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SUMMARY

The probabilistic system assessment calculations reported in the SKI Project-90 final
documents (Vol. I and II) were restricted to the following nuclides: 14C, 1291,13SCs, 3 7Np
and 240Pu. In this report we have extended those calculations to another five nuclides:
79Se,243 Am, 240Pu, M Zr and

The execution of probabilistic assessment calculations integrated in the context of SKIs
first safety analysis exercise of an hypotetic final repository for high-level nuclea» waste
in Sweden, was a learning experience of relevance for the conduction of probabilistic
safety assessments in future exercises. Some major conclusions and viewpoints on future
needs related with probabilistic assessments were withdrawn from this work and are
presented in our report.



II

SAMMANFATTNING

De probabilistiska säkerhetsberäkningar som ingår i SKIs Projekt-90 slutrapport (Vol.
I och II) var begränsade till följande nuklider: 14C, 129I, 13sCs, ^ N p och 240Pu. Vi har i
denna rapport utökat beräkningarna till ytterligare fem nuklider: 79Se, 243Am, 24OPu,93Zr
and "Te.

Möjligheten att utföra probabilistiska beräkningar integrerade i SKIs första
säkerhetsanalys av ett hypotetiskt slutförvar för högaktivt kärnavfall i Sverige, har
bidragit till värdefull erfarenhet som är nödvändig för probabilistiska beräkningar i
kommande integrerade säkerhetsanalyser. I denna rapport presenteras några
huvudslutsatser och synpunkter om framtida behov relaterade till probabilistiska
säkerhetsanalyser.



1. Introduction

In the SKI Project-90 a limited scope of probabilistic calculations were performed. The
nuclides studied by the PSA (Probabilistic System Assessment) technique were 14C, 129I,
135Cs, ^Np and 240Pu. In this report we extend those calculations to the nuclides ^Se,
243 Am, 240Pu, w Zr and "Tc. Some of the results from the PSA calculations of the SKI
Project-90 [1] are compiled together with presents results when so is judged
appropriated.

Although the nuclides considered above are the most important ones, for the study of
the reference scenario considered here, it should be pointed out that the present work is
not addressing a strategy for a complete PSA of the hypothetic SKI P-90 site. It covers
a reference PSA scenario, which includes one canister failure, 10000 years after
repository closure. That reference scenario although having many features that can be
judged to coincide with those of the most probable scenario, should not be considered
as such one. Its purpose within the context of the SKI-90 project was to allow
quantification of results and comparisons with some variation studies.

Alternative PSA scenarios arc not the aim of this study. Neither the broad scope of
model uncertainty is addressed.

The analysis of the results stress the importance of some conclusions on priorities for
further work towards the process of systematising an, for authority review needs,
integrated probabilistic PSA approach of a final repository for high-level nuclear waste
in a geological formation in Sweden.

2. Modelling and overview of input data

The general approach used in the calculations relies on the subdivision of the repository
domain in a near-field, a far-field and a biosphere.

The near-field is defined by one canister, the bentonite clay buffer and the rock in the
imidiate vicinity of the buffer. This is the part of the rock that is considered particularly
disturbed by mechanical and thermic effects as a consequence of the hole drilling and
the presence of the canisters. This region is modelled by near-field assessment models.

The far-field is defined by the gross of the granitic bedrock that isolates the near-field
from our immediate environment. It is modeled by geosphere assessment models.

The biosphere has not been modelled in our probabilistic assessment. Biosphere dose
conversion factors expressed in Sv/Bq, were used to predict dose1 release rates to man.
Those factors were obtained with the help of the compartment biosphere code RAM [2],
using the concept of a reference biosphere.

The hypothetic site studied in the SKI-90 project is situated at a depth of approximately
500 meters in a granitic formation. Granite is a crystalline rock of piutonic origin
(compact, low porosity aggregation of crystals). It displays an inhomogeneous pattern
of fractures and faults. Those discontinuities are filled with interstitial material such as
gouge silica or other alterations resulting of the action of circulating groundwater on the
rock matrix. Certain discontinuities may constitute preferential channels for groundwater
circulating in granite. Inhomogeneity and spacial variability in granite are therefore of

1 Dose is used in this report as meaning the annual dose equivalent for an individual in the critical group.



paramount importance in the characterisation of the rock mass.

The knowledge of major fracture zones allows a correct deposition of canisters in intact
and large granitic blocks (batholites), avoiding those zones. The characterisation of the
repository site and rock mass of the hypothetic site is found in reference [1]. This
characterisation is intimately coupled to the rationale used for the choice of the reference
scenario (VNO&VGO case of the SKI-P90 project) and for the assumptions and data
used in the probabilistic system assessment calculations.

Table I bellow summarizes the modelling treatment of the probabilistic assessment.

Table I- Processes treated in the probabilistic calculations

Field domain

Near- field

Far-field

Biosphere

Description

Release from the fuel

Release from the waste
canister

Release from the redox
front (for some nuclides)

One-dimension transport
models

Pathway to man

Processes

Gap, grain boundary or matrix
release.

