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Overall Safety Assessment of Geological Disposal

and Application of Probabilistic Assessment
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Japan Atomic Energy Research Institute
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Principal approach for the overall assessment of geological disposal
of high level waste was surveyed and discussed. The discussion includes
application of the probabilistic safety assessment and methods to reduce
the difficulties in the application were discussed based on the examples

of input data and methods proposed in published papers.
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V. EMSHICEETEF— S5 E5. TNLOBRRIC LA LBEEIVA FELTHEITS
HWBY . HESHENRERROBEIZEL TR T LTV,

HBOBEAM . T RO . &40 K% HUE O LR BRI 55 3RE & huud
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BRHEEEEDLSORMBRIRELSE

Annual dose rate

Prcbability of a
health effect from

Limiting probability
of exposure consistent
with a max. risk objec-

Sv.yr~ one year's exposure tive of 10-3/yr
10+3 10-3 1
1072 1074 10-1
10-1 1073 10-2
1 or greater 1 (non-stochastic) 10-9
& L T T T T T T
10 Sr B.L.Cohen I Health Phy. -
N 42,(2) 133-143 (19827
t0
4 Inilfal
nc.. 10 Urgnium
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Class 3
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Table 2 MG AT LICHBERITER

Natural Processes and Events

Climate change Uplift/Subsidence
Hydrology change Orogenic

Sea level change Epeirogenic
Denudaticn Isostatic

Stream ercsion

Glacial erosion Undetected features
Flooding Faults, shear zones
Sedimentation Breccia pipes
Diagenesis Lava tubes
Diapirism Intrusive dykes
Faulting/Seismicity Gas or brine pockets

Geochemical change
magmatic activity

Fluid interactions Intrusive
Groundwater flow Extrusive
Dissolution
Brine pockets Meteorite impact

Human Activities

Undetected past intrusicn Climate contrcl
Undiscovered boreholes
Mine shafts Large scale alterations of

hydrology

Improper design
Shaft seal failure Intentional intrusion
Exploration borehole seal War
failure sabotage

Improper operation Waste recovery

Improper waste emplacement
Inadvertent future
Transport agent introduction intrusion

Irrigation Exploratory drilling
Reservoirs Archeclogical exhumation
Intentional artificial Resource mining (mineral,
groundwater recharge or water, hydrocarbkon, geo-
withdrawal thermal, salt, etc.)

Chemical liquid waste dispocsal

Waste and Repcsitory Effects

Thermal effe;ts Mechanical effects
Differential elastic Canister movement
response Local fracturing

Non-elastic response
Fluid pressure, density, Radiological effects

vi;cos%ty changes Material property change
Fluid migration Radiolysuis
v Decay product gas
Chemical effects generation
correcsion Nuclear criticlly

Waste package-rock interactions
Gas generation
Gecchemical alterations
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Table 3 The meaning of the arbitrarily assigned probabilites

1 Very likely or certain, or unknown (for
conservatism)
.1 Less than certain, but reasonably likely
.01 Not likely, but can not be ruled out
001 Probably will not occur (frequently used to
indicate that the available data show that the
event or process will not occur, but that the
available data are questicable)
10°* Very unlikely, based on reliable data
10°5 Extremely unlikely
10-% Physically possible, but almost certain not
oceur
0 Assumed to be physically impossible, based on
the currently available data

Table 4 Scenarios for Demonstration of Performance Assessment
Methodclogy for a High-Level Waste Repository in Basalt
Formation

1. Normal Ground-Water Flow

2. Change of River Location

3. Change of Recharge to Aquifers

4. Pumpage cf Groundwater

5. Coupled Thermohydrological Effects

6. Mechanchydrological Effects Due to Approaching
Glacier

7. Shaft Seal Failure

8. Drilling Through Repository

9. Fault Through Repository
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System definition Qbservations

.

