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ABSTRACT  

In Posiva Oy´s Safety Case “TURVA-2012” the repository system scenarios leading to 
radionuclide releases have been identified in Formulation of Radionuclide Release 
Scenarios. Three potential causes of canister failure and radionuclide release are 
considered: (i) the presence of an initial defect in the copper shell of one canister that 
penetrates the shell completely, (ii) corrosion of the copper overpack, that occurs more 
rapidly if buffer density is reduced, e.g. by erosion, (iii) shear movement on fractures 
intersecting the deposition hole. 

All three failure modes are analysed deterministically in Assessment of Radionuclide 
Release Scenarios, and for the “initial defect in the canister” reference model a 
probabilistic sensitivity analysis (PSA) has been carried out. 

The main steps of the PSA have been: 

‐ quantification of the uncertainties in the model input parameters through the 
creation of probability density distributions (PDFs), 

‐ Monte Carlo simulations of the evolution of the system up to 106 years using 
parameters values sampled from the previous PDFs. Monte Carlo simulations 
with 10,000 individual calculations (realisations) have been used in the PSA, 

‐ quantification of the uncertainty in the model outputs due to uncertainty in the 
input parameters (uncertainty analysis), and 

‐ identification of the parameters whose uncertainty have the greatest effect on the 
uncertainty in the model outputs (sensitivity analysis) 

Since the biosphere is not included in the Monte Carlo simulations of the system, the 
model outputs studied are not doses, but total and radionuclide-specific normalised 
release rates from the near-field and to the biosphere. These outputs are calculated 
dividing the activity release rates by the constraints on the activity fluxes to the 
environment set out by the Finnish regulator. 

Two different cases are analysed in the PSA: (i) the “hole forever” case, in which the 
small hole through the copper overpack remains unchanged during the assessment 
timeframe of 106 years, (ii) the “growing hole” case, in which sometime in the future 
the small hole enlarges into a much greater defect (e.g. due to corrosion and consequent 
volume expansion of the cast iron insert).  

Several sensitivity analysis methods, both numerical and graphical, are described in the 
PSA report. All these methods are used to study the total (added over all the 
radionuclides) release rates and the release rates of the main radionuclides (14C, 129I and 
36Cl). For the rest of radionuclides simplified sensitivity analyses are carried out.  

The PSA is focused mainly on the peak values of the normalized release rates from the 
near-field and to the biosphere, although simplified analyses are performed for the 
evolution with time of the release rates of the main radionuclides and the whole 
inventory.  

The different sensitivity analysis methods identify roughly the same parameters with a 
significant influence on model results, which provides robustness to the results of the 
PSA.  
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Additional Monte Carlo simulations have been carried out to study the effect on model 
results of model uncertainties not related to parameter values (e.g., the location of the 
initial defect in the canister) or alternative models. 

Keywords: Safety assessment, sensitivity analysis, uncertainty analysis, initial defect in 
the canister, normalized release rates. 
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Alun perin viallisen loppusijoituskapselin todennäköisyyspohjainen 
herkkyysanalyysi 

TIIVISTELMÄ 

Posivan turvallisuusperustelun TURVA-2012 skenaariot kattavat kolme mahdollista 
tapausta radioaktiivisten aineiden päästöön johtavalle loppusijoituskapselin vioittu-
miselle: (i) yhden kapselin kuparivaipan alun perin läpäisevä reikä (ii) kuparin kor-
roosio, joka kehittyy nopeammin, jos puskurin tiheys on alentunut esimerkiksi eroosion 
johdosta, (iii) loppusijoitusreikää leikkaavien rakojen siirros.  

Nämä vikaantumistavat on analysoitu deterministisesti Loppusijoituslaitoksen päästös-
kenaarioiden tarkastelut 2012 -raportissa (POSIVA 2012-09). Lisäksi alun perin vial-
lisen kapselin tapausta on arvioitu todennäköisyyspohjaisesti. 

Todennäköisyyspohjaisen tarkastelun (PSA) päävaiheet olivat: 

‐ Todennäköisyysjakaumien tuottaminen mallinnuksen lähtötietietojen 
epävarmuuden määrittämiseksi. 

‐ Systeemin kehityksen simulointi Monte Carlo -menetelmällä miljoonaan 
vuoteen saakka. Nämä simuloinnit käsittivät 10000 yksittäistä laskentatapausta 
eli reaalisaatiota.  

‐ Mallin tulosten epävarmuusanalyysi 
‐ Niiden parametrien tunnistaminen, joiden epävarmuuden merkitys on suurin 

mallin tulosten kannalta; so. mallin herkkyysanalyysi. 

Monte Carlo -simuloinnit eivät kattaneet biosfääriä. Siten mallilla ei laskettu säteily-
annoksia vaan päästövirtoja kallioperästä biosfääriin. Tuloksia verrattiin säteilyturva-
viranomaisen asettamiin päästövirtarajoihin. 

Tapauksen, jossa kuparivaipan vika pysyy muuttumattomana koko miljoonan vuoden 
tarkasteluajanjakson, lisäksi tarkasteltiin tapaus, jossa reikä jossain vaiheessa suurenee 
huomattavasti (esimerkiksi korroosion ja siitä seurauksena olevan rautaisen sisäosan 
tilavuuden laajenemisen johdosta). 

Raportissa kuvataan sekä numeerisia ja graafisia herkkyysanalyysimenetelmiä. Kaikkia 
menetelmiä käytettiin kokonaispäästövirtojen ja keskeisten nuklidien (14C, 129I, 36Cl) 
päästövirtojen arvioimiseksi. Muiden radionuklidien tapauksessa suoritettiin yksinker-
taistettuja herkkyysanalyysejä. 

Todennäköisyyspohjainen analyysi keskittyy päästövirtojen huippuarvoihin. Niiden 
lisäksi yksinkertaistettujen analyysien avulla tarkastellaan keskeisten nuklidien ja koko 
käytetyn ydinpolttoaineinventaarin päästövirtojen ajallista kehittymistä.  

Eri herkkyysanalyysit tunnistavat pääosin samat mallitulosten kannalta keskeiset 
parametrit, mikä tukee todennäköisyyspohjaisten analyysitulosten robustisuutta. 

Monte Carlo -simuloinnein tutkittiin myös muiden kuin parametriarvoihin liittyvien 
tekijöiden vaikutusta mallinnustuloksiin. Tällaisia muita tapauksia ovat esimerkiksi alun 
perin viallisen kapselin paikka tai vaihtoehtoiset mallit. 

Avainsanat: Turvallisuustarkastelu, herkkyysanalyysi, epävarmuusanalyysi, kapselin 
alkuperäinen vika, päästönopeus. 
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1 INTRODUCTION 

This report presents the probabilistic sensitivity analysis (PSA) carried out for the 
TURVA-2012 safety case. The potential causes of canister failure and radionuclide 
release analysed in TURVA-2012 are as follows: 

- The presence of an initial defect in the copper shell of the canister that penetrates the 
shell completely (the subsequent corrosion of the insert may then lead to an 
enlargement of the defect); 

- Corrosion of the copper overpack, that occurs most rapidly in scenarios in which 
buffer density is reduced, e.g. by erosion; and 

- Shear movements on fractures intersecting the deposition holes.  

All three failure modes are analysed deterministically in [23]. Only the first failure 
mode is considered in the PSA, assuming that a canister with a single initial penetrating 
defect is present in the repository. This defective canister is equally likely to be present 
at any location in the repository and the sampling of flow-related transport parameter 
values takes into account the variability of these parameter values between locations. 

Monte Carlo simulations and sensitivity analyses are performed for two cases, the “hole 
forever” case (the initial defect in the canister overpack remains unchanged during the 
one million years assessment timeframe) and the “growing hole” case (after a period of 
time the initial defect in the canister grows and a much greater hole in the canister wall 
is created).  

This report is organized in this eighteen chapters and one appendix: 

- Chapter 1 provides an introduction to the report, 

- Chapter 2 describes the technique of Monte Carlo simulation and probabilistic 
sensitivity analysis (PSA), 

- Chapter 3 provides a description of the repository concept analysed, the models used 
in the calculations, and the probability density functions (PDFs) assigned to the 
uncertain input parameters, 

- Chapter 4 describes the sensitivity methods used,  

- Chapter 5 presents the results of the Monte Carlo simulations, with the purpose of 
quantifying the uncertainty in the model results due to the uncertainty in the values 
of the model parameters. The radionuclides that control the total normalised release 
rates are identified,  

- Chapters 6 to 9 are comprehensive sensitivity analyses  for the four most important 
radionuclides (C-14, Cl-36, I-129 and Cs-135), 

- Chapter 10 is a comprehensive sensitivity analysis for the total normalised release 
rates of the sum of all actinides and progeny,  

- Chapter 11 is a comprehensive sensitivity analysis for the total (added over all the 
radionuclides) normalised release rates, 
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- Chapter 12 presents the simplified sensitivity analyses done for the fission and 
activation products not included in the group of four most important radionuclides, 

- Chapter 13 presents the simplified sensitivity analyses done the individual actinides 
and progeny, 

- Chapter 14 provides a justification of the robustness of the results of the PSA, 

- Chapter 15 discusses the effect of some input parameters on model results, 

- Chapter 16 presents the additional Monte Carlo simulations performed to analyse 
other uncertainties and alternative models,  

- Chapter 17 summarises the main findings and conclusions of the PSA,  

- Chapter 18 contains the references, and 

- Appendix A presents some analytical solutions used in the discussion of the results. 

This report includes several pages left intentionally blank. The purpose is to ensure that 
some pairs of figures (Figure 8-3 and Figure 8-4, for instance) can be compared easily 
in the printed version, with the results for the release rate from the near field in the left 
page and for the far field in the right page. (INCLUDE THE BLANK PAGES IN THE 
FINAL VERSION) 
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2 MONTE CARLO SIMULATION AND PROBABILISTIC SENSITIVITY 
ANALYSIS (PSA) 

Many of the parameter values used in the radionuclide release and transport calculations 
for a geological disposal facility are affected by significant uncertainties, due to spatial 
variability, time evolution of the environmental conditions and epistemic uncertainty in 
the parameter values. Epistemic uncertainty arises from a lack of knowledge about the 
appropriate value to use for a parameter that is assumed to have a constant value in 
some region of the space or interval of time (e.g. the uncertainty of the value of the 
distribution coefficient of a chemical element in the buffer, when the incoming 
groundwater has a known composition).  

The uncertainty in the input parameters produces uncertainty in the model results, and it 
is necessary to propagate the input uncertainties into uncertainties in the results. Monte 
Carlo simulation is the most common technique for propagating the uncertainty in the 
various aspects of a system to the predicted performance. 

In a Monte Carlo simulation the entire system is simulated a large number of times. 
Each simulation is equally probable, and is referred to as a realisation of the system. For 
each realisation all the uncertain input (system) parameters are sampled, meaning that a 
single random value is selected from a specified probability density function (PDF) that 
represents the uncertainty in the value of that parameter. The evolution and performance 
of the system is then calculated using the set of values of the input parameters selected.  

Each realisation provides a possible evolution of the system, and the results of the 
multiple independent system realisations are assembled into probability distribution of 
the possible outcomes. These distributions provide information about the uncertainty in 
model results due to the uncertainties in the input parameters.  

The results of the Monte Carlo simulation are used to perform a probabilistic sensitivity 
analysis (PSA) to identify the input parameters whose uncertainties dominate the 
uncertainty in the calculated performance measures (e.g. peak release rates to the 
biosphere of a given radionuclide). Several sensitivity measures can be used to identify 
the dominant parameters (see chapter 4), and each measure allows input parameters to 
be ranked in order of importance. The different sensitivity measures have been found to 
identify roughly the same important parameters (although the rankings can be different), 
which provides robustness to the findings of the sensitivity analysis. 

The different steps of the process are illustrated in Figure 2-1. 

In this report the Monte Carlo simulations are carried out using the computer code 
GoldSim [17] and the models and data in chapter 3. The sensitivity measures are 
calculated with MATLAB. 
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Figure 2-1. Technique of Monte Carlo simulations and probabilistic sensitivity 
analysis. 
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3 MODELS AND DATA 

3.1 Description of the repository in granite 

The Finish disposal concept for spent fuel is based on a multi-barrier principle, 
according to which the barrier components complement each other to the extent that 
degraded performance of one component does not compromise repository safety. The 
safety rests on the long-term isolation of radionuclides within copper-iron canisters 
surrounded by a swelling clay buffer material located deep underground in crystalline 
rock.  

The disposal facility considered in TURVA-2012 is located at Olkiluoto, an island in 
the community of Eurajoki on the south-west coast of Finland, and is based on the 
KBS-3V concept (Figure 3-1). In Posiva´s current repository design, the repository is 
constructed on a single level and the floor of the deposition tunnels is at depth of 
between 400-450 m in the Olkiluoto bedrock. 

 

 

Figure 3-1. Schematic presentation of the KBS-3V disposal concept. 

 
In the KBS-3V concept the spent fuel is encapsulated in canisters with a cast-iron insert 
and a copper overpack with a nominal thickness of 50 mm. Once filled and sealed, the 
copper-iron canisters will be emplaced individually in vertical deposition holes down 
from the floors of deposition tunnels. The space between the canisters and the rock wall 
of the deposition hole will be filled with a swelling clay buffer material. The deposition 
tunnels are planned to be backfilled with compacted Friedland clay blocks and Milos 
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bentonite. The tunnels and the shafts and the ramp that communicate the disposal level 
with the surface will also be backfilled, and sealing plugs will be emplaced to block 
pathways for groundwater flow and to hold buffer and backfill materials in place. 

The spent fuel from all the Finish nuclear power plants will be disposed of the 
repository. The spent fuels have different dimensions, and hence the canisters and the 
deposition holes have different dimensions (Figure 3-2).  

 

 

Figure 3-2. Cross section of the deposition tunnels and holes for different fuels. 

 

3.2 Model description 

The main features and physical dimensions of the near field model are shown in Figure 
3-3 and Figure 3-4. The dimensions of the canister and the deposition hole correspond 
to OL1-2 fuel as in the Reference Case of TURVA-2012. The geometry of the 
deposition tunnel has been simplified for modelling purposes: a rectangular cross 
section is used, whereas, in reality, the roof of the tunnel has a curved shape.   

Water flow is considered to occur in the deposition tunnel backfill, the Excavation 
Damaged Zone (EDZ), which is expected to be primarily below the floor of the 
deposition tunnel, the damaged rock around the deposition hole and in natural rock 
fractures intersecting both the deposition tunnel and the deposition hole. No significant 
water flow is assumed to occur in the buffer due to its low hydraulic conductivity.  
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Figure 3-3. Main features and physical dimensions of the near field model in a vertical 
section passing through the centre of a deposition hole normal to the tunnel axis. 

In the near field model there are three transport pathways via which radionuclides 
released from a failed canister can migrate to the geosphere. These pathways, which are 
referred to respectively as F-, DZ- and TDZ-paths, are: 

- the F-path, that leads from the canister, through the buffer and the deposition hole 
damaged zone to a host-rock fracture intersecting a deposition hole; 

- the DZ-path, that leads from the canister, through the buffer (and/or the deposition 
hole damaged zone) to the deposition tunnel EDZ, and thence to a host-rock fracture 
intersecting the EDZ; and 

- the TDZ-path, that leads from the canister, through the buffer to the deposition 
tunnel backfill, and thence to a host-rock fracture intersecting the deposition tunnel.  

Each of these release paths from the near field has associated with it a transport path 
through the geosphere and the end points of the calculations are the  release rates from 
the geosphere (into the biosphere), because the model for the Monte Carlo simulations 
does not include the biosphere. 
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Figure 3-4. Main features and physical dimensions of the near field model in a vertical 
section passing through the centre of a deposition hole parallel to the tunnel axis. 

 
The model used in the Monte Carlo simulations for the PSA is very similar to the model 
used in the Reference Case of TURVA-2012 and presented in section 3 “Modelling of 
radionuclide release, retention and transport” of [23]. The main points of the model are: 

- a canister presents an initial penetrating defect in the 5cm thick copper overpack and 
after some time a transport pathway from canister interior to the buffer is created. 
This defect is in the upper part of the lateral surface of the canister, 

- the defect through the copper overpack is in the order of 1mm in diameter and 
presents a significant resistance to transport, 

- the radionuclides and stable isotopes in the Instant Release Fraction (IRF) of the 
inventory are released immediately when a transport path to the canister exterior is 
created. Radionuclides in the fuel matrix, zirconium alloys and other metal parts are 
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released congruently with the alteration of these materials, which is assumed to 
proceed at constant material-specific rates, 

- radionuclides and stable isotopes released from the waste pass to the water volume 
inside the canister, and dissolve or precipitate, depending on their solubility limits. 
Solubility limits in the buffer and the backfill can be different from the solubility 
limits inside the canister, and this is taken into account in the calculations, 

- radionuclides and stable isotopes are transported only dissolved in water. They must 
diffuse through the small hole in the copper overpack before entering the buffer, and 
then they transport by diffusion through the deposition hole buffer and by diffusion-
advection through the deposition tunnel backfill, 

- dissolved radionuclides leave the deposition hole, passing to the water flowing 
through the fractures that intersects the hole (F-path characterised by an equivalent 
flow QF), to the water flowing through the EDZ of the tunnel floor EDZ (DZ-path 
characterised by a flow QDZ) and to the water flowing through the deposition tunnel 
backfill and thence to a fracture that intersects the downstream side of the deposition 
tunnel (TDZ-path characterised by an equivalent flow QTDF), 

- it is assumed that there exists a damaged rock zone of hydrogeological significance 
around the deposition hole, and the volume of water in the damaged rock between 
the fracture that intersects the deposition hole and the top of the hole is well mixed 
(homogeneous radionuclide concentration). Under these assumptions the 
radionuclide concentrations released to the geosphere via the F- and DZ-paths are 
always identical, 

- each of the three release paths from the near has associated its own transport path in 
the geosphere, that is modelled as a single fracture in contact with unaltered rock, 

- transport in the geosphere includes the following processes: advection and 
longitudinal dispersion in the fracture, diffusion into the unaltered rock, sorption on 
unaltered rock and radioactive decay/ingrowth. Solubility limits are not considered 
in the geosphere, and  

- the activity releases rates at the end of the geosphere pathways are divided by the 
geo-bio flux constraints provided by the regulator (Table 3-18) to calculate the 
normalised release rate to the biosphere, which is the key measure of repository 
safety used in the probabilistic sensitivity analysis (PSA). Normalised release rates 
from the near field are calculated in the same way. 

In the Reference Case transport in the geosphere takes place through four classes
of fractures with different retention properties while the model used in the Monte
Carlo simulations assumes that transport is always through “other fractures” (see section
3.3.8).  

The previous description corresponds to the “hole forever” case of the PSA, in which 
the small hole remains unchanged during the assessment timeframe of 106 years. The 
PSA studies another case called “growing hole” with the following differences 
compared with the “hole forever” case: 
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- sometime after the formation of the transport pathway from canister interior to the 
buffer, the small hole enlarges into a much greater defect (e.g. due to corrosion and 
consequent volume expansion of the cast iron insert), 

- the resulting enlarged defect in the canister has the shape of a ring in the upper 
lateral surface of the canister, and  

- the transformation of the small hole into the enlarged defect is hypothetically 
modelled as instantaneous, with no gradual transition.  

3.3 Data used in the Monte Carlo simulations 

To perform the Monte Carlo simulations used in the PSA it is necessary to assign 
probability density functions (PDFs) to all the model parameters affected by 
uncertainty. Table 3-19 summarises the uncertain parameters that can have some 
influence on the transport of a given chemical element. Radionuclides in decay chains 
can also be affected by the transport parameters of their parents. Since many parameters 
(solubilities, Kd´s,…) are element specific, the total number of uncertain parameters in 
the model is much higher: 160 in the hole forever case and 162 in the growing hole case 
(the same parameters as the hole forever case plus Time to loss of hole resistance and 
Length of canister failed). 

The PDFs have been created with the objective of providing a reasonable representation 
of the full ranges of uncertainty and variability in the input parameters. The input data 
used and the process followed to create the PDFs are presented in [20]. 

The PDFs for near field flows, Tunnel length and geosphere flow parameters, with the 
exception of Peclet number, are based on the results of the discrete fracture network 
(DFN) groundwater flow modelling described in [21]. Each individual GoldSim 
realisation of the repository system samples a set of flow-related transport parameters 
from the ensemble of pathways calculated by flow modelling. The PDFs are based on 
the DFN model and the boundary conditions corresponding to year 5,000 AD 
(ps_r0_5000), as in the Reference Case of TURVA-2012. The “r0” refers to a specific 
realisation of the stochastic features of the DFN model. Multiple additional DFN 
realisations (r1, r2,.…, r10) have been created to explore the effect of the uncertainty in 
the spatial distribution of non-deterministic water conducting features. It has been 
shown in Section 4.4 of [23] that the distributions of near field flows and other flow 
related transport parameters do not vary significantly between DFN realisations. Hence, 
only a single DFN realisation (r0) is used in the present PSA.The PDFs of the flow 
related parameters represent the variability of these parameters across all the possible 
deposition hole locations. 

Data are available for the solubility limits and sorption coefficients in the repository 
near field (in the buffer, the backfill and canister interior) for the various reference and 
bounding pore waters that have been defined to account for variability and uncertainty 
in groundwater composition, and the additional sources of uncertainty for a given water 
composition have been quantified. Due to the amount of data available, truncated log-
normal distributions have been created for these parameters, with a central region of 
most likely values and tails of less likely values. 
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Log-uniform (LU) PDFs are assigned to the remaining parameters, because the 
uncertainty typically spans over one or more orders of magnitude. Using log-uniform 
PDFs ensures that the whole range of uncertainty in the parameter values can be 
explored with a reasonable number of realisations, although it tends to overestimate the 
probability of bounding cases (maximum solubility, minimum sorption, etc.) that have 
the highest consequences. While this would be of concern in a probabilistic safety 
assessment (i.e. in the evaluation of risk), it is of less consequence where the Monte 
Carlo simulations are used only for sensitivity analyses (i.e. the identification of 
sensitive parameters), which is the case in the present study. 

The effect of the shape of the PDFs (log.uniform vs. log-normal) is studied in section 
14.4for Sn-126 peak release rates from the near field and to the biosphere, where it is 
found that the results of the PSA are similar: the same important input parameters are 
identified and the rankings of importance are similar.  

Including in the Monte Carlo simulations the correlations between different uncertain 
input parameters complicates the PSA. If parameters A and B are correlated and 
parameter A has a strong effect on the output variable of interest but parameter B has no 
effect, the PSA will find that parameter B has a significant effect on the output also. 
Additional effort must be spent to identify the parameters with a real influence on the 
output. For this reason, independent (uncorrelated) probability density functions have 
been assigned to all the input parameters. Nevertheless, consideration of parameter 
correlations in Monte Carlo simulations is potentially important as their omission could, 
in principle, lead to extreme results if unreasonable combinations of parameter values 
are sampled, which in turn could bias the results of the PSA. This topic has been 
investigated in section 14.3, where it has been found that the results of the Monte Carlo 
simulations (expressed as cumulative distribution functions of the peak release rates 
from the near field and to the biosphere of the main radionuclides and the whole 
inventory) are quite similar with and without correlations. 

The next sections summarise the data and PDFs used in the Monte Carlo simulations. 
The values assigned to the uncertain parameters in the deterministic Reference Case of 
TURVA-2012 are also shown in the tables.  

Only three chemical elements are considered to be in anionic form: chlorine, iodine and 
selenium.  

3.3.1 Inventory of radionuclides and stable isotopes in the spent fuel 

The radionuclide inventory in the spent fuel used in the PSA is the same as in the 
Reference Case of TURVA-2012 (Table 3-1). The total (radioactive + stable isotopes) 
inventories of some chemical elements in the spent fuel (Table 3-2) used in the PSA are 
slightly different from those used in the Reference Case in order to obtain more realistic 
results in the PSA [20]. 

Mo-93 and Nb-94 are produced in the zirconium alloys components and other metal 
parts by neutron activation in the reactor of the stable molybdenum and niobium 
initially present. The inventories of Mo-93 and Nb-94 in Table 3-1 correspond to the 
maximum concentration in the different classes of fuel elements to be disposed of in the 
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repository, and these maximum inventories of Mo-93 and Nb-94 are produced in 
elements with high initial contents of stable molybdenum and niobium. In the Reference 
Case a cautious approach is followed and the minimum element wise inventories of 
total (radioactive + stable isotopes) molybdenum and niobium in the zirconium alloys 
components and the other metal parts are used. For the PSA the maximum inventories 
of these elements in the different fuel elements are used instead, in order to obtain more 
realistic conclusions. Section 2,2 of [20] presents the effects on the PSA for Nb-94 of 
the inventory of total niobium considered (maximum or minimum).  

The decay chains considered in the Monte Carlo simulations are shown in Figure 3-5. 

Each canister contains 2 tonnes of uranium.  

 
Table 3-1. Radionuclide inventory and half-lives used  in the Reference Case and the 
PSA. 

Radionuclide Half-life (a) 

Inventory at 30 years cooling time (GBq/tU) 

Fuel matrix 
Zirconium 

alloys  
Other metal 

parts 
Total 

Ag-108m 4.38·102 4.08·10-3 0 2.50·104 2.50·104 

Am-241 4.32·102 1.93·105 0 0 1.93·105 

Am-243 7.37·103 3.42·103 0 0 3.42·103 

Be-10 1.51·106 1.23·10-2 2.83·10-7 0 1.23·10-2 

C-14 5.70·103 3.37·101 2.44·101 9.65·101 1.55·102 

Cl-36 3.01·105 1.40 4.80·10-1 0 1.88 

Cm-245 8.42·103 1.03·102 0 0 1.03·102 

Cm-246 4.71·103 3.57·101 0 0 3.57·101 

Cs-135 2.30·106 3.26E·101 0 0 3.26·101 

Cs-137 3.01·101 3.48E·106 0 0 3.48·106 

I-129 1.57·107 1.91 0 0 1.91 

Mo-93 4.00·103 3.32·10-1 4.30·10-2 2.22·101 2.26·101 

Nb-91 6.80·102 2.54·10-4 3.20·10-5 0 2.86·10-4 

Nb-92 3.47·107 2.82·10-6 2.32·10-4 0 2.35·10-4 

Nb-93m 1.61·101 8.33·101 4.99·103 0 5.07·103 

Nb-94 2.03·104 1.81·10-2 3.22·102 4.30·102 7.52·102 

Ni-59 7.60·104 7.32·10-1 6.27 2.14·102 2.21·102 

Ni-63 1.01·102 8.63·101 8.15·102 2.38·104 2.47·104 

Np-237 2.14·106 2.37·101 0 0 2.37·101 

Pa-231 3.28·104 1.39·10-3 0 0 1.39·10-3 

Pd-107 6.50·106 9.72 0 0 9.72 

Pu-238 8.77·101 2.64·105 0 0 2.64·105 

Pu-239 2.41·104 1.42·104 0 0 1.42·104 

Pu-240 6.56·103 2.92·104 0 0 2.92·104 

Pu-241 1.43·101 1.75·106 0 0 1.75·106 
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Pu-242 3.75·105 2.08·102 0 0 2.08·102 

Ra-226 1.60·103 0 0 0 0 
Se-79 3.27·105 4.62 0 0 4.62 

Sm-151 9.00·10 1.74·104 0 0 1.74·104 

Sn-126 2.30·105 3.92·101 0 0 3.92·101 

Sr-90 2.88·10 2.12·106 0 0 2.12·106 

Tc-99 2.11·105 8.23·102 0 0 8.23·102 

Th-229 7.34·103 0 0 0 0 
Th-230 7.54·104 1.32·10-2 0 0 1.32·10-2 

Th-232 1.40·1010 0 0 0 0 
U-233 1.59·105 3.86·10-3 0 0 3.86·10-3 

U-234 2.46·105 5.53·101 0 0 5.53·101 

U-235 7.04·108 8.15·10-1 0 0 8.15·10-1 

U-236 2.34·107 1.34·101 0 0 1.34·101 

U-238 4.47·109 1.16·101 0 0 1.16·101 

Zr-93 1.61·106 1.10·102 1.54·101 0 1.26·102 

 

Table 3-2. Total (radioactive+stable isotopes) inventory of some chemical elements in 
the spent fuel used in the Reference Case and the PSA. 

Element 
Fuel matrix 

(mol/tU) 

Zirconium alloys 

(mol/tU) 

Other metal parts 

(mol/tU) 

Ag 8.13·10-1 - 2.06·102 

C - - 7.98 

Mo 4.22·101 - 
1.22 (RC) 

1.98·101 (PSA) 

Nb 1.39·10-4 
9.40·10-2 (RC) 

6.51·101 (PSA) 

4.95·10-3 (RC) 

3.43 (PSA) 

Ni - - 1.21·102 

Pd 1.55·101 - - 

Se 8.09·10-1 - - 

Sn (*) 
4.96·10-1 (RC) 

- (PSA) 
4.24·101 - 

Sr 8.06 - - 

Zr 5.00·101 4.04·103 - 

(*) No inventory of stable Sn in the fuel matrix is considered in the PSA. 
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Figure 3-5. Decay chains considered in the PSA.  