Solubility limits and mass transfer
resistance in the buffer and fractures.

Solubility limits and groundwater
flow

Migration controlled by:
- single-decay (no decay chains),
- transport takes place in a full

fracture plane,
- sorption and retardation,
- matrix diffusion,
- advection/dispersion without or with

constant inlet concentration.

Water intake from a well receptor.

2.1. The assessment models. Implications for the PSA calculations.

The PSA calculations were performed with the help of the SYVAC/SU monitor code.
The near-field transport models are implemented in that monitor by the following codes:

• Lchcal code - for matrix release, steady state calculations.

• Gap release code - for calculations where the leaching of nuclides is
described by gap release processes.

. Grain boundary code - for calculations where the leaching of nuclides is
described by grain boundary processes.



The far-field transport models are coded by:

. Nucdif code - for nuclide transport calculations in geosphere in the absence
of a redox front.

. Redlim code - for transport calculations envoiving some nuclides, which
form a redox front, due to solubility constrains.

The assessment models included in SYVAC/SU 1.1 version cannot handle decay chains.
Therefore the PSA calculation do not treat such chains. The parent nuclides of the 4n,
4n+l, 4n+2 and 4n+3 decay chains are treated per si.

The near-field assessment models are steady-state models (see table I, page 2).
Consequently the dose rate values at early time points are conservative. However,
because we examine only dose rates regardless of their time of occurrence, the steady-
state feature of the assessment models, although overestimating the final results, are still
accepatble in the context of the project main purposes.

2.2 Input data.

The processes modelled by the codes listed above are described in the SKI-P90 final
report [1]. For details concerning the Lchcal and Nucdif codes the reader should consult
for instance reference [3]. Gap release and Grain boundary codes are described in [1]
and the Redlim code in [4] and [5].

In SYVAC/SU 1.1 version two sampling techniques are available: the stratified sampling
and the Monte Carlo sampling. This last one was used here. The total number of
samples used in the PSA computations were 21000, distributed between the 16
modelling transport simulations of the 10 nuclides. As pointed out before the simulations
were done for one canister. Its failure was assumed to occur 104 years after repository
closure and the calculations were stopped at 10* years.

During the computations the SYVAC/SU monitor selects the Nucdif or the Redlim codes
according to the relation between the nuclide solubility values sampled from the
distributions for oxidising and reducing conditions. For instance, if in a given realization
of the transport simulation of plutonium, the sampled value for the solubility under
oxidising conditions is lower than the value sampled from the solubility distribution
under reducing conditions the Nucdif code is used; otherwise the Redlim code is used.

The nuclides studied are listed in table II below, according to the releasing mechanisms
adopted to describe the leaching processes in the near-field.



Table II- The studied nuclides classified according to spent fuel releasing
mechanisms

Nuclides
1 4 C

129J
135Cs
^ N p
V2?u
24OPu
2 4 3 A m
93Zr
"Te
7 9 Se
126Sn

Releasing mechanisms

10% gap release and
10% gap release and
10% gap release and
100% matrix release
100% matrix release
100% matrix release
100% matrix release
100% matrix release

90% grain boundary release
90% grain boundary release
90% grain boundary release

1% gap release, 10% grain boundary and 89% matrix release
100% matrix release
100% matrix release

In table III we give some of the input data that is nuclide or repository specific. The
probability density functions (PDFs) used in the sampling of the input parameters that
were allowed to vary in the near and far fields, are also given in table III. All log-
normal PDFs are truncated. In the case of logarithmic PDFs, their truncation is done in
such way that one standard deviation represents half of the distance between the log-
mean value and one of the cut-off values (A or B), depending on which of those values
is further away of the mean value (see fig. 1, adopted from ref [1]).

f(10log x)

Figure 1. PDFs truncation procedure used in the PSA calculations.



Table ED- Parameter distributions used in the probabilistic calculations

Parameter*

Qo
S
Pe
K, (granite)
K, "
K, "
K. "
K, "
K. "
K "
K. "
K. "
K. "
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.
Sol. ox.
Sol. red.

Element

all
all
all
C
I
Cs
Np
Pu
Am
Zr
Te
See
Sn
Np
Np
U
U
Pu
Pu
Am
Am
Is
Ts
Te
Te
See
See
Sn
Sn

PDF

log-normal
log-unif.
log-unif.
log-normal
const
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
log-normal
const
log-normal
log-normal
log-normal
log-normal
log-normal

Log

-38.
OJ
0
-3.6
-
-2.6
-1.0
-0.3
-0.3
-1.0
-38
-3.0
-3.0
-5.0
-9.0
-3.8
-8.0
-8.5
-6.0
-8.9
-8.9
10.6
10.6

-
-8.0
-1.2
-8.2
-8.0
-10.0

Log

-1.0
-
-
-1.3
0.»
-1.3
0.7
0.7
0.7
0.6
-2.3
-3.0
-2.0
0.18
-5.4
-10
-4.4
-5.4
-4.4
-4.6
-4.6
-9.0
-9.0
29.7*
-7.7
-0.2
-6.7
-6.0
-8.0

Log
max

2.0
13
1.7
1.0
-
0.
1.0
1.9
1.9
1.0
-0.6
-2.0
0.0
0.18
-5.4
0.18
-2.0
-4.2
-1.5
-1.2
-1.2
-8.0
-8.0

-
-5.0
0.5
-6.2
-4.0
-6.0

Stand.
dev.

