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Studies on the effect of ionizing radiation for redox front migration in HLW 
repository were reviewed. The concept of the redox front by groundwater radiolysis around 
HLW was proposed by Neretnieks in 1982, and it was employed in the performance 
accessment of spent fuel disposal system executed by Swedish regulatory organization (SKI) 
in early 90s. With very conservative assumption that all the radiolytic oxidants diffuse into 
engineered barrier, the redox front reached the bedrock after several hundred years after 
canister failure, which increased the dose rate of redox-sensitive radioactive elements. 
However, dissolution tests of spent fuels under various redox conditions indicated that 
dissolved hydrogen storongly suppress the oxidative dissolution of UO2 matrix and redox 
front migration by radiolytic oxidants has not been mentioned in performance assessments 
since late 90s. 

Keywords: Geological Disposal, Redox Front, Groundwater, Radiolysis, Spent Fuel, 
Performance Assessment 

����������� ��������

�



....................................................................................................................1 
..........................................................3 

2.1 ....................................................................................................3 
2.2 ..............................................4 

2.2.1 .......................................4 
2.2.2 ........................................................................5 
2.2.3 ..........................................................................................................................9 

2.3 ...................10 
2.3.1 .........................................................................10 
2.3.2 ..................................................................10 
2.3.3 ..............................................................12 
2.3.4 ..............................................................15 
2.3.5 ...........................................................17 
2.3.6 ........................................................................................................................18 

2.4 ..............................19 
2.4.1 .........................................................................19 
2.4.2 ..................................................................................................22 
2.4.3 .........................................................................26 
2.4.4 ........................................................................................................................30 

...................................31 
3.1 SKI...................................................................................................................................31 

3.1.1 Project-90..................................................................................................................31 
3.1.2 SITE-94.....................................................................................................................33 
3.1.3 SR-97 ......................................................................................................43 
3.1.4 SR-Can ...................................................................................................44 

3.2 SKB..................................................................................................................................44 
3.2.1 SKB91 .......................................................................................................................44 
3.2.2 SR-97.........................................................................................................................45
3.2.3 SR-Can......................................................................................................................46 

3.3 ....................................................................................................................47 
3.3.1 Nagra ........................................................................................................................47
3.3.2 Posiva........................................................................................................................51

...................................................................................................................................53 
..............................................................................................................................................56 

.......................................................................................................................................57 

�������������������

�



Contents 

Background and summary ....................................................................................................1 
Effect of groundwater radiolysis on migration of radioactive nuclides in repository.........3 

2.1  Concept of redox front migration ...................................................................................3 
2.2  Groundwater radiolysis and formation of redox front ..................................................4 

2.2.1 Simulation of groundwater radiolysis by spent fuel.................................................4 
2.2.2 Migration of radiolytic products in groundwater .....................................................5 
2.2.3 Summary ....................................................................................................................9 

2.3 Previous studies on modeling of redox front migration in repository ..........................10 
2.3.1 Modeling of oxidative dissolution of spent fuel.......................................................10 
2.3.2 Oxidative dissolution of spent fuel and radionuclide migration............................10 
2.3.3 Modeling redox reactions in canister ......................................................................12 
2.3.4 Effect of hydrogen molecule on radiolytic oxidation...............................................15 
2.3.5 Effect of released radionuclides on groundwater radiolysis ..................................17 
2.3.6 Summary ..................................................................................................................18 

2.4 Effect of alpha-radiolysis of groundwater on oxidative dissolution of spent fuel........19 
2.4.1 Early studies and proposal of dissolution rate equation........................................19 
2.4.2 Modeling of reaction mechanism.............................................................................22 
2.4.3 Dissolution rate under reductive condition revisited.............................................26 
2.4.4 Summary ..................................................................................................................30 
Performance accessments including redox front migration by groundwater radiolysis ..31 

3.1 SKI...................................................................................................................................31 
3.1.1 Project-90..................................................................................................................31 
3.1.2 SITE-94.....................................................................................................................33 
3.1.3 Review of SR-97........................................................................................................43 
3.1.4 Review of SR-Can.....................................................................................................44 

3.2 SKB..................................................................................................................................44 
3.2.1 SKB91 .......................................................................................................................44 
3.2.2 SR-97.........................................................................................................................45
3.2.3 SR-Can......................................................................................................................46 