 
A fraction of the inventory of radionuclides and stable isotopes is assumed to be 
released from the waste immediately after the formation of the transport pathway from 
the canister interior to the exterior: this is termed the Instant Release Fraction (IRF). 
Table 3-3 shows the values of the IRFs used in the Reference Case and the PDFs used 
in the PSA.  

 
Table 3-3. Instant Release Fractions. Values in the Reference Case and PDFs for the 
PSA. 

Element 
Value in the 

Reference Case 
PDF for the PSA 

IRF of the inventory in the fuel matrix 

Ag 0.05 LU (0.005 – 0.05) 

Be 0.05 LU (0.005 – 0.05) 

C 0.10 LU (0.01 – 0.50) 

Cl 0.10 LU (0.02 – 0.20) 

Cs 0.05 LU (0.01 – 0.10) 

I 0.05 LU (0.015 – 0.15) 

Mo 0.05 LU (0.005 – 0.05) 

Ni 0.05 LU (0.005 – 0.05) 

Pd 0.01 LU (0.001 – 0.01) 

Se 0.004 LU (0.002 – 0.02) 

Sn 0.0001 LU (0.0001 – 0.01) 

Sr 0.01 LU (0.001 – 0.01) 

Tc 0.01 LU (0.001 – 0.01) 

Cm-245

Pu-241

Am-241

Np-237

U-233

Th-229

Pu-240

U-236

Th-232

Am-243

Pu-239

U-235
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Mo-93

Nb-93m

Cm-246

Pu-242

U-238

U-234

Th-230

Ra-226

Pu-238

Zr-93  
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IRF of the inventory in the zirconium alloys 

C 0.20 LU (0.01 – 1.0) 

IRF of the inventory in the other metal parts 

Ag 1 LU (0.05 –1) 

C 0 LU (0.01 – 1.0)  

IRF due to the crud  
(IRF of the Inventory in the zirconium alloys and other metal parts) 

Mo 0 LU(0.002 – 0.02) 

Nb 0 LU(0.003 – 0.03) 

Ni 0 LU(0.002 – 0.02) 

Zr 0 LU (0.0001 – 0.01) 

 

3.3.2 Fuel related parameters 

The radionuclides and stable isotopes immobilised in the fuel matrix (UO2), zirconium 
alloys and other metal parts are released congruently with the alteration (i.e. dissolution 
or corrosion) of these materials. The alteration rates are given in Table 3-4. 

 
Table 3-4. Fuel related parameters. Values used in the Reference Case and PDFs for 
the PSA. 

Parameter 
Value in the 

Reference Case 
PDF for the PSA  

Mass of U per canister (tU) 2 Constant (2) 

Fuel matrix fractional dissolution rate (a-1) 10-7  LU (10-8 – 10-6) 

Zirconium alloys fractional dissolution rate (a-1) 10-4  LU (10-5 – 10-3) 

Fractional corrosion rate for other metal parts (a-1) 10-3 LU (10-4 – 10-2) 

 

3.3.3 Canister parameters 

In the “initial defect in the canister” reference model it is assumed that a disposal 
canister has an initial penetrating defect in the copper overpackthat after some time 
leads to the establishment of a transport path from the canister interior to the bentonite 
buffer. This defect in the copper overpack is a small hole with a diameter in the order of 
1mm (and a cross sectional area of around 10-6 m2) located in the upper part of the 
lateral surface of the canister. 

In the PSA two cases have been studied: 

- the hole forever case, in which the small hole remains unchanged during all the 
assessment timeframe (106 years), and 

- the growing hole case, in which the initial small hole, after a given time period, 
grows and a much greater defect (in the order of 1 m2) is created in the canister. This 
enlarged defect is assumed to be a  ring located in upper part of the lateral surface of 
the canister.  
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Tabel 3-5 summarises the values used in the Reference Case and the PDFs for the PSA 
of the parameters related to canister failure and to solute transport through the small 
hole. 

 
Table 3-5. Canister data. Values used in the Reference Case and PDFs for the 
PSA.(ps_r0_5000.csv is an output file of the groundwater flow modelling case 
ps_r0_5000 that provides flow-related transport parameters for each canister location 
[24]). 

Parameter 
Value in the 

Reference Case 
PDF for the PSA 

Number of failed canisters 1 Constant (1) 

Location of the failed canister Location 381 of 
ps_r0_5000.csv 

All the possible locations are 
sampled from the same file 

Delay until establishment of transport path in 
canister interior (a) 1000 LU (10 - 5·103) 

Cavity water volume (litres) 700 LU (90 - 900)  

Mass of bentonite in the cavity (kg) 0 LU (1 - 103) 

Diameter of the small hole (mm) 1 LU (0.3 – 3) 

Diffusion coefficient within the small hole (m2/s) 10-9  LU (2·10-11 - 10-9) 

Parameters related to the growth of the small hole 

Delay between establishment of transport path 
in canister interior and loss of transport 
resistance of defect (a) 

Not used (the 
small hole does 

not grow) 

LU (5·103 - 5·104)  

Size of the grown hole – Length of canister 
lateral surface failed (m) 

Not used (the 
small hole does 

not grow) 
LU (0.1 – 4.8) 

 

3.3.4 Solubility limits 

Table 3-6 summarises the values used in the Reference Case and the PDFs assigned in 
the PSA to the solubility limits in canister interior. Figure 3-6 represents the cumulative 
distribution functions (CDFs) of the solubility limits inside the canister for all the 
chemical elements in the inventory. 

Note that, in the Reference Case, carbon is cautiously assumed to be in organic form 
(methane) and to be non-sorbing and also not solubility limited. However, inorganic 
carbon may also be present, which could undergo limited solubility and sorption on the 
buffer and backfill. This possibility is considered in the PSA by assuming that carbon is 
in inorganic form in 50 % of the realisations. 
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Table 3-6. Solubility limits in canister interior (in mol/l) 

Element 
Value in the 
Reference 

Case 

PDF for the PSA (log10-normal) 

Mean value 
log10(Sol)  

Standard 
deviation 

log10(Sol) 

Minimum 
value 

Maximum 
value 

Ag I 5.1·10-6 -4.88 0.95 6.9·10-8 2.5·10-4 

Am III 1.1·10-5 -6.25 1.17 1.2·10-9 2.7·10-5 

Be II 4.4·10-6 -5.74 0.46 7.6·10-8 4.4·10-6 

Cinorganic 

(50% of realisations) 
Not 

applicable -3.52 1.08 9.3·10-7 1.0·10-2 

Cm III 1.1·10-5 -6.25 1.17 1.2·10-9 2.7·10-5 

Mo VI 2.4·10-6 -6.98 1.87 1.1·10-11 1.0·10-2 

Nb V 1.9·10-7 -4.65 1.38 1.9·10-8 1.0·10-2 

Ni II 8.3·10-4 -5.00 1.30 1.2·10-8 8.3·10-4 

Np IV 1.0·10-9 -9.04 0.33 6.8·10-11 1.3·10-8 

Pa V 1.0·10-8 -8.54 0.55 8.4·10-11 1.0·10-6 

Pd II 3.9·10-6 -5.32 0.32 3.7·10-7 1.2·10-5 

Pu III 6.3·10-9 -9.82 0.84 1.3·10-12 3.0·10-8 

Ra II 6.7·10-11 -9.20 1.12 1.6·10-12 8.7·10-5 

Se –II 5.9·10-11 -8.46 1.22 5.9·10-12 3.4·10-7 

Sm III 3.6·10-7 -6.92 0.96 6.1·10-10 1.2·10-5 

Sn IV 6.3·10-8 -6.04 0.89 6.3·10-9 1.3·10-5 

Sr II 7.4·10-4 -3.35 0.99 2.0·10-6 1.0·10-2 

Tc IV 3.9·10-9 -8.45 0.32 2.8·10-10 1.5·10-8 

Th IV 4.2·10-9 -8.42 0.55 1.1·10-10 8.8·10-7 

U IV 2.4·10-8 -8.14 0.54 2.1·10-10 3.0·10-7 

Zr IV 1.8·10-8 -7.83 0.30 1.2·10-9 9.2·10-7 

Element 
Value in the 
Reference 

Case 
PDF for the PSA 

Corganic 

(50% of realisations) 
unlimited LU (0.2 – 1) 

Cl, I, Cs unlimited unlimited 
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Figure 3-6. Cumulative distribution functions (CDFs) of the solubilities in the canister 
interior (mol/l). 

 
For some chemical elements the solubility outside the canister can be smaller than 
inside the canister, leading to precipitation processes. In the Monte Carlo simulations 
this is taken into account using Solubility correction factors for some elements at three 
different locations in the near field: buffer, groundwater/buffer interface (the damaged 
rock around the deposition hole) and the backfill (Table 3-7 to Table 3-9). For these 
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elements the solubility limit in the buffer, the groundwater/buffer interface or the 
backfill is the product of the solubility limit in the canister interior times the 
corresponding Solubility correction factor. Note that applying a lower solubility at the 
groundwater/buffer interface compared with the bulk of the buffer could lead to an 
underestimation of near field releases, since it implies that any precipitates formed at the 
interface because geosphere solubility limits are exceeded would be immobile, whereas, 
in reality, they could form mobile, intrinsic colloids. This topic is discussed in Section 
6.5 of [23]. 

In the Reference Case the same solubility limits are used in the canister interior and the 
rest of the near field, and hence the solubility correction factors are always one. The 
solubility limits used in the Reference Case are selected cautiously from the values 
obtained for different locations in the near field (see Section 6.4.3 of [23]). 

 
Table 3-7. Solubility correction factors in the buffer. 

Element PDF for the PSA  

Mo LU (10-2 - 1) 

Nb LU (10-1 - 1) 

Se LU (10-2 - 1) 

Sr LU (3·10-2 - 1) 

U LU (3·10-2 - 1) 

 
 
Table 3-8. Solubility correction factors at the groundwater/buffer interface. 

Element PDF for the PSA  

Mo LU (10-3 - 1) 

Nb LU (10-1 - 1) 

Se LU (10-2 - 1) 

U LU (10-1 - 1) 

 
 
Table 3-9. Solubility correction factors in the backfill. 

Element PDF for the PSA  

C LU (10-1 - 1) 

Mo LU (10-2 - 1) 

Nb LU (3·10-2 - 1) 

Ra LU (10-2 - 1) 

Se LU (3·10-3 - 1) 

Sn LU (10-1 - 1) 

Sr LU (3·10-2 - 1) 

U LU (10-1 - 1) 
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3.3.5 Deposition hole buffer 

Table 3-10 summarises the values used in the Reference Case and the PDFs for the PSA 
for the buffer parameters. Table 3-11 summarises the PDFs for the Kd´s in the buffer 
for all the elements in the inventory, and Figure 3-7 represents them in the form of 
CDFs. 

Three of the buffer parameters are affected by little uncertainty: the grain density, the 
total porosity and the porosity accessible for cations/neutrals (that is assumed to be 
100 % of the porosity). Constant values are assigned to these parameters in the PSA. 

 
Table 3-10. Summary of transport parameters of the buffer. 

Parameter 
Value used in the 

Reference Case 
PDF for the PSA  

Buffer grain density (kg/m3) 2760  Constant (2760) 

Total porosity 0.43 Constant (0.43) 

De for anions (m2/s) 7.8·10-12 LU (3·10-13 - 3·10-11) 

De for Cs (m2/s) 1.0·10-9 LU (2·10-11 - 3·10-9) 

De for Ra and Sr (m2/s) 1.3·10-10 LU (2·10-11 - 10-8) 

De for rest of cations and neutrals (m2/s) 1.3·10-10 LU (2·10-11 - 2·10-10) 

Porosity accessible for anions 0.08 LU (0.01 – 0.17) 

Porosity accessible for cations/neutrals 0.43 Constant (0.43) 

Distribution coefficients in the buffer (m3/kg)  (see Table 3-11) (see Table 3-11) 
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Table 3-11. Distribution coefficients (Kd’s) in the buffer (m3/kg). 

Element 
Value in the 
Reference 

Case 

PDF for the PSA (log10-normal) 

Mean value 
log10(Kd)  

Standard 
deviation 

log10(Kd) 

Minimum 
value 

Maximum 
value 

Am III 3.2·10 1.72 0.39 4.0 6.1·102 

Be II 3.9·10 1.82 0.32 2.6·10-1 8.4·102 

Cinorganic  

(50% of realisations)
Not applicable -3.01 0.86 1.9·10-5 7.0·10-2 

Cm III 3.2·10 1.72 0.39 4.0 6.1·102 

Cs 4.8·10-2 -0.91 0.55 5.3·10-3 2.8 

Mo VI 2.1·10-2 -2.75 0.74 7.2·10-6 8.7·10-2 

Nb V 5.4 0.50 0.29 1.4·10-1 7.1·10 

Ni II 2.4·10-1 -0.23 0.56 9.5·10-3 3.7·10 

Np IV 6.3·10 1.80 0.27 1.0·10 4.0·102 

Pa V 8.1·10 1.91 0.27 1.4·10 4.7·102 

Pd II 2.7·10-1 -0.90 0.92 3.1·10-4 5.1·10 

Pu III 9.9·10 1.67 0.34 3.7 5.8·102 

Ra II 1.4·10-3 -1.96 1.19 2.3·10-5 6.8 

Sm III 10 1.30 0.57 2.1·10-1 1.8·103 

Sn IV 5.0·10 0.54 0.79 3.8·10-2 3.1·102 

Sr II 1.4·10-3 -1.96 1.19 2.3·10-5 6.8 

Tc IV 6.3·10 1.06 0.56 1.4·10-1 4.0·102 

Th IV 6.3·10 1.80 0.27 1.4·10 2.8·102 

U IV 5.2·10 0.27 0.99 7.9·10-3 4.0·102 

Zr IV 6.3·10 1.80 0.27 5.0 4.0·102 

Element 
Value in the 
Reference 

Case 
PDF for the PSA 

Ag I 0 
80% of realisations   LU (10-7 – 10-5) 

20% of realisations   LU (10-5 – 0.3) 

Corganic 

(50% of realisations)
0 LU (10-7 – 10-5) 

Cl, I, Se 0 Constant (0) 
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Figure 3-7. Cumulative distribution functions (CDFs) of the distribution coefficients 
(Kd’s) in the buffer (m3/kg). 

 
3.3.6 Deposition tunnel backfill 

Table 3-12 summarises the values used in the Reference Case and the PDFs for the PSA 
for the backfill parameters. Table 3-13 summarises the PDFs for the Kd in backfill for 
all the elements in the inventory, and Figure 3-8 represents the cumulative distribution 
functions (CDFs) of the Kd´s in the backfill for all the elements in the inventory. 
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Three of the backfill parameters are affected by little uncertainty: the grain density, the 
total porosity and the porosity accessible for cations/neutrals (that is assumed to be 
100 % of the porosity). Constant values are assigned to these parameters in the PSA. 

 
Table 3-12. Summary of transport parameters of the backfill. 

Parameter Reference case PDF for the PSA 

Backfill grain density (kg/m3) 2780  Constant (2780) 

Total porosity 0.38 Constant (0.38) 

De for anions (m2/s) 7.39·10-12 LU (3·10-13 - 3·10-11) 

De for Cs (m2/s) 9.47·10-10 LU (10-11 - 3·10-9) 

De for Ra and Sr (m2/s) 9.47·10-11  LU (10-11 - 10-8) 

De for rest of cations and neutrals (m2/s) 9.0·10-11 LU (10-11 - 2·10-10) 

Porosity accessible for anions 0.07 LU (0.01 – 0.15) 

Porosity accessible for cations/neutrals 0.38 Constant (0.38) 

Distribution coefficients in the backfill (m3/kg) (see Table 3-13) (see Table 3-13) 

 

With the ranges of values adopted for the effective diffusion coefficients in the backfill 
(Table 3-12), the values of Darcy velocity in the tunnel (qTDZ) in the groundwater flow 
modelling output file ps_r0_5000.csv (Section 3.3.7) and the values of dispersivity 
obtained for the Boom clay in Belgium [22], it has been found that the effect of the 
longitudinal dispersion would be negligible compared with diffusion in all the 
realisations [20]. For this reason longitudinal dispersion in the tunnel backfill is not 
included in the model.  

  



 

 

28

Table 3-13. Distribution coefficients (Kd´s) of the backfill (in m3/kg) 

Element 
Reference 

Case 

PDF for the PSA (log10-normal) 

Mean 
value 

log10(Kd)  

Standard 
deviation 

log10(Kd) 

Minimum 
value 

Maximum 
value 

Am III 1.8·102 2.13 0.30 2.0 4.4·102 

Be II 5.5·10 1.85 0.27 1.8·10-1 7.0·102 

Cm III 1.8·102 2.13 0.30 2.0 4.4·102 

Cinorganic  

(50% of realisations) 
Not applicable -2.41 0.73 1.3·10-4 1.6·10-1 

Cs 3.7 0.75 0.62 1.3·10-1 2.4·102 

Mo VI 1.9·10-2 -2.80 0.75 6.2·10-6 8.0·10-2 

Nb V 3.0 0.24 0.29 3.0·10-1 2.0·10 

Ni II 1.5 0.32 0.42 1.0·10-1 3.7·10 

Np IV 1.1·102 2.04 0.27 2.0 6.4·102 

Pa V 5.7·10 1.76 0.27 7.0 3.3·102 

Pd II 1.9 -0.24 0.74 9.0·10-3 3.8·10 

Pu III 1.9·102 2.29 0.29 4.0 6.7·102 

Ra II 9.8·10-4 -2.59 0.74 3.8·10-5 2.4·10-1 

Sm III 4.9·10 1.39 0.35 1.0 3.2·102 

Sn IV 1.0·102 2.00 0.27 1.4·10 4.6·102 

Sr II 9.8·10-4 -2.59 0.74 3.8·10-5 2.4·10-1 

Tc IV 1.1·102 2.04 0.27 1.0 6.4·102 

Th IV 1.1·102 2.04 0.27 4.0 6.4·102 

U IV 1.1·102 1.95 0.27 2.0 6.4·102 

Zr IV 1.1·102 2.04 0.27 2.0 1.2·103 

Element 
Reference 

Case 
PDF for the PSA 

I 0 
80% of realisations   LU (10-7 – 10-5) 

20% of realisations   LU (10-5 – 5·10-4) 

Ag I 0 
80% of realisations   LU (10-7 – 10-5) 

20% of realisations   LU (10-5 – 20) 

Corganic 

(50% of realisations) 

0 LU (10-7 – 10-5) 

Cl, Se 0 Constant (0) 
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Figure 3-8. Cumulative distribution functions (CDFs) of the distribution coefficients 
(Kds) in the backfill (m3/kg). 
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ps_r0_5000 that provides flow related transport parameters for each deposition hole 
location, using hydrogeological boundary conditions corresponding to the year 5,000 
AD. The groundwater flow model is implemented in the computer code ConnectFlow. 
In the Reference Case the values of these 5 parameters are those corresponding to hole 
location 381 in ConnectFlow file ps_r0_5000.csv. Note that the present repository 
layout provides for 20 % more deposition hole locations than would be needed to 
accommodate the nominal 4500 of disposal canisters to be emplaced in the repository. 
These locations are assigned a number, ranging from 1 to 5391. The extra capacity of 
the present layout allows for the rejection of some potential locations during the process 
of final disposal on the grounds of unsuitable rock properties, as defined by the Rock 
Suitability Classification (RSC) criteria [5]. The assumed location for the defective 
canister in the Reference Case is cautiously selected from the full range of possible 
locations, as explained in Section 6.2 of [23].  

ConnectFlow data file contains the results provided by the hydrogeological DFN 
(discrete fracture network) model for all 5391 potential deposition hole locations. For 
some locations the particles released from the near field to simulate the transport 
through the geosphere do not leave the near field and hence no data is available for one 
or more of the pathways in the far field (i.e., QF, QDZ and QTDF are greater than zero but 
the corresponding transport resistance in the geosphere (WL/Q, where W is the width of 
the transport path along which advection occurs, L is the transport distance and Q is the 
flow rate through the path) is zero. After deleting these locations and another 112 hole 
locations are that do not fulfil the RSC criteria there remain 4718 hole locations that 
satisfy the RSC criteria and for which all the data are available. Figure 3-9 shows the 
cumulative distribution functions (CDFs) of the different near field flows and the flow 
through the tunnel backfill (qTDZ·14 m2, where 14m2 is the cross sectional area of the 
deposition tunnel) sampled in the 4718 hole locations selected. 

Of these 4718 hole locations there are 876 with QF=0, 155 hole locations with QDZ=0 
and 13 hole locations with qTDZ, QTDF and Tunnel Length equal to zero. When a zero 
value is sampled for Tunnel Length, a value of 1.29m (minimum non zero value of this 
parameter in ConnectFlow file ps_r0_5000.csv) is used instead.  

 

Table 3-14. Summary of near field flows and tunnel length. 

Parameter Reference Case PDF for the PSA  

Deposition hole location 
Location 381 in 

ps_r0_5000.csv 
4718 hole locations of the 5391 in 
ps_r0_5000.csv are considered 

QF (m
3/a) 6.14·10-3 CDF in Figure 3-9 (min=0  max=2.85·10-2) 

QDZ (m
3/a) 2.69·10-4 CDF in Figure 3-9  (min=0  max=2.60·10-2) 

QTDF (m
3/a) 2.39·10-3 CDF in Figure 3-9  (min=0  max=3.63·10-2) 

qTDZ (m/a) 2.56·10-5 

CDF in Figure 3-9 represents qTDZ times 

the tunnel section (14m2) 

 (min=0  max=2.75·10-3) 

Tunnel length (m) 5.84 
CDF in Figure 3-10                      

(min=1.29m   max=195.8m) 
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The three water flows leaving the near field (QF, QDZ and QTDF), the Darcy velocity in 
the tunnel (qTDZ) and Tunnel length are sampled independently, i.e. for a given 
realisation the values of these parameters do not correspond to the same hole locations 
in the ConnectFlow file: QF can correspond to hole 1233, QDZ to hole 334, and so on. 
Independent sampling of the water flows ensures that these parameters are uncorrelated, 
which facilitates the PSA, as shown in Section 14.3.  

The values of these parameters are sampled from the CDFs created using the data in 
ConnectFlow file ps_r0_5000.csv, which corresponds to the boundary conditions in 
year 5,000 AD. Very similar CDFs for these parameters are obtained using the 
ConnectFlow files ps_r0_2000.csv and ps_r0_3000.csv, that correspond to the boundary 
conditions in year 2,000 AD (present day conditions) and year 3,000 AD. 

 

Figure 3-9. Cumulative distribution functions of the near field flows in the 4718 hole 
locations that satisfy the RSC and for which all data are available. Boundary conditions 
correspond to year 5000 AD. 
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Figure 3-10. Cumulative distribution function of the transport distance in the disposal 
tunnel (Tunnel length) in the 4718 hole locations that satisfy the RSC and for which all 
data are available. Boundary conditions correspond to year 5000 AD. 

 

3.3.8 Flow related geosphere parameters 
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Table 3-15- Summary of flow related geosphere transport parameters. 

Parameter Reference Case PDF for the PSA  

Deposition hole location 
Location 381 in 

ps_r0_5000.csv 
3710 hole locations of the 5391 in 
ps_r0_5000.csv are considered 

Water travel time in F-path (a) 1.81·101 
CDF in Figure 3-12 

(min=6.92     max=7.60·103) 

WL/Q for F-path(a/m) 3.95·104 
CDF in Figure 3-11 

(min=1.35·104     max=9.61·107) 

Length of F-path (m) 1.96·103 
CDF in Figure 3-13 

 (min=7.49·102     max=6.20·104) 

Water travel time in DZ-path (a) 1.48·101 
CDF in Figure 3-12 

(min=6.44     max=6.51·103) 

WL/Q for DZ-path (a/m) 4.65·104 
CDF in Figure 3-11 

(min=1.15·104     max=6.37·107) 

Length of DZ-path (m) 1.90·103 
CDF in Figure 3-13 

 (min=7.27·102     max=6.19·104) 

Water travel time in TDZ-path (a) 1.74·101 
CDF in Figure 3-12 

(min=6.81     max=5.39·103) 

WL/Q for TDZ-path (a/m) 3.76·104 
CDF in Figure 3-11 

(min=1.43·104     max=6.15·107) 

Length of TDZ-path (m) 2.00·103 
CDF in Figure 3-13 

 (min=7.41·102     max=4.28·104) 

Peclet number 
N/A (transport 

through a DFN)  
LU (2-200) 

 

Values of the Transport resistance (WL/Q), Water travel time and Transport length in 
the geosphere for the 3 geosphere paths (F-, DZ- and TDZ-paths) are taken from 
ConnectFlow file ps_r0_5000.csv, which corresponds to the boundary conditions in 
year 5,000 AD. 

As explained in section 3.3.7, of the 5391 hole locations in the ConnectFlow file, there 
are 4718 hole locations that satisfy the RSC and for which all the data are available. 
These 4718 hole locations are used to sample the near field flows. In 1017 of these hole 
locations at least one of the near field flows (QF, QDZ and QTDZ) is zero and the 
corresponding geosphere pathway is not defined. There remain 3701 hole locations that 
satisfy the RSC and for which the 3 transport paths F-, DZ- and TDZ- in the geosphere 
are well defined. As a consequence, the values of the geosphere parameters are sampled 
only from these 3701 deposition hole locations.   

The nine flow related geosphere parameters are sampled independently, i.e. for a given 
realisation the values of the WL/Q, Water transport times and Transport length do not 
correspond to the same hole location in the ConnectFlow file: WL/Q for F-path can 
correspond to hole 1233, WL/Q for DZ-path to hole 334, and so on. Independent 
sampling of the flow related parameters ensures that they are uncorrelated, which 
facilitates the PSA, as shown in Section 14.3.  
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ConnectFlow data file provides WL/Q values for the four different classes of fractures, 
defined on the basis of their retention potential (section 4.8 of [21]): 

- Fractures dominated by calcite; 
- Fractures dominated by hydrothermal clays; 
- Slickensided fractures and 
- Other fractures 

In the Reference Case transport along a geosphere pathway (F-path for hole location 
1444, for instance) takes place through the 4 aforementioned classes of fractures, each 
with its own WL/Q. In the Monte Carlo simulations for the PSA the geosphere is futher 
simplified to include only the transport class “other fractures”, which, unlike the other 
fracture classes, have neither filling materials nor a region of rock with increased 
porosity (alteration halo) in contact with the fracture. This simplification is made to 
enable the results of the PSA to be more easily interpreted. Note, however, that: 

- The fracture coatings, that are absent in the “other fractures”, are very thin, in the 
order of tenths of a millimetre to a couple of millimetres, and, with the exception of 
hydrothermal clays, are assumed in the deterministic analyses to be non-sorbing (see 
Section 6.6 of [23]); 

- The alteration halos, though they have enhanced porosity, are assigned the same 
distribution coefficients as the unaltered rock in the deterministic analyses (see 
again Section 6.6 of [23]).  

The “other fractures” are in contact with unaltered rock (whose properties are presented 
in section 3.3.9), and the radionuclides moving through the fracture diffuse into the 
unaltered rock.  

In the PSA the total WL/Q for the whole migration paths is used. Total WL/Q is defined 
as the sum of the WL/Qs for the 4 classes of fractures for a given migration path (DZ-
path for hole location 1444, for instance).  
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Figure 3-11. Cumulative distribution function of the transport resistance (WL/Q) for 
F-, DZ- and TDZ-paths. Boundary conditions correspond to year 5000 AD. 
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Figure 3-12. Cumulative distribution functions of the water travel times (tW) in the F-, 
DZ- and TDZ-paths. Boundary conditions correspond to year 5000 AD. 

 

 

Figure 3-13. Cumulative distribution functions of the lengths of the F-, DZ- and TDZ-
paths. Boundary conditions correspond to year 5000 AD. 
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Hydrodynamic dispersion in the geosphere arises both within individual fractures and, 
on a larger scale, within the fracture network. On this larger scale, there are many 
possible transport paths from any near field release point through the geosphere fracture 
network, resulting in a spreading of the releases of radionuclides to the surface 
environment in space and time. This effect, termed route dispersion, is analysed in 
Section 9.8.3 of [23] by considering multiple pathways explicitly. 

Hydrodynamic dispersion in the geosphere is included in the Monte Carlo simulations 
for the PSA via the longitudinal dispersion (spreading in the direction of advective 
transport). In the PSA the model used for transport in the geosphere is a single 1D 
advective pathway and longitudinal dispersion is included in the transport equation as a 
diffusion-like process along the pathway. The model includes a dispersion coefficient 
(DL) that is defined as proportional to the water velocity in the fracture (v) and the 
length of the transport path (L), and the constant of proportionality is the inverse of the 
Peclet number (Pe). 

Pe

Lv
DL   

3.3.9 Unaltered rock properties 

Table 3-16 summarises the values assigned to the transport parameters of the unaltered 
rock in the Reference Case, as well as the probability distribution functions (PDFs) for 
the Probabilistic Sensitivity Analysis. Due to the small uncertainty in the grain density 
of the unaltered rock a constant value of 2700 kg/m3 is used in the PSA.    