1.0
-
-
1.2
-
0.65
0.85
0.6
0.6
0.8
5.0
0.5
1.0
2.6
1.8
1.1
1.8
1.6
1.4
1.6
1.6
-1.8
-1.8

-
-2.4
-0.6
-0.3
1.9
1.9

Unit

l/m2,y
m
m
m3/kg
m3/kg
m3/kg
m3/kg
m3/kg
m3/kg
m3/kg
m3/kg
nrVkg
m3/kg
moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/iE3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

moles/m3

'Qo groundwater flow rate; S- fracture spacing in geosphere; Pe- Peclet number; K,,- distribution
coefficient in granite; Sol ox.- solubility under oxidising conditions; Sol. red.- solubility under
reducing conditions
* the surface sorption coefficient of iodine is kept constant and equal to zero. The solubility of
technecium is very high and is kept constant

The mean values of the PDFs coincide with the values adopted in the VN0&VG0 case
of Project-90, i.e. the reference case for deterministic calculations [1]. The rationale used
for the choice of the PDFs of the far-field parameters, i.e. the groundwater flowrate Qo,
the space between fissures S, the Peclet numbers Pe, and the distribution coefficients Kd

are give in reference [1]. The reader should also consult ref. [6] to get further
information on solubilities and K4 values used in the calculations.

The dose conversion factors tabulated bellow (table TV) were taken from the well
scenario calculations for the biosphere modelling of the SKI Project-90 [1]. The dose
conversion factors for the lake scenario used in Project-90 are approximately two orders



of magnitude lower than those corresponding to the well scenario. Those conversion
values enter as multiplicative factors in the calculations and consequently the final
results of the lake scenario are lowered by the ratio between those factors.

TABLE IV- Dose conversion factors for a well caractherised by an extraction ratio
parameter equal to 4.5 x 10* m3/year.

Nuclide

14C
12»!

13SCs
3 7 N p
242Pu
240Pu
2 4 3Am
9 3Zr
"Tc
TOSe
126Sn

Half-life
W
5.73 x 103

1.57 x 107

2.3 xlO*
2.14 x 10*
3.76 x 10s

6.54 x 103

7.38 x 103

1.53 x 10*
2.13 x 10s

6.5 xlO4

1.0 x 10s

Inventory
[Bq/canister]

1.7 x 1010

2.40 x 109

1.69 x 1010

3.20 x 1010

1.56 x 10"
2.57 x 1013

2.6 x 1012

1.25 x 10"
9.32 x 1011

2.37 x 1010

2.14 x 1010

Dose factors (Well)
[Sv/Bq]

7.5 x 1014

8.8 x 1012

2.3 x 1013

1.5 xlO1 0

1.2 x 1010

1.3 xlO1 0

1.3 xlO1 0

5.7 x 1014

4.7 xlO1 4

3.1 xlO1 3

6.8 x 1013

23. Implications of input data and PDFs used in the calculations.

In order to do an extensive uncertainty and sensitivity analysis, it should be necessary
to study the impact of the type of PDFs used in the Monte Carlo sampling, as well as
of the impact of their cental values and PDF ranges. We recall that the data used is
restricted to the VN0&VG0 case of the SKI-P90 project. That data forms the basis for
the underlying probabilistic "reference" case. The mean values of the PDFs for those
parameters that were varied in the Monte Carlo simulations coincide with the values of
the VN0&VGO case as pointed out in paragraph 2.2; the ranges of those PDFs are based
on literature values [1,6].

To perform the goals of an extensive sensitivity and uncertainty analysis we should go
far beyond the constrains imposed by the data of the VNO&VGO case. For instance the
range of the PDFs to use must be based upon a very restricted definition of what is
"PSA reference case or scenario" for probabilistic assessments and what is a variation
of that "scenario". We exemplify it with the groundwater flow rate parameter sampled
by a log-normal distribution and varying between 0.01 l/m2,yr and 100 l/m2,yr. Suppose
that we get 10 realizations of one thousand for which that parameter is equal or higher
than 70 l/m2,yr. This situation poses a delicate question even outside the frame of a
stringent scenario methodology. Are we still studying a "reference scenario", or "normal
evolution scenario", or should those results be censured because they should pertain to
a "fault scenario" for instance? In the above statements we use the term "scenario" in
a generalised sense and not necessarily in the restricted context of a scenario
methodology.

The data of the VN0&VG0 being that of an hypothetical site, makes it particularly
difficult, if meaningful at all, to give a rationale of why a given parameter was sampled
by for instance a log-normal and not a log-uniform distribution. Therefore those aspects



were not taken in consideration here.

