacity €------

N o -

104_- & %\Q‘)‘i@rb :l WRK bentonite
o me [ Granitic rock
] ] & a
- \qr/‘:, qu)
10°+ . 0 s
'196'\ K2 ) @09%
1024 iy
3 >
B
10"+
o W{E @ \?gb l"ﬁ’
100—5 L bg_v_’\g ]
3 Q';b b
107" S &
102 | —‘
Cs Ni Zr Pd Sn Nb Tc C CI | Se

Nuclides
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04 Pore diffusion (D)

D, + effect of porous media = D
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The D, characterizes the extent of physical retardation within a porous medium,
primarily influenced by the medium's porosity and pore connectivity.

—~ —~ 140
Source + GW %, 80{ Bentonite % 120 Granite P
—> g 2 g R
& 50 ot @ 100 ,:;,j
© A://"/ © 1 /",’:’
. E I Y 3 80 //.j,l
Q : Granite or Bentonite qu; 40 4 P /, s qu; ] ///”,;
g ,‘,,,’,’. 2 60 R Pc
— 7] , - [72) | F 404
(’: : ug ///" ug 40_ 7, :/”-
N dQ % 20 Ll ® % l "'/:«
(d_l()S,S > ,é&/, = ’/.«’
© ,;/. g 20+ "/;,‘
> 4
E o B W E o{m®
7 O l’ T T T T T T T O T T T L L LA LA B T T T
(7 7 0 10 20 30 40 50 60 0 10 20 30 40 50 60 70 80 90 100110120
X_max -t |} l' Time (day) Time (day)
Thickness Diffusion Bulk density Porosity Pore diffusion coefficient (m?/s)
Sample 5 3 o
(mm) area (mm?) (g/cm?3) (%) Range Average
WRK bentonite 7 615.75 1.6 37 1.34x107° - 7.16x107° 4.09x107?
Granitic rock 3 1809.56 2.6 0.2 6.09x10712 - 8.32x1071" 2.86x1071

= Pore structure of granitic rock is more effective diffusion barrier than that of bentonite for impeding the radionuclide transport.

= With significantly lower porosity compared to bentonite, granite may reduce the diffusion flux by limiting the diffusion area
outside of pores and also increase the diffusion length due to pore complexity and high tortuosity.



05 Apparent Diffusion (D,) %Il 15
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= Not only retardation by pore structure, diffusing species through a porous medium may partition to solid by sorption,
and it directly influences the local concentration gradient, thereby reducing diffusion flux.

= The apparent diffusion coefficient (D,) is a comprehensive measure of these overall retardation capability.

Dmolzﬂné-l_ni_ D :Dmol D =Eni++ni_ Da=i
PRI T PTG mT LT 1+ 220
AT A AT A
Cationic species Diffusion coefficient (D,, m?/s)
( \
i _ i Steady—state diffusion was hardly observed Nuclides J/HK bentonite Granitic rock
i Cs*, Ni*, Zr#* i due to their pronounced tendency for sorption. experiment calculated experiment calculated
| ‘: Cs N.D 5.13x10712 N.D 3.46x10716
T Ni N.D 221x103 | N.D 5.20x 10-17
e S - ot ” Zr N.D 5.60x1072  N.D 3.64x 1017
R S, | I EneE S gt s 00 om0 oo
| Nb(V) | even after several months Sn N.D 8.30x107™* | N.D 2.27x10718
e i Nb N.D 4.66x1073 | N.D 5.65x 10716
Anionic species Tc 4.73%107° 2.90x107° 3.60x10™M 1.05x 10"
C 7.42x10710 4.64%x1079 6.18x 10712 2.73x10713
", HCO5™, CI, Weakly sorbing nuclides. Cl 159x109  1.34x109 | 2.35x10711  1.25x10°
TcO,~ Se0, High D, values similar to the D, | 4.47 %109 2 16x 109 2 74%x10-1  6.90x 1012
Se N.D 1.43x10710 3.71x10712 3.71x10712




06 Apparent Diffusion (D,)

= All tested nuclides showed significantly lower diffusion flux through granitic rock compared to bentonite.

= The difference can be attributed to the low porosity and corresponding pore—connectivity of granitic rock.

ZEAH
L4 Boias sy anaETy

Even though granite showed poor sorption capacity than bentonite for most tested nuclides, the impact of granite’s compact
structures on nuclide migration demonstrated superior comprehensive retardation.

— — — — — — A N
L 2L 2L 2L 2L 2L o oo
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Apparent Diffusion coefficient [D,, m%s]

FJH4.00e-9

——JH2:86E-11

- —_ RN

Qe < <

® I >
ul

|5.136-12

3.46E-16

|4.73E-9

[ ] WRK bentonite
[ ] Granitic rock

|2.21E-13
|5.6E-12
| 1.80€-12
| 4.66-13
[3.6E-11

|8.3E-14

2.93E-16
2.65E-16

| 7.426-10
| 1.526-9

[2.35E-11

[6.18E-12

5.2E-17
3.64E-17
2.27E-18

|4.47e-9

[2.74E-11

|1.73€-10

[3.71E-12

Br

Cs

Ni Zr Pd Sn Nb Tc
Nuclides

Cc Cl

Se

o ——

———————— Sorption capacity €------

el ) Granite

= High surface area

» High cation exchange capacity

N o -

-

------- ¥ Diffusion barrier --------

Bentonite ( @

Low porosity, pore connectivity =

Bulk density Porosity
Sample (a/cm?) (%)
WRK bentonite 1.6 37
Granitic rock 2.6 0.2

High density =

Pore diffusion

coefficient (m?/s)
4.09x107°
2.86x10°11

16

N o ———




07 Conclusion 1,1 D1/ I—

= Present study investigates the sorption and diffusion characteristics of non-radioactive isotopes (Cs, Ni, Zr, Pd, Nb,
Sn, Tc, I, C, Cl, Se) under oxidizing KURT condition.

= Batch sorption, through-diffusion experiment were performed using on-site collected rock sample and simulate
solutions (groundwater) and potential engineering barrier materials (bentonil WRK).

» Potential buffer material, WRK bentonite showed high sorption capacity for Cs, Ni, Zr, Pd, Nb, Sn.

» The granite host rock provided good diffusion barrier for anionic species.

= \WRK bentonite showed higher sorption capacity than granitic rock for most tested nuclides, however,
comprehensive retardation (D,) was more efficient in granite, which provides a high physical diffusion barrier to
nuclide migration.

= This result highlights the importance of the diffusion barrier provided by complex pore structures as a retardation

mechanism in high—level radioactive waste repository.

= All the tested parameters can be used as input parameter of safety analysis of radioactive waste repository
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