 

Table 3-16. Summary of transport parameters in the unaltered rock. 

Parameter Reference Case PDF for the PSA  

Unaltered rock grain density (kg/m3) 2700  Constant (2700) 

Porosity 0.005 LU (0.001 – 0.02) 

De for all species (m2/s) 6·10-14 LU (10-15 - 10-12) 

Maximum penetration depth in the 
unaltered rock(m) 

3 

20% of realisations LU (0.1 – 1) 

80% of realisations LU (1.0 – 10) 

CDF in Figure 3-14 

Distribution coefficients in the unaltered 
rock (m3/kg) 

See Table 3-17 See Table 3-17 

 

The cumulative distribution function of the Maximum penetration depth in unaltered 
rock is shown in Figure 3-14. 
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Figure 3-14. Cumulative distribution function of the maximum penetration depth in the 
unaltered rock.  

 

Table 3-17 summarises the PDFs for the Kd in unaltered rock for all the chemical 
elements in the inventory, and Figure 3-15 represents them in the form of CDFs. 
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Table 3-17. Distribution coefficients (Kd´s) in the unaltered rock. 

Element 
Value in the 

Reference Case 
PDF for the PSA 

Ag 0 LU (10-10 – 10-3) 

Am 1.5·10-1 LU (3·10-4 – 30) 

Be 5.5·10-3 LU (10-4 – 30) 

C 0 0 

Cl 0 LU (10-10 – 10-4) 

Cm 1.5·10-1 LU (3·10-4 – 30) 

Cs 5.4·10-2 LU (3·10-5 –10) 

I 0 LU (10-10 – 3·10-4) 

Mo 3.0·10-4 LU (3·10-9 – 10-2) 

Nb 4.2·10-1 LU (10-2 – 10) 

Ni 5.5·10-3 LU (10-4 – 30) 

Np 4.0·10-1 LU (10-2 – 30) 

Pa 2.2·10-2 LU (3·10-4 – 10) 

Pd 5.5·10-3 LU (10-4 – 30) 

Pu 1.5·10-1 LU (3·10-4 – 100) 

Ra 3.0·10-3 LU (10-6 – 3) 

Se 0 LU (10-10 – 3·10-2) 

Sm 1.5·10-1 LU (3·10-4 – 30) 

Sn 5.0·10-1 LU (10-4 – 100) 

Sr 3.0·10-5 LU (3·10-10 – 10-1) 

Tc 4.0·10-1 LU (10-2 – 30) 

Th 4.0·10-1 LU (10-2 – 30) 

U 1.6·10-2 LU (3·10-5 – 30) 

Zr 4.0·10-1 LU (10-2 – 30) 
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Figure 3-15. Cumulative distribution functions (CDFs) of the distribution coefficients 
(Kds) in the unaltered rock (m3/kg). 

3.3.10 Geosphere-biosphere activity flux constraints 
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- the radionuclide specific normalised release rate to the biosphere is the activity 
release rate to the biosphere divided by the corresponding activity release constraint 
set out in Regulatory Guide YVL D.5 [15] and summarised in Table 3-18, and 

- total normalised release rate to the biosphere is the sum over all the radionuclides of 
the previous radionuclide specific normalised release rates to the biosphere. 

Normalised release rates from the near field are calculated in a similar way to in order to 
quantify the isolation capability of the near field barriers. 

  

Table 3-18. Activity release constraints (Bq/a) used in the calculations. 

Radionuclide Constraint (Bq/a) Radionuclide Constraint (Bq/a) 

Ag108m ** 3.0E+08 Pu238 3.0E+07 

Am241 3.0E+07 Pu239 3.0E+07 

Am243 3.0E+07 Pu240 3.0E+07 

Be10 ** 3.0E+08 Pu241 3.0E+07 

C-14 3.0E+08 Pu242 3.0E+07 

Cl-36 3.0E+08 Ra226 3.0E+07 

Cm245 3.0E+07 Se79 1.0E+08 

Cm246 3.0E+07 Sm151  * 1.0E+11 

Cs135 3.0E+08 Sn126 1.0E+09 

Cs137  * 1.0E+08 Sr90   * 3.0E+08 

I129 1.0E+08 Tc99 3.0E+09 

Mo93  3.0E+09 Th229 3.0E+07 

Nb91 ** 3.0E+08 Th230 3.0E+07 

Nb92 ** 3.0E+08 Th232 3.0E+07 

Nb93m ** 3.0E+08 U233 3.0E+08 

Nb94 1.0E+08 U234 3.0E+08 

Ni59 3.0E+10 U235 3.0E+08 

Ni63   * 3.0E+10 U236 3.0E+08 

Np237 1.0E+08 U238 3.0E+08 

Pa231 3.0E+07 Zr93 1.0E+10 

Pd107 1.0E+11   

 

The activity release constraints for short lived Cs-137, Ni-63, Sm-151 and Sr-90 (* in 
Table 3-18) are taken from RNT-2008 [2]. For Ag-108m, Be-10, Nb-91, Nb-92 and Nb-
93 m (** in Table 3-18) a conservative value of 3·108 Bq/a is used due to lack of data. 

Mo-93 is not mentioned in YVL D.5 [15]. However, based a preliminary evaluation by 
STUK (personal communication May 9, 2012) that takes into account the inventory and 
the dose conversion factors for ingestion, it has been recommended that the same geo-
bio flux constraint as for Tc-99 are used. 
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3.4 Summary of the parameters potentially affecting a given 
radionuclide 

The model described in the previous sections has 160 independent random input 
parameters in the hole forever case and 162 in the growing hole case, each represented 
by a probability distribution. Many of these parameters are element-specific (such as the 
distribution coefficients in the buffer), and an independent radionuclide can be affected 
by 43 parameters at most. Actinides and Ra-226 can also be affected by the parameters 
related to their parents. These parameters are presented in Table 3-19, classified on the 
basis of the component of the disposal system affected by the parameter. Element-
specific parameters are identified including (X) in the name.  

The apparent diffusion coefficient in buffer (Da(X) in buffer) is included in Table 3-19 
and also in the PSA.  Da(X) in buffer is not a model input parameter, but a combination 
of two uncertain input parameters: De(anions) and Porosity(anions) in the case of 
anions and De(X) and Kd(X) for the rest of elements. 

)(

)(
)(

XKd

XDe
XDa

DRY 
  

where θ is the accessible porosity of the buffer (uncertain for anions and 0.43 for other 
species) and ρDRY is the dry density of the buffer (constant).  

Da(X) in buffer has been included in the PSA to identify exactly which of the different 
parameters that can be used to describe the diffusion in the buffer is the most influential.  
For instance, the PSA has found that Da(Pu) in buffer is clearly the most important 
parameter for Pu-239 (Table 12-11) while for Cs-135 the most important parameter is 
Kd(Cs) in buffer (Table 9-2 to Table 9-5).  

  
Table 3-19. List of parameters potentially affecting the releases to the biosphere of 
element X. 

Location - Parameter Description 

Canister failure  

Time to transport path creation Time since canister emplacement until creation of the small hole 

Small hole diameter Diameter of the small hole in the canister overpack 

De in the small hole Effective diffusion coefficient in the small hole  

Time to loss of hole resistance Time since small hole creation until loss of transport resistance 

Length of canister failed 
Length of the canister lateral surface assumed to disappear when 
the small hole transport resistance is lost 

Waste  

IRF (X) in the fuel matrix 
Fraction of the inventory of element X in the fuel matrix released 
when the canister fails – Instant Release Fraction (IRF) 

IRF (X) in the Zirconium alloys IRF of the inventory of element X in the Zirconium alloys 

IRF (X) in the other metals IRF of the inventory of element X in the other metals 

IRF (X) in the crud IRF of the inventory of element X assumed to be in the “crud” 

Fuel alteration rate Alteration rate of the UO2 matrix 

Zirconium alloys alteration rate Alteration rate of the Zirconium alloys components of the fuel 
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Metals alteration rate Alteration rate of the other metal components of the fuel 

Canister interior  

Cavity water volume Volume of water in the canister interior 

Mass of buffer in cavity Mass of buffer that enters into the canister interior 

Solubility (X) Solubility of element X in the water inside the canister 

Hole buffer  

Porosity (anions) Porosity accessible for anions in the buffer 

De (X)  Effective diffusion coefficient of element X in the buffer 

Kd (X)  Distribution coefficient buffer-water for element X 

Da (X) Apparent diffusion coefficient of element X in the buffer 

Solubility correction factor (X)  Solubility correction factor in the buffer porewater for element X 

Groundwater-buffer interface  

Solubility correction factor (X)  
Solubility correction factor in the groundwater-buffer interface 
(damaged rock around the deposition hole) for element X 

Tunnel backfill  

Porosity (anions) Porosity accessible for anions in the backfill 

De (X)  Effective diffusion coefficient of element X in the backfill 

Kd (X)  Distribution coefficient backfill-water for element X 

Solubility correction factor (X)  Solubility correction factor in the backfill porewater for element X 

Tunnel length 
Length of tunnel from the center of the deposition hole to the exit 
fracture that intersects the tunnel 

Near field flows  

QF 
Equivalent water flow through the fracture that intersects the 
deposition hole 

QDZ Equivalent water flow through the EDZ of the tunnel floor 

QTDF 
Equivalent water flow through the fracture that intersects the 
deposition tunnel 

qTDZ Darcy velocity in the tunnel backfill 

Geosphere flow parameters  

tW in F-path Water travel time in the path associated with QF (F-path) 

WL/Q for F-path Transport resistance of the F-path 

Length of F-path Length of the F-path  

tW in DZ-path Water travel time in the path associated with QDZ (DZ-path) 

WL/Q for DZ-path Transport resistance of the DZ-path 

Length of DZ-path Length of the DZ-path  

tW in TDZ-path Water travel time in the path associated with QTDZ (TDZ-path) 

WL/Q for TDZ-path Transport resistance of the TDZ-path 

Length of TDZ-path Length of the TDZ-path  

Peclet number Peclet number in the 1D geosphere paths 

Unaltered rock  

Total porosity Total porosity of the unaltered rock (accessible for all solutes) 

De   
Effective diffusion coefficient of all the chemical elements in 
unaltered rock  

Maximum penetration depth Maximum penetration depth of solutes in the unaltered rock 

Kd (X)  Distribution coefficient unaltered rock-water for element X 
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4 SENSITIVITY ANALYSIS METHODS 

Uncertainty analysis and sensitivity analysis are essential parts of analyses for complex 
systems. Specifically, uncertainty analysis refers to the determination of the uncertainty 
in the outputs that derives form uncertainty in the input parameters, and sensitivity 
analysis refers to the determination of the contributions of individual uncertain input 
parameters to the uncertainty in the outputs [9]. 

This chapter provides a brief description of the different sensitivity analysis methods 
used in this report, with the objective of creating a self-contained document. Several 
sections of this chapter are closely based on [8]. 

The sensitivity analysis methods used can be classified as: 

Graphical methods:  

- Scatter plots 

- Cobweb plots (and alternative “mean ranks” plots) 

- Contribution to the sample mean (CSM) plots 

Monte Carlo based methods: 

- Correlation and regression-based methods 

- Monte Carlo filtering 

Variance decomposition based methods 

The different methods are presented in section 4.1 to 4.3. Section 4.4 presents the 
methodology followed in the PSA.  

4.1 Graphical methods 

Graphical methods are important tools to support, guide and interpret the results 
provided by numerical sensitivity analysis techniques. They may also be used as 
standalone techniques to get further insights about the model under study. Widely used 
graphical tools to analyse relationships between inputs and outputs are scatter-plots and 
cobweb plots. Contribution to the Sample Mean plots (CSM plots) are also used. 

4.1.1 Scatter plots 

Generation of scatter plots is the simplest sensitivity analysis technique [13]. A scatter 
plot of the input xj and the output y is a graphic representation of the points (xij,yi), 
i=1,…,n where n is the number of realisations of the Monte Carlo simulation. 

Alternatively, scatter plots can represent two input parameters or two model outputs, to 
identify potential correlations or for illustrative purposes. Although this class of scatter 
plots is not a proper sensitivity analysis technique, it may provide very useful 
information about the system model and have been widely used in this report. 
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Scatter plots are helpful to identify linear relations, monotonic relations and the 
existence of thresholds. The application of transformations to both variables may also 
provide much information about input/output relations. The most frequently used 
transformations are logarithmic (base 10) and ranks. 

Three-dimensional (3-D) scatter plots of inputs xj, xk and output y is a graphic 
representation of the points (xij, xik, yi), i=1,…,n, where n is the number of realisations of 
the Monte Carlo simulation. Such plots can provide valuable information, but there are 
obvious problems of interpretation when a 3-D figure is shown on a 2-D display, and 
have not been used in this report. 

2-D plots can and should be used extensively in the PSA, and in the Safety Case in 
general, to present graphically the results obtained. Figure 13-5 and Figure 7-5 are two 
practical cases of application of the scatter plots. In Figure 13-5 an input and an output 
are represented to show the strong correlation between Da(Cm) in buffer and Cm-245 
peak release rates from the near field in the hole forever and growing hole cases. Figure 
7-5 is a scatter plot of several model outputs, and graphically shows that the Cl-36 peak 
release rate through the small hole in the canister overpack is very similar to Cl-36 peak 
release rate from the near field in the great majority of the realisations, and similar to 
Cl-36 peak release rate to the biosphere in most realisations. 

4.1.2 Cobweb plots / mean ranks plots. 

4.1.2.1 Cobweb plots 

Cobweb plots have been designed to show multidimensional samples in a two-
dimensional graph. Vertical parallel lines separated by equal distances are used to 
represent the sampled values of a given number of inputs/outputs (usually not more than 
ten or twelve in order to keep the plot clear). Each vertical line is used for a different 
input/output, and either the raw values or the ranks may be represented (without mixing 
raw and rank values in the same plot). Sampled values are marked in each vertical line 
and jagged lines connect the values corresponding to the same realisation (in Figure 4-1 
the jagged line that corresponds to a realisation is shown in red, as an example). 

The whole sample (all the realisations) can be represented in a single graphic, using 
coloured lines to distinguish between the realisations related to different regions of the 
output variable. However, the resulting graphic can become cluttered, and it is usually 
considered more convenient the use of “conditional cobweb plots”, in which only a 
fraction of the realisations performed are represented. Figure 4-1 is an example of 
conditional cobweb plot. Only the realisations that produce the 10 % of highest values 
of I-129 peak total normalised release rate to the biosphere in the growing hole case are 
shown, and only near field parameters are represented. The x axis in Figure 4-1  
presents the ordinal number of the 18 near field parameters in the first column of Table 
8-2. These are the only near field parameters that can affect the releases of I-129 to the 
biosphere. The 16 geosphere parameters in Table 8-2 must be presented in a different 
cobweb plot (not included in this report), because representing the 34 relevant 
parameters in a single cobweb plot would produce a cluttered figure. 

Visual inspection of Figure 4-1 identifies that the highest values of the I-129 peak 
release rate to the biosphere are obtained in the realisations with high values of IRF(I), 
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De(anions) in buffer, QF and, to a lesser extent, with high values of QDZ. For the rest of 
the input parameters no clear relation can be observed. In fact, almost any region of the 
other input parameters may produce large values of the output. 

The conditional cobweb plot in Figure 4-1 allows the identification of the parameters 
that have a strong effect on the peak release rate of I-129 to the biosphere, but less 
important parameters cannot be identified.  

For the majority of the sensitivity methods an increase in the number of realisations 
allows less important effects to be identified, but in the case of conditional cobweb 
plots, increasing the number of realisations can have the opposite effect. Figure 4-2  is 
equivalent to Figure 4-1, except that 10,000 instead of 3,000 realisations have been 
used. The strong effects of IRF(I), De(anions) in buffer and QF remain clear, but the 
effect of QDZ  is less visible due to greater number of lines represented (1,000 vs. 300) 
that have darkened the graphic. 

 

 

Figure 4-1. Conditional cobweb plot (ranks, 3000 realisations, condition: 10 % highest 
values of the output) for the I-129 peak release rate to the biosphere in the growing hole 
case and the near field input variables. The jagged line in red represents an example 
realisation. 
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Figure 4-2. Conditional cobweb plot (ranks, 10000 realisations, condition: 10% highest 
values of the output) for the I-129 peak release rate to the biosphere in the growing hole 
case and the near field input variables. 

 
4.1.2.2 Alternative mean ranks plots 

As shown in the previous section, conditional cobweb plots allow the parameters 
strongly correlated with a region of the output variable (10 % of realisations with 
highest peak normalised releases to the biosphere, for instance) to be identified. 
Cobweb plots graphically show the ranges of values of the input parameters that 
correspond to the selected region of the output variable: high values of parameter A, 
low values of parameter B, and so on… 

Due to the great number of lines represented (one per realisation), cobweb plots can 
only present a few parameters in the x axis, become darkened when the number of 
realisations represented increases and only strong correlations can be identified visually. 

An alternative graphical representation has been developed, where only the mean ranks 
of the parameters in the sub-sample selected (10 % of realisations with highest 
normalised releases to the biosphere, for instance) are represented. The mean ranks for 
all the parameters relevant for a radionuclide (typically between 30 and 40 random input 
parameters) can be represented in a single figure. In addition, the results for several 
conditions on the output variable can be represented in the same figure: in this report the 
results for the 10 % of realisations with highest peak release to the biosphere (Highest 

1 63 4 52 12117 8 9 10 13 1514 16 17 18
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10 %) and the lowest peak release to the biosphere (Lowest 10 %) are represented 
together. This alternative graphic has been christened “mean ranks plot”, and an 
example is shown in Figure 4-3 for the I129 peak total release to the biosphere in the 
growing hole case. 

For a Monte Carlo simulation with 10,000 realisations, parameters that do not take 
specific values in the 10 % of realisation with the highest/lowest values of the output 
variable have a mean rank around 5000 in the subsample selected. Mean ranks close to 
the 500 or 9500 indicate a very strong correlation of the lowest or highest values of the 
input parameter with the highest (Highest 10 %) or lowest (Lowest 10 %) values of the 
output variable.  

Using the mean ranks of the (more than one hundred) input parameters that are known 
for certain to have no effect on the output variable, it is possible to identify the range of 
values of the mean rank that is not statistically significant. For I129, this range is 
between 4740 and 5220, and is represented as a grey band in Figure 4-3. 

The “mean ranks plot” can include additional information to make them self-
explanatory.  Figure 4-3 includes labels identifying the parameters that take specific 
values in the highest or lowest 10 % of realisations, and the input parameters are 
grouped on the basis of the component on the disposal system affected by each 
parameter (as in Table 3-19).  

 
Figure 4-3. Mean ranks plot for all the random input parameters in the 10 % of 
realisations with the highest/lowest peak release rate of I-129 to the biosphere. Growing 
hole case. 
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The “mean ranks plot” for I-129 peak release rate from the near field in the growing 
hole case (Figure 4-3) has identified two small effects that are not apparent in the 
cobweb plot: in the highest 10 % of realisations Cavity water volume and 
Porosity(anions) in buffer take relatively low values. Increasing the number of 
realisations decreases the width of the grey band and allows even smaller effects to be 
identified.  

The author of this report considers that the mean ranks plots are more useful tools than 
the conditional cobweb plots. As a consequence, “mean ranks plots” are used to support 
Monte Carlo filtering statistics in this report, instead of cobweb plots as recommended 
in [7]. 

4.1.3 Contribution to the Sample Mean plots 

In the Contribution to the Sample Mean (CSM) plots the x axis represents the  
cumulative distribution function (CDF) of the input parameter. The y-axis represents the 
fraction of the output variable mean corresponding to values of the input parameter 
smaller or equal to a given quantile (x). Several input parameters and only one output 
variable can be represented in one CSM plot. 

Figure 4-4  is an example of CSM plot. Point “A” indicates that the 10 % of realisations 
with the lowest values of Kd(Cs) in buffer are responsible for 40 % of the mean of the 
peak Cs135 release rate from the near field in the growing hole case. Point “B” indicates 
that the 20 % of highest values of QF are responsible for 43 % of the mean of the peak 
Cs135 release rate from the near field. If the curve of a parameter is always close to the 
diagonal (as seen for Solubility(Am) inside canister in Figure 4-4), it means that no 
particular region of the input parameter controls the mean of the output variable (as 
obviously is the case for Solubility(Am) inside canister and Cs-135 peak release rate 
from the near field).   

The test statistic adopted (CSM statistic) is the “maximum vertical distance to the 
diagonal” as shown in Figure 4-4 for Kd(Cs) in buffer. Low values of the CSM statistic 
mean that all the regions of the input variable have a similar contribution to the mean of 
the output, while high values of the CSM statistic mean that the mean of the output is 
controlled by a small region of values of the input variable.    

In this report, the test statistic (CSM statistic) has been calculated for the peak 
normalised release rates from the near field and to the biosphere of C-14, Cl-36, I-129, 
Cs-135, actinides and progeny and the whole inventory. In each case the “threshold” 
value above which CSM statistic is significant is obtained in two different ways: 

- the “predicted threshold” is obtained following the method proposed by R. Bolado 
[4] and 

- the “empirical threshold” is the maximum value of the CSM statistic for the more 
than 100 random input parameters that are known for sure to have no influence on 
the output variable. 

A good agreement between the “predicted” and “empirical” thresholds has been found. 
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Figure 4-4. CSM plot for input variables Kd(Cs) in buffer, QF and Solubility(Am) inside 
canister and output variable Cs-135 peak release rate from the near field in the 
growing hole case (taken from Figure 9-9). 

 
The CSM plots presented in this report include the 99 % confidence bands calculated 
following the method proposed by R. Bolado [4]. The confidence bands obtained for the 
Monte Carlo calculation with 10,000 realisations are quite narrow in most cases (e.g., 
Figure 8-9 and Figure 8-10 for I-129) and allow small effects to be identified. However, 
when the mean value of the output is controlled by a small number of realisations, the 
confidence band is very wide and only very great effects can be identified (e.g., graphic 
“hole forever” in Figure 10-9 for actinides and progeny).  

The main use of CSM plots is to identify important input parameters. In principle, an 
input parameter could be considered non-important if knowing its values does not 
provide much information about the value of the output. A completely non-important 
input parameter, in relation to a given output variable, would be characterised by the 
fact that the values of both would be randomly associated. High, low and intermediate 
values of the output would be equally obtained in any region of a non-important 
variable, which means that a line close to the diagonal would be expected.  

CSM plots should be used only when non-biasing sampling schemes have been applied 
to obtain the data. If a sampling technique that introduces biases is used (i.e.: 
importance sampling) regions of equal length in the x-axis no longer represent equally 
likely regions. Under this circumstance, the diagonal does not hold as a reference to 
measure lack of importance, and the interpretation of the plot becomes difficult and 
different for each input parameter since the bias could vary among the different 
parameters. The Monte Carlo simulations in this report have been carried out using 
Random Sampling and interpretation of the CSM plots is straightforward. 
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A particularly relevant feature of the CSM plots is the possibility of representing in the 
same figure the relationship of many input parameters to one output variable. This is a 
clear advantage with respect to scatter plots.   

4.2 Monte Carlo based methods 

4.2.1 Correlation and regression based methods  

These methods can be applied to the raw values of the input variable xj and an output of 
the model y, or to their values after performing a rank transformation or a logarithm 
transformation. 

A rank transformation can be used to convert a nonlinear but monotonic relationship 
between xj and y into a linear relationship. With this transformation, the values for xj 
and y are replaced by their corresponding ranks. In the rank transformation, the smallest 
sample value is transformed into 1, the second smallest into 2 and so on until the largest 
value, which is transformed into n (sample size). In case of ties, equal values are 
assigned the same rank. In the presence of a nonlinear but monotonic relationship 
between xj and y, use of the rank transformation can substantially improve the resolution 
of the sensitivity analysis results. 

A logarithm transformation can be used to convert a multiplicative relationship between 
xj and y into a linear relationship, using: 

.....logloglog...)(log 10101010  CBACBA  ( Equation 4-1) 

With this transformation, the values for xj and y are replaced by their corresponding 
logarithms. While the rank transformation can always be performed, the logarithm 
transformation can be performed only if xj and y are positive in all the realisations. 
When the logarithm transformation is possible, the sensitivity indices are similar to the 
equivalent sensitivity indices in ranks. 

Correlations: Pearson and Spearman correlation coefficients 

Correlation coefficients provide a measure of the correlation (linear relationship) 
between an input variable xj and an output of the model y. The Pearson correlation 
coefficient CC(xj,y) between xj and y for a sample with n realisations is defined by: 
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and xij is the value of input variable xj in realisation i.   
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CC(xj,y) has a value between -1 and 1, with a positive value indicating that xj and y tend 
to increase and decrease together and a negative value indicating that xj and y tend to 
move in opposite directions. Further, gradations in the absolute value of CC(xj,y) 
between 0 and 1 correspond to a trend from no linear relationship between xj and y to an 
exact linear relationship between xj and y. 

Whenever a nonlinear but monotonic relationship between xj and y exists, a rank 
transformation of both variables can be used to get a linear relationship. The Spearman 
correlation coefficient (denoted by RCC for rank correlation coefficient) is computed 
using the same expression as the Pearson correlation coefficient (Equation 3-1) except 
that the ranks of each variable are used instead of the raw values. 

It must be kept in mind that a CC of 0 only indicates the absence of a linear association 
between xj and y, but it does not preclude the existence of a well-defined relationship 
between xj and y (e.g., y=sin xj). Such relationships can be detected using variance 
decomposition methods (section 4.3). 

Multiple linear regression 

Regression is a technique that allows building an approximate empirical model starting 
from a sample of the input variables x1, x2,…., xk and output variable y. A particular case 
is the multiple linear regression, in which the output y is approximated using a first 
order polynomial of all the input variables: 

  kk xxxy ......)x( 22110  ( Equation 4-3) 

The coefficients β=( β0, β1, β2,….,βk)
T are computed using the sample, such that the 

error ε is minimised in the least squares sense. The values of the coefficients β that 
minimise the error ε are called β. The results of the fitted regression model are: 

niyxxx iiikii ,....,1......21  ik210i yββββy   ( Equation 4-4) 

An important feature of linear regression is the decomposition of the total sum of 
squares SST (proportional to the sample variance) into a sum of squares due to the 
regression SSR and a sum of squares due to the error SSE.  
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measures the extent to which the regression model matches the data and is called the 
coefficient of determination. R2 represents the fraction of the variance of the sample 
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explained by the regression model. A value of R2 close to 1 indicates that the regression 
model is accounting for most of the uncertainty in y, while a value of R2 close to 0 
indicates that the regression model does not explain the uncertainty in y. 

The coefficients βj are candidates for sensitivity indicators except that each one is 
influenced by the units in which the corresponding xj is expressed. To fix this problem 
the regression model is replaced by a model where all the variables have been 
standardised: 
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 ( Equation 4-8) 

where s and sj are the sample standard deviations for y and xj. 

The regression coefficients in this new model are called standardised regression 
coefficients (SRCs). They provide a sensitivity measure, or more precisely a measure of 
variables importance: 

- a variable xj is more important than a variable xl if the absolute values of their SRCs 
fulfil |SRCj|>|SRCl| 

- the sign of SRCj indicates if xj and y tend to increase/decrease simultaneously 
(positive sign) or in opposite directions (negative sign). 

The relationship between the standardised regression coefficients (SRCs) and the 
regression coefficients βj is 

jβs

s
SRC j

j   ( Equation 4-9) 

In the same way as for the Spearman correlation coefficient, whenever a nonlinear but 
monotonic relationship between xj and y exists, a rank transformation can be used to get 
a linear relationship. Using the rank transformation leads to rank regressions and 
consequently to standardised rank regression coefficients (SRCCs). The results of the 
sensitivity analysis can be improved by using these coefficients when monotonic 
relationships between inputs and outputs exist. 

Use in the PSA 

The correlation coefficients are closely related to results obtained in a linear regression 
relating xj and y. Specifically, the CC is equal to the standardized regression coefficient 
(SRC) in the single (with just one input variable) regression, and the coefficient of 
determination (R2) of the single regression is equal to the square of CC. 
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When all the random input parameters are independent (uncorrelated), the regression 
coefficients are equal to the equivalent correlation coefficients when the number of 
realisations tends to infinity. The standardized regression coefficients (SRCs) are equal 
to the correlation coefficients (CCs) and the standardized rank regression coefficients 
(SRRCs) are equal to the rank correlation coefficients (RCCs). For a finite number of 
realisations, there will be some differences between CCs and SRCs and between RCCs 
and SRRCs that will decrease when increasing the number of realisations. 

When the input parameters are independent the coefficient of determination (R2) of the 
multiple linear regression can be calculated simply as the sum of the squares of the 
correlation coefficients of the parameters included in the regression: 
R2=CC1

2+CC2
2+……..for a regression in values and R2=SCC1

2+SCC2
2+……..for a 

regression in ranks.  

If the input parameters are correlated, the SRCs/SRRCs do not provide reliable 
indications of variable importance, but the coefficient of determination R2 continues to 
represent the fraction of the variance of the output variable explained by a multiple 
linear regression model. 