3. Results and discussion

The performance measure used in this report is maximum dose rate irrespective of time
of occurrence to an individual in the critical group.

Table V bellow summarizes the nuclides contribution to the total dose rate irrespective
of time of occurence.

Table V- Dose rates irrespective of time of occurrence.

Nuclide

14C <gr)'
M C ( g b /
I 2 9I(gr)
1 2 9I(gb)
1 3 5Cs(gr)
135Cs (gb)
^ N p
242Pu
24OPu
243Am
"Zr
Tc(gr)
Tcfeb)
"Tc(mi)
wSe
126Sn

Mean dose
Py/yr]

1.94 x 10^
6.98 x 1010

7.76 x 107

5.60 x 107

2.23 x 10*
1.77 x lO"8

4.52 x 10"'
1.16 x 10*
8.36 x 10*
2.32 x 10*
1.87 x 10 u

2.26 x 10'
3.28 x 1010

7.74 x 10"
1.29 x 10 "
2.25 x 1012

Weighted mean dose*
[Sv/yrJ

2.82 x 1010

6.89 x 1010

2.14 x 107

6.03 x 107

5.21 x 10*
2.33 x 10*
4.04 x 10*
137 x 10*
9.81 x 10*
1.84 x 10*
2.14 x 1014

9.29 x 1010

3.01 x 1010

7.56 x 10"
9.80 x 1012

1.58 x 1012

V*' ĝ P release; gp - grain boundary; mr - matrix release
* the weights were extracted from the bining of the dose histogram

The next figure shows a charter of the arithmetic mean values of dose rate regardless
of time of occurence, from table V above.

f g af i f !
Figure 2. Diagram showing the arithmetic mean value of dose rate irrespective of
time of occurence.
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The weighted mean values of the dose rate irrespective of time of occurence are less
than the arithmetic mean values foi ten simulation cases and higher for the remaining
six cases (see table V). The differences are however minimal. Extending the number
of samples for those last cases would change slightly the weighted mean values and
they would become somewhat lower than the anthccäc ones.

3.1. Uncertainty analysis

To quantify the parameter uncertainties of the model estimates we use basically:

> Histograms of dose rate irrespective of time of occurence for each nuclide

• Complementary Cumulative Distribution Function^ (CCDFs) for each nuclide

. Variation analysis studies

3.1.1 The histograms

The histograms of dose irrespective of time of occurence, shown in fig. Al to A4
(pages 25-28), express how the parameter uncertainty affect the nuclide consequences.
Dose rate levels less than 10"18 Sv/yr are not shown. For all nuclides but iodine the
percentage of runs with zero doses is very high as can be seen for instance from the
histograms. Those histograms show distributions spreading over several orders of
magnitude which expresses the uncertainties associated witn dose consequences. They
display an underlying negative skewness.

The iodine nuclide shows a radically different histogram pattern - see fig. A l . The
dose rates fall in a small range particularly for release by the grain boundary
mechanism. The mean dose is approximately the same for grain boundary release
(90% of the nuclide inventory) and gap release (10% of nuclide release) - see table
V. The iodines high contribution to the total dose is obviously a result of its
exceptionally high mobility in both near and farfields.

3.1.2. Variation studies

To assess the uncertainty in the figures related to the partition of the releases between
10% and 90%, two probabilistic calculations were done with 20% gap release and
80% grain boundary release of the iodine inventory. The new mean doses became
15.5 x 10'7 Sv and 4.98 x 10'7 Sv for the gap release and grain boundary cases,
respectively.

As expected, the dose from the 129I gap release case increased proportionaly to the
increase of its inventory. For the 129I grain boundary case, the decrease of dose
followed the same relation. This resulted in an increase of the total iodine dose from
1.34 x 10* Sv to 2.05 x 10"6 Sv.

To be sure that this result is conclusive although the number of runs is relatively low
(1000 runs), we studied the convergence rate of the simulation (fig. 3, page 9), which
is clearly good.

Obviously if we were interested in the repository history, the partition of 20% gap
release and 80% grain boundary release would also have a certain impact on the
results for each time point and specially on earlier time points.
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Figure 3. Convergence of dose rate versus the number of simulations for the ml
nuclide, grain boundary case.

Deterministic runs show that the same conclusion is valid for all other nuclides which
releases from the nuclear matrix is affected simultaneously by two or three of the
mechanisms studied (gap release, grain boundary and matrix release). Those nuclides
were: l35Cs, 14C and "Tc.

It should be pointed out that the above conclusion is not general. It is valid for the
models used in our simulations together with the numerical approach used for the
coupling mechanism between the near and far-field models [7].

It is therefore concluded that for those nuclides, the uncertainties in the relative
percentages due to different leaching mechanisms from the nuclear fuel matrix can be
important for the conceptual transport models in question.
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The number of Monte Carlo simulations in the probabilistic assessment was limited to
one thousand samples for most of the case studies. We studied the convergence rate of
the mean doses upon the number of samples using the plots shown in figs. A5-A6
(pages 29,30). As expected the results are not entirely satisfactory with the exception of
the iodine case as mentioned above.