3.3 Other ...............................................................................................................................47 
3.3.1 Nagra ........................................................................................................................47
3.3.2 Posiva........................................................................................................................51
Summary..............................................................................................................................53 

Acknowledgment.........................................................................................................................56 
References ...................................................................................................................................57 

�������������������

�



1000
1000

0.03mm

1982 Neretnieks 1)

SKI Project-902) SITE-943)

2
2 FEP Feature, Event, Process

FEP 4)

17 10

16 11 5,6)

SITE-94

�������������������

���



16 18 7)

SKI Project-90 SITE-94 90

SKB

�������������������

���



2.1

Neretnieks 1)

2

2.1-1
Neretnieks 2.1-2

Christensen 8)

1.4 144m2 0.03 mm 40
106 106 41400 mol
105 106 0.017mol year-1, 1m year-1

0.1mm 1m 5 5m Fe(II) 100mol m-3

0.037mol dm-3

106 58

Fe(II)/Fe(III)
8)

Fe(II)
0.2%
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2.1-1 1)

2.1-2 1)

2.2

2.2.1

Christensen Bjergbakke
9) G

0.03mm Fe2+ 5ppm =8.9 10-5 mol dm-3
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Fe3+ 1ppm Fe2+

40 100 33MWd t-1 BWR 38MWd 
t-1 PWR Fe2+ G

Fe2+ Fe3+

BWR 100 143mol Fe2+

100 104mol
100 29000mol

2.2.2

1980 Eriksen
14mm MX-80 2.1kg dm-3 Pm-147

2.5 Emax=225keV  200mCi
2.2.2-1 10) 0.12mm 6.11 rad s-1

2.2.2-2
4.1 10-11m2 s-1

2.2.2-1 10)
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2.2.2-2 10)

pH6.5 Fe2+

Fe2+

3 2 0.25 0.5
Fe(II) Fe(OH)2 Fe(II) 1

0.4 2.1kg dm-3

0.13mol dm-3

Eriksen Am-241 11) 8mm Na
MX-80 2.12g cm-3 Am-241

2.2.2-3 2.2.2-4
4.6MeV 35.7MBq

37 17 m
0.94Gy s-1 8.3 10-3cm3 25

20 m 1.08 10-2cm3

2.2.2-1 Fe2+

Fe3+ 10-6mol dm-3 HCO3-/CO32- 0
6.5 10-4mol dm-3 6.5

10-11m2 s-1 G
20 m
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2.2.2-3 11)

2.2.2-4 11)
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2.2.2-1 11)

Am-241

Am-241 12)

2.66 10-13mol s-1

Fe2+ 1.72 10-12 mol s-1 Fe2+

2.97 10-13 mol sec-1

G 0.67 Fe2+ G 3.9
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2.2.2-5 12)

2.2.2-6 12)

2.2.3

SKI
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2.3

SITE-94 1996

Neretnieks

2.3.1

1996 1
13) Fe(II)

,
1000

MOX
1 G

3 10-7eqv J-1 2.9molecules 100eV-1

G 1 MOX

UO2

200mol m-3 SITE-94
0.15keq m-3 Fe(II) 11kg m-3 1 MOX

UO2 Fe(II) 700kg 290kg
Fe(II) Fe(II) 1100kg m-3

1/100 50

Fe(II) 0.02 0.1mol m-3 0.1mol m-3

Fe(II) 1/100 0.002mol m-3

Fe(II) pH UO2

Fe(II)

2.3.2

2.3.2-1
14)
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5mm2 1000
8.4 10-6mol dm-3

2.3.2-2(a)

40 0.006
107 2.1%

76.3%
28.2% 200 2.3.2-2(b)(c)

2cm2 7 107

U 30 4.5

10

107

13

2.3.2-1 (a) (b) (c) 14)
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15)

3 2.3.3-1
U(VI)

U(VI)

Fe(II) U(VI) Fe(II)

Fe(II) Fe(II) U(VI)
Fe(III)/Fe(II) U(VI)/U(IV)

-

H+ CO32- Fe(II) Fe(III) U(VI) UO2(s) O2 H2

U(VI)
Fe(II) Fe(II) UO2(s) H2 U(VI)
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2.3.3-1 15)

1000 pH=8 10-8mol dm-3 Fe(II)