In addition to correlation and regression coefficients, partial correlation coefficients 
(PCCs) are commonly used in sensitivity analysis. The PCC characterises the linear 
relationship between xj and y after a correction has been made for the linear effects on y 
of the remaining input parameters.  

When the input parameters are independent, the partial correlation coefficients (PCCs) 
and the standard regression coefficients (SRCs) give the same rankings of parameter 
importance [9]. PCCs tend to be spread out in value more than SRCs, facilitating the 
identification of small effects, but having the downside that a variable can appear to 
have a larger effect on the uncertainty in y than is actually the case [9]. Similarly, 
importance analyses rankings based on PCCs can give very misleading results when 
correlations exist between the input parameters. Specifically, if there are two highly 
correlated input variables, then each variable will cancel the other´s effect when PCCs 
with output variable y are calculated [9]. The same applies to the partial correlation 
coefficients calculated after a rank transformation of the input variables xj and the 
output y (PRCCs). 

To summarise, when there are correlations between the input variables the SRCs and 
PCCs are not reliable sensitivity indicators. When there are no correlations, the SRCs 
are identical to the CCs and the PCCs provide the same ranking of parameter 
importance, but the PCCs can overestimate the effect of a given input parameter on the 
uncertainty in y. The same applies to the correlation and regression coefficients in ranks.  

As explained in 3.3, in the Monte Carlo simulations used for the PSA all the model 
input parameters are assumed independent (uncorrelated).  

For these reasons, in this report the correlation/regression analysis is limited to 
determining the correlation coefficients in values, ranks and logarithms (when possible) 
for all the input parameters and the coefficients of determination (R2) of the multiple 
linear regressions with all the random input parameters.  
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4.2.2 Monte Carlo filtering 

The correlation and regression techniques presented in section 4.2.1took as a base to 
interpret sensitivity the ideas of linearity and monotony. Nevertheless, sensitivity can be 
interpreted in different ways that have nothing to do with these two ideas. In some 
cases, we could consider an input parameter as important with respect to a given output 
variable if we are able to uncover a clear link between specific regions of both.  

Monte Carlo filtering is based on dividing the output sample in two or more subsets 
according to some criterion (achievement of a given condition, exceeding a threshold, 
etc.) and testing if the inputs associated to those subsets are different or not. 

A completely non-important input parameter, in relation with a given output variable, 
would be characterised by the fact that the values of both would be randomly 
associated. If the sample is divided into two subsets on the basis of a condition on the 
output variable, two random subsets of the input parameter would be obtained, with no 
statistically significant differences between them. 

Different criteria can be used to generate the two subsets to be compared. As an 
example, the output sample could be divided in two parts: the realisations that exceed a 
safety limit and the realisations below the limit. It is possible to investigate whether or 
not both subsamples are related to different regions of a given input parameter. In the 
first case, knowing the value of that input parameter would be important in order to be 
able to predict if the safety limit will be exceeded (and the parameter would be labelled 
as “important”), while in the second case it would not be important to know the value of 
the parameter (that would be labelled as “non-important”). However, in the probabilistic 
calculations presented in this report the consequences (quantified using the normalised 
release to the biosphere) are well below the regulatory limit (<1). As a consequence, the 
following criterion has been adopted to create the two sub-sets: “divide the sample into 
the 10 % of realisations producing highest values of the output variable and the 
remaining 90 % of realisations”. 

The high values of the output variables are of special interest for the safety case and the 
criterion adopted allows the input parameters that contribute most to the high values of 
the output variables to be identified. 

The testing of whether or not the inputs associated to the two subsets are different is 
carried out using non-parametric statistics and their associated tests: 

- The two-sample Smirnov test, and  

- The Mann-Whitney (or Wilcoxon) two-sample test, and  

The two-sample Smirnov test is based on comparing cumulative distribution functions 
while the Mann-Whitney test is based on ranks. 

A further test, the t-test, is available, but has not been used because the hypotheses of 
applicability are not satisfied: the t-test is based on the sampling distribution of the 
mean of normal variables, and none of the random input or lumped parameters follow 
normal distributions. In previous work performed within PAMINA project the t-test 
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produced, in general, results consistent with the other Monte Carlo filtering tests, 
although some anomalies were observed.  

In this report Monte Carlo filtering has been tested with the peak normalised release 
rates from the near field and to the biosphere of different radionuclides and also the total 
normalised release rates. The output variable (peak normalised release rate) sample is 
divided in two sub-samples and the statistics test whether the inputs associated to those 
subsets are different or not. 

Smirnov and Mann-Whitney tests 

The Smirnov and Mann-Whitney tests provide both a statistic that quantifies the 
differences between the two subsamples and a p-value that allows deciding if the 
differences are due to a real influence of the input parameter on the output or are due to 
a statistical fluctuation.  

 

Figure 4-5. Cumulative  distribution  functions  for Kd(Cs)  and  Kd(Ni) in buffer in the  
10 %  of  realisations  with  the highest values of the Cs-135 peak release rate from the  
near field and the remaining 90 % of realisations.  Monte  Carlo  simulation  with
10,000 realisations of the growing hole case. 

The Smirnov statistic is the maximum vertical distance between the cumulative 
distribution functions of the two subsamples (see Figure 4-5). The higher the absolute 
value of the Smirnov statistic, the greater will be the differences between the values of 
the input parameter in subsample S1 and subsample S2. Figure 4-5 illustrates that for a 
parameter with influence on the model output (Kd(Cs) in buffer) the CDFs of the two 
subsamples are very different, while for a non important parameter (Kd(Ni) in buffer) 
the two subsamples practically overlap. 
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The original Mann-Whitney statistic is the sum of the ranks of the input parameter in 
the realisations that satisfy the condition (highest 10 % values of the output variable, for 
instance). Mann-Whitney (MW) statistic has been modified using a linear 
transformation to make it independent of the number of realisations (n) and to take 
values between -1 and 1. For a calculation with n runs, two subsamples are generated: 
S1 with h runs (highest 10 % of realisations) and S2 with n-h runs. The original Mann-
Whitney statistic (M-W) is the sum of the ranks associated with the h values of the input 
parameter in subsample S1. The mean rank of an input parameter in S1 subsample minus 
the mean rank of the parameter in the whole sample (S1+S2) is: 

2

1n

h

MW 
  (Equation 4-10) 

which can take values between -(n-h)/2 and (n-h)/2. The modified Mann-Whitney 
statistic (MWmod) s is defined as 

2

hn
2

1n

h

MW

MWmod 




  (Equation 4-11) 

A negative value of the modified statistic of the Mann-Whitney test means that the 
realisations in sample S1 (10 % highest peak release rate to the biosphere, for instance) 
correspond to low values of the input parameter. A positive value of the modified 
statistic for the Mann-Whitney test means that the realisations in subsample S1 
correspond to high values of the input parameter. The higher the absolute value of 
modified statistic of the Mann-Whitney test, the greater are the differences between the 
values of the input parameter in subsample S1 and subsample S2. 

Even for parameters with no influence of the model output (such as Kd(Ni) in buffer in 
Figure 4-5) there are always some differences between subsamples S1 and S2 and the p-
values are test specific magnitudes that quantify the probability of these differences 
being a statistical fluctuation. A small p-value means that that the differences between 
S1 and S2 are real and not a consequence of a statistical fluctuation, while a high p-value 
means that the differences between S1 and S2 are not statistically significant.  

The decision rule proposed in [6] for both the Smirnov and Mann-Whitney tests is: 

-  If p-value<0.01, the input parameter is critical (subsamples S1 and S2 are clearly 
different), 

-  If 0.01≤p-value<0.1, the input parameter is important (differences between 
subsamples S1 and S2 are small), 

-  If p-value≥0.1, the input parameter is non important (differences between 
subsamples S1 and S2 are not statistically significant) 

Statistics and p-values in Monte Carlo filtering analyses 

Table 4-1 and Table 4-2 present the values of the Smirnov and Mann-Whitney tests 
(both the p-values and the statistics) for the Cl-36 peak release rate to the biosphere in 
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the hole forever case, when the population is divided following the highest 10 % vs. 
remaining 90 % criterion. Results for two different calculations are shown: with 10,000 
and 100,000 realisations. 

With its original definition (sum of the ranks of the parameter in the highest 10 % 
realisations), Mann-Whitney statistics would increase with the number of realisations 
without reaching a stable value. However, the modified Mann-Whitney statistic tends to 
a stable value when the number of realisations increases. 

The thresholds for the p-values and the statistics are calculated on the basis of the p-
values and the statistic for the approximately 120 random input parameters in the model 
that are known for sure to the irrelevant for the peak release of Cl-36. The threshold for 
the p-value is the minimum value of the p-values for the non relevant parameters, and 
the threshold for the statistic is the maximum of the absolute values of the statistic for 
the non relevant parameters.  

The input parameters that take different values in the 10 % highest realisations compared 
with the remaining 90 % realisations (and thus have an effect on the highest peak 
release rates of Cl-36 to the biosphere) can be identified on the basis of the statistics or 
the p-values. Relevant parameters are those with a statistic greater (in absolute value) 
than the “statistic threshold” or a p-value smaller than the “p-value threshold”. Table 
4-1 and Table 4-2 present the values of the statistics and the p-values statistically 
significant (greater or smaller than the corresponding threshold, respectively) as white 
cells. In addition, the grey cells identify the parameters whose statistic and p-value are 
not statistically significant with 10,000 realisations but become statistically significant 
with 100,000 realisations. It is noteworthy that the sets of relevant parameters identified 
on the basis of the statistics and the p-values are always identical.   

Table 4-1 and Table 4-2  show that the statistics are little affected by the number of 
realisations while a factor 10 of increase in the number of realisations leads to many 
orders of magnitude of change of the p-values. The statistics of the Smirnov and Mann-
Whitney tests to their “real” values when the number of realisations increases. In 
contrast, the p-values of the relevant parameters tend to zero when the number of 
realisations increases. As a consequence, the statistics allow a ranking of importance of 
the input parameters to be made, while the p-values do not (beyond a given number of 
realisations the p-values of all the relevant parameters are zero). For these reasons, in 
this report the results of the Monte Carlo filtering analyses are presented only in terms 
of the statistics. 

Both the Smirnov and the Mann-Whitney tests allow the most important input 
parameters to be identified with just 10,000 realisations, and the capability of the tests 
to identify small differences between the two subsets increases with the number of 
realisations. Results in Table 4-1 and Table 4-2 show that, going from 10,000 to 
100,000 realisations decreases the threshold of the statistics by a factor of 3 to 4, which 
is consistent with the “rule of thumb” of the threshold being proportional to the square 
root of the number of realisations as described in section 14.1. 
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Table 4-1. Monte Carlo filtering for Cl-36 peak release rate to the biosphere for 10,000 
and 100,000 realisations – p-value and statistic of the Smirnov test (10 % of highest 
values vs. the remaining 90 %). Hole forever case. 

Parameters 
10,000 realistaions 100,000 realisations 

p-value statistic p-value Statistic 
Canister failure      
Time to transport path creation     
Small hole diameter 0 0.554 0 0.554 
De in the small hole 1.0·10-129 0.405 0 0.403 
Waste     
IRF(Cl) 3.6·10-2 0.047 6.8·10-29 0.060 
Fuel alteration rate 2.0·10-3 0.062 2.0·10-5 0.025 
Zirconium alloys alteration rate     
Canister interior     
Cavity water volume 1.5·10-96 0.349 0 0.337 
Mass of buffer in cavity     
Hole Buffer     
Porosity (anions)     
De (anions) 4.9·10-82 0.322 0 0.324 
Tunnel backfill      
Porosity (anions) 7.8·10-1 0.022 4.1·10-4 0.022 
De (anions) 5.4·10-1 0.027 3.9·10-4 0.022 
Tunnel length     
Near field flows     
QF     
QDZ     
QTDF     
qTDZ     
Geosphere flow parameters     
tW in F-, DZ-, TDZ-paths     
Lengths of F-, DZ-, TDZ-paths      
WL/Q for F-path  6.3·10-2 0.044 2.8·10-10 0.035 
WL/Q for DZ-path  4.9·10-7 0.092 2.7·10-32 0.064 
WL/Q for TDZ-path  1.1·10-1 0.040 1.0·10-2 0.017 
Peclet number     
Unaltered rock     
Total porosity 4.1·10-3 0.058 8.5·10-22 0.052 
De  9.6·10-2 0.041 1.1·10-10 0.036 
Maximum penetration depth 4.1·10-7 0.092 7.5·10-36 0.067 
Kd (Cl) 6.8·10-13 0.126 5.4·10-91 0.108 
Threshold of significance 5.5·10-3 0.057 1.7·10-3 0.020 
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Table 4-2. Monte Carlo filtering for Cl-36 peak release rate to the biosphere for 10,000 
and 100,000 realisations – p-value and modified statistic of the Mann-Whitney test 
(10 % of highest values vs. the remaining 90 %). Hole forever case. 

Parameters 
10,000 realistaions 100,000 realisations 

p-value statistic p-value Statistic 

Canister failure      

Time to transport path creation     

Small hole diameter 0 0.696 0 0.695 

De in the small hole 8.1·10-151 0.503 0 0.520 

Waste     

IRF(Cl)  4.5·10-3 0.055 2.3·10-37 0.078 

Fuel alteration rate 9.2·10-4 0.064 1.0·10-6 0.030 

Zirconium alloys alteration rate     

Canister interior     

Cavity water volume 1.5·10-114 -0.438 0 -0.436 

Mass of buffer in cavity     

Hole Buffer     

Porosity (anions)     

De (anions) 1.6·10-100 0.410 0 0.411 

Tunnel backfill      

Porosity (anions) 5.0·10-1 -0.013 1.2·10-4 -0.023 

De (anions) 3.2·10-1 -0.019 7.8·10-5 -0.024 

Tunnel length     

Near field flows     

QF     

QDZ     

QTDF     

qTDZ     

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths      

WL/Q for F-path  7.0·10-2 -0.035 9.3·10-17 -0.051 

WL/Q for DZ-path  2.4·10-8 -0.107 2.4·10-37 -0.078 

WL/Q for TDZ-path  7.7·10-2 -0.034 3.2·10-4 -0.022 

Peclet number     

Unaltered rock     

Total porosity 2.9·10-4 -0.070 4.0·10-29 -0.068 

De  1.1·10-2 -0.049 1.3·10-12 -0.043 

Maximum penetration depth 3.3·10-9 -0.114 4.8·10-45 -0.095 

Kd (Cl) 2.8·10-7 -0.099 3.6·10-87 -0.120 

Threshold of significance 1.0·10-3 0.063 7.2·10-3 0.016 
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4.3 Variance decomposition based methods 

An informative, but potentially computationally expensive, sensitivity analysis 
procedure is based on a complete variance decomposition of the uncertainty associated 
with output y.  

The variance of a variable y in a sample of size n is defined as: 
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With the variance decomposition procedure the variance Var(y) of y is expressed as 
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where Vj is the contribution of xj to V(y) acting independently, Vjk is the contribution of 
the interaction of xj and xk to V(y), and so on, up to V1,2,…nX, which is the contribution of 
the interaction of x1, x2,…..,xnX to V(y). nX is the number of input variables. 

Using variance decomposition, Sobol sensitivity indices are defined as: 

- first order sensitivity indices, that provide the fraction of V(y) that is produced by 
input variable xj acting independently 
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- second order sensitivity indices, that provide the fraction of V(y) that is produced by 
the interaction of xj and xk  
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- and so on until the order nX 
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Dividing both sides in Equation 4-13 by V(y) a very useful relation is obtained: 
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 (Equation 4-17) 

Some of the methods used to calculate the sensitivity indices demand specific samples 
techniques and large total sample sizes. These so called expensive methods cannot be 
applied to the typical Monte Carlo simulation made for a probabilistic assessment, while 
there are other methods (called cheap methods) that can be applied. 
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 In a benchmark exercise done in PAMINA project, it was found that “the results 
obtained with cheap methods are very much comparable to those obtained with more 
sophisticated methods” (section 3.3 of [10]).   

In this report, only first order sensitivity indices have been calculated through the use of 
“correlation ratios”, a cheap method that provides good results, especially when results 
are unbiased. 

The 1st order sensitivity indices are defined as 
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For a set of continuous input variables x the Sj can be evaluated using calculating some 
integrals 
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 (Equation 4-19) 

where ρj is the probability distribution function for variable xj and ρ-j is the product of 
the probability distribution functions for all the input variables with the exception of xj.  

For a Monte Carlo simulation with n realisations, the previous integrals are evaluated as 
sums. The output sample is divided in k subsamples (each with m realisations) 
according to a partition of the input variable xj. The mean of the output variable is 
computed for each subsample ( sy ) and the variance of these means is divided by the 

variance of the output, yielding the 1st order sensitivity indices.  
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Correlation ratios (η) are the square root of the first order sensitivity indices. The 
correlation ratio is a measure of the relationship between the statistical dispersion within 
individual subsamples and the dispersion across the whole sample. 

For each number k of subsamples (typically 2, 22, 23,…..) a different value of Sj is 
obtained. In each subsample, xj must be reasonably constant and the number of 
realisations m must be great enough to provide a good average over all the input 
variables with the exception of xj. In a graphic representation of Sj (y axis) vs. the 
number k of subsamples (x axis), the real value of Sj corresponds to the central 
“plateau” in which changing the number of subsamples has little or no effect on the 
calculated value of Sj. If the number of realisations of the Monte Carlo simulation is too 
small, it is possible that no “plateau” could be identified. 
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Figure 4-6 presents the values of Sj calculated with Equation 4-20 for all the input 
parameters and the peak I129 release rate to the biosphere in the hole forever case, for 
different numbers of intervals. In general quite clear “plateaus” are observed when the 
number of intervals is between 24 and 26, but for the most important parameter (Fuel 
alteration rate) the “plateau” is not so clear. 

 

Figure 4-6. First order sensitivity indices for I-129 peak release rate to the biosphere in 
the hole forever case estimated using Equation 4-20. Results obtained with a sample of 
size 9216. 

In [11] a de-biasing factor is obtained, which significantly improves the results because 
it corrects for the loss of degrees of freedom when the number of intervals increases. 
The unbiased first order sensitivity index (η2

u) is defined as 

)/()( 22 knknu    (Equation 4-21) 

where k is the number of intervals and n is the size of the sample. 

Figure 4-7 presents the calculated values of Sj for all the input parameters and I129 peak 
release rate to the biosphere in the hole forever case, for different numbers of intervals 
using the expression corrected for biases (Equation 4-21). Clear “plateaus” are observed 
when the number of intervals is greater than 23. In addition, the unbiased expression 
eliminates the high values of Sj observed in Figure 4-6 for all the parameters when the 
number of intervals is very high. 

In this report only the first order sensitivity indices have been calculated, using the 
unbiased expression of the correlation ratios (Equation 4-21). This expression is 
calculated for different numbers of intervals and the value adopted is the mean of the 
values obtained with 25, 26, 27 and 28 intervals. 
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Figure 4-7. First order sensitivity indices for I-129 peak release rate to the biosphere in 
the hole forever case using the unbiased expression of Equation 4-21. Results obtained 
with a sample of size 9216. 

4.4 Methodology followed for the PSA 

The purpose of the Probabilistic Sensitivity Analysis (PSA) is to identify the most 
relevant input parameters for a given model output, e.g., the peak total normalised 
release rate to the biosphere. A problem arises when we want to identify the “relevant” 
or “important” input parameters; what do “relevant”, “important” and similar words 
mean? An input parameter can be considered important for a given model output for 
different reasons (with the sensitivity method appropriate to identify that class of 
“importance” shown in brackets): 

- if there is a strong correlation between the input and the output (correlation and 
regression methods), 

- if the highest/lowest values of the output are obtained when the input takes values in 
a given region (Monte Carlo filtering),  

- if a particular region of the input parameter provides a lower or greater than average 
contribution to the mean value of the output (Contribution to the Sample Mean plots 
and statistic), or 

- if the input contributes a large fraction of the output variance, considered as a 
measure of uncertainty (variance based methods).  

It must be noted that there exists a significant overlap between these classes of 
importance and often (though not always) the same parameters are identified as 
important for all these reasons.   
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For the most important radionuclides (C-14, Cl-36, Cs-135 and I-129), the actinides and 
progeny and the whole inventory (total) a comprehensive sensitivity analysis has been 
done with the full set of sensitivity methods described in this chapter. This allows 
identifying the “important” parameters for the peak release rates from the near field and 
to the biosphere with any of the four previous definitions of “importance”. Only 
regression models in ranks are used to study the “important” parameters for the time 
evolution of the release rates from the near field and to the biosphere.  

Most of the results presented in the next chapters have been obtained for two Monte 
Carlo simulations with 10,000 realisations, one for the hole forever case and another for 
the growing hole case. A second pair of Monte Carlo simulations with 10,000 
realisations has been used to check if the values of sensitivity measures close to or 
slightly smaller than the empirical thresholds (obtained with the first pair of Monte 
Carlo simulations) are meaningful or not.   

The dominant parameters are clearly identified by the first pair of Monte Carlo 
simulations, but for less relevant parameters (with low values of the sensitivity 
measures) there can exist doubts regarding whether or not a value of the statistic slightly 
below or above the empirical threshold of significance corresponds to a real effect. 
These borderline values of the sensitivity measures are included in the tables of results 
only if the second Monte Carlo simulation confirms the result. 

Each sensitivity measure allows a numerical ranking of importance of all the input 
parameters to be created, but these strict numerical rankings can change if a different 
Monte Carlos simulation (with the same number of 10,000 realisations) is used, as can 
be seen in Table 14-1 to Table 14-4. As shown in Section 14.2 when a given statistic 
takes similar values for several parameters, two Monte Carlo simulations (both with 
10,000 realisations) can provide different rankings of importance (based on those 
numerical values). This behaviour is observed only for parameters with medium to low 
influence on the model output.  

To avoid this problem, qualitative rankings (that include quantitative information in 
some cases) are created, classifying the input parameters into groups with similar values 
of the sensitivity measure. 

This is an example of the class of rankings of important obtained for a given sensitivity 
measure (section 11.4.3): “On the basis of the CSM statistic the three most influential 
parameters for the peak total normalised release rate to the biosphere are Solubility(C) 
inside canister, Small hole diameter and De in the small hole (the three with similar 
values of the CSM statistic), followed by Cavity water volume. There are eight 
parameters of smaller importance (CSM statistic between 0.200 and 0.100): Kd(C) in 
buffer, QF, WL/Q for DZ-path, QDZ, WL/Q for F-path, and three parameters of the 
unaltered rock (De, Porosity and Maximum penetration depth). Finally, the CSM 
statistics of De(cations/neutral) in backfill and Kd(C) in backfill are slightly smaller 
than 0.1 and only a little above the threshold of significance.” 

In general, the different sensitivity measures identify roughly the same important 
parameters with similar rankings of importance, although in some cases there can be 
significant differences between the rankings of importance obtained with the different 
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sensitivity measures. The (up to seven) rankings of important parameters for a given 
model output created on the basis of the different sensitivity measures are combined to 
identify the most influential parameters for that output. This is an example of the class 
of rankings of importance obtained (section 11.4.3): “the key input parameters for the 
peak total normalised release rate to the biosphere in the hole forever case have been 
identified: 

- the parameters with the greatest influence are Solubility(C) inside canister, Small 
hole diameter and De in the small hole. Solubility(C) inside canister has a smaller 
influence on the spread of values of the peak total normalised release rate to the 
biosphere  (RCCs/SRRCs) than the two other parameters, but the three parameters 
have a similar importance on the basis of any of the remaining statistics,    

- there are two parameters of secondary importance: Cavity water volume and Kd(C) 
in buffer, 

- there is a numerous group of parameters of limited importance: near field 
parameters QF, QDZ and Fuel alteration rate (this last parameter only is identified as 
relevant by the RCCs/SRRCs and logCCs), groundwater flow parameters WL/Q for 
DZ-path and WL/Q for path F-path and Porosity, De and Maximum penetration 
depth in unaltered rock, and  

- IRF(I), Mass of buffer in cavity, De(anions) in buffer, De(cations/neutral) in 
backfill, Kd(C) in backfill and Kd(I) in unaltered rock have only a small effect.” 

The parameters identified in the PSA as important for the peak value of a model output 
are usually identified also as important in the PSA of the time evolution of the model 
output, although the relative importance can be quite different. In addition, the PSA of 
the time evolution of the model output identifies as important some parameters (like 
Time to transport path creation and Time to loss of hole resistance) that have no 
significant effect on the peak value of the model output.   

In the PSA of a deep geological repository it is neither feasible nor necessary to perform 
a comprehensive sensitivity analysis (using the whole set of sensitivity measures) for all 
the model outputs and for all calculated radionuclides and decay chains. For each of the 
radionuclides in the inventory (Table 3-1) with exception of C-14, I-129, Cl-36 and Cs-
135, a simplified sensitivity analysis has been carried out for the peak release rates from 
the near field and to the biosphere for the hole forever and growing hole cases. Only 
two sensitivity indicators are used in the simplified sensitivity analyses: 

- Correlation coefficients in ranks (RCCs), that are equivalent to the standardised 
regression coefficients (SRCs) when all the input parameters are independent, and 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %. 

The RCCs/SRRCs identify the input parameters whose uncertainty has an important 
effect on the spread of values of the model output and the modified Mann-Whitney 
statistics  identify  the  parameters  that  take  specific  values in the 10 % of realisations  
with the highest values of the model output. 
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5 RESULTS OF THE MONTE CARLO SIMULATIONS 

As discussed in chapter 2, in a Monte Carlo simulation the system evolution is 
calculated many times, each with a particular set of values of the input parameters. Each 
individual calculation (called a “realisation”) provides a possible future evolution of the 
system.  

Two Monte Carlo simulations with 10,000 realisations have been performed, one for the 
hole forever case and other for the growing hole case. In this section and the rest of the 
report the results obtained in both cases are shown separately but close to each other to 
facilitate comparison.  

Figure 5-1 shows the total (summed over the F-, DZ- and TDZ-paths and over all the 
radionuclides) normalised release rates from the near field and to the biosphere in three 
realisations of the hole forever (thin lines) and the growing hole (thick lines) cases. For 
a given realisation, the curves for the hole forever and growing holes cases overlap until 
the loss of the transport resistance of the small hole. The enlargement of the initial small 
hole into a much greater defect in the canister produces a sudden and large increase in 
the release rate of radionuclides into the buffer that after some time is transmitted to the 
release rates from the near field and to the biosphere. Figure 5-1 illustrates that the peak 
release rates from the near field and to the biosphere are much greater in the growing 
hole case than in the hole forever case.     

Figure 5-1 shows that the uncertainty in the model parameters and the variability in the 
near field and geosphere transport properties translate into very different system 
evolutions and consequences. The shapes of the curves are very different in the three 
realisations, and differences of up to three orders of magnitude are observed in the peak 
total normalised release rates.  

In this chapter the results obtained in the Monte Carlo simulations with 10,000 
realisations for the hole forever and growing hole cases are presented and analysed, in 
order to: 

- quantify the uncertainty in the model results due to the uncertainty in the input 
parameters (uncertainty analysis), and 

- identify the radionuclides that control the total normalised release rates from the 
near field and to the biosphere. 
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Figure 5-1. Total normalised release rates from the near field and to the biosphere in 
three realisations of the Monte Carlo simulations (hole forever and growing hole). 
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5.1 Total normalised releases rate from the near field and to the 
biosphere  

The results of the 10,000 realisations in each Monte Carlo simulation are combined to 
quantify the uncertainties in model outputs. Figure 5-2 and Figure 5-3 present the time 
evolution of the total (summed over the F-, DZ- and TDZ-paths and all the 
radionuclides) normalised release rates from the near field and to the biosphere in the 
two cases studied. The mean, 1st-99th percentiles, 5th -95th percentiles, median (50th 
percentile), minimum and maximum values at each instant are included in the figures, 
although in some cases are not visible (<10-10). 

Figure 5-2 and Figure 5-3 illustrate the great uncertainty in model results produced by 
the uncertainty in the input parameters. At any instant, the uncertainty in the value of 
the total normalised release rate spans several orders of magnitude. Up to 5,000 years 
there are some realisations with zero releases because the transport path from the 
canister interior to the buffer has not been created yet. The minimum spread obtained is 
around four orders of magnitude and corresponds to the release rate from the near field 
between 105 and 106 years in the hole forever case.  

Figure 5-2 and Figure 5-3 also include the regulatory geo-bio flux constraint. It is 
observed that in the hole forever case the peak total normalised release rates from the 
near field and to the biosphere represent less than 1 % of this constraint in all the 
realisations, while in the growing hole case the peak release rates are close to the 
regulatory constraint in some realisations. It is noteworthy that in the great majority of 
the realisations the release rates are much smaller than the “maximum value”: the 99th 
and 95th percentiles are well below the “maximum value” lines. 