The plot for "Tc grain boundary case, displays an abrupt increase of the upper bound
of the 95% confidence level after 900 samples (page 29, fig.A5). We have also changed
the starting seed for the same transport simulation of technetium but keeping the number
of realizations equal to the initial value of one thousand (see fig.4 below). We conclude
that the mean value is still in concordance with those of the previous simulations. The
confidence bounds are however to large and it is clear that one thousand simulations
using the Monte Carlo sampling is too low.

8.0E-009

0.0E+00O
300 400 600 800 1000 1200

Number of Monte Carlo simulations

Figure 4. Convergence diagram of dose rate irrespective of time of occurence for the
"Tc nuclide grain boundary case, representing one thousand realizations but with a new
seed number.

We repeated the calculations for the technetium nuclide once case again but using 4000
samples. The mean value is practically the same but the 95% confidence level interval
decreased substantially. The new convergence plot is shown in fig. 5.

The impact of the different parameters on the output (mean dose irrespective of time of
occurence), as expressed by the Spearmans coefficient, is practically the same, i.e. the
parameter sensitivities (see paragraph 3.2.) are stable enough at 1000 realizations. The
statistical uncertainty has decreased as expected.
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&0C-OQ»

idbo 2000 sobo 4000 sooo
Number of Monte Cork) simulations

Figure 5. Convergence of dose rate irrespective of time ofoccurence versus the
number of simulations for "Tc (grain boundary). The total number of runs is 4000.

3.13. Cumulative distribution functions

The complementary cumulative distribution functions for the nuclides studied are shown
in fig. A7 to A14. These distribution functions display also the fact that only a small
percentage of all simulations contribute to mean dose values; the exception is the iodine
nuclide, particularly for the grain boundary case which is shown in fig. 7, page 17 (se
also table V, page 7).

3.2. Sensitivity analysis

In order to quantify the influence of parameters on the output distribution a sensitivity
analysis was done upon each nuclide. The following methods were used for the above
purposes:

• Spearmans correlation coefficients.

. Scatter plots.

• Sensitivity plots of relative contribution to the dose rate irrespective of time
of occurence versus parameter CDFs.

Local sensitivity analysis conclusions are inferred from the studies done in order to
control the uncertainties associated with the initial inventory figures used in the near-
field models (see paragraph 3.1.2 on deterministic runs for 13SCs, 14C and *Tc).

Table VI shows the results of the Spearman analysis performed nuclide by nuclide.
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TABLE VI- Spearman correlation coefficients between maximum dose irrespective
of time of occurrence and variable parameters. Correlation coefficients with an
absolute value less than 025 are considered irrelevant.

Nuclide*

14C(gr)

14C (gb)

129I(gr)

1Z>I(gb)
135Cs (gr)
13SCs(gb)

^ N p
242Pu
240Pu
243Am

«Zr

*>Tc(gr)

^cfeb)

"Tc(mr)
7'Se
126Sn

Parameter

Qo

0.82

0.73

0.99

0.82

0.82

0.80

0.79

0.72

0.69

0.66

0.74

0.44

0.50

0.38

0.26

0.74

S

0.32

0.42

0.29

0.43

0.45

0.29

0.32

0.25

0.34

Pe

-0.26

-0.28

-0.26

-0.27

-0.25

-0.28

-0.33

-0.51

-0.53

-0.53

-0.73

Sol. sub
ox.

0.30

0.39

0.26

Sol. sub
red.

0.40

0.29

Sol. Ur.
ox.

0.32

0.48

Sol.Ur.
red.

fQo • groundwater flow rate; S- fracture spacing; Kj- surface sorption coefficient; Pe- Peclet
number; Sol. sub. ox.- solubility of substance under oxidising conditions; Sol. sub. red-
solubility of substance under redox conditions; Sol. Ur. ex.- solubility of uranium under
oxidising conditions. Sol. Ur. red- solubility of uranium under reducing conditions.
*gr - gap release; gb - grain boundary; mr - matrix release

The parameters which impact on the output consequences (mean dose to man
irrespective of time of occurrence) are interesting in a global sensitivity analysis are
those that were varied in the simulations. In a total eight parameters were studied. Four
of them are geosphere parameters and the remaining are near-field parameters. Of the
geosphere parameters, Qo, S, Pe and Kd only the last one is nuclide specific, the others
being common to all nuclides. The near-field parameters are all nuclide specific.

Table VI display some common features for all nuclides. Of the geosphere parameters,
the groundwater flow rate Qo and the fracture spacing S have a positive correlation with
the output which means obviously that the higher the water flow rates and the fracture
spacing, the higher is the concentration of nuclides per year reaching the biosphere and
therefore of doses to man from water intake in the biosphere well scenario considered;
the Peclet number Pe and the sorption coefficient Kd have a negative correlation with
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the output also in accordance with the physical interpretation of these parameters.

Other conclusions on parameter impact are resumed bellow.

• The groundwater flowrate Qo

This parameter is the most important parameter for all nuclides but "Tc and 79Se. For
126Sn it is the only important parameter.