0.1 m y-1 35
50bar

pH 8.0 Eh -0.3V SKB 1 mol
50 PHREEQC pH 8.2

Fe(II) 10-6M 50bar
pH 8.2

Fe(II) OH-

Fe(II)
Fe(II) 10-5 mol dm-3 0.1 m y-1

pH=8 Fe(II)
1.2

10-7 mol dm-3 2.3.3-2
Fe(II)

Fe(III)/Fe(II)
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2.3.3-2 15)

2.3.4

Fe(II)
2.3.4-1

16)

G

1/2
U(VI)

U(VI) 1/2 Fe(II)
Fe(II) OH- 2 Fe(II)

pH 8 40 m
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2.3.4-1 16)

U(VI)
Fe(II) 10-7 mol dm-3

2.3.4-2 Fe(II) 10-6 mol 
dm-3

Fe(II)

U(VI) Fe(II) 10-8 mol dm-3 Fe(II)
1 50bar

Fe(II) 10-12 mol dm-3 U(VI) U(VI)

U(VI) 10-7 mol dm-3

Fe(II)
U(VI) 100

U(VI) 1000 10

pH
pH U(VI)

U(VI)
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2.3.4-2 Fe(II) 16)
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1000 Pu-239 Pu-240 Am-241

Liu 17,18)
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105 34 10
4 50 5000
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1/2

U

U(VI)

2.5mm Pu Am 0.107
8.61 10-6mol/m3

106 70

106 7m
1m 2.3.5-1

2.3.5-1 18)
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U

2.4

2.4.1

SKB 1977 KBS-2 Studsvik
1982 19,20)

BWR
Allard groundwater pH8.2 123ppm

250mL

U Sr-90

42MDd kgU-1 0.5MWd kgU-1

43MWd kgU-1 PWR
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6
1.5

20

PWR

1990 SKB Werme 21)

U(VI)
U(VI) Sr

U

2.4.1-1 U 21)
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2.4.1-2 Sr 21)

6
U Sr 1/10

42MWd kgU-1

0.5MWd kgU-1

1000

Sr

33MWd kgU-1 BWR 40 0.28Gy s-1

105 7.5 10-4 Gy s-1 105

Fe2+ Fe3+ Christensen
1000 0.9 10-4 y-1 15

Sr
Sr 1.1 10-5 y-1

1000 0.9 10-4 y-1 100
100

30
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2.4.1-3 21)

1990 Grambow
Sr-90 10-7 day-1

22)

3
10-7 day-1

1000 5
20% 10 20% 150

Project-90 SITE-94

2.4.2

(1)

Christensen 1987
23) H2O2 OH HO2 UO2

OH U(IV) U(VI)
HO2 UO2 UO2 UO2

U

24)
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Kelm NaCl 5mol dm-3

G Cl- Ni2+

Fe2+ HCO3- Br-

UO2 Pu-238 UO2

25)

Christensen UO2

UO2

UO2 2 UO2

26)

Christensen

Poulesquen UO2

27)

10 m 200
UO2 Christensen Kelm

Chemsimul

1
U 1/3

1/30
U 1/10 UO2

(2)

Eriksen 28)

100 m Christensen
UO2 O2 H2O2

1995 PWR
ICP-MS

29)

30)

NaHCO3 UO2

U(VI) 10-2 mol dm-3

FP
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31)

1000 1.5 3

32)

Jonsson 33)

U(VI)
10-3mol dm-3

UO2

UO2 34)

UO2

99.9%

Eriksen 35)

36)

37

UO2

38-40)

UO2

U(VI) H2O2

41)

(3)

Shoesmith

42,43)

ERed/Ox Eh EUO2/UO22+

ERed/Ox EUO2/UO22+

UO2 UO22++2e- Ox+2e- Red 2
Ecorr

-0.1V U3O7

UO22+

Shoesmith
Po-210 UO2 30 m 20 75mV

750 m -40mV UO2

31) UO2 U3O7
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Sunder 1 300Gy/h UO2 44,45)

H2O2

UO2

UO2 U(VI)/U(IV) -400 -100mV -100mV
UO2 U(IV)

U(VI)

(4)

dePablo
UO2 pH

46,47) Merino
OH

U(VI) HO2- 48)

Matrix Alteration Model : MAM 49)