It must be noted that peak values of the “maximum value” lines in Figure 5-2 and 
Figure 5-3 are slightly smaller than the maximum values of the peak total normalised 
release rates in Figure 5-12, Figure 5-13 and Tables 5-5 to 5-8. The reason is that in 
Figure 5-2 and Figure 5-3 only a few time instants are represented and the maximum 
values of the peak normalised release rates are obtained at a different instant.    
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Figure 5-2. Total normalised release rate from the near field in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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Figure 5-3. Total normalised release rate to the biosphere in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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5.2 Normalised release rates from the near field and to the biosphere 
for each radionuclide 

Figure 5-4 and Figure 5-5 show the mean normalised release rates from the near field 
and to the biosphere in two Monte Carlo simulations with 10,000 realisations. At each 
instant, the mean value of the release rate in the 10,000 realisations is represented. Mean 
normalised release rates are displayed for: 

- the whole inventory of radionuclides (total), 

- C-14, Cl-36, Cs-135 and I-129 (the main fission and activation products), 

- the sum of the remaining fission and activation products, and 

- the sum of all the actinides and progeny. 

C-14 is the radionuclide that produces the highest release rates from the near field and 
to the biosphere in the two cases, usually followed by Cl-36 and I-129. Cl-36 and I-129. 
These have similar importance up to 105 years, but thereafter the relative importance of 
I-129 increases with time. Long term Cs-135 mean release rates are also significant, but 
are smaller than those of Cl-36 and I-129 at any instant. The rest of fission and 
activation products provide an important contribution to the mean total normalised 
release rates from the near field, particularly at early times, but their contribution to the 
total release rate to the biosphere is much smaller. Actinides and progeny have an 
important effect on the long term total normalised release rates from the near field and 
to the biosphere in the growing hole case, but in the hole forever case their mean release 
rates from the near field and to the biosphere are small.  

Figure 5-6 and Figure 5-7 show the mean normalised release rates from the near field 
and to the biosphere for each of the radionuclides included in the “rest of fission and 
activation products”. At any instant, the mean release rates of these radionuclides 
represent only a very small fraction of their regulatory geo-bio flux constraints. Sr-90 
controls the releases both from the near field and to the biosphere in the first hundreds 
of years (with an important contribution of Cs-137 to the release rates from the near 
field), and then Ag-108 m becomes the most important radionuclide up to 
approximately 5,000 years. If a Time to transport path creation of 1,000 years were 
used (as in the Reference Case of TURVA-2012) the effect of Sr-90 and Cs-137 would 
be negligible and only Ag-108m would be important in the first thousands of years. 
Beyond 5,000 years, the mean release rates due to the “rest of fission and activation 
products” are controlled by Mo-93 (and its short-lived daughter Nb-93m), Nb-94, Se-79 
and Ni-59 during different periods of time. 

Figure 5-8 and Figure 5-9 show the mean normalised release rates from the near field 
and to the biosphere due to the four actinide series. In all the cases, the mean normalised 
release rates of actinides and progeny are totally controlled by the 4n+2 series. Figure 
5-10 and Figure 5-11 show that the normalised release rates due to the 4n+2 series are 
totally controlled by Ra-226. As a consequence, it has been found that Ra-226 
completely controls the mean normalised release rates from the near field and the far 
field of actinides and progeny.  
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In the realisations with the highest normalised release rates from the near field and to 
the biosphere of actinides and progeny, the controlling radionuclide is Ra-226, and for 
this reason the mean normalised release rates are controlled by Ra-226. Nevertheless, 
there are many realisations (characterised by the slow transport of radium through the 
engineered and the natural barriers) in which the normalised release rates of actinides 
are progeny are controlled by other radionuclides. 

The key radionuclides identified in this section are consistent with the results of other 
safety assessments of deep geological repositories for spent fuel and the deterministic 
Reference Case of TURVA-2012: 

- maximum consequences (normalised release rates from the near field and to the 
biosphere) are controlled by highly soluble fission and activation products (C-14, 
Cl-36 and I-129) that have little or no sorption on the engineered barriers system 
(EBS) and the natural barrier, and thus migrate quickly, 

- in the long term, Cs-135 becomes important, because its long life means that it 
suffers relatively little decay during transport despite its relatively long transport 
times through the EBS and the natural barrier, and 

- actinides and progeny can become significant in the long term (in the growing hole 
case).   
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Figure 5-4. Mean normalised release rates from the near field in Monte Carlo 
simulations with 10,000 realisations. Results for the main radionuclides, the rest of 
fission and activation products, actinides and progeny and the whole inventory (total).  
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Figure 5-5. Mean normalised release rates to the biosphere in Monte Carlo simulations 
with 10,000 realisations. Results for the main radionuclides, the rest of fission and 
activation products, actinides and progeny and the whole inventory (total).  
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Figure 5-6. Mean normalised release rates from the near field in Monte Carlo 
simulations with 10,000 realisations. Rest of fission and activation products.  
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Figure 5-7. Mean normalised release rates to the biosphere in Monte Carlo simulations 
with 10,000 realisations. Rest of fission and activation products. 
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Figure 5-8. Mean normalised release rates from the near field in Monte Carlo 
simulations with 10,000 realisations. Actinides and progeny. 
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Figure 5-9. Mean normalised release rates to the biosphere in Monte Carlo simulations 
with 10,000 realisations. Actinides and progeny. 
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Figure 5-10. Mean normalised release rates from the near field in Monte Carlo 
simulations with 10,000 realisations. Members of 4n+2 series. 
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Figure 5-11. Mean normalised release rates to the biosphere in Monte Carlo 
simulations with 10,000 realisations. Members of 4n+2 series. 
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5.3 Peak normalised release rates from the near field and to the 
biosphere 

The total and radionuclide specific peak normalised release rates from the near field are 
useful to quantify the isolation capability of the engineered barriers for the whole 
inventory disposed of in the repository or for a particular radionuclide. Similarly, the 
total and radionuclide specific peak normalised release rates from the far field (to the 
biosphere) are useful to quantify the radiological consequences of the waste disposed of 
in the repository and the isolation capability of the complete disposal system 
(engineered and natural barriers) for the whole inventory or a particular radionuclide.  

A deterministic calculation provides a single value for the C-14 peak release rate to the 
biosphere (for instance) while, in a Monte Carlo simulation, a different value is obtained 
in each realisation. The results of the Monte Carlo simulation are commonly represented 
in the form of cumulative distribution functions (CDFs), such as those shown in Figure 
5-12.   

Figure 5-12 and Figure 5-13 present the CDFs for the peak normalised release rates 
from the near field and to the biosphere of C-14, Cl-36, I-129, Cs-135, the rest of fission 
and activation products and the sum of all actinides and progeny. The CDFs of the peak 
total (summed over all the radionuclides) normalised release rates are also presented. 
Results are presented for the hole forever and the growing hole cases. The maximum 
value of each CDF is represented as a coloured diamond. In these two figures it is 
observed that: 

- the realisations with the highest peak total normalised release rate from the near 
field or to the biosphere are controlled by C-14, although in the release rates from 
the near field of the hole forever case the “rest of fission and activation products” 
(mainly Sr-90, Cs-137 and Ag-108m as can be seen in Figure 5-14) have some 
influence; 

- the CDFs of Cl-36 and I-129 are always close and spread over three orders of 
magnitude. I-129 produces higher peak normalised release rates than Cl-36 in the 
hole forever case, while in the growing hole case Cl-36 produces higher peak 
normalised release rates, but the differences between the CDFs are small;  

- the CDFs of C-14 present a much greater spread than the equivalent CDFs for Cl-36 
and I-129. This is a consequence of the much shorter life of C-14, which means that 
attenuation of C-14 peak normalised release rate due to decay varies widely between 
realisations, and the fact that in the calculations carbon is affected by more uncertain 
parameters than chlorine and iodine.    

Figure 5-14 and Figure 5-15 present the CDFs for the peak normalised release rates 
from the near field and to the biosphere of the “rest of fission and activation products”, 
i.e. by all the fission and activation products other than C-14, Cl-36, I-129 and Cs-135. 
Results are presented for the hole forever and the growing hole cases.  

Figure 5-16 and Figure 5-17 present the CDFs for the peak normalised release rates 
from the near field and the far field (to the biosphere) of all the actinides and progeny, 
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each of the 4 actinide series and Ra-226. Results are presented for the hole forever and 
the growing hole cases. It is observed that: 

- the peak total normalised release rates from the near field of actinides and progeny 
are totally controlled by the 4n+2 series, and by Ra-226 in particular; and 

- the 20 % of realisations with the highest values of the peak total normalised release 
rate to the biosphere of actinides and progeny (Figure 5-17) are controlled by the 
4n+2 series and by Ra-226 in particular.  

Figure 5-12 to Figure 5-17 include a vertical line showing the regulatory geo-bio flux 
constraint. For most radionuclides the maximum values of the peak normalised release 
rate from the near field and to the biosphere are much smaller than this constraint, and 
only the CDFs for C-14 and total normalised release rate from the near field and to the 
biosphere in the growing hole case are close to (or slightly greater than) the geo-bio flux 
constraint. 

Table 5-1 to Table 5-4 present some uncertainty indicators for the peak normalised 
release rates from the near field and to the biosphere for all the radionuclides. Table 5-5  
Table 5-8 provide the same information for different groups of radionuclides and the 
whole inventory (total). Only a few radionuclides (or groups of radionuclides) have 
peak release rates greater than 10-6 times the corresponding geo-bio flux constraint in at 
least in one of the 10,000 realisations. These radionuclides (and groups of 
radionuclides) are identified using bold letters and grey filled cells for the maximum 
values (Max.) in Table 5-1 to Table 5-8.  

Table 5-1 to Table 5-8 show the great spread in the values of the peak normalised 
release rates from the near field and to the biosphere due to the uncertainty in the input 
parameters. For nearly all the radionuclides there are some realisations (column 
“number of null realisations” in the tables) in which the peak normalised release rate is 
zero (in GoldSim calculations the minimum absolute value of a output variable is 10-38, 
and hence the zeros in the tables mean <10-38).  
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Figure 5-12. CDFs for the peak normalised release rate from the near field in Monte 
Carlo simulation with 10,000 realisations. Results for the main radionuclides, the rest 
of fission and activation products, actinides and progeny and the whole inventory 
(total). 
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Figure 5-13. CDFs for the peak normalised release rate to the biosphere in Monte 
Carlo simulation with 10,000 realisations. Results for the main radionuclides, the rest 
of fission and activation products, actinides and progeny and the whole inventory 
(total). 
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Figure 5-14. CDFs for the peak normalised release rate from the near field in the 
Monte Carlo simulation with 10,000 realisations. Rest of fission and activation 
products. 
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Figure 5-15. CDFs for the peak normalised release rate to the biosphere in Monte 
Carlo simulations with 10,000 realisations. Rest of fission and activation products. 
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Figure 5-16. CDFs for the peak normalised release rate from the near field in Monte 
Carlo simulations with 10,000 realisations. Actinides and progeny. 
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Figure 5-17. CDFs for the peak normalised release rate to the biosphere in Monte 
Carlo simulations with 10,000 realisations. Actinides and progeny. 
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Table 5-1. Peak total normalised release rate from the near field for each radionuclide 
in a Monte Carlo simulation with 10,000 realisations. Hole forever case.  

RNs Min. 
 Percentiles 

Max. 
Number     
of null 

realisations 1st 5th 50th 95th 99th 

Ag-108m 0 2.2·10-14 2.0·10-12 2.6·10-9 3.5·10-7 1.8·10-6 2.3·10-5 2 

Am-241 0 6.0·10-32 2.0·10-28 1.5·10-21 2.1·10-16 7.8·10-15 2.9·10-12 50 

Am-243 0 2.9·10-32 3.1·10-28 1.4·10-20 6.9·10-15 3.0·10-13 8.8·10-11 50 

Be-10 0 7.3·10-24 3.1·10-21 2.5·10-17 1.8·10-14 2.0·10-13 2.2·10-11 43 

C-14 2.0·10-32 9.1·10-11 1.1·10-9 1.1·10-6 2.0·10-4 8.4·10-4 5.7·10-3 0 

Cl-36 4.4·10-9 1.3·10-8 3.2·10-8 4.9·10-7 6.8·10-6 1.7·10-5 4.8·10-5 0 

Cm-245 0 5.5·10-33 4.0·10-29 1.3·10-21 5.9·10-16 2.7·10-14 3.1·10-11 50 

Cm-246 0 3.7·10-36 3.0·10-32 2.4·10-24 5.5·10-18 4.4·10-16 1.1·10-12 56 

Cs-135 0 5.5·10-12 7.4·10-11 2.0·10-8 2.0·10-6 9.3·10-6 8.3·10-5 1 

Cs-137 0 0 0 2.7·10-14 8.8·10-7 2.5·10-5 4.3·10-3 1013 

I-129 3.2·10-9 1.4·10-8 4.0·10-8 8.0·10-7 1.1·10-5 2.2·10-5 7.5·10-5 0 

Mo-93 3.7·10-30 2.9·10-18 5.4E-17 1.0E-13 2.3·10-10 3.8·10-9 8.3·10-7 0 

Nb-91 0 1.6·10-35 1.5·10-32 1.3·10-26 4.9·10-22 1.2·10-20 2.0·10-17 52 

Nb-92 0 7.0·10-20 9.6·10-19 3.3·10-16 7.0·10-14 4.5·10-13 3.3·10-11 6 

Nb-93m 5.9·10-32 5.9·10-19 6.6·10-18 1.8·10-15 2.7·10-12 4.4·10-11 1.4·10-8 0 

Nb-94 0 3.1·10-16 1.4·10-14 1.2·10-11 4.5·10-9 3.9·10-8 5.8·10-6 12 

Ni-59 0 1.6·10-17 2.8·10-16 1.7·10-13 3.4·10-11 2.2·10-10 2.8·10-9 3 

Ni-63 0 0 2.9·10-34 1.8·10-22 2.8·10-15 1.5·10-13 1.3·10-11 156 

Np-237 0 3.2·10-20 2.4·10-18 1.0·10-15 8.0·10-14 3.4·10-13 1.6·10-11 44 

Pa-231 0 8.5·10-21 1.3·10-19 2.0·10-17 7.6·10-15 1.1·10-13 1.5·10-11 33 

Pd-107 0 1.5·10-26 3.4·10-15 2.0·10-13 6.5·10-12 1.9·10-11 7.6·10-11 1 

Pu-238 0 0 0 0 5.9·10-33 5.6·10-30 4.0·10-25 6836 

Pu-239 0 7.3·10-25 5.6·10-22 3.9·10-17 9.5·10-14 1.3·10-12 1.7·10-10 48 

Pu-240 0 4.3·10-32 1.3·10-28 4.4·10-22 3.8·10-17 8.6·10-16 2.7·10-13 50 

Pu-241 0 2.7·10-32 1.6·10-28 1.5·10-21 2.2·10-16 8.4·10-15 8.0·10-12 50 

Pu-242 0 7.6·10-21 1.5·10-18 2.1·10-15 4.7·10-13 3.3·10-12 1.2·10-10 46 

Ra-226 0 3.0·10-14 1.3·10-12 5.7·10-10 7.0·10-8 4.6·10-7 2.5·10-5 1 

Se-79 4.7·10-16 7.7·10-15 4.6·10-14 6.0·10-12 5.4·10-10 2.4·10-9 2.3·10-8 0 

Sm-151 0 0 0 0 3.3·10-29 3.8·10-25 2.5·10-18 6200 

Sn-126 0 6.1·10-21 2.7·10-18 2.8·10-15 6.3·10-13 4.2·10-12 8.9·10-11 40 

Sr-90 0 0 0 3.2·10-12 6.1·10-6 7.9·10-5 2.6·10-3 955 

Tc-99 0 2.2·10-20 9.5·10-18 5.6·10-15 4.9·10-13 2.2·10-12 5.3·10-11 40 

Th-229 0 1.4·10-17 1.5·10-16 7.9·10-15 3.2·10-13 1.1·10-12 9.7·10-12 33 

Th-230 0 3.5·10-19 5.5·10-18 1.5·10-15 3.6·10-13 2.7·10-12 9.2·10-11 33 

Th-232 0 4.7·10-23 1.2·10-21 6.7·10-19 9.4·10-17 5.2·10-16 2.2·10-14 42 

U-233 0 2.2·10-18 8.8·10-17 3.3·10-14 2.6·10-12 1.3·10-11 8.1·10-11 37 

U-234 0 2.2·10-21 5.5·10-19 3.4·10-16 3.7·10-14 2.0·10-13 5.2·10-12 35 

U-235 0 7.1·10-22 1.1·10-19 3.8·10-17 3.8·10-15 2.2·10-14 4.7·10-13 39 

U-236 0 1.8·10-21 5.9·10-19 2.6·10-16 1.9·10-14 8.7·10-14 1.2·10-12 35 

U-238 0 1.7·10-21 3.4·10-19 1.5·10-16 1.1·10-14 4.8·10-14 6.5·10-13 35 

Zr-93 0 3.3·10-24 2.0·10-22 1.1·10-19 8.9·10-18 4.0·10-17 5.3·10-16 47 
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Table 5-2. Peak total normalised release rate from the near field for each radionuclide 
in a Monte Carlo simulation with 10,000 realisations. Growing hole case. 

RNs Min. 
 Percentiles 

Max. 
Number     
of null 

realisations 1st 5th 50th 95th 99th 

Ag-108m 0 2.8·10-14 3.0·10-12 4.0·10-9 5.6·10-7 2.5·10-6 3.3·10-5 2 

Am-241 0 1.6·10-26 4.5·10-23 1.6·10-16 5.2·10-12 1.0·10-10 1.3·10-8 50 

Am-243 0 8.1·10-27 5.1·10-23 1.3·10-15 2.1·10-10 5.6·10-9 4.8·10-7 50 

Be-10 0 1.3·10-18 5.9·10-16 7.0·10-13 3.5·10-11 1.4·10-10 1.1·10-9 35 

C-14 3.2·10-29 7.7·10-7 8.4·10-6 1.7·10-3 7.7·10-2 1.9·10-1 1.2 0 

Cl-36 3.8·10-6 6.1·10-5 1.4·10-4 1.0·10-3 6.3·10-3 1.1·10-2 3.2·10-2 0 

Cm-245 0 1.0·10-27 1.0·10-23 1.5·10-16 1.4·10-11 3.2·10-10 2.0·10-8 50 

Cm-246 0 2.9·10-31 3.5·10-27 1.5·10-19 1.1·10-13 4.6·10-12 8.3·10-10 50 

Cs-135 2.7·10-36 5.4·10-8 3.1·10-7 5.7·10-6 6.7·10-5 1.7·10-4 1.4·10-3 0 

Cs-137 0 0 0 2.7·10-14 8.8·10-7 2.5·10-5 4.3·10-3 1013 

I-129 2.5·10-6 4.1·10-5 8.8·10-5 6.8·10-4 5.0·10-3 1.0·10-2 5.0·10-2 0 

Mo-93 1.4·10-27 3.5·10-16 6.5·10-15 1.7·10-11 4.9·10-8 9.8·10-7 1.1·10-4 0 

Nb-91 0 5.7·10-35 8.4·10-32 1.0·10-25 1.1·10-20 3.4·10-19 1.2·10-16 51 

Nb-92 0 8.6·10-15 8.6·10-14 1.0·10-11 1.3·10-10 2.8·10-10 1.2·10-9 2 

Nb-93m 2.0·10-28 3.8·10-14 8.6·10-13 1.6·10-10 5.6·10-7 2.0·10-5 1.6·10-3 0 

Nb-94 0 3.0·10-11 1.1·10-9 5.7·10-7 5.4·10-5 2.3·10-4 3.2·10-3 4 

Ni-59 0 8.3·10-12 9.8·10-11 2.3·10-8 1.7·10-6 6.4·10-6 4.5·10-5 1 

Ni-63 0 0 2.9·10-34 1.8·10-22 2.8·10-15 1.5·10-13 1.3·10-11 156 

Np-237 0 2.0·10-14 1.3·10-12 3.8·10-10 9.2·10-9 2.6·10-8 1.4·10-7 32 

Pa-231 0 7.0·10-16 9.6·10-15 1.1·10-12 3.4·10-10 2.9·10-9 1.2·10-7 27 

Pd-107 1.5·10-37 5.6·10-12 7.3·10-11 2.9·10-9 3.3·10-8 6.6·10-8 2.2·10-7 0 

Pu-238 0 0 0 0 5.9·10-33 5.6·10-30 4.0·10-25 6836 

Pu-239 0 2.0·10-19 9.7·10-17 5.0·10-12 4.4·10-9 3.4·10-8 1.4·10-6 47 

Pu-240 0 6.1·10-27 1.2·10-23 5.2·10-17 4.6·10-12 1.1·10-10 8.1·10-8 50 

Pu-241 0 9.2·10-27 3.5·10-23 1.6·10-16 5.2·10-12 8.6·10-11 4.7·10-9 50 

Pu-242 0 4.3·10-15 9.2·10-13 6.8·10-10 6.0·10-8 2.9·10-7 5.2·10-6 36 

Ra-226 3.0·10-36 1.2·10-8 3.6·10-7 4.9·10-5 2.3·10-3 9.4·10-3 7.7·10-2 0 

Se-79 2.6·10-13 1.0·10-11 6.3·10-11 6.2·10-9 2.9·10-7 1.2·10-6 8.0·10-6 0 

Sm-151 0 0 0 0 3.3·10-29 3.8·10-25 2.5·10-18 6200 

Sn-126 0 4.4·10-15 1.4·10-12 4.9·10-10 4.2·10-8 2.0·10-7 1.9·10-6 28 

Sr-90 0 0 0 3.2·10-12 6.1·10-6 7.9·10-5 2.6·10-3 955 

Tc-99 0 9.3·10-15 5.3·10-12 1.4·10-9 3.1·10-8 8.7·10-8 7.8·10-7 31 

Th-229 0 5.0·10-12 5.1·10-11 1.4·10-9 5.7·10-8 2.7·10-7 1.8·10-6 28 

Th-230 0 3.6·10-14 7.0·10-13 3.4·10-10 4.4·10-8 1.9·10-7 3.8·10-6 27 

Th-232 0 8.6·10-18 2.6·10-16 1.4·10-13 6.4·10-12 2.2·10-11 2.7·10-10 31 

U-233 0 1.2·10-12 3.8·10-11 3.8·10-9 6.1·10-8 1.5·10-7 1.0·10-6 28 

U-234 0 4.8·10-16 5.5·10-14 9.9·10-12 4.4·10-10 1.7·10-9 5.3·10-8 28 

U-235 0 1.0·10-16 1.1·10-14 9.7·10-13 2.0·10-11 6.0·10-11 6.9·10-10 28 

U-236 0 2.8·10-16 4.8·10-14 5.9·10-12 1.6·10-10 5.4·10-10 1.1·10-8 28 

U-238 0 5.5·10-16 3.9·10-14 3.5·10-12 8.8·10-11 3.0·10-10 6.0·10-9 28 

Zr-93 0 1.8·10-18 1.2·10-16 4.4·10-14 1.1·10-12 3.4·10-12 3.9·10-11 44 
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Table 5-3. Peak total normalised release rate to the biosphere for each radionuclide in 
a Monte Carlo simulation with 10,000 realisations. Hole forever case.  

RNs Min. 
 Percentiles 

Max. 
Number     
of null 

realisations 1st 5th 50th 95th 99th 

Ag-108m 0 0 3.3·10-25 6.1·10-12 1.6·10-8 1.2·10-7 2.3·10-6 135 

Am-241 0 0 0 8.0·10-37 6.6·10-22 6.0·10-19 2.1·10-13 4610 

Am-243 0 0 0 0 2.3·10-20 5.3·10-17 2.4·10-13 5228 

Be-10 0 0 0 7.3·10-25 1.9·10-16 5.7·10-15 1.2·10-12 2856 

C-14 0 1.8·10-12 1.1E-10 2.3·10-7 7.4·10-5 4.0·10-4 3.5·10-3 1 

Cl-36 7.5·10-25 4.7·10-9 1.7E-08 3.4·10-7 4.9·10-6 1.2·10-5 4.5·10-5 0 

Cm-245 0 0 0 0.0E+00 1.4·10-21 1.4·10-18 1.2·10-13 5296 

Cm-246 0 0 0 0.0E+00 1.3·10-24 3.5·10-21 1.2·10-15 6210 

Cs-135 0 0 0 4.6·10-12 1.7·10-7 1.4·10-6 2.3·10-5 1314 

Cs-137 0 0 0 0 9.3·10-19 4.6·10-13 3.6·10-7 7614 

I-129 3.8·10-24 6.3·10-9 2.8E-08 6.6·10-7 9.5·10-6 2.0·10-5 6.9·10-5 0 

Mo-93 0 0 2.8E-29 1.1·10-15 1.5·10-11 4.6·10-10 9.1·10-8 214 

Nb-91 0 0 0 0 2.2·10-34 2.2·10-29 6.9·10-23 9028 

Nb-92 0 0 0 1.7·10-27 9.9·10-17 4.0·10-15 4.4·10-13 3210 

Nb-93m 0 0 1.5E-30 1.7·10-17 5.2·10-13 2.2·10-11 6.0·10-9 235 

Nb-94 0 0 0 9.1·10-32 2.7·10-14 5.0·10-12 4.0·10-9 3933 

Ni-59 0 0 0 2.3·10-21 2.3·10-13 5.1·10-12 2.3·10-10 2441 

Ni-63 0 0 0 0 5.8·10-27 2.0·10-21 8.9·10-16 8062 

Np-237 0 0 0 2.6·10-30 7.3·10-17 2.4·10-15 4.2·10-13 3336 

Pa-231 0 0 0 2.2·10-20 1.0·10-15 2.0·10-14 1.0·10-12 991 

Pd-107 0 0 0 1.7·10-18 5.9·10-13 4.0·10-12 4.3·10-11 2123 

Pu-238 0 0 0 0 0 0 4.4·10-33 9962 

Pu-239 0 0 0 9.8·10-30 1.8·10-17 2.3·10-15 7.2·10-12 3143 

Pu-240 0 0 0 0 8.6·10-23 9.9·10-20 5.3·10-16 5995 

Pu-241 0 0 0 0 1.1·10-22 1.0·10-19 7.8·10-14 5284 

Pu-242 0 0 0 1.6·10-26 2.7·10-15 7.3·10-14 9.4·10-12 3049 

Ra-226 0 0 0 1.3·10-16 7.0·10-10 1.1·10-8 3.8·10-6 552 

Se-79 0 6.3·10-27 2.1E-16 1.8·10-12 2.8·10-10 1.3·10-9 2.3·10-8 31 

Sm-151 0 0 0 0 0.0E+00 2.0·10-38 1.2·10-22 9892 

Sn-126 0 0 0 1.5·10-23 1.0·10-14 1.6·10-13 1.8·10-11 3086 

Sr-90 0 0 0 4.1·10-28 2.9·10-10 3.6·10-8 4.2·10-5 3548 

Tc-99 0 0 0 7.9·10-31 3.7·10-10 1.0·10-14 2.4·10-12 4005 

Th-229 0 0 0 5.7·10-20 9.0·10-15 2.5·10-13 2.2·10-11 1449 

Th-230 0 0 0 3.4·10-21 4.9·10-16 1.1·10-14 9.8·10-13 1272 

Th-232 0 0 0 1.2·10-25 6.6·10-20 1.6·10-18 3.2·10-16 2009 

U-233 0 0 0 9.4·10-20 1.2·10-13 1.1·10-12 3.0·10-11 1598 

U-234 0 0 0 4.1·10-21 2.0·10-15 1.9·10-14 1.1·10-12 1555 

U-235 0 0 0 1.3·10-21 2.7·10-16 2.5·10-15 5.2·10-14 1644 

U-236 0 0 0 4.9·10-21 1.7·10-15 1.4·10-14 4.7·10-13 2171 

U-238 0 0 0 2.6·10-21 9.6·10-16 7.8·10-15 2.6·10-13 1537 

Zr-93 0 0 0 2.4·10-36 8.7·10-21 3.1·10-19 1.2·10-17 4670 
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Table 5-4. Peak total normalised release rate to the biosphere in a Monte Carlo 
simulation with 10,000 realisations. Growing hole case. 