• The fracture spacing S

This parameter is the second parameter in importance for all nuclides but 243Am, "Tc
and TOSe and 126Sn. For the last three nuclides this parameter is irrelevant (absolute value
of correlation coefficient less than 0.25). It should be observed that in the cases
displaying a relative low correlation for the groundwater flow rate (less or equal 0.50)
and an high Kj correlation, the S parameter is irrelevant.

• The Peclet number Pe

For those nuclides for which the Peclet number is relevant, it is concluded that it is the
parameter with the least impact on the output (dose to man).

• The sorption coefficient Kd

This parameter is relevant for "C for which it is the third parameter in importance, and
for "Tc and 79Se. For those last two nuclides it is the most important parameter.

The near-field parameters considered in table VI above are those that were varied in the
simulations. Those are the solubilities for the uran matrix under oxidising and reducing
conditions, Sol.Ur.ox. and Sol.Ur.red. respectively and the solubilities of the other
nuclides embedded in the matrix . These last ones are labelled as Sol.sub.ox. and
Sol.sub.red. where "sub" stays for substance.

The solubility parameters have, for all nuclides, a positive correlation with the output
as expected because high solubilities imply high release rates.

• The solubilities of substances under oxidising conditions

It is a relevant parameter for three nuclides: TOSe and the plutonium isotopes 24OPu, 242Pu.

• The solubilities of substances under reducing conditions

This parameter is significant only for "Tc. Technetium is a nuclide that easily
precipitates at the redox front; however in the cases where **Tc is not released via grain
boundary or gap release mechanisms this parameter is irrelevant.
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• The solubility ofuran under oxidising conditions

This parameter is relevant for two nuclides only: 2<3Am and "̂ Tc. For both nuclides it
is the second parameter in importance. In the case of technetium where three releasing
mechanisms from the near-field are involved only the case of congruent release show
a dependence on the solubility.

• The solubility of uran under reducing conditions

This parameter is irrelevant for all nuclides.

The relationship implicit in table VI is summarized in table VII below, where the
parameters are ranked in decreasing order of importance and where 1 is the most
important parameter and 4 the last in importance. The only parameters considered in the
table are those that are relevant (i.e. which absolute value is higher than 0.25).

Table VII- Pärameters ranked according to their decreased order of
importance

Nuclide

"Cfcfl
MC(gb)

129I(gr)
129I (gb)
13SCs (gr)
u5Cs (gb)

S 7Np
242pu

*°Pu

a 3 Am

*Zr

Tcfgr)
" T c ( g b )

" T c ( m r )
TOSe

^Sn

Parameter rank1

1

Qo

Qo

Qo

Qo

Qo

Qo

Qo

Qo

Qo

Qo

Qo

K,

K*

K,

Qo

2

S

S

S

S

s
s
s
s
Sol.ox.

S

Qo

Qo

Sol.Ur.ox.

Qo

r

3

K,

Pe

Pe

Sol.ox.

S

Sol.red.

Sol.red.

Qo

SoLox.

4

Pe
Pe
Pe

Q° groundwater flow rate; S- fracture spacing; Kj- surface sorption coefficient; Pe- Peclet
number; Sol. ox.- solubility of substance under oxidising conditions; Sol. red.- solubility of
substance under redox conditions; Sol. Ur. ox.- solubility of uranium under oxidising
conditions.
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Cumulative sensitivity plots are used to condense the information on the parameter
impact on the dose rate irrespective of time of occurence fig. A15 to A18 pages 39-42.
Curves below the diagonal (see the plot of B'Am nuclide, fig. A15, page 39) have a
positive correlation to dose irrespective of time of occurence. The deviation from the
diagonal is a measure of the sensitivity of a given parameter.

Scatter plots are also a convenient way to display graphically the underlying relation
between a given parameter and the dose to man. In fig. 6 below we show the scatter plot
of the groundwater flow rate Qo for the case of gap release of 14C nuclide. The
Spearman correlation coefficient in this case is +0.82. Fig. 6 shows also the scatter of
the parameter K^for which the correlation coefficient is negative (-0.28). The absolute
value of that parameter is near the 0.25 limit under which we consider the parameter
as irrelevant. It can be observed that a correlation is still perceptual from that plot
although with a certain difficulty. The orientation of the principal axis of the ellipses are
related to the signals of the correlation coefficients.Those ellipses do not correspond to
a quantification of the Spearman correlation coefficient. They have been drawn only for
illustrative purposes.

w
>.
O"

O
w
v
"o
*"
t>
en
O

R
el

e

10*1

10 V

10 •'-,

io V

10 V

10 -

1 •

10-'

l o - -

* •• V •/. v *
* å .' • *• *

' ti *.••

i"'rf: 1.: '"''
•\ •; '"•>/.J'
• ^ < •* •'• •'» *"#

:>* i * .

"' •** #' *

.V -. . •

*

•

10*1

<

g
V 10':
O

«
O

v
&

10-*-

. . . .

i'**? 'SI*'4*'

\}'£?":.
: ' •".'•'. :..:y

i *'•' *•/•».
i* .• . • ' •*
» • . . ••*••:

^ * . . ' . • •
". V ' '. -

A •";'. .*

_
*"*W . ..