site, engineered Experiments Measurements
system design Lab, field, in situ
insitu nat. anaiogues
A
a)
hd
Scenario
Models

identification

o detailed models
of procssses

o simplified medals
of processes

e integrated modefl of
a dispasal system

&

y

Reguiatory targets and
information reguirements

¢)
b

N

»

hd

Public Acceptance

a2) Link between the development of models and shseryations
(validation) .
b} Link between detailed medels and simple modeis and
Link batween sepatate models and an integrated system matlel
¢) Link between the output of performance assessments and
reguiatory requirements.
Fig 2 LINKAGES [N SYSTEM PERFORMANCE ASSESSMENTSIO)
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Table 5 BHMERVEEZROBRE

Solubilities and Retardation Factors of Some Hzzardous Radioactive Elements

Rewardation Factor {1 = [01\‘0.)
Salubility (log ppm}

Vost Reducing: Eh = ~0.2  Oxidizing: Eh = +0.2 ?:dy

Tlement Probabie pd=9 pH=§ pH=3 sH=§ Granite  Basalt Tufl " Shale Salt
s 5 5 5 20
Se -3 (M - - - - 50 59, 50 30 200
200 200 200 200 1.000
1o 50 20 50 )
St hich -0.2 high 0.2 hich 200 200 200 200 10
1,000 1,000 1c.000 5.000 100
300 500 500 309 300
Zr -4 -4 _' ] — -5 5,000 5,000 5.0C0 5,000 1,000
: 30.000 19,000 10,000  50.000 5.000
1 1 1 1
Te -3 -10 high " nigh high 5 5 5 5 5
' 40 10C 103 20 20
100 190 200 00 10
Sn =1(7) - - -4 - 1,000 1,00¢ 1,060 1,000 10C
5,000 5,000 $.000 5.000 1.000
10 10 10 10 5
Sb -3 (M - - - - 100 100 100 10Q 50
1.000 1.000 1.000 1.000 500
) i 1 L 1 L
I high high high high high ! ! 1 1 [
1 50 1 1 ]
100 100 &0 inn 1
Cs high high high hich higa 1,000 1,000 500 1,0 16
10.000  10.000 10.600 20,040 2.000
t0 20 20 a0 5
Py -1 -1 -0 -1 g 50 50 50 50 20
00 500 500 3500 100
50 50 50 50 3
Ra -2 -3 -1 3 =l 500 500 50Q 500 50
5,000 5,000 5.000 5.000 500
500 500 500 500 300
Th -3 — - -4 - 5,000 5.000 5,000 5.000 [,000
’ 10,000 16.000 10.000 50.000 5,000
10 20 s 30 i0
U -3 =3 -3 high high 50 50 40 200 20
500 1.000 200 £.000 450
10 10 10 10 10
Np -3 -4 -t -3 -1 100 10¢ 100 100 50
300 500 500 400 3040
10 106 50 500 10
Pu -3 =5 -4 -5 -3 200 500 200 1,000 200
5.000 5.000 $.000 20,000  10.000
300 60 300 200 300
Am = (M -3 -5 -3 =3 3.000 500 1,000 300 1,0C0
50.000 50000 35Q.000 50.0C0 5.000
200 100 100 200 200
Cm =3 M - - - - 2,000 500 500 2.000 1,000

10,000 10,000 106.000 20.000 1.000

NOTE: Sce Scction 7.10 for comments, sxplanation, and bibliographic references. Boldfacad vaiues of rerardation factors
are those that X. B. Krauskopf condders to be suitably conservative for predicting the performance of conceptual reposi-
teries (Chapter 9). v

SOURCE: Compiled by X. B. Xrauskopf, Stanford University.
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Table 6& PSAC Level-0 /X TF X ¥ —

B ik FEEH it/ B
MEEQ E3EXe X FHATEEHE Xa X FHHAW
H BT EE A EIE 05 X EIE o, X BCEHK 2 W
AREHE L PRk e PS8 eq SEMEFERD:
KERS AR K, A WEFHKS: SHE R R Hawe
0ZHER, SRR % D O HEEHEDS AR B IR 4R Ho
B R A 0 HEEE s
FAREH S L O Ve