RNs Min. 
 Percentiles 

Max. 
Number     
of null 

realisations 1st 5th 50th 95th 99th 

Ag-108m 0 0 6.4·10-25 9.3·10-12 2.5·10-8 2.0·10-7 2.3·10-6 134 

Am-241 0 0 0 1.1·10-31 3.8·10-17 2.5·10-14 3.2·10-9 3850 

Am-243 0 0 0 2.4·10-35 1.6·10-15 1.5·10-12 6.7·10-9 4562 

Be-10 0 0 0 4.8·10-20 1.5·10-12 1.3·10-11 4.4·10-10 2500 

C-14 0 5.1·10-9 3.8·10-7 2.1·10-4 1.5·10-2 4.4·10-2 4.8·10-1 1 

Cl-36 5.4·10-23 7.0·10-7 5.5·10-6 1.3·10-4 1.2·10-3 2.4·10-3 9.8·10-3 0 

Cm-245 0 0 0 8.4·10-36 6.5·10-17 4.6·10-14 2.6·10-10 4634 

Cm-246 0 0 0 0 4.6·10-20 1.1·10-16 3.0·10-12 5436 

Cs-135 0 0 0 2.1·10-9 6.0·10-6 2.0·10-5 3.7·10-4 1167 

Cs-137 0 0 0 0 9.3·10-19 4.6·10-13 3.6·10-7 7614 

I-129 3.4·10-22 3.5·10-7 3.0·10-6 7.5·10-5 8.8·10-4 2.1·10-3 7.0·10-3 0 

Mo-93 0 0 3.2·10-27 1.2·10-13 3.0·10-9 9.0·10-8 7.8·10-6 183 

Nb-91 0 0 0 0 1.7·10-33 5.3·10-28 3.4·10-21 8929 

Nb-92 0 0 0 7.1·10-23 1.5·10-12 1.4·10-11 2.5·10-10 2712 

Nb-93m 0 0 1.9·10-28 2.8·10-15 9.8·10-11 3.9·10-9 1.2·10-6 195 

Nb-94 0 0 0 3.4·10-27 7.3·10-10 1.0·10-7 9.5·10-5 3429 

Ni-59 0 0 0 2.6·10-16 1.9·10-8 2.3·10-7 5.7·10-6 2107 

Ni-63 0 0 0 0 5.8·10-27 2.0·10-21 8.9·10-16 8062 

Np-237 0 0 0 4.2·10-25 2.3·10-11 5.0·10-10 1.1·10-8 2631 

Pa-231 0 0 0 6.4·10-16 1.5·10-11 1.4·10-10 6.3·10-9 724 

Pd-107 0 0 0 2.1·10-14 4.2·10-9 1.6·10-8 1.2·10-7 1840 

Pu-238 0 0 0 0 0 0 4.4·10-33 9962 

Pu-239 0 0 0 8.5·10-25 1.7·10-12 1.2·10-10 2.0·10-8 2549 

Pu-240 0 0 0 0 1.4·10-17 1.5·10-14 1.5·10-10 5351 

Pu-241 0 0 0 1.7·10-35 7.1·10-18 4.8·10-15 4.1·10-10 4535 

Pu-242 0 0 0 4.1·10-21 6.8·10-10 1.2·10-8 5.9·10-7 2536 

Ra-226 0 0 1.9·10-35 5.7·10-12 4.1·10-5 4.3·10-4 1.1·10-2 413 

Se-79 0 1.7·10-24 7.6·10-14 9.0·10-10 1.4·10-7 7.0·10-7 6.9·10-6 26 

Sm-151 0 0 0 0 0 2.0·10-38 1.2·10-22 9892 

Sn-126 0 0 0 2.8·10-18 1.1·10-9 1.1·10-8 5.7·10-7 2760 

Sr-90 0 0 0 4.1·10-28 2.9·10-10 3.6·10-8 4.2·10-5 3548 

Tc-99 0 0 0 2.2·10-25 6.6·10-11 1.5·10-9 7.5·10-8 3519 

Th-229 0 0 0 1.1·10-14 5.6·10-10 1.1·10-8 3.3·10-7 1122 

Th-230 0 0 0 1.7·10-16 1.8·10-11 6.0·10-10 4.6·10-8 1002 

Th-232 0 0 0 5.4·10-21 6.5·10-15 1.8·10-13 7.6·10-12 1603 

U-233 0 0 0 1.6·10-14 6.4·10-9 2.9·10-8 2.0·10-7 1244 

U-234 0 0 0 1.8·10-16 3.1·10-11 1.9·10-10 4.7·10-9 1238 

U-235 0 0 0 4.8·10-17 2.6·10-12 1.3·10-11 1.2·10-10 1269 

U-236 0 0 0 1.9·10-16 2.1·10-11 1.1·10-10 1.4·10-9 1782 

U-238 0 0 0 1.4·10-16 1.2·10-11 6.6·10-11 7.8·10-10 1225 

Zr-93 0 0 0 7.3·10-31 2.7·10-15 4.2·10-14 3.4·10-12 3969 
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Table 5-5. Peak total normalised release rate from the near field of groups of 
radionuclides in a Monte Carlo simulation with 10,000 realisations. Hole forever case. 

Group of RNs Min. 
 Percentiles 

Max. 
1st 5th 50th 95th 99th 

4n series 0 2.6·10-20 1.2·10-18 2.8·10-16 2.0·10-14 8.8·10-14 1.2·10-12 

4n+1 series 0 4.0·10-17 6.0·10-16 5.9·10-14 3.2·10-12 1.4·10-11 8.3·10-11 

4n +2 series 0 4.0·10-14 1.3·10-12 5.7·10-10 7.0·10-8 4.6·10-7 2.5·10-5 

4n+3 series 0 6.9·10-20 1.7·10-18 3.6·10-16 1.6·10-13 2.0·10-12 1.7·10-10 

Total actinides 0 6.0·10-14 1.3·10-12 5.7·10-10 7.0·10-8 4.6·10-7 2.5·10-5 

Total actinides 
excluding Ra226 

0 1.1·10-16 1.3·10-15 9.9·10-14 4.9·10-12 2.1·10-11 1.7·10-10 

Rest of fission and 
activation products  (*) 

4.5·10-15 1.9·10-12 2.2·10-11 1.2·10-8 1.1·10-5 1.2·10-4 4.5·10-3 

TOTAL 9.1·10-9 4.2·10-8 1.4·10-7 4.4·10-6 2.2·10-4 9.0·10-4 5.8·10-3 

(*) Sum of fission and activation products excluding C-14, Cl-36, Cs-135 and I-129. 

Table 5-6. Peak total normalised release rate from the near field of groups of 
radionuclides in a Monte Carlo simulation with 10,000 realisations. Growing hole case. 

Group of RNs Min. 
 Percentiles 

Max. 
1st 5th 50th 95th 99th 

4n series 0 5.6·10-15 1.2·10-13 7.5·10-12 1.9·10-10 6.9·10-10 8.1·10-8 

4n+1 series 0 2.1·10-11 2.5·10-10 8.7·10-9 1.2·10-7 3.5·10-7 1.9·10-6 

4n +2 series 3.0·10-36 1.5·10-8 3.8·10-7 4.9·10-5 2.3·10-3 9.4·10-3 7.7·10-2 

4n+3 series 0 1.0·10-14 1.5·10-13 1.9·10-11 5.9·10-9 4.7·10-8 1.4·10-6 

Total actinides 3.0·10-36 2.1·10-8 3.9·10-7 4.9·10-5 2.3·10-3 9.4·10-3 7.7·10-2 

Total actinides 
excluding Ra226 

0 6.9·10-11 5.4·10-10 1.5·10-8 2.3·10-7 6.0·10-7 5.4·10-6 

Rest of fission and 
activation products  (*) 

1.0·10-12 5.1·10-9 3.0·10-8 1.7·10-6 8.3·10-5 3.2·10-4 4.5·10-3 

TOTAL 4.3·10-6 2.1·10-4 6.0·10-4 5.3·10-3 8.1·10-2 2.0·10-1 1.2 

(*) Sum of fission and activation products excluding C-14, Cl-36, Cs-135 and I-129. 

Table 5-7. Peak total normalised release rate to the biosphere of groups of 
radionuclides in a Monte Carlo simulation with 10,000 realisations. Hole forever case. 

Group of RNs Min. 
 Percentiles 

Max. 
1st 5th 50th 95th 99th 

4n series 0 0 0 1.3·10-20 1.7·10-15 1.4·10-14 4.7·10-13 

4n+1 series 0 0 0 1.4·10-18 1.8·10-13 1.9·10-12 3.0·10-11 

4n +2 series 0 0 4.3·10-38 9.9·10-16 7.0·10-10 1.1·10-8 3.8·10-6 

4n+3 series 0 0 0 4.5·10-19 2.5·10-15 2.9·10-14 7.2·10-12 

Total actinides 0 0 2.0·10-32 5.9·10-15 7.0·10-10 1.1·10-8 3.8·10-6 

Total actinides 
excluding Ra226 

0 0 0 3.8·10-17 2.2·10-13 2.1·10-12 3.1·10-11 

Rest of fission and 
activation products  (*) 

0 1.3·10-17 2.1·10-14 3.8·10-11 2.3·10-8 2.1·10-7 4.2·10-5 

TOTAL 7.0·10-18 2.0·10-8 7.1·10-8 1.8·10-6 7.7·10-5 4.1·10-4 3.6·10-3 

(*) Sum of fission and activation products excluding C-14, Cl-36, Cs-135 and I-129. 
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Table 5-8. Peak total normalised release rate to the biosphere of groups of 
radionuclides in a Monte Carlo simulation with 10,000 realisations. Growing hole case. 

Group of RNs Min. 
 Percentiles 

Max. 
1st 5th 50th 95th 99th 

4n series 0 0 0 6.5·10-16 2.2·10-11 1.1·10-10 1.4·10-9 

4n+1 series 0 0 0 2.7·10-13 8.9·10-9 4.2·10-8 3.3·10-7 

4n+2 series 0 0 2.7·10-33 6.4·10-11 4.1·10-5 4.3·10-4 1.1·10-2 

4n+3 series 0 0 0 2.0·10-14 3.6·10-11 3.5·10-10 2.1·10-8 

Total actinides 0 0 1.4·10-27 5.6·10-10 4.1·10-5 4.3·10-4 1.1·10-2 

Total actinides 
excluding Ra226 

0 0 1.6·10-35 5.1·10-12 1.2·10-8 5.9·10-8 5.9·10-7 

Rest of fission and 
activation products  (*) 

0 3.6·10-15 5.1·10-12 4.1·10-9 3.2·10-7 1.5·10-6 9.5·10-5 

TOTAL 2.9·10-15 7.3·10-6 2.5·10-5 6.5·10-4 1.5·10-2 4.5·10-2 4.9·10-1 

(*) Sum of fission and activations products excluding C-14, Cl-36, Cs-135 and I-129. 

 
In the Monte Carlo simulation with 10,000 realisations of the hole forever case, it has 
been found that: 

- the maximum value of the peak total normalised release rate to the biosphere is 
3.6·10-3, well below the regulatory geo-bio flux constraint, 

- C-14 is the only radionuclide with a peak normalised release rate to the biosphere 
greater than 10-4 in some realisations, 

- Cl-36, Cs-135, I-129 and Sr-90 have peak normalised release rates to the biosphere 
greater than 10-5 in some realisations, but always remain below 10-4, and 

- the peak normalised release rate to the biosphere of each of the remaining 
radionuclides is smaller than 10-5 in all the realisations.  

In the Monte Carlo simulation with 10,000 realisations of the growing hole case, it has 
been found that: 

- the maximum value of the peak total normalised release rate to the biosphere is 0.48,  
and is produced by C-14, 

- C-14 is the only radionuclide with a peak normalised release rate to the biosphere 
much greater than 10-2 in some realisations, 

- Cl-36, I-129 and Ra-226 have peak normalised release rates to the biosphere close to 
or slightly greater than 10-2 in some realisations,  

- Cs-135, Nb-94 and Sr-90 produce peak normalised release rates to the biosphere 
greater than 10-5 in some realisations,  and 

- the peak normalised release rate to the biosphere of each of the remaining 
radionuclides is smaller than 10-5 in all the realisations.  
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5.4 Identification of the radionuclides controlling the peak total 
normalised release rates. 

Table 5-9 shows, for all the radionuclides, the number of realisation in which their peak 
release rate represents more than 1 % or 10 % of the peak total normalised release rate 
from the near field or to the biosphere. Only radionuclides that fulfil any of the 
conditions in at least one realisation are included in the table. 

It must be kept in mind that the contribution of a radionuclide to the peak total 
normalised release rate can be smaller than what Table 5-9 suggests, because the peak 
release rate of the radionuclide can take place at a different instant than the peak total 
normalised release rate.  

 
Table 5-9. Monte Carlo simulations with 10,000 realisations. Number of realisations in 
which the radionuclide (or group of radionuclides) peak normalised release rate from 
the near field or to the biosphere represents more than 1 % or 10 % of the 
corresponding peak total normalised release rate. 

Radionuclides / 
Groups of RNs 

Hole forever Growing hole 

Near field Far field Near field Far field 

>1% >10% >1% >10% >1% >10% >1% >10% 

Ag-108m 1553 255 263 15 0 0 0 0 

C-14 8513 6719 7663 5842 9181 7502 9217 7667 

Cl-36 9364 5459 9693 6858 9474 6997 9481 6947 

Cs-135 3714 1060 1122 261 867 18 353 17 

Cs-137 1093 522 1 1 56 2 0 0 

I-129 9340 6399 9727 7941 9285 6389 9006 5949 

Mo-93 3 0 1 0 1 0 1 0 

Nb-93m 0 0 1 0 41 4 0 0 

Nb-94 49 2 0 0 518 25 0 0 

Ni-59 0 0 0 0 5 0 0 0 

Ra-226 476 65 41 1 4684 1634 825 246 

Se-79 0 0 0 0 0 0 25 0 

Sr-90 2241 1263 97 19 132 13 2 0 

4n +2 series 476 65 41 1 4685 1634 825 246 

Total actinides 476 65 41 1 4685 1634 825 246 

Total actinides 
excluding Ra-226 

20 1 0 0 367 58 0 0 

Rest of fission and 
activation products  (*) 

3743 1824 339 34 735 45 28 0 

(*) Fission and activation products excluding C-14, Cl-36, Cs-135 and I-129.  

5.4.1 Scatter plots 

Section 5.3 and Table 5-9 have identified C-14, Cl-36 and I-129 as the radionuclides 
that control the peak total normalised release rates from the near field and to the 
biosphere in the two cases considered: hole forever and growing hole, with Cs-135 and 
Ra-226 having a secondary importance. Short lived Ag-108 m, Cs-137 and Sr-90 have 
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some effect on the peak total normalised release rates from the near field in the hole 
forever and growing hole cases. 

In order to confirm these results, some scatter plots have been created (Figure 5-18 to 
Figure 5-21) representing the peak total (summed over all the radionuclides in the 
inventory) normalised release rates from the near field or to the biosphere (y-axis) vs. 
the same peak normalised release rate due to a subset of radionuclides. Three different 
subsets are considered: 

- C-14, Cl-36 and I-129, 

- C-14, Cl-36, Cs-135 and I-129, and 

- C-14, Cl-36, Cs-135, I-129 and Ra-226 (in the growing hole case and the peak 
release rates to the biosphere in the hole forever case), or C-14, Cl-36, Cs-135, I-
129, Ag-108m, Cs-137 and Sr-90 (only for the peak release rates from the near field 
in the hole forever case). 

Each point in the scatter plots represents the result of one realisation, and the 10,000 
realisations of each Monte Carlo simulation are shown in each graphic. 

Figure 5-18 shows that, in many realisations of the hole forever case, the peak total 
normalised release rate from the near field is not produced only by the three main 
fission and activation products (C-14, Cl-36 and I-129). Inclusion of Cs-135 improves 
the agreement but it is necessary to add three additional short lived radionuclides (Ag-
108m, Cs-137 and Sr-90) to obtain peak normalised release rates equal to value 
obtained with the whole inventory (total) in nearly all the realisations.  

Figure 5-19 shows that, in the growing hole case, the peak total normalised release rate 
from the near field is equal to the peak total normalised release rate due to only C-14, 
Cl-36 and I-129 in the majority of the realisations. Most of the points are on the 
diagonal, but there is a significant amount of points separated from the diagonal. In 
addition, in the realisations with highest consequences, the agreement is complete. 
Including Cs-135 in the subset of radionuclides considered does not improve the 
agreement with the peak release rate for the whole inventory. Only when Ra-226 is 
included in the subset the peak normalised release rate due to the 5 radionuclides (C-14, 
Cl-36, Cs-135, I-129 and Ra-226) is equal to the peak normalised release rate 
considering the whole inventory (total), with all the points on the diagonal.  

Figure 5-20 and Figure 5-21 show that, both in the hole forever and growing hole cases, 
the peak total normalised release rate to the biosphere is equal to the peak total 
normalised release rate due to only C-14, Cl-36 and I-129 in the great majority of the 
realisations. Most of the points are on the diagonal and less than 1 % of the points are 
above the diagonal. In addition, in the realisations with highest consequences the 
agreement is complete. In the hole forever case, the inclusion of Cs-135 in the subset of 
radionuclides considered further improves the agreement with the results obtained with 
the whole inventory: there remain only two points (out of 10,000) separated from the 
diagonal. In contrast, in the growing hole case, inclusion of Cs-135 has no effect 
compared with the case in which only C-14, Cl-36 and I-129 are considered.  Finally, 
Figure 5-20 and Figure 5-21 show that the peak normalised release rate to the biosphere 
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due to C-14, Cl-36, Cs-135, I-129 and Ra-226 is equal to the total normalised release 
rate in all the realisations, with the exception of just one realisation in the hole forever 
case. 

These results confirm that C-14, Cl-36 and I-129 control the peak release rates from the 
near field and to the biosphere, both in the small hole and the growing hole cases. Cs-
135 has some effect only in the hole forever case, and Ra-226 has some influence only 
in the growing hole case. In the hole forever case, short lived Ag-108 m, Cs-137 and Sr-
90 have also an important effect on the peak total normalised release rate from the near 
field. 
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Figure 5-18. Peak normalised release rate from the near field due to several subsets of 
radionuclides (RNs) vs. the total (whole inventory) normalised release rate from the 
near field in a Monte Carlo simulation with 10,000 realisations. Hole forever case. 
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Figure 5-19. Peak normalised release rate from the near field due to several subsets of 
radionuclides (RNs) vs. the peak total (whole inventory) normalised release rate from 
the near field in a Monte Carlo simulation with 10,000 realisations. Growing hole case.  
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Figure 5-20. Peak normalised release rate to the biosphere due to several subsets of 
RNs vs. the peak total (whole inventory) normalised release rate to the biosphere in a 
Monte Carlo simulation with 10,000 realisations. Hole forever case.  
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Figure 5-21. Peak normalised release rate to the biosphere due to several subsets of 
RNs vs. the peak total (whole inventory) normalised release rate to the biosphere in a 
Monte Carlo simulation with 10,000 realisations. Growing hole case.  
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5.4.2 Radionuclides controlling the peak release rate 

The Monte Carlo simulations provide the release rates of all the radionuclides at the 
instant at which the peak total normalised release rate is reached. This information is 
used to identify the dominant radionuclide in each realisation, defined as the 
radionuclide that contributes more than 50 % to the peak total normalised release. 

Figure 5-22 and Figure 5-23 identify the dominant radionuclides in the 10,000 
realisations (0-100 %) and in different regions of the cumulative distribution functions 
(CDFs) of the peak total normalised release rates from the near field and to the 
biosphere. Sorting the 10,000 realisations from the lowest to the highest value of the 
peak total normalised release rate, 0-10 % is the 10 % of realisations with the lowest 
peak total normalised release rate, 10 %-20 % is the next 10 % of realisations sorted, 
and so on until reaching 90 %-100 %, that is the 10 % of realisations with the highest 
peak total normalised release rate.  

Figure 5-22 and Figure 5-23 show that, both in the hole forever and the growing hole 
cases, C-14, Cl-36 and I-129 are the radionuclides that control the peak total normalised 
release rates from the near field and to the biosphere in most realisations. There are a 
few other radionuclides of secondary importance included in the figures: 

- in the hole forever case, in 788 realisations Cs-135 (123 realisations), Cs-137 (177 
realisations) or Sr-90 (488 realisations) are the dominant radionuclides for the peak 
total normalised release rate from the near field, and Cs-135 is the dominant 
radionuclide for the peak total normalised release rate to the biosphere in  25 
realisations, and  

- in the growing hole case, Ra-226 is the dominant radionuclide in 254 and 28 
realisations for the peak total normalised release rate from the near field and to the 
biosphere, respectively.  

In addition to the radionuclides represented in Figure 5-22 and Figure 5-23, other 
radionuclides are dominant only in a few realisations: 

- in the hole forever case Ag-108m and Ra-226 are the dominant radionuclides in 15 
and 6 realisations, respectively, for the peak total normalised release rate from the 
near field. Ag-108m and Sr-90 are the dominant radionuclide each in a single 
realisation for the peak total normalised release rate to the biosphere, and  

- in the growing hole case Sr-90 is the dominant radionuclides for the peak total 
normalised release rate from the near field in just one realisation. Cs-135 is the 
dominant radionuclide in one realisation for the peak total normalised release rate to 
the biosphere. 
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Figure 5-22. Dominant radionuclides for the peak total normalised release rate from 
the near field in the Monte Carlo simulations with 10,000 realisations. 
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Figure 5-23. Dominant radionuclides for the peak total normalised release rate to the 
biosphere in Monte Carlo simulations with 10,000 realisations. 
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- for the peak total normalised release rate to the biosphere, the dominant 
radionuclides are C-14 (41 % of the realisations), I-129 (40 %) and Cl-36 (17 %), 
and 

- C-14 is the dominant radionuclide in the great majority (92 % or 98 %) of the 10 % 
of realisations with the highest peak total normalised release rate from the near field 
or to the biosphere.  

In the growing hole case it has been found that: 

- the dominant radionuclides for the peak total normalised release rate from the near 
field are C-14 (48 % of the realisations), Cl-36 (24 %), I-129 (9 %) and Ra-226 
(2.5 %), 

- for the peak total normalised release rate to the biosphere the dominant 
radionuclides are C-14 (50 % of the realisations), Cl-36 (26 %) and I-129 (13 %), 
and 

- C-14 is the dominant radionuclide in the great majority (99 %) of the 10 % of 
realisations with the highest peak total normalised release rate from the near field or 
to the biosphere.  

5.5 Main radionuclides 

In the previous sections of this chapter, roughly the same radionuclides have been 
identified as the most relevant on the basis of different results obtained in the Monte 
Carlo simulations.  

C-14, Cl-36 and I-129 stand out as the radionuclides with the greatest effect on the peak 
total normalised release rates from the near field and to the biosphere, both in the hole 
forever and growing hole cases. C-14 is always the radionuclide producing the highest 
peak normalised release rates, with Cl-36 and I-129 playing a secondary role. 

The remaining radionuclides have a much smaller effect on the total normalised release 
rates: 

- short lived Ag-108m, Cs-137 and Sr-90 have an important effect on the total 
normalised release rate from the near field at early times and in some realisations 
control the peak release rates, Cs-135 has a significant effect on the long term total 
normalised release rates, although its contribution to the peak total normalised 
release rates is relatively small, 

- actinides and progeny (and specially Ra-226) have a very important effect on the 
long term total normalised release rate from the near field, and a smaller effect on 
the release rate to the biosphere, in the growing hole case. In the hole forever case 
the importance of actinides and progeny is much smaller.  

Comprehensive sensitivity analyses have been carried out for C-14 (chapter 6), Cl-36 
(chapter 7), I-129 (chapter 8), Cs-135 (chapter 9), the sum of all the actinides and 
progeny (chapter 10) and the whole inventory (chapter 11). Both the time evolution and 
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the peak values of the release rates from the near field and to the biosphere are studied 
using all the sensitivity analysis methods described in chapter 4. 

For the remaining 17 fission and activation products (chapter 12) and the 20 actinides 
and progeny (chapter 13) a simplified sensitivity analysis is carried out only for the 
peak release rates from the near field and to the biosphere.  
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6 SENSITIVITY ANALYSIS FOR C-14 

In Chapter 5 C-14, Cl-36 and I-129 are identified as the three radionuclides that control 
the total normalised release rates from the near field and to the biosphere both in the 
hole forever and the growing hole cases. C-14 is the dominant radionuclide in the 
realisations with the greatest peak total normalised release rates (see Figure 5-22 and 
Figure 5-23).  

C-14 is a relatively short lived (T1/2=5,700 years) activation product present in the UO2 
matrix (22 % of the total C-14 inventory), the zirconium alloys (16 %) and other metal 
parts of the spent fuel (62 %). The C-14 inventory in each of these three parts of the 
spent fuel includes an Instant Release Fraction (IRF) that can take values close to 1 in 
some realisations (Table 3-3). C-14 is modelled as completely soluble in 50 % of the 
realisations and with (a high) solubility limit in the remaining 50 % of realisations, with 
sorption on buffer and backfill that ranges from zero to weak and no sorption on 
unaltered rock. 

The initial inventory in the spent fuel is 1.86g per canister of C-14 and more than 200g 
per canister of stable carbon, with all the stable carbon being located in the other metal 
parts (Table 3-2).  

In this chapter the C-14 release rates are always total normalised release rates, obtained 
summing the C-14 activity release rates through the F-, DZ- and TDZ-paths and 
dividing by the regulatory activity release constraint for C-14 (3·108 Bq/a). 

6.1 Evolution of C-14 release rates from the near field and to the 
biosphere 

Figure 6-1 and Figure 6-2 present the results obtained in two Monte Carlo simulations 
(hole forever and growing hole) with 10,000 realisations for the C-14 total normalised 
release rates from the near field and to the biosphere. The mean, 1st-99th percentiles, 5th-
95th percentiles, median (50th percentile) and maximum values at each instant are 
included in the figures. The minimum values are also calculated but not plotted, because 
they are below 10-10 at any instant. Due to C-14 half-life (5700 a), releases become 
negligible after 200,000 years in all the realisations. 

Figure 6-1 and Figure 6-2 illustrate the great uncertainty in C-14 release rates from the 
near field and to the biosphere model produced by the uncertainty in the input 
parameters that can affect C-14 (first column in Table 6-2). At any instant the 
uncertainty in the value of the C-14 release rate spans several orders of magnitude. Up 
to 5,000 years there are some realisations with zero releases, because the transport path 
through the canister overpack has not been created yet.  

Figure 6-1 and Figure 6-2 include the regulatory activity release constraint for C-14. It 
is observed that in the hole forever case the C-14 peak release rates from the near field 
and to the biosphere represent less than 1 % of the constraint in all the realisations, 
while in the growing hole the C-14 peak release rates are close to the regulatory 
constraint in some realisations. It is noteworthy that in the great majority of the 
realisations C-14 release rates are much smaller than the “maximum value”: the 99th and 
95th percentiles are well below the “maximum value” lines in all the figures. 
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Figure 6-1. C-14 total normalised release rate from the near field in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole).  
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Figure 6-2. C-14 total normalised release rate to the biosphere in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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hole cases. The results are shown in Figure 6-3 (C-14 release rate from the near field) 
and Figure 6-4 (C-14 release rate to the biosphere), where all the parameters with 
RCC/SRRC greater than 0.1 (in absolute value) at least at one instant are represented. 
Some parameters with RCC/SRRC smaller than 0.1 are also shown and identified using 
labels filled in grey. The figures include the coefficient of determination (R2) of 
multiple linear regressions in ranks with all the model input parameters, to measure the 
quality of the regression. Results are presented only up to 105 years, because beyond 
this time releases are very small due to the relatively short life of C-14 (T1/2=5,700 
years). 

Time to transport path creation is a very important parameter up to 5,000 years (highest 
value in the PDF assigned to Time to transport path creation) in the two cases. This is a 
logical result because radionuclide releases outside the canister before the Time to 
transport path creation are zero. 

6.2.1 Hole forever case 

There is an initial period of roughly 3,000 years in which Time to transport path 
creation is the most influential parameter. During the rest of the calculation timeframe 
(up to 105 years), the spread of values of C-14 release rate from the near field is 
controlled mainly by Solubility(C) inside canister, and three parameters (Small hole 
diameter, De in the small hole and Kd(C) in buffer) have high RCCs/SRRCs. Near field 
flows QF and QDZ and Kd(C) in backfill (whose RCC/SRRC is slightly below 0.1) have 
a smaller, but still significant, effect.  

Figure 6-3 shows that the parameters that control the mass flow of C-14 through the 
small hole in the canister (Solubility(C) inside canister, Small hole diameter and De in 
the small hole) are the parameters with the greatest influence on C-14 release rate from 
the near field. This result is consistent with the significant correlation between C-14 
peak release rates through the small hole in the canister overpack and from the near 
field observed in Figure 6-6.  

After the initial period of roughly 3,000 years in which Time to transport path creation 
is the most important parameter, C-14 release rate to the biosphere is controlled by the 
same seven near field parameters that control the release of C-14 from the near field and 
by six additional geosphere parameters of secondary importance: WL/Q for DZ-path, 
WL/Q for F-path, Peclet number and three parameters of the unaltered rock: Porosity, 
De and Maximum penetration depth (no sorption of carbon on unaltered rock is 
considered). Transport through the geosphere delays the releases of C-14 to the 
biosphere, and as shown in Figure 6-4, geosphere parameters are important up to 30,000 
years approximately. Beyond this time the RCCs/SRRCs of the seven important near 
field parameters are very similar to their RCCs/SRRCs for C-14 release rate from the 
near field (Figure 6-3). From 5,000 to 105 years Solubility(C) inside canister is, by far, 
the input parameter with the greatest influence on the spread of values of C-14 release 
rate to the biosphere. 
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6.2.2 Growing hole case 

In the growing hole case the enlargement of the small hole produces a large and sudden 
increase in the C-14 release rate to the buffer, that is transmitted to the release rates 
from the near field and to the biosphere after some time (similar to the increases of the 
total normalised release rates shown in Figure 5-1). Figure 6-3 shows that in 98 % of the 
realisations the peak release rate of C-14 from the near field takes place between 5,600 
and 51,000 years. This is roughly the range of values of the instant of small hole 
enlargement (Time to transport path creation + Time to loss of hole resistance) in the 
10,000 realisations, confirming that, in most realisations, C-14 peak release rate from 
the near field happens shortly after the loss of the transport resistance of the small hole. 
In 46 of the 10,000 realisations C-14 peak release rate from the near field takes place 
before the loss of the transport resistance of the small hole, due to the relatively short 
life of C-14 compared with Time to loss of hole resistance in these realisations.     