UO3 U(VI)
pH

5 mol dm-3 NaCl
1000 50

G
3

1000 8 10-9 mol dm-3 100
9 10-11 mol dm-3

Christensen UO2 Cl2-

Cl UO2

Opalinus Clay pH 7.24
2.28 10-1 2.70 10-3 mol dm-3 Cl- 1.6 10-1 mol dm-3

3bar 1000 4.5 10-9 mol dm-3 100
4.4 10-11 mol dm-3
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CEA 50)

H2O2 OH HO2

UO2 UO2

2.4.3

U
Studsvik Röllin 51) 30mm

4.6mm 0.25mm 0.5mm 0.02
0.3ml min-1 ICP-MS

U Np Ba Cs Tc Sr
pH pH>6 pH

3mg m-2 day-1 pH<6 pH 0.6

0.01ppm
10-9 10-11 mol dm-3 pH=8 600mV

pH 3 4 pH>6
0.003mg m-2 day-1 U Am Pu
Cs

pH 4 U(IV)

SKB Spahiu 5MPa
U

52)

0.5MPa U 5 10-10 mol dm-3

UO2(s) 356

400 10-5 mol dm-3

53)

OH
OH

5MeV He
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54) U(VI)
UO2(s) U(VI) UO2(s)

U(VI) 55)

U UO2

SKB SR-Can

56)

UO2 6.3 10-10 mol dm-3 0.15ppb U
U(VI)
Fe(II) UO2

U
U

VTT
Ollila UO2 U-233 57) Loida

58) 1300 270
King Shoesmith 10-7 10-8 year-1

59) SR-Can 10-7 year-1

10-6 10-8 year-1 60)

1000
1/1000

Pu-238 U-233 Ac-225 UO2 EU
SFS 61,62) U-233 10%

3 106 3 107 Bq g-1

3.5 33MBq g-1 (UO2)
300MBq g-1

U-233 UO2

10% U
5MNaCl U

10-8 mol dm-3 53bar
MOX 13Gy s-1 U 5 10-7

mol dm-3 3 10-10 mol dm-3

UO2 NaCl
0.1 1 bar 10-9 day-1

�������������������

����



2.7 10-5 2.7 10-4 mol dm-3

10-6 year-1

10-8 year-1 4 10-7 year-1 10-3 mol dm-3 Fe(II)

U 10-8 mol dm-3

UO2

OH

UO2 63)

UO2

1.1 1011 cm-2 s-1 5 6MeV
45 m 1/20000

45 90
Eh -300mV U 10-8 mol dm-3

 [U] [H2O2] [U] 10-4 mol dm-3 UO2

 [H2O2] [U] 0.01
26mgm-2d-1 UO2 H2O2 2 63mg 
m-2 d-1

64) 40mmol 
dm-3 UO2 H2O2

U

UO2 65)

8.2mm 300 m
1400 CERI-CNRS

45MeV 5MeV
37 m 3.3 1010 3.3 1011 

cm-2 s-1 UO2

pH=6 1 U UO2

3.3 1011 cm-2 s-1 2280 g-1
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3.5 10-3M pH 3.8
H2O2 pH UO2

metastudtite UO4 2H2O
280nm O/U 5.6

UO2 H2O2

45MWd 15 1
schoepite

UO2

66) 0.2mm 20MeV
500 m 900 g l-1 h-1

pH 5 3.6 U
pH H2O2 2 3 10-3 mol dm-3

10-3 mol dm-3

UO2

studtite
He2+

67)

U

Spahiu UO2

Carbol UO2

U U(VI) U(IV)
XPS UO2 U(VI)

U(VI) UO2

Pd Mo Ru Tc Rh
Broczkowski SIMFUEL

68)

Jonsson  Pd
UO2

U(VI) 33)

38MWd kgU-1

1% 1000
0.01bar

Muzeau 238/239Pu UO2
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69)

47GWd t-1 50 10000
0.06% 0.001wt% 238Pu UO2 239Pu

Pu 0.22wt% 30 XPS U4f
10000

U 50
12.5mg m-1 day-1

U

10-4 mol dm-3 18 33MBq gUO2-1

50 U 10000
1 385MBq gUO2-1

UO2 U(V)