O normnal Alognormal

Ologuniform
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Table 7 ZWRABEDHE I~ KIZL 3 PSAC Level 0 O EESR

Institutg vyear 103 3.2X10° 10°¢ 3.2X10° 107
S.N. mean ¢ |mean ¢ (mean ¢ |mean ¢ |mean ¢
10-810-3(10-510-5910-"10-®10-7"710-7110-°%10"%
Belgium
SCK/CEN"|1000 (3.7 2.0(1.8 9.1([5.2 2.4{1.5 6.41}7.6 8.8
CEC
JRC™ 500 |8 - - - 4 - - - 10 -
Finland
VTT* 500 5.6 2.B|1.8 B.6([B.3 3.8|1.8 B.3]|5.4 4.8
Canada
NuTP* 2000 (5.4 3.1 |1V.5 B.01[5.4 2.4(1.4 7.2]|9.8 7.9
U.K.
NRPB™ 1000 18. 14.1].84 3.919.8 4.4(1.4 6.113.3 3.0
U.K.
AERE* 10¢ 5.2 2.9(1.9 9.916.1 3.01.5 7.4}8.8 9.3
Canada
AECL ™ 7865 (5.6 2.912.0 17.4{6.0 2.7}1.5 7.9(|8.3 8.4
Japan
JAERT® 1000 4.9 2.5(2.2 13.1{5.7 2.5}1.6 6.6(7.0 6.8
U.s.
BWIP 3000 (4.7 2.411.8 9.9|5.8 3.1(1.4 6.4|9.4 10.
unit: Sv/y Sampling: ¥ Monte~Carlo, xx Latin Hypercube
Table 8 BHREOFENSA-FLEEETE OHBEER
Nuclide  Time 10° 1072 10° 1083 10’
Cs=135 KDG KDG KDG KDG KDG
-0.09 -0.12 -0.14 ~0.16 -0.14
I-129 VG GG VG VG VG
.28 0.13 -0.14 -0.30 -0.13
G G G
Pd-107 KD KD KD XG VG
=0.16 -0.17 -0.16 =0.1¢ =0.08
Se~-79 VG 'VG GG VG VG
0.22 0.22 0.17 -0.19 -0.33
G G G
Sn-126 KD KD KD GG VG
-0.15 -0.21 -0.15 c.12 -0.08
G G G
Zr-93 XG KD KD KD GG
-0.06 -0.11 -G.16 -0.16 G.18

Partial rank correlation coefficients between the most
significant parameter and the dose rate for each nuclide
at the specified times
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hppendix PSAC Level-0 OEFNRBRUANTF—7F

WASTE FORM MODEL

Dissolution of the waste form is assumed te occur at a time-
invariant leach rate for a finite length of time. Radionuclides are
released congruently as the waste form dissolves.

The vaste form leach rate, R, (%), is given by

Ry (t) = R° [1-h(t-T")] [kg/m?a]
where h is the Heaviside step function:

h(y) 0ify <0

[—-1
= 1ify >o0.

The time-invariant leach rate is R°® and the length of time, T°, required
for the dissolution of the waste form is given by:

Q
~D _
> - R° § - [al

vhere Q is the total mass of the waste form and $ is the total surface area
(also assumed to be time-invariant) of the waste form.
The release of radionuclide i is given by the rate of dissolution

of the waste form and the inventory of the radionuclide. The flow of
radionuclide, FY(t), from the waste form is:

FY(t) = Rye(t) I;(t) § ° [mol/a]
vhere I;(t) is the inventory of radionuclide i at time t, given by

Ti(t) = I exp (-4 U) - [mol/kg(vaste}]
where I? is the initial inventory of radionuclide i and X is its decay

constant.