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  

Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation+Time to loss of hole resistance), in some realisations C-14 release rates 
are produced by the small hole in the canister, while in other realisations they are 
produced by the enlarged hole, and hence are much greater. This explains the great 
importance of Time to loss of hole resistance for C-14 release rates from the near field 
and to the biosphere up to 50,000 years. Between 50,000 and 100,000 years, Time to 
loss of hole resistance is still an important parameter, positively correlated with C-14 
release rates from the near field and to the biosphere: the reason is that after 50,000 
years the latter the small hole grows (greater Time to loss of hole resistance) the greater 
is the amount of C-14 still inside the canister, and available to be transported. 

Between 5,000 and 100,000 years, the spread of values of C-14 release rate from the 
near field is affected by many parameters in addition to Time to loss of hole resistance. 
Parameters related to the transport through the small hole (Small hole diameter and De 
in the small hole) remain important until 30,000 years because, in many realisations, the 
small hole has not enlarged yet. Beyond 5,000 years, the RCC/SRRC of Solubility(C) 
inside canister decreases from 0.7 at 5,000 years to 0.2 at 50,000 years, while the 
RCCs/SRRCs of near field flows QF and QDZ remain nearly constant. After 50,000 
years, the transport resistance of the small hole has been lost in all the realisations, and 
the RCCs/SRRCs of Solubility(C) inside canister, QF and QDZ decrease rapidly with 
time.  

Kd(C) in buffer reaches a maximum value of -0.178 after 5,000 years and remains 
negative up to 40,000 years, being positive thereafter and reaching a value of 0.125 at 
100,000 years. Increasing Kd(C) in buffer delays the transport of carbon through the 
buffer and, at early times, C-14 release rate from the near field is very small if Kd(C) in 
buffer takes high values (negative correlation). In the long term, a high value of  Kd(C) 
in buffer means that a greater amount of C-14 remains in the buffer (has not left the near 
field yet) and hence the C-14 releases from the near field are greater (positive 
correlation between Kd(C) in buffer and C-14 release rate from the near field).   
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C-14 releases from the tunnel backfill into a fracture that intersects the tunnel (TDZ-
path) become important after 20,000 years. After that time, the RCC/SRRC of Kd(C) in 
backfill increases (in absolute value) rapidly and beyond 50,000 years it is the parameter 
with the greatest effect on the spread of values of C-14 release rate from the near field. 
The other parameters related to transport in the backfill are far less important: the 
maximum absolute value of the RCC/SRRC of Tunnel length reaches is 0.12 (value 
equal to -0.12) and the RCC/SRRC of De(cations/neutral) in backfill is always smaller 
than 0.06.  

Between 5,000 and 100,000 years, the spread of values of C-14 releases rate to the 
biosphere is affected by many parameters in addition to Time to loss of hole resistance. 
Near field parameters are always the most important (having similar RCCs/SRCCs with 
the C-14 release rate from the near field and with the C-14 release rate to the biosphere), 
and there are six geosphere parameters with a significant effect, especially at early 
times: WL/Q for DZ-path, WL/Q for F-path, Peclet number and three parameters of the 
unaltered rock: Porosity, De and Maximum penetration depth (Kd(C) in unaltered rock 
is zero in all the realisations).  

Beyond 20,000 years the RCC/SRRC of Kd(C) in backfill with the C-14 release rate to 
the biosphere increases (in absolute value) rapidly with time and, after 50,000 years, it 
is the most influential parameter, as already observed for C-14 release rate from the near 
field. Although TDZ-path provides a significant contribution to the C-14 total release 
rate to the biosphere, the RCC/SRRC of WL/Q for TDZ-path always takes very small 
values, because carbon transport through the whole TDZ-path is controlled by the 
diffusive transport through the tunnel backfill and, especially, by carbon sorption on 
backfill.  

It must be noted that the same six geosphere parameters are identified as significant 
(with absolute values of RCC/SRRC greater than 0.1 at least at one instant) in the hole 
forever and growing hole cases: flow-related parameters WL/Q for F-path, WL/Q for 
DZ-path and Peclet number and two parameters of the unaltered rock: Porosity, De and 
Maximum penetration depth.    
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Figure 6-3. Evolution of the RCCs/SRRCs and R2 over time for C-14 total release rate 
from the near field. 
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Figure 6-4. Evolution of the RCCs/SRRCs and R2 over time for C-14 total release rate 
to the biosphere. 
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6.3 C-14 peak release rates from the near field and to the biosphere 

Table 6-1 presents some indicators of the uncertainty in C-14 peak total normalised 
release rates from the near field and from the far field (to the biosphere) in two Monte 
Carlo simulations with 10,000 realisations (hole forever and growing hole cases). 
Indicator ∆98, defined is Eq. 6-1, represents the orders of magnitude of difference 
between the 1st and the 99th percentiles, and has been adopted to quantify the spread of 
the results. 











percentile

percentile
st

th

1

99
log1098  ( Equation 6-1) 

The value of the C-14 peak release rate from the near field spans over 7.0 orders of 
magnitude in the hole forever case and 5.4 orders of magnitude in the growing hole 
case. The spread of values C-14 peak release to the biosphere is roughly 1.5 orders of 
magnitude greater: 8.3 and 6.9 orders of magnitude in the hole forever and growing hole 
cases, respectively. 

 
Table 6-1. Uncertainty indicators for the C-14 peak total normalised release rates from 
the near field and from the far field (to the biosphere) in Monte Carlo simulations with 
10,000 realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 2.0·10-32 9.1·10-11 1.1·10-9 1.1·10-6 2.2·10-4 8.4·10-4 5.8·10-3 7.0 

…far field 0 1.8·10-12 1.1·10-10 2.3·10-7 7.4·10-5 4.0·10-4 3.5·10-3 8.3 

Growing hole  

…near field 3.2·10-29 7.7·10-7 8.4·10-6 1.7·10-3 7.7·10-2 1.9·10-1 1.2 5.4 

…far field 0 5.1·10-9 3.8·10-7 2.1·10-4 1.5·10-2 4.4·10-2 4.8·10-1 6.9 

 

Figure 6-5 shows the cumulative distribution functions (CDFs) for the C-14 peak 
normalised release rates from the near field and from the far field. The maximum values 
of the four curves are represented with diamonds (hole forever case) and squares 
(growing hole case). 

In the hole forever case, the maximum values of the C-14 peak total normalised release 
rates from the near field and to the biosphere are two orders of magnitude below the 
regulatory activity release constraint for C-14 (3·108 Bq/a). In the growing hole case, the 
maximum value of the C-14 peak release rate from the far field (to the biosphere) is half 
the regulatory activity release constraint for C-14, and the maximum value of the peak 
release from the near field is slightly greater than such regulatory constraint (although 
that constraint does not apply to the releases from the near field). 
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In the hole forever case the CDFs of the C-14 peak release rates from the near field and 
to the biosphere have similar shapes, with the curve of the release rate to the biosphere 
displaced about half an order of magnitude to the left. The CDFs of the two results have 
a similar spread: 7.0 orders of magnitude for the C-14 peak release rate from the near 
field vs. 8.3 orders of magnitude for the C-14 peak release rate from the near field. It is 
observed that the geosphere introduces little additional uncertainty compared with the 
near field. As a consequence, it is expected that the PSA will find that the parameters 
with the greatest influence on C-14 peak release rate to the biosphere are near field 
parameters, with geosphere parameters having a secondary importance. 

In the growing hole case, the CDFs of the release rates from the near field and to the 
biosphere have similar shapes, with the curve of the release rate to the biosphere 
displaced roughly one order of magnitude to the left. The CDFs of the two results have 
a similar spread: 5.4 orders of magnitude for the C-14 peak release rate from the near 
field vs. 6.9 orders of magnitude for the C-14 peak release rate to the biosphere. The 
effect of the geosphere on C-14 peak release rate to the biosphere is still relatively 
small, but clearly greater than in the hole forever case. As a consequence, it is expected 
that the PSA will find that the parameters with the greatest influence on C-14 peak 
release to the biosphere are near field parameters, with geosphere parameters being 
more important than in the hole forever case but still having a secondary importance. 

  

 

Figure 6-5. CDFs for the C14 peak total normalised releases from the near field and to 
the biosphere in the Monte Carlo simulations with 10,000 realisations. 

It must be noted that, in the Monte Carlo simulations, carbon sorbs on the buffer and the 
backfill in many realisations, while Kd(C) in unaltered rock is always zero. If some 
sorption of carbon on the unaltered rock were included in the model, the influence of the 
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the relatively short life of C-14 compared with the travel times along the slower 
geosphere transport paths. 

Figure 6-6 shows that in the hole forever case C-14 peak release rate through the small 
hole is correlated with C-14 peak release rates from the near field and to the biosphere, 
although the values are quite different in most realisations. For this reason, it is 
expected that the parameters controlling the release rate of C-14 though the small hole 
will have a significant influence on C-14 peak release rates from the near field and to 
the biosphere in the hole forever case. 

 

Figure 6-6. Scatter plot of C-14 peak release rate through the small hole in the canister 
overpack vs. C-14 peak release rates from the near field and to the biosphere. Hole 
forever case. Only the first 3,000 realisations are shown. 
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biosphere 

This section presents the results of the PSA of the C-14 peak total normalised release 
rates from the near field and the far field (to the biosphere) in two cases: hole forever 
and growing hole. 

Four model outputs have been analysed: 

- C-14 peak total normalised release rate from the near field in the hole forever case, 
- C-14 peak total normalised release rate to the biosphere in the hole forever case, 
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- C-14 peak total normalised release rate to the biosphere in the growing hole case. 
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6.4.1 Sensitivity measures and graphics 

For each of the model outputs listed above, the following sensitivity measures (defined 
in Chapter 4) have been calculated for all the model input parameters: 

- Correlation coefficients in values (CCs), equivalent to the standardised regression 
coefficients (SRCs) when all the input parameters are independent,  

- Correlation coefficients in ranks (RCCs), equivalent to the standardised rank 
regression coefficients (SRRCs) when all the input parameters are independent, 

- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 6-2 to Table 6-4, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance, but that probably correspond to a 
real effect, because the parameter has been identified as relevant by other sensitivity 
measures.  

In addition, for each of the four model outputs analysed, the following graphics 
(described in Chapter 4) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable. (Figure 6-7 and Figure 6-8),  

- Contribution to the Sample Mean (CSM) plots (Figure 6-9 and Figure 6-10) 
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Table 6-2. CCs/SRCs and RCCs/SRRCs for C-14 peak release rates from the near field 
and the far field (to the biosphere). 

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.024  -0.051 -0.035 -0.034  -0.043 -0.028 
Small hole diameter 0.259 0.207   0.356 0.325   
De in the small hole 0.224 0.178   0.299 0.272   
Time to loss of hole resistance   -0.291 -0.213   -0.517 -0.471 
Length of canister failed   -0.083 -0.036   -0.066 -0.033 
Waste         
IRF(C) in the fuel matrix         
IRF(C) in the zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume -0.118 -0.101 -0.035  -0.079 -0.065   
Mass of buffer in cavity -0.026    -0.050 -0.041   
Solubility (C) 0.197 0.158 0.205 0.129 0.749 0.695 0.545 0.401 
Hole Buffer         
De (cations/neutral)       0.058  
Kd (C) -0.065 -0.051 -0.111 -0.078 -0.171 -0.148 -0.282 -0.187 
Da (C) in buffer 0.073 0.048 0.157 0.071 0.153 0.132 0.291 0.180 
Tunnel backfill          
De (cations/neutral) -0.049 -0.042  -0.040 -0.048 -0.046  -0.033 
Kd (C)      -0.034   
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.135 0.094 0.285 0.194 0.148 0.132 0.248 0.204 
QDZ 0.066 0.059 0.243 0.110 0.130 0.117 0.196 0.167 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.026  -0.055  -0.102  -0.169 
WL/Q for DZ-path   -0.041  -0.039  -0.159  -0.252 
WL/Q for TDZ-path         
Peclet number      -0.046  -0.033 
Unaltered rock         
Porosity  -0.051  -0.090  -0.143  -0.209 
De   -0.038  -0.075  -0.152  -0.257 
Maximum penetration depth  -0.039  -0.048  -0.098  -0.137 
R2 0.203 0.136 0.290 0.143 0.857 0.816 0.753 0.712 
Threshold of significance 0.024 0.027 0.034 0.033 0.024 0.027 0.028 0.022 
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Table 6-3. Monte Carlo filtering for C-14 peak release rates from the near field and the 
far field (to the biosphere) – Statistics of the Smirnov and Mann-Whitney tests (10 % of 
highest values vs. remaining 90 %). 

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation   0.083    -0.092  
Small hole diameter 0.466 0.423   0.600 0.548   
De in the small hole 0.357 0.337   0.453 0.429   
Time to loss of hole resistance   0.518 0.480   -0.623 -0.579 
Length of canister failed   0.105 0.064   -0.122 -0.058 
Waste         
IRF(C) in the fuel matrix         
IRF(C) in the Zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume 0.189 0.175 0.058  -0.251 -0.223 -0.050  
Mass of buffer in cavity     -0.074 -0.060   
Solubility (C) 0.549 0.539 0.454 0.368 0.548 0.554 0.469 0.398 
Hole Buffer         
De (cations/neutral)         
Kd (C)  0.203 0.173 0.350 0.257 -0.241 -0.207 -0.367 -0.287 
Da (C) in buffer 0.177 0.155 0.297 0.224 0.201 0.173 0.348 0.240 
Tunnel backfill          
De (cations/neutral) 0.081 0.072  0.078 -0.091 -0.088  -0.077 
Kd (C)       -0.049   
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.153 0.123 0.355 0.234 0.196 0.164 0.423 0.286 
QDZ 0.131 0.132 0.218 0.180 0.171 0.174 0.291 0.244 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  0.102  0.161  -0.124  -0.220 
WL/Q for DZ-path   0.148  0.188  -0.170  -0.251 
WL/Q for TDZ-path         
Peclet number         
Unaltered rock         
Porosity  0.126  0.179  -0.151  -0.220 
De   0.136  0.226  -0.171  -0.275 
Maximum penetration depth  0.073  0.128  -0.080  -0.161 
Threshold of significance 0.065 0.054 0.052 0.060 0.056 0.042 0.043 0.063 
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Table 6-4. Test statistic for CSM plots and first order sensitivity indices of the C-14 
peak release rates from the near field and the far field (to the biosphere). 

Parameters 

CSM statistic First order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation   0.055 0.065     
Small hole diameter 0.446 0.448   0.067 0.040   
De in the small hole 0.393 0.396   0.049 0.030   
Time to loss of hole resistance   0.398 0.405   0.114 0.059 
Length of canister failed   0.107 0.062   0.007  
Waste         
IRF(C) in the fuel matrix         
IRF(C) in the Zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume 0.243 0.286 0.054  0.018 0.012   
Mass of buffer in cavity         
Solubility (C) 0.488 0.489 0.364 0.315 0.054 0.031 0.077 0.034 
Hole Buffer         
De (cations/neutral)   0.049      
Kd (C)  0.200 0.200 0.267 0.228 0.012 0.006 0.045 0.017 
Da (C) in buffer 0.163 0.160 0.232 0.196 0.009 0.004 0.039 0.011 
Tunnel backfill          
De (cations/neutral) 0.094 0.106  0.080 0.005    
Kd (C)   0.094       
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.193 0.174 0.294 0.257 0.019 0.007 0.084 0.039 
QDZ 0.123 0.137 0.168 0.162 0.005 0.004 0.036 0.015 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  0.112  0.196    0.020 
WL/Q for DZ-path   0.173  0.131  0.005  0.007 
WL/Q for TDZ-path         
Peclet number         
Unaltered rock         
Porosity  0.131  0.167    0.009 
De   0.113  0.180  0.006  0.012 
Maximum penetration depth  0.124  0.122    0.008 
Sum of 1st order SI -- -- -- -- 0.237 0.146 0.370 0.220 
Threshold of significance 0.068 0.081 0.042 0.052 0.003 0.004 0.004 0.005 
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Figure 6-7. Mean ranks for all the near field parameters in the 10 % of realisations 
with the highest/lowest C-14 peak release rate from the near field. 
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Figure 6-8. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest C-14 peak release rate from the far field (to the biosphere). 
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Figure 6-9. CSM plots for C-14 peak release rate from the near field in two Monte 
Carlo simulations with 10,000 realisations. 
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Figure 6-10. CSM plots for C-14 peak release rate from the far field (to the biosphere) 
in two Monte Carlo simulations with 10,000 realisations. 
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relation between C-14 peak release rate from the near field and some input parameters. 
The regression models in values and ranks identify the same ten input parameters with a 
significant effect on C-14 peak release rate from the near field, but the rankings of 
importance are quite different.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor approximation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters for C-14 peak release rate from the near field.  

The regression model in ranks (Table 6-2) has found that Solubility(C) inside canister 
is, by far, the parameter with the greatest influence on the spread of the values of C-14 
peak release rate from the near field, followed by two parameters of similar importance: 
Small hole diameter and De in the small hole. There are three parameters of limited 
importance: Kd(C) in buffer and near field equivalent flows QF and QDZ, and four more 
with RCCs/SRRCs slightly greater than the threshold of significance: Cavity water 
volume, Mass of buffer in cavity, De (cations/neutral) in backfill and Time to transport 
path creation.  

The Smirnov and Mann-Whitney tests (10% of realisations with the highest values of 
the output vs. remaining 90 %) each identify roughly the same parameters that take 
specific values in the 10 % of realisations with the highest C-14 peak release rate from 
the near field. These are practically the same parameters identified as relevant by the 
regression in ranks, but some differences are observed between the rankings of 
importance based on the statistic of the Smirnov test, the modified statistic of the Mann-
Whitney test and the RCCs/SRRCs.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 6-7 it has 
been determined that the 10 % of realisations with the highest C-14 peak release rate 
from the near field are characterised by: 

- very high values of Solubility(C) inside canister, Small hole diameter and De in the 
small hole, high values of QF and QDZ, and 

- low values of Cavity water volume and Kd(C) in buffer and slightly smaller than 
average values of De (cations/neutral) in backfill and Mass of buffer in cavity. 

Figure 6-7 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest C-14 peak are the same as those that take specific values in the highest 
10% realisations, with the exception of Cavity water volume, which does not take any 
specific values in the lowest 10 % realisations. In general, if a parameter takes high 
values in the highest 10 % realisations, then it takes low values in the lowest 10 % 
realisations, and vice versa. 

The CSM statistic and plot (Table 6-4 and Figure 6-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of C-14 peak release rate from the near field in the 10,000 realisations. 
There are eight parameters whose CSM statistic is above the threshold of significance, 
and these are in good agreement with the parameters identified as most relevant on the 
basis of the RCCs/SRRCs and Monte Carlo filtering.  
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Figure 6-9 shows that the 50 % of lowest values of Solubility(C) inside canister produce 
only 2 % of the mean value of the output, and the 50 % of lowest values of Small hole 
diameter and De in the small hole produce only 10 % and 13 % of the mean value of the 
output, respectively. For the rest of input parameters, the different regions of values 
have a similar contribution to the output sample mean. 

On the basis of the CSM statistic (Table 6-4) the three most important parameters for C-
14 peak release rate from the near field are, by far, Solubility(C) inside canister, Small 
hole diameter and De in the small hole. There are three parameters of secondary 
importance: Cavity water volume, Kd(C) in buffer and QF, and a two parameters with 
smaller importance: QDZ and De(cations/neutral) in backfill. 

The first order sensitivity indices in Table 6-4 show that only 24 % of the variance of C-
14 peak release rate from the near field is due to the variance of the input parameters 
acting independently, with the remaining 76 % being produced by the interaction 
between parameters. Since first order sensitivity indices only explain a small part of the 
variance of the output variable, the validity of a ranking of importance of the input 
parameters based on first order sensitivity indices is questionable. But, in any case, the 
resulting ranking based on first order sensitivity indices is quite similar to the rankings 
obtained in previous paragraphs on the basis of other statistics: 

- the parameters with the highest first order sensitivity indices (from 0.049 to 0.067) 
are Solubility(C) inside canister, Small hole diameter and De in the small hole, 

- Cavity water volume, QF and Kd(C) in buffer have smaller, but still statistically 
significant, values of the first order sensitivity indices between 0.01 and 0.02, and 

- De(cations/neutral) in backfill and QDZ have very small first order sensitivity 
indices, although greater than the threshold of significance. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for C-14 peak release rate from the near field in the hole forever case 
have been identified: 

- the parameters with the greatest influence are Solubility(C) inside canister, Small 
hole diameter and De in the small hole. Solubility(C) inside canister has a much 
greater influence on the spread of values of C-14 peak release rate from the near 
field (RCCs/SRRCs) than the two other parameters, but the three parameters have a 
similar importance on the basis of any of the remaining statistics,    

- there are three parameters of secondary importance: Cavity water volume, Kd(C) in 
buffer, QF and QDZ and 

- Time to transport path creation, De(cations/neutral) in backfill and Mass of buffer 
in cavity have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
varied and the values of the input parameter in the 10 % of realisations with the highest 
values of the output variable, respectively. Solubility(C) inside canister, Small hole 
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diameter, De in the small hole, QF and QDZ are positively correlated with C-14 peak 
release rate from the near field (i.e the output tends to increase when the input parameter 
increases) and take high values in the 10 % of realisations with the highest C-14 peak 
release rate. Time to transport path creation, Kd(C) in buffer, Cavity water volume, 
Mass of buffer in cavity and De(cations/neutral) in backfill are negatively correlated 
with C-14 peak release rate from the near field and take small values in the 10 % of 
realisations with the highest C-14 peak release rate. For most parameters these results 
are consistent with the intuitive effect of each parameter on the model output: e.g. it is 
expected that an increase in QF will produce an increase in C-14 peak release rate. 

Only for De(cations/neutral) in backfill the negative signs of the (quite small) 
RCC/SRRC and modified statistic of the Mann-Whitney test seem to be in contradiction 
with the intuitive effect of this parameter. De in backfill displays a similar behaviour for 
other radionuclides and this topic is discussed in section 15.2. 

All the sensitivity measures have found that Da(C) in buffer and Kd(C) in buffer have a 
similar influence on C-14 peak release rate from the near field, while 
De(cations/neutral) in buffer has no statistically significant effect. 

6.4.3 PSA of the C-14 peak release rate to the biosphere (Hole forever) 

Table 6-2 to Table 6-4 show that, for all the near field parameters, the different statistics 
take similar values for the C-14 peak release rates from the near field and to the 
biosphere in the hole forever case, and that geosphere parameters never take the highest 
values of the statistics. As a consequence, the ranking of important parameters for C-14 
peak release rate to the biosphere is roughly the same ranking as for C-14 peak release 
rate from the near field, with the addition of a few geosphere parameters of secondary 
importance.  

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.136 while the R2 of the regression 
in ranks is 0.816. This means that there exists an important monotonic (but not linear) 
relation between C-14 peak release rate to the biosphere and some input parameters. 
The regression models in values and ranks identify nearly the same parameters with a 
significant effect on C-14 peak release rate to the biosphere, but the rankings of 
importance are very different.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 6-2) has found that that Solubility(C) inside 
canister is, by far, the parameter with the greatest influence on the spread the values of 
C-14 peak release rate to the biosphere, followed by two parameters of similar 
importance: Small hole diameter and De in the small hole. There are eight parameters of 
secondary importance: three near field parameters (Kd(C) in buffer, QF and QDZ), two 
geosphere flow parameters (WL/Q for F-path and WL/Q for F-path) and three 
parameters of the unaltered rock (De, Porosity and Maximum penetration depth). 
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Finally, there are five parameters with RCCs/SRRCs slightly greater than the threshold 
of significance: Cavity water volume, Peclet number, De(cations/neutral) in backfill, 
Mass of buffer in cavity and Kd(C) in backfill. 

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) each identify roughly the same sets of parameters that 
take specific values in the 10 % of realisations with the highest C-14 peak release rate to 
the biosphere. These are practically the same parameters identified as relevant by the 
regression in ranks, but some differences are observed between the rankings of 
importance based on the statistic of the Smirnov test, the modified statistic of the Mann-
Whitney test and the RCCs/SRRCs.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 6-8 it has 
been found that the 10 % of realisations with the highest C-14 peak release rate to the 
biosphere are characterised by: 

- very high values of Solubility(C) inside canister, Small hole diameter and De in the 
small hole, high values of QF and QDZ, and 

- low values of Cavity water volume, Kd(C) in buffer, WL/Q for F-path, WL/Q for 
DZ-path, Porosity of unaltered rock and De in unaltered rock and slightly smaller 
than average values of Mass of buffer in cavity, De(cations/neutrals) in backfill and 
Maximum penetration depth in unaltered rock. 

Figure 6-8 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest C-14 peak releases rate are the same as those that take specific values in 
the highest 10 % realisations, with the exception of Cavity water volume and 
De(cations/neutrals) in backfill, which do not take any specific values in the lowest 
10 % realisations. In general, if a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 

The CSM statistic and plot (Table 6-4 and Figure 6-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of C-14 peak release rate to the biosphere in the 10,000 realisations. 
There are fourteen parameters whose CSM statistic is above the threshold of 
significance, and these are roughly the same as those identified as relevant on the basis 
of RCCs/SRRCs and Monte Carlo filtering.  

Figure 6-10 shows that the 50 % of lowest values of Solubility(C) inside canister 
produce only 2 % of the mean value of the output, and the 50 % of lowest values of 
Small hole diameter and De in the small hole produce only 8 % and 13 % of the mean 
value of the output, respectively. For the rest of input parameters, the different regions 
of values have a similar contribution to the output sample mean. 

On the basis of the CSM statistic, the three most influential parameters for C-14 peak 
release rate to the biosphere are Solubility(C) inside canister, Small hole diameter and 
De in the small hole (the three with values of the CSM statistic between 0.4 and 0.5), 
followed by Cavity water volume. There is a group of nine parameters of secondary 
importance (CSM statistics between 0.200 and 0.100): Kd(C) in buffer, QF, WL/Q for 
DZ-path, QDZ, WL/Q for F-path, De(cations/neutral) in backfill and three parameters of 
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the unaltered rock (De, Porosity and Maximum penetration depth). Finally, the CSM 
statistic of Kd(C) in backfill is slightly greater than the threshold of significance.  

The first order sensitivity indices in Table 9-4 show that only 15 % of the variance of C-
14 peak release rate to the biosphere is due to the variance of the input parameters 
acting independently, with the remaining 85 % being produced by the interaction 
between parameters. Since the first order sensitivity indices only explain a small part of 
the variance of the output variable, the validity of a ranking of importance of the input 
parameters based on first order sensitivity indices is questionable. But, in any case, the 
resulting ranking based on first order sensitivity indices is consistent with the rankings 
obtained in previous paragraphs on the basis of other statistics: 

- the parameters with the highest values of the first order sensitivity indices (from 
0.030 to 0.040) are Solubility(C) inside canister, Small hole diameter and De in the 
small hole, 

- the first order sensitivity index of Cavity water volume is 0.012, and 

- there are five other parameters (QF, Kd(C) in buffer, De in unaltered rock, WL/Q for 
DZ-path and QDZ) , whose variance, acting independently, explains a small fraction 
(less than 1 %) of the variance of C-14 peak release rate to the biosphere. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for C-14 peak release rate to the biosphere in the hole forever case 
have been identified: 

- the parameters with the greatest influence are Solubility(C) inside canister, Small 
hole diameter and De in the small hole. Solubility(C) inside canister has a much 
greater influence on the spread of values of C-14 peak release rate  (RCCs/SRRCs) 
than the two other parameters, but the three parameters have a similar importance on 
the basis of any of the remaining statistics,    

- there is a numerous group of parameters of secondary importance: near field 
parameters Cavity water volume, Kd(C) in buffer, QF and QDZ, groundwater flow 
parameters WL/Q for DZ-path and WL/Q for path F-path and Porosity and De in 
unaltered rock. 

- Mass of buffer in cavity, De(cations/neutral) in backfill, Maximum penetration depth 
in unaltered rock and Kd(C) in backfill have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
varied and the values of the input parameter in the 10 % of realisations with the highest 
values of the output variable, respectively. Solubility(C) inside canister, Small hole 
diameter, De in the small hole, QF and QDZ are positively correlated with C-14 peak 
release rate from the near field (i.e the output tends to increase when the input parameter 
increases) and take high values in the 10 % of realisations with the highest C-14 peak 
release rate. Cavity water volume, Kd(C) in buffer, WL/Q for DZ-path, WL/Q for F-
path, Mass of buffer in cavity, De(cations/neutral) in backfill, Kd(C) in backfill and 
Porosity, De and Maximum penetration depth in unaltered rock are negatively 
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correlated with C-14 peak release rate from the near field and take small values in the 
10 % of realisations with the highest C-14 peak release rate. For most parameters these 
results are consistent with the intuitive effect of each parameter on the model output: 
e.g. it is expected that an increase in QF will produce an increase in C-14 peak release 
rate. 