2.4.4

U
Sr-90

Fe(II)

mol dm-3

U UO2

UO2

pH

EU
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2

1990

3.1 SKI

SKI SKB

Project-90 SITE-94

SKI SKI SKB
SR-97 SR-Can

3.1.1 Project-90 

Project-90
2)

OH
2 /3 95%

Project-90

Lundgren 40 10
70) 5.4MeV 40 1000
0.2MeV

tAktG aoxox

A(t) Gox(t) kox
UO2 3 mol U3O8 4

4.9 mol year-1

2 4.9 3/4 = 7.35 mol year-1

4.79 g d-1 U 1.4 1
3.4 10-6 U

100

�������������������
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KBS-3

Cs I

Cs I Sb Mo Tc Sr

2500
10

25 1
5

U4O9

U3O7 U4O9

U4O9

U3O8

U3O8

schoepite UO3 2H2O UO2(OH)2 H2O
Grambow

22) Sr 3 10-7 day-1

Project-90

Fe(II)
Fe(II)

Project-90
Torstenfelt Eriksen 10)

Fe(II) Fe(II)
Project-90 Fe(II)

Fe(II)

Project-90
KBS-3
Project-90 KBS-3 KBS-3
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Project-90

Project-90

Project-90 SKB

SITE-94 SITE-94
Project-90

3.1.2 SITE-94  

SITE-94  SKI 1992 8 1995
1997 2 3) SITE-94

SKB SKI
SKI SITE-94 Project-90

Project-90
SITE-94

SITE-94 11 6

SITE-94

Gox(t)
A(t) Project-90
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3.1.2-1 3)

kox SITE-94
Project-90 kox Project-90

SITE-94
11

Tc Np Se

Fe(II) -0.30V 0.04keq m-3

Fe(II)
Fe(II)
Fe(II)

Fe(II) %
0.03~1keq m-3 Äspö 0.036 0.056keq m-3

Äspö Fe(II)
Andersson 0.04keq m-3

SITE-94 7.4.2.2
MX-80

EQ3/6 69mol% Na 23% Ca 6%
Mg 1% K 30% 15 80

0.2bar
7
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Eh pH
pH 7.7 9.3 Eh -0.25 -0.33V

pH 3.5 pH
pH

Project-90 Eriksen 0.15keq m-3

SITE-94

Fe(II)

Fe(III)
Fe(III)

Fe(OH)3 -FeOOH
-Fe2O3

SITE-94

pH Eh

-0.5V
pH12

SITE-94

Project-90
1000

400
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100 1m

SITE-94 Project-90
U3O8

UO2

3UO2 + 2H2O2  U3O8 + 2H2O

1000 1 5000

3.1.2-1 3)

SITE-94
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m

SITE-94

25 17 7
4 14 4

20

E1
E2

E3
E4
F1 1/3
D1
D2
B1 1
B2 10
B3 1000
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3.1.2-2 3)

3.1.2-3 3)
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3.1.2-4 3)
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3.1.2-5 3)

IDPs IDP Sv/

3.1.2-2

E1
Se Tc U Pu Np Tc Se

Np U
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Ni Sr Am Cm Pu
Ra

99Tc 4 79Se
237Np

7 27
10

Pu 239 240
242Pu

Pu
Th

Pa Ra Cm
IDP 129I 99Tc 129I

226Ra
E4

0.1m
99Tc

Np
233U 229Th 233U 3000 229Th 10

E2 1000
1400

1m 100 Np Tc Se 79Se
50 99Tc 30 237Np 4

237Np
233U 229Th
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3.1.2-2 IDP 3)

SITE-94
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Project-90

G
Fe(II)

SITE-94

3.1.3 SR-97

SKB SR-97
71) SKI

72) Grambow

SR-97 Eriksen
Christensen

Grambow Christensen
10-3 y-1 1000 Eriksen 1

10-8 y-1
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Christensen HO2 Eriksen
OH H2O2

SR-97 10-8 y-1

Grambow 10-9

10-5 y-1

3.1.4 SR-Can

SKI 2009 SKB

73)

2006

SKB Spahiu SKB
3 4

U-233
SKB

SR-Can 10-7 y-1 10-6 10-8 y-1

Jegou

3.2 SKB 

3.2.1 SKB91 

SKB 1990

SKB91
60)

3.1.2 Shoesmith

-100mV UO2 U4O9 U3O7

UO2

3.1.3
UO2

UO2 Fe2+
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