• • »" •

.'* - ^ /

• •

•

•

1' •
1

1.

0.001 0.01 0.1 1 10

Groundwater flowrote 0/m«»2,yr)
10" 10" 10 "* 10- 1

Sorption coefficient (—)
10

Figure 6. Scatter plots of release rate irrespective of time of occurence versus the
groundwater flow rate and sorption coefficient of 14C respectively.



16

In the interpretation of the impact of parameters on the consequences one should
exercise a certain caution. First, for the special group of nuclides 14C, 129I and l35Cs
which are characterised by very high mobility, the solubilities are not represented
explicitly as parameters in the near-field model. Therefore, they cannot be assessed in
a sensitivity analysis as independent parameters. The approach used was to introduce
two conceptual models, the gap release and the grain boundary models (see paragraph
2.1). These models take into account the fact that a certain fraction of those nuclides is
instantaneously available to transport by the surrounding groundwater. Therefore, their
very high or "infinite" solubilities are very important parameters although this fact is not
apparent in the sensitivity analysis.

Second, there is an intrinsic physical correlation between certain parameters, for instance
between the groundwater flow rate Qo and the fracture spacing S or between the
groundwater flow rate and the Peclet number Pe or between the Peclet number and the
fracture spacing 5. Those correlations are site specific and not easily quantifiable as a
consequence of space variability. In the Monte Carlo approach the parameters expressing
those physical quantities are treated as independent. The numerical values of the
Spearman correlation coefficients are therefore used as indicators of the impact of those
parameters on the output, giving us a relationship of the type "the groundwater flow rate
is a very important parameter", or "the Peclet number is less important than the
solubility of plutonium under oxidising conditions", etc...

Also the channelling is not treated explicitly by the probabilistic transport models. Kd

values can be used in a phenomenologic interpretation of channelling. Very low Kd

values together with high groundwater flow rates express an equivalent of channelling
i.e. pathways for rapid transport of the contaminants in the groundwater.

The anomalous Spearman correlation coefficients in the cases of the *Tc and 79Se
nuclides has probably to do with parameter intercorrelations and needs further work in
order to clarify that aspect.

The sensitivity plot of the iodine nuclide 12*I - grain boundary case, (fig. 6.5.6, page 6-
67, vol. II of the SKI Project-90 report [1]) seems to contradict the results given by the
Spearman correlation analysis. This analysis shows clearly that the groundwater flow
rate is a very important parameter. On the other hand, the sensitivity plot shows a very
small deviation between the curve representing Qo and the diagonal. This apparent
contradiction is easily explained. In contrast with the majority of cases, all thousand
simulations of that Monte Carlo simulation of 129I (grain boundary case), contribute
substantially to the mean value of the output (dose rate irrespective of time of
occurence) as can be observed from the downward cumulative distribution (fig. 7). This
PDF should be compared with those of the nuclides in pages 31-38, fig. A7-A14. In fact
the number of simulations contributing to the high-consequence tail of those PDFs is
very small for the majority of nuclides.

For 129I The scatter plots of dose irrespective of time of occurence versus the parameters
give a better picture of parameter sensitivity, which is easier to interpret (see fig 8).

In general some care should be exercised when interpreting the sensitivity plots given
by the cumulative distributions. Intercomparision of plots for different nuclides can lead
to misinterpretation. It is not possible to state that for instance the Kd value of 243Am is
a more important parameter than the groundwater flow rate Qo of 129I due to the fact
that the deviation of the Kd curve for 243Am is more pronounced than that of Qo for 129I.
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The reason is once again radically the different shapes of the cumulative PDFs (fig. 7
bellow and fig. A8, page 32).

o.o
10 10 10"" 10-" 10"" 10"* 10'

Dose rote (Sv/yr)
io •

Figure 7. Downward cumulative probability of dose rate irrespective of time of
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We conclude therefore that:

- the merit of the sensitivity plots based on cumulative distributions, is the easy
overview of the relative impact of the parameters on the output. However
intercomparision between different simulations is irrelevant

- the scatter plots must be used in the case of nuclides for which not only the tail of
the output PDF (dose irrespective of time of occurence in our case) contribute
significantly to the mean value of that output, because of the lower "resolution" of the
cumulative distribution type of sensitivity plot

- the cumulative sensitivity plots have the advantage of condensing in one or two
plots the information on parameter sensitivities. In the case of use of scatter plots it is
necessary to have one plot per parameter.

- for the quantification of sensitivities the Spearman, Kendalls or related non-para-
metric correlation techniques are very useful and should be used simultaneously with
sensitivity plots whenever misinterpretation is possible.