BUTFER MODEL

& buffer of thickness X, acts to delay the flov of radionuclides
from the waste form to the gecsphere. The flov of radionuclides from the
- buffer is given hy

c ' if v ¢ B

FB(t) = [mol/a]
FY(e-T ) exp (- N T ) if v 2

x

vhere T, is given by the fellowing approximate relatiomship for a purely
diffusive barrier:

i RS

4Dy
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1+ pg K3; (1-%)

where'Rf = — ‘ [—-1
& .
pg = buffer density [kg/m® ]
£y = buffer porosity [--1
KE, = buffer sorption constant for
radionuclide 1 [m?/kg
and B, = diffusion coefficient of the buffer, assumed
to be identical for all radionuclides. [m2/a]

GEQSPEERE MODEL

A geosphere path of length X, acts to delay and spread the flow
of radionuclides from the buffer to the blosphere. The flow of
radionuclides from the geosphere is given by:

o ‘L'E‘Oft)‘tf+'r’z+'t'°

if vt ¢ 2 + or
Fi(t) = ©
F2(t") exp[-X{t-t')] otherwvise
T+ -
[mol/a]
vhere
- T
Tt = }":D-v-‘rf [a]
T+ T -

and where T and T are the lov and high roots, respectively, for ¢ in the
following quadratic equation:

¢ T Ve W
X = 2 - + _— (m]
g RS
vhere Pg
R = 14 — (log,) KS, [—]
s
Ps = geosphere density - [kg/m*]
£, = geosphere porosity [--]
X¢; = geosphere sorpticn constant for radicnuclide i  [m®/kg]
and D, = DI + &V, [m?/a]
vhere D¢ = diffusion coefficient of radionuclides in the
geosphers [m?/a]
o = dispersivity in the geosphere . [m]
Vs = groundwater velocity in the geosphere [m/a]

Figurg.l illustrates the relationships between the various delay times and
spreading of the flows for the waste form, the buffer and the geosphere.
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BIOSPHERE MODEL

The flov F{ is assumed to enter a vater extraction point, such as
a vell. The water is used as drinking water. The concentration of the
nuclide i in the vater, C,, is given by

Cs = T ' [Bq/m*]

whére A; is thé molar specific activity of radionuclide i and W is the
vWater extraction rate. :

Only the vater ingestion pathway is considered. Doses to man are
computed using

B;(t) = C; » W, - Dy [Sv/a]
where
B, (t) = annual effective dose equivalent to the maximum
exposed individual of the critical group due to
radicnuclide i
Vo = censumption rate of water by man
D; = dose concentration factor for radionuclide i, by

the ingesticon pathway

The total annual effective dose equivalent, H(:), is given by the sum of
H; (t) over all radicnuclides under consideration:

3t) - Z B (1) [Sv/a]

i
The total annual effective dose equivalent is also referred to simply as
dose and/or as dose rate.
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GLOSSARY DF TERMS AND PARAMETER VALUES

Variable Probability
Name Description Distribution Units Value
A molar specific constant 3q/mol see Table 1
-activity of
radicnuclide i
C: concentration of - Bq/m? calculated
of radionuclide i
in drinking water
D, buffer diffusion constant m?/a 0.03
coefficient (for
- all radionuclides}
D, dose concentraticn constant Sv/Bqg see Table 1
facter for radio-
nuclide i, by the
ingestion pathway
D2 geosphere diffusion normal m?/a w=0.04
coefficient (for all o=0.001
radicnuclides)
D, hydrodynamic disper- -— m?/a calculated
sion coeificient
FY () flov of radionuclide i —_— mol/a calecularted
from waste form
FE(t) flov of radionuclide i  —— mol/a calculated
from buffer
F$(t) flow of radionuclide i S mol/a calculated
from gecsphere
E; (1) annual effective dose —— Sv/a calculated
equivalent from radio-
nuclide i
(1) - total annual effecrtive -— Sv/a calculated
“dose equivalent
Hoin Tut off dose rate constant Sv/a 1.0x 1075
1
B, background dose constant Sv/a 1.8x107¢
I _ihventory of nuclide i -—- nol/kg caleulated
gt time ¢t (waste)
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Variable - Probability
Name Description Distribution Units Value
I3 initial inventory of constant mol/kg see Table 1
radionuclide i - (waste)
KB, sorption constant in  lognormal "m*/kg see Table 2
the buffer for radio- '
nuclide i
X3 sorption constant in lognormal m3 /kg see Table 2
' the geosphere for
radionuclide i
Q total amount of constant kg 2.0x10%
waste form
R, (1) wvaste form leach - kg/(m?.a) calculated
rate at time t
R® time-invariant waste log-uniform kg/(m®.a) -2.57 to 1.1l
form leach rate (l.e. range is
110-2'57 to
(101.11)
R? retention factor in -— - calculated
the buffer of radio-
nuclide 1
RS retention factor in —— - * calculated
geosphere of radio-
nuclide 1
s total surface area constant m? 1.2x10°
of the waste form
t time {independent a [0, thaxl
variable)
Thax simulation cut-off constant a 1.0x107
{ime
Ve groundvater velocity 'iog-uniform m/a -3 to -1
in,,the geosphere (i.e. range is
1073 to 107%)
v vater extraction uniform m*/a 5x10% to
rate T 5x10°8
V. water ingestion uniform m3/a 0.7-0.9

rtate (man)
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Variable Probabilirty

Name Description Distribution Units Value

X5 buffer thickness uniform m 0.5 to 5.0

%5 geosphere pathlength uniform m 10% to 10¢

Oy dispersivity in the log-uniform m 0.3 to 2.3
geosphere {(i.e. range

is 10°-3 1o
102-3)

€y buffer porosity constant —— 0.099

€ geosphere porosity constant -— 0.3

N decay constant constant a~? see Table :
nuclide i

Pg buffer density constant kg/m? 1.85x10°

B geosphere density constant kg/m? 2.0x103

< transit time in the _— a calculated
buffer ¢f radie-
nuclide i.

~ time for the dissolu- -— a calculated
tion of the waste form

5, T transit times in the -— a calculated
geosphere of radio-

oy nuclide i. =<7 and

1
! are the low and

high roots of ¢ in
the geosphere model.
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TABLE 1

DECAY CONSTANTS WASTE INVENTORIES, SPECIFIC MOLAR ACTIVITIES}
AND DOSE—CONCENTRATION FACTORS

Initial Specific
Decay Inventory Molar Ingestion
Radionuclide Constant mol/kg Activity Dose Factors
' a-1 (vaste) Bq/mol Sv/Bq
Cs-135 3.01E-07 3.465E-4 5.75E+9 1.9E-9
I-.129 4.36E-08 5.6E-4 8.32E+08 7.8E-8
Pd-107 1.07E-07 6.75E-4 2.04E+9 4.1E-11
Se-79 1.07E-03 2.035E~5 2.04E+11 2.3E-9
Sm-151 . 7.453E-03 2.13E-5 1.42E+14 1.1E-10
Sn-126 6.93E-06 4.95E-5 1.32E+11 %.1E-10
Zr-93 4. 62E-07 2.34E-3 8.82E+9 4,5E-10

TABLE 2

MEAN u AND STANDARD DEVIATION &
FOR THE LOGNORMAL DISTRIBUTICNS OF SORPTION CONSTANTS

Buffar Sorption Geosphere Sorption
Constant Constant
K34 K31
Element g u g i
Cs 0.86 -0.46 1.6 -1.46
I : 1.34 -5.07 2.6 -6.07
pd 0.669 -1.91 1.4 -2.91
Se 0.143 -2.38 0.3 -3.38
Sm 0.605 -2.13 1.2 -3.13
Sn 0.729 -1.77 1.4 -2.77
Zr 0.5‘ -0.71 1.0 -1.71