- If for a given nuclide case study, the Spearman correlation coefficients for two
parameters lie near ±0.25 it becomes difficult to rank them from the cumulative
sensitivity plots or scatter plots. Considering that thousand simulations is not enough to
obtain good confidence levels for the Spearman correlation coefficients for those cases,
the statements on their relative impact must take in consideration the statistical
uncertainty.
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4. Conclusions

The probability system assessment calculations peifonned using the SKI-P90 reference
site focused some main issues that should in our point of view be fully addressed in the
context of future exercises. We resume those issues below under a ceitain number of
subtitles.

On the transport models for probabilistic assessments

The probabilistic transport codes (assessment codes) are used for simulations where the
code parameters are sampled thousands of times resulting in large and time-intensive
calculations. Therefore those codes must be sufficiently simplified, but still describe the
main physical processes involved in the transport of radionuclides.

All transport models (codes), to be used in SYVAC/SU should be able to simulate the
transient features of nuclide transport and handle decay chains.

Concerning the far-field, the CRYSTAL code [8] meets these requirements and will
substitute the GE01SU, NUCDIF and REDLIM codes. The CRYSTAL code was not
designed as a code to be used in the context of probabilistic calculations. Within the
SKI-P90 project that code was only used in deterministic calculations and therefore the
numerical stability of the code could not be tested for a wide range of parameter
combinations. Therefore as soon as it has been implemented in SYVAC/SU, an
extensive set of calculations will be done to fully examine the performance of the code.

For simulations of the near-field we do not have today a probabilistic transport model
that meet the requirements named above. A simplified version of the CALIBER code
[9] would fill that gap and substitute the near-field models available today in
SYVAC/SU 1.1.

On convergence of results

The high number of simulations necessary to span the space of parameter combinations
in probabilistic assessments, has in the past, put constrains on the advantages of
probabilistic sampling strategies in general. Probabilistic schemes for parameter sampling
such as Latin Hypersquare and Importance Sampling have been used to accelerate
convergence of results, using Monte Carlo sampling technique as reference.
Nevertheless, the tendency has been to reduce further the total number of samples. But,
because PDFs of different shape are used in the simulations, it is not possible
theoretically, to deduce a priori the minimum number of samples necessary to attain
convergence.

One of the main advantages of simple Monte Carlo sampling is that a sub-sample of it
is still a Monte Carlo sample. This implies that, if concluded a given simulation
assessment, it becomes obvious that the number of simulations were not sufficient it
is always possible to continue the assessment without rejecting the results already
obtained. The second important advantage is that the statistics for the post-processing
of the results is transparent; for example no assumptions have to be made in a
preliminary set of simulations in order to decide what are the most important parameters
that should be sampled afterwards in order to reduce the total number of samples. Such
assumptions must be carefully analyzed and correctly interpreted if the final results are
to be considered valid.
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We have used one thousand samples for each nuclide, resulting with some variations
studies done, in approximately twenty thousand samples. This was find to be too low.
Due to the rapidly decreasing CPU-cost, the number of simulations for each nuclide will
be increased in the future to then thousands. This first guess takes into consideration the
number of parameters that are varied in the SYVAC/SU transport models. It is very
important to obtain a satisfactory convergence, not only for confidence on the estimated
doses but also for global sensitivity analysis purposes, where clarification of the
advantages of different methods is necessary.

Probabilistic versus deterministic approaches. On the justification of PDFs used in
probabilistic assessments.

Some parameters used in probabilistic assessments are difficult if not impossible to
obtain experimentally, due to spatial variability. This is for instance the case of the Kd

parameter. Our knowledge insufficiency about the variation of such parameters is solved
by using a PDF to describe the envelope of possible values for those parameters.
However the shape of those distributions cannot in general be justified in a strict sense.
This is one of the main arguments against the probabilistic methodology. This aspect is
not critical. One possibie approach is to use the actual experimental values, which give
an empirical PDF, instead of trying to deduce an underlying theoretical PDF. Another
approach is to use only the extreme values as given by the experimental results and use
a uniform PDF (probably after an evaluation by an expert group). As long as the results
do not lead to serious overestimation of the final consequences, such a conservative
approach can be used. In other case a re-analysis of the high-consequence results must
be done. This would also be the case of deterministic simulations using the same
experimental extreme values.

For the models hitherto used in SYVAC/SU the shape of the PDFs are not critical as
long as the boundaries of the parameter range are the same for different PDFs used for
sampling a given parameter. More clearly, if we use for instance a given uniform
distribution between A and B or a normal distribution with A and B values as low and
high cut-off values and with a mean value M in the proximity of the mean value of the
uniform distribution then the maximum consequences irrespective of time of occurence,
for these two simulation cases, will not differ significantly, for physically reasonable
parameter values [7]. We recall that if we use the same models in a deterministic
approach, then we apply the models in three variation studies (one for the lower cut-off
value A, one for the higher cut-off value, B and another for the mean value M). One of
the extreme parameters will obviously lead us to the same value for the highest
consequence irrespective of time of occurence as the probabilistic simulations. A
decision about the choice of one of the thr;e values obtained in the deterministic run
should probably need the complementary information given by the probabilistic
simulations, specially if we were dealing with a re-analysis of high consequences. In our
point of view deterministic and probabilistic approach are necessary complements to
each other.
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