Only for De(cations/neutral) in backfill, the negative signs of the (quite small) 
RCC/SRRC and modified statistic of the Mann-Whitney test seem to be in contradiction 
with the intuitive effect of this parameter. De in backfill displays a similar behaviour for 
other radionuclides and this topic is discussed in section 15.2. 

All the sensitivity measures have found that Kd(C) in buffer has a slightly greater 
influence on C-14 peak release rate to the biosphere than Da(C) in buffer, while 
De(cations/neutral) in buffer has no statistically significant effect. 

6.4.4 PSA of the C-14 peak release rate from the near field (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.290 while the R2 of the regression in 
ranks is 0.753. This means that there exists a significant monotonic (but not linear) 
relation between C-14 peak release rate from the near field and some input parameters. 
The regression models in values and ranks identify roughly the same parameters with a 
significant effect on C-14 peak release rate from the near field, but the rankings of 
importance are quite different. 

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 6-2) identifies that Time to loss of hole resistance 
and Solubility(C) inside canister are, by far, the two parameters with the greatest 
influence on the spread of values of C-14 peak release rate from the near field. There 
are three parameters of secondary importance: Kd(C) in buffer and near field flows QF 
and QDZ. Finally, Length of canister failed, Time to transport path creation, and 
De(cations/neutral) in buffer have RCCs/SRRCs slightly above the threshold of 
significance. 

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) each identify the same eight parameters that take 
specific values in the 10 % of realisations with the highest C-14 peak release rate from 
the near field, with identical rankings of importance. The important parameters are the 
same identified as important by the regression in ranks plus Cavity water volume and 
minus De(cations/neutral) in buffer, although there are differences in the rankings.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 6-7 it has 
been determined that the 10 % of realisations with the highest C-14 peak release rate 
from the near field are characterised by: 
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- very high values of Solubility(C) inside canister, significantly high values of QF and 
QDZ,  and 

- very low values of Time to loss of hole resistance, significantly low values of Kd(C) 
in buffer, low values of Length of canister failed and slightly smaller than average 
values of Time to transport path creation and Cavity water volume. 

Figure 6-7 shows that the parameters that take specific values in the 10 % of realisations 
with the highest C-14 peak release rate from the near field are the same as those that 
take specific values in the highest 10 % realisations, with the exception of Time to 
transport path creation and Length of canister failed, which do not take specific values 
in the lowest 10 % of realisations. In general, if a parameter takes high values in the 
highest 10 % realisations, then it takes low values in the lowest 10 % realisations, and 
vice versa. 

The CSM statistic and plot (Table 6-4 and Figure 6-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of C-14 peak release rate from the near field. The parameters whose CSM 
statistic is clearly above the threshold of significance are roughly the same parameters 
identified as relevant on the basis of RCCs/SRRCs and the modified statistic of the 
Mann-Whitney test.  

Figure 6-9 shows that the 40 % of lowest values of Solubility(C) inside canister produce 
only 5 % of the mean value of the output variable. The 50 % of highest values of Time 
to loss of hole resistance and the 38 % of highest values of Kd(C) in buffer produce, 
each, only 12 % of the mean value of the output. The 20 % of highest values of QF and 
QDZ produce 47 % and 35 % of the mean value of the output, respectively. For the rest 
of input parameters the different regions of values have a similar contribution to the 
output sample mean. 

On the basis of the CSM statistic the two most important parameters for C-14 peak 
release rate from the near field are Time to loss of hole resistance and Solubility(C) 
inside canister, followed by Kd(C) in buffer, QF, and QDZ. Length of canister failed is 
the sixth parameter in importance and there are two parameters whose CSM statistic is 
slightly above the threshold of significance: Time to transport path creation and Cavity 
volume. 

The first order sensitivity indices in Table 9-4 show that 37 % of the variance of C-14 
peak release rate from the near field is due to the variance of the input parameters acting 
independently, with the remaining 63 % being produced by the interaction between 
parameters. The parameter with the highest value of the first order sensitivity index is 
Time to loss of hole resistance, that is responsible for 11 % of the variance of the output 
variable. The next most important parameters are QF (8 %), Solubility(C) inside canister 
(8 %), Kd(C) in buffer and QDZ (4 %). Finally, the variance of Length of canister failed, 
acting independently, explains less than 1 % of the variance of C-14 peak release rate 
from the near field. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
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input parameters for C-14 peak release rate from the near field in the growing hole case 
have been identified: 

- the two parameters with the greatest influence are Time to loss of hole resistance 
and Solubility(C) inside canister. 

- there are three very influential parameters: Kd(C) in buffer, QF and QDZ,and 

- Time to transport path creation, Length of canister failed, Cavity water volume and 
De(cations/neutral) in buffer have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
varied and the values of the input parameter in the 10 % of realisations with the highest 
values of the output variable, respectively. Solubility(C) inside canister, QF, QDZ and 
De(cations/neutral) in buffer are positively correlated with C-14 peak release rate from 
the near field (i.e the output tends to increase when the input parameter increases) and 
take high values in the 10 % of realisations with the highest C-14 peak release rate (if the 
value of the modified statistic of the Mann-Whitney test is statistically significant). 
Time to loss of hole resistance, Kd(C) in buffer, Time to transport path creation, Length 
of canister failed and Cavity water volume are negatively correlated with C-14 peak 
release rate from the near field and take small values in the 10 % of realisations with the 
highest C-14 peak release rate. For most parameters these results are consistent with the 
intuitive effect of each parameter on the model output: e.g. it is expected that an 
increase in QF will produce an increase in C-14 peak release rate. 

Only for Length of canister failed the negative signs of the (quite small) RCC/SRRC 
and modified statistic of the Mann-Whitney test seem to be in contradiction with the 
intuitive effect of this parameter. Length of canister failed displays a similar behaviour 
for other radionuclides and this topic is discussed in section 15.3. 

Most sensitivity measures have determined that Kd(C) in buffer has a slightly greater 
influence on C-14 peak release rate from the near field than Da(C) in buffer, while 
De(cations/neutral) in buffer has a much smaller effect (only the values of the 
RCC/SRRC and the CSM statistic are above the thresholds of statistical significance). 

6.4.5 PSA of the C-14 peak release rate to the biosphere (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.143 while the R2 of the regression 
in ranks is 0.712. This means that there exists a significant monotonic (but not linear) 
relation between C-14 peak release rate to the biosphere and some input parameters. 
Roughly the same parameters are identified as relevant in the regressions in value and 
ranks, although there are significant differences in the rankings of importance.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  
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The regression model in ranks (Table 6-2) has found that Time to loss of hole resistance 
and Solubility(C) inside canister are, by far, the two parameters with the greatest 
influence on the spread of values of C-14 peak release rate to the biosphere (these are 
the two parameters with the greatest influence on the spread of values of C-14 peak 
release rate from the near field also). There is a group of parameters of secondary 
importance: near field parameters Kd(C) in buffer, QF and QDZ, geosphere flow 
parameters WL/Q for DZ-path and WL/Q for F-path and unaltered rock parameters 
Porosity, De and Maximum penetration depth. Finally, there are four parameters with 
very small values of the RCCs/SRRCs: Time to transport path creation, Length of 
canister failed, De(cations/neutral) in backfill and Peclet number.   

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) each identify the same twelve parameters that take 
specific values in the 10 % of realisations with the highest Cs-14 peak release rate to the 
biosphere, with similar rankings of importance. These are the same parameters 
identified as relevant in the regression in ranks minus Time to transport path creation 
and Peclet number, but there are significant differences in the rankings of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 6-8 it has 
been determined that the 10 % of realisations with the highest C-14 peak release rate 
from the near field are characterised by: 

- significantly high values of Solubility(C) inside canister, QF and QDZ, and 

- very low values of Time to loss of hole resistance, significantly low values of Kd(C) 
in buffer, WL/Q for DZ-path, WL/Q for F-path and Porosity and De in unaltered 
rock, low values of Maximum penetration depth in unaltered rock, and slightly 
smaller than average values of Length of canister failed and De(cations/neutral) in 
backfill. 

Figure 6-8 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest C-14 peak releases rate are the same as those that take specific values in 
the highest 10 % of realisations, with some exceptions: e.g. the lowest 10 % realisations 
correspond to slightly high values of Peclet number while in the highest 10 % 
realisations Peclet number takes no particular value. In general, it is observed that if a 
parameter takes high values in the highest 10 % realisations, then it takes low values in 
the lowest 10 % realisations, and vice versa. 

The CSM statistic and plot (Table 6-4 and Figure 6-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of C-14 peak release rate from the near field. There are thirteen 
parameters whose CSM statistic is above the threshold of significance, and are roughly 
the same identified as relevant on the basis of the RCCs/SRRCs and Monte Carlo 
filtering.  

Figure 6-9 shows that the 40 % of lowest values of Solubility(C) inside canister produce 
only 9 % of the mean value of the output variable. The 50 % of highest values of Time 
to loss of hole resistance and the 34 % of highest values of Kd(C) in buffer produce, 
each, only 12 % of the mean value of the output. The 20 % of highest values of QF and 
QDZ produce 44 % and 33 % of the mean value of the output, respectively. For the rest 
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of input parameters, the different regions of values have a similar contribution to the 
output sample mean. 

On the basis of the CSM statistic, the most influential parameters for C-14 peak release 
rate to the biosphere is Time to loss of hole resistance followed by Solubility(C) inside 
canister. There is a numerous group of important parameters, with values of the CSM 
statistic between 0.257 and 0.122  (from higher to lower importance):  QF, Kd(C) in 
buffer, WL/Q for DZ-path, De in unaltered rock, Porosity of unaltered rock, QD, WL/Q 
for F-path and Maximum penetration depth in unaltered rock.  There are three 
parameters with a CSM statistic slightly above the threshold of significance: Time to 
transport path creation, Length of canister failed and De(cations/neutral) in backfill.  

The first order sensitivity indices in Table 9-4 show that only 22 % of the variance of 
Cs-135 peak release rate to the biosphere is due to the variance of the input parameters 
acting independently, with the remaining 78 % being produced by the interaction 
between parameters. Since the first order sensitivity indices only explain a small part of 
the variance of the output variable it is not appropriate to use them to create a ranking of 
important parameters. But in any case, the ranking of importance obtained on the basis 
of the first order sensitivity indices is similar to the rest of rankings obtained in this 
section. Time to loss of hole resistance is the parameter whose variance explains a 
greater fraction of the variance of the output variable (6 %), followed by QF (4 %) and 
Solubility(C) inside canister (3 %). There are four parameters whose variance explains 
between 1 % and 2 % of the variance of the output variable: WL/Q for DZ-path, Kd(C) 
in buffer, QDZ and De in unaltered rock. Three other parameters have first order 
sensitivity indices slightly above the threshold of significance: WL/Q for F-path and 
Porosity and Maximum penetration depth in unaltered rock.    

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for C-14 peak release rate to the biosphere in the growing hole case 
have been identified: 

- the parameters with the greatest influence are Time to loss of hole resistance and 
Solubility(C) inside canister, 

- there is a numerous group of parameters of secondary importance: near field 
parameters Kd(C) in buffer, QF and QDZ, groundwater flow parameters WL/Q for 
DZ-path and WL/Q for F-path, and unaltered rock parameters De, Porosity and 
Maximum penetration depth. 

- Time to transport path creation, Length of canister failed, De(cations/neutral) in 
backfill and Peclet number have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
varied and the values of the input parameter in the 10 % of realisations with the highest 
values of the output variable, respectively. Solubility(C) inside canister, QF and QDZ are 
positively correlated with C-14 peak release rate to the biosphere (i.e the output tends to 
increase when the input parameter increases) and take high values in the 10 % of 
realisations with the highest C-14 peak release rate. Time to loss of hole resistance, 
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Kd(C) in buffer, WL/Q for DZ-path, WL/Q for F-path, De, Porosity and Maximum 
penetration depth in unaltered rock, Time to transport path creation, Length of canister 
failed, De(cations/neutral) in backfill and Peclet number are negatively correlated with 
C-14 peak release rate to the biosphere and take small values in the 10 % of realisations 
with the highest C-14 peak release rate. For most parameters these results are consistent 
with the intuitive effect of each parameter on the model output: e.g. it is expected that 
an increase in QF will produce an increase in C-14 peak release rate. 

Only for Length of canister failed and De(cations/neutral) in backfill, the negative signs 
of the (quite small) RCC/SRRC and modified statistic of the Mann-Whitney test seem 
to be in contradiction with the intuitive effect of these parameters. De(cations/neutral) 
in backfill displays a similar behaviour for other radionuclides and this topic is 
discussed in section 15.2. Length of canister failed displays a similar behaviour for 
other radionuclides and this topic is discussed in section 15.3. 

All the sensitivity measures have found that Kd(C) in buffer has a slightly greater 
influence on C-14 peak release rate to the biosphere than Da(C) in buffer, while 
De(cations/neutral) in buffer has no statistically significant effect. 

6.5 Conclusions of the PSA for C-14 

C-14 is produced in the reactor by neutron activation of the nitrogen impurities in the 
UO2, zirconium alloys and other metal parts. The initial content of nitrogen and the 
neutron fluence in the reactor can change significantly between different fuel elements 
and, as a consequence, there can be significant differences between the initial 
inventories of C-14. 

The Monte Carlo simulations for the PSA have been carried out using a cautious C-14 
inventory (Table 3-1), identical in all the realisations. The uncertainty in the C-14 
inventory is transferred to the uncertainties in the release rates, whatever the speciation 
assumed for carbon: 

- if carbon is in inorganic form, C-14 transport will be controlled by its limited 
solubility, but, due to the large amount of stable carbon in the other metal parts 
(Table 3-2), C-14 concentration in the water inside the canister is proportional to the 
C-14 initial inventory, and 

- if carbon is in organic form, its solubility is unlimited, and C-14 release rates from 
the near field and to the biosphere are proportional to the inventory in the spent fuel. 

If carbon is in inorganic form, it can be solubility limited, and in that case the inventory 
of stable carbon would have a significant effect on C-14 releases from the near field and 
to the biosphere. On the other hand, if carbon is in organic form, the stable carbon has 
no effect of C-14 transport. 

The parameters related to the release of C-14 from the different parts of the fuel have no 
statistically significant effect on C-14 release rates from the near field and to the 
biosphere. The reason is that the other metal parts contain 62 % of the C-14 and all the 
stable carbon in the spent fuel, and in all the realisations the other metal parts of the fuel 
are completely altered (and the activation products contained released) in a short time 
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period: between 102 and 104 years. Furthermore, in some realisations practically all the 
C-14 and stable carbon inventories are released immediately after the formation of the 
transport path in the canister (IRF(C) in other metal parts can be equal to 1). The PSA 
has found that C-14 release rates from the near field and to the biosphere are not 
affected by the time needed to corrode the other metal parts, for values up to 10,000 
years. However, if the time needed to corrode the other metal parts were in the order of 
105 years, this would probably have an important effect due to the relatively short life of 
C-14.  

In the hole forever case, C-14 releases from the near field and to the biosphere are 
strongly affected by the transport through the small hole in the canister overpack.  

The input parameters with the greatest effect on C-14 peak release rate from the near 
field are Solubility(C) inside canister, Small hole diameter and De in the small hole. 
Solubility(C) inside canister has a large effect in the 50 % of realisations in which the 
carbon solubility limit is reached. 

Cavity water volume, Mass of buffer in cavity and Kd(C) in buffer have a smaller 
importance. Parameter Δ, defined in Equation A-2, is a combination of these three 
parameters and has a significant effect in the 50 % of realisations in which C-14 
transport is not solubility limited (parameter Δ is included in the definition of the SHTP 
for highly soluble species in Equation A-2).    

Kd(C) in buffer has a two-fold effect on C-14 releases from the near field: to decrease 
the dissolved concentration of C-14 inside the canister and to decrease the concentration 
of C-14 in the buffer porewater. The RCC/SRRC of Kd(C) in buffer with C-14 peak 
release rate through the small hole is only -0.051, much smaller than the RCC/SRRC 
with C-14 peak release rate from the near field (-0.171 in Table 6-2). Hence it is 
concluded that the main effect of Kd(C) in buffer is to decrease the concentration of C-
14 in the buffer porewater.  

Near field flows QF and QDZ have a smaller effect than Kd(C) in buffer on C-14 peak 
release rate from the near field. 

Due to the zero sorption of carbon on unaltered rock in all the realisations geosphere 
parameters have a limited effect on C-14 peak release rate to the biosphere. C-14 peak 
release rate to the biosphere is controlled mainly by Solubility(C) inside canister, Small 
hole diameter and De in the small hole, as in the case of the peak release rate from the 
near field. The parameters of secondary importance are near field parameters Kd(C) in 
buffer, QF and QDZ and five geosphere parameters: WL/Q for F-path, WL/Q for DZ-path 
and Porosity, De and Maximum penetration depth in unaltered rock. 

C-14 release rates from the near field and to the biosphere at different times are 
controlled by roughly the same parameters as the peak release rates.  

In the growing hole case the C-14 peak release rate from the near field takes place a 
short time after the enlargement of the small hole, due to the relatively fast transport of 
carbon through the buffer.  
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The parameters with the greatest effect on C-14 peak release rate from the near field are 
Time to loss of hole resistance and Solubility(C) inside canister. Kd(C) in buffer, QF and 
QDZ have a secondary importance, although greater than in the hole forever case.  

In the growing hole case, geosphere parameters have a greater influence on C-14 peak 
release rate to the biosphere than in the hole forever case. Time to loss of hole resistance 
and Solubility(C) inside canister are the most important parameters (as in the case of C-
14 peak release rate from the near field). The parameters of secondary importance are 
Kd(C) in buffer, QF and QDZ and five geosphere parameters: WL/Q for F-path, WL/Q for 
DZ-path and Porosity, De and Maximum penetration depth in unaltered rock.  

The great importance of Time to loss of hole resistance is a consequence of the 
relatively short life of C-14. A greater value of Time to loss of hole resistance provides 
more time for decay of C-14 and reduces the dissolved concentration of C-14 inside the 
canister and thus the amount of C-14 rapidly released to the buffer when the small hole 
enlarges. 

C-14 release rates from the near field and to the biosphere at different times are 
controlled by roughly the same parameters as the peak release rates, although the 
relative importance can be very different. In the long term, the releases from the near 
field and to the biosphere via the TDZ-path provide an important contribution to C-14 
total release rates, and hence backfill parameters (mainly Kd(C) in backfill) are 
important. But due its relatively short life, C-14 long term release rates are much 
smaller than C-14 peak release rates.  

6.6 PSA for C-14 peak release rates from the near field and to the 
biosphere if carbon is in organic form 

The PSA performed in the previous sections has identified Solubility(C) inside canister 
and Kd(C) in buffer as two of the parameters with the greatest effect on C-14 peak 
release rates from the near field and the far field. This is a consequence of considering 
the uncertainty in the speciation of carbon when defining the PDFs for the carbon 
related parameters. Both organic and inorganic forms of carbon are considered possible, 
with organic carbon having unlimited solubility and no sorption on the buffer and 
backfill and inorganic carbon having a limited solubility and some sorption on the 
buffer and backfill.   

In this section, a simplified PSA is carried out for C-14 peak normalised release rates 
from the near field and to the biosphere assuming that all carbon is in organic form (as 
in the Reference Case of TURVA-2012). The results are compared with the 
corresponding results obtained in previous sections considering the uncertainty in the 
speciation of carbon. 

Two Monte Carlo simulations with 10,000 realisations are performed, for the hole 
forever and the growing hole cases. The PDFs assigned to all the parameters are those 
shown in section 3.3, with the exception of Solubility(C) in canister interior and Kd(C) 
in buffer, which in these new calculations are unlimited and zero, respectively. 

Table 6-5 and Table 6-6 show that if carbon is assumed to be in organic form: 
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- in the hole forever case, C-14 peak release rate from the near field is controlled 
mainly by parameters related to the transport through the defect in the canister 
overpack (Small hole diameter, De in the small hole, and to a lesser extent, Cavity 
water volume), with near field flows QF and QDZ having a secondary importance, 

- in the growing hole case C-14 peak release rate from the near field is controlled 
mainly by Time to loss of hole resistance (due to the relatively short life of C-14) 
with near field flows QF and QDZ having a large influence, greater than in the hole 
forever case, and 

- C-14 peak release rates to the biosphere are controlled mainly by the same 
parameters as its peak release rate from the near field, but there are also five 
geosphere parameters of importance similar to (or greater than) the near field flows 
QF and QDZ. Two of these parameters are related to the flow in the geosphere (WL/Q 
for DZ-path and WL/Q for F-path) and three are related to the unaltered rock 
adjacent to the fractures (Porosity, De and Maximum penetration depth in unaltered 
rock). These are the same five geosphere parameters identified in previous sections 
as having a significant effect on C-14 release rates to the biosphere when the 
uncertainty in carbon speciation (organic or inorganic) is included. 
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Table 6-5. RCCs/SRRCs for C-14 peak release rates from the near field and the far field 
(to the biosphere) if (i) both inorganic and organic carbon are assumed possible and 
(ii) assuming organic carbon speciation. 

Parameters 

Inorganic / organic carbon Organic carbon 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.034  -0.043 -0.028 -0.063 -0.041 -0.075 -0.037 
Small hole diameter 0.356 0.325   0.659 0.543   
De in the small hole 0.299 0.272   0.546 0.446   
Time to loss of hole resistance   -0.517 -0.471   -0.804 -0.582 
Length of canister failed   -0.066 -0.033   -0.121 -0.034 
Waste         
IRF(C) in the fuel matrix     0.026  0.024  
IRF(C) in the zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate     0.065 0.058   
Canister interior         
Cavity water volume -0.079 -0.065   -0.312 -0.251 -0.038  
Mass of buffer in cavity -0.050 -0.041       
Solubility (C) 0.749 0.695 0.545 0.401 -- -- -- -- 
Hole Buffer         
De (cations/neutral)   0.058    0.031 -0.027 
Kd (C)  -0.171 -0.148 -0.282 -0.187 -- -- -- -- 
Tunnel backfill          
De (cations/neutral) -0.048 -0.046  -0.033 -0.079 -0.066 -0.032 -0.062 
Kd (C)   -0.034   -- -- -- -- 
Solubility correction factor (C)     -- -- -- -- 
Tunnel length      -0.037  -0.036 
Near field flows         
QF 0.148 0.132 0.248 0.204 0.232 0.177 0.372 0.212 
QDZ 0.130 0.117 0.196 0.167 0.206 0.162 0.302 0.189 
QTDF     0.032 0.038   
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.102  -0.169  -0.141  -0.213 
WL/Q for DZ-path   -0.159  -0.252  -0.218  -0.313 
WL/Q for TDZ-path      -0.039   
Peclet number  -0.046  -0.033  -0.048  -0.031 
Unaltered rock         
Total porosity  -0.143  -0.209  -0.203  -0.258 
De   -0.152  -0.257  -0.250  -0.342 
Maximum penetration depth  -0.098  -0.137  -0.150  -0.167 
R2 0.857 0.816 0.753 0.712 0.942 0.824 0.900 0.783 
Threshold of significance 0.024 0.027 0.028 0.022 0.031 0.032 0.024 0.027 
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Table 6-6. Monte Carlo filtering for C-14 peak release rates from the near field and the 
far field – Statistics of the Smirnov test and modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) if (i) both inorganic and organic carbon 
are assumed possible and (ii) assuming organic carbon speciation. 

Parameters 

Inorganic / organic carbon Organic carbon 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation   -0.092  -0.074 -0.053 -0.133 -0.076 
Small hole diameter 0.600 0.548   0.703 0.655   
De in the small hole 0.453 0.429   0.630 0.575   
Time to loss of hole resistance   -0.623 -0.579   -0.732 -0.635 
Length of canister failed   -0.122 -0.058   -0.249 -0.100 
Waste         
IRF(C) in the fuel matrix         
IRF(C) in the zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate     0.113 0.096   
Canister interior         
Cavity water volume -0.251 -0.223 -0.050  -0.397 -0.359 -0.110 -0.052 
Mass of buffer in cavity -0.074 -0.060       
Solubility (C) 0.548 0.554 0.469 0.398 -- -- -- -- 
Hole Buffer         
De (cations/neutral)       0.086 -0.056 
Kd (C)  -0.241 -0.207 -0.367 -0.287 -- -- -- -- 
Tunnel backfill          
De (cations/neutral) -0.091 -0.088 -0.041 -0.077 -0.115 -0.107  -0.092 
Kd (C)   -0.049   -- -- -- -- 
Solubility correction factor (C)     -- -- -- -- 
Tunnel length         
Near field flows         
QF 0.196 0.164 0.423 0.286 0.255 0.198 0.590 0.351 
QDZ 0.171 0.174 0.291 0.244 0.214 0.189 0.356 0.321 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.124  -0.220  -0.117  -0.288 
WL/Q for DZ-path   -0.170  -0.251  -0.205  -0.271 
WL/Q for TDZ-path         
Peclet number         
Unaltered rock         
Total porosity  -0.151  -0.220  -0.183  -0.275 
De   -0.171  -0.275  -0.185  -0.319 
Maximum penetration depth  -0.080  -0.161  -0.136  -0.174 
Threshold of significance 0.056 0.042 0.043 0.063 0.055 0.055 0.051 0.051 
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7 SENSITIVITY ANALYSIS FOR CL-36 

In chapter 5Cl-36 has been identified, together with C-14 and I-129,  as one of the three 
radionuclides that control the total (summed over all the radionuclides) normalised 
release rates from the near field and to the biosphere in the hole forever and growing 
hole cases.  C-14 is the most important radionuclide in the two cases studied, with Cl-36 
being the second most important radionuclide in the growing hole case and the third in 
the hole forever case.  

Cl-36 is a long lived (T1/2=3.01·105a) activation product present in the UO2 matrix 
(75 % of total inventory) and the zirconium alloys (remaining 25 %), with a sizeable 
Instant Release Fraction (IRF) in the UO2 matrix. In this report Cl-36 is modelled as a 
highly soluble radionuclide that mobilizes as an anion, with no sorption on the buffer 
and backfill and some sorption on the unaltered rock.  

In this chapter the Cl-36 release rates are always total normalised release rates, obtained 
summing the Cl-36 activity release rates through the F-, DZ- and TDZ-paths and 
dividing by the regulatory activity release constraint for Cl-36 (3·108 Bq/a). 

7.1 Evolution of the Cl-36 release rates from the near field and to the 
biosphere 

Figure 7-1 and Figure 7-2 present the results obtained in two Monte Carlo simulations 
(hole forever and growing hole) with 10,000 realisations for the Cl-36 total normalised 
release rates from the near and the far field (to the biosphere). The mean, 1st-99th 

percentiles, 5th-95th percentiles, median (50th percentile), minimum and maximum 
values at each instant are included in the figures, although in some cases are not visible 
(<10-10).  

Figure 7-1 and Figure 7-2 illustrate the spread of values of Cl-36 release rates from the 
near field and to the biosphere due to the uncertainty in the model parameters and the 
variability of near field flows and geosphere flow parameters in the several thousands of 
potential deposition hole locations considered. 

At any instant there are at least two orders of magnitude of difference between the 
minimum and the maximum value of the Cl-36 release rate from the near field or to the 
biosphere. Cl-36 normalised release rates take from negligible to relatively significant 
values (10-4 to 10-2), depending on the values assigned to the model parameters that can 
affect chlorine transport (first column in Table 7-1) and the instant considered. 

In the hole forever case the Cl-36 peak release rates from the near field and to the 
biosphere represent, in all the realisations, less than 0.01 % of the regulatory activity 
release constraint, while in the growing hole case the Cl-36 peak release rates from the 
near field and to the biosphere are close to 1 % of the regulatory constraint in some 
realisations.  
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Figure 7-1. Cl-36 total normalised release rate from the near field in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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Figure 7-2. Cl-36 total normalised release rate to the biosphere in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 

7.2 PSA of the evolution of the Cl-36 release rates from the near field 
and to the biosphere 

Regression models in ranks have been used to analyse the evolution over time of the Cl-
36 release rates from the near field and to the biosphere in the hole forever and growing 
hole cases. The results are shown in Figure 7-3 (release rate from the near field) and 
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Figure 7-4 (release rate to the biosphere), where all the parameters with RCC/SRRC 
greater than 0.1 (in absolute value) at least at one instant are represented. Some 
parameters with RCC/SRRC smaller than 0.1 are also shown and identified using labels 
filled in grey. The figures include the coefficient of determination (R2) of multiple linear 
regressions in ranks with all the model input parameters, to measure the quality of the 
regression. Figures for the hole forever case include also parameter SHTPCl, that is a 
combination of model input parameters (defined in Equation A-2), and is not included 
in the multiple linear regressions.  

Time to transport path creation is a very important parameter up to 5,000 years (highest 
value in the PDF assigned to Time to transport path creation) in the two cases. This is a 
logical result because radionuclide releases outside the canister before the Time to 
transport path creation are zero. 

7.2.1 Hole forever case 

There is an initial period of roughly 3,000 years during which Time to transport path 
creation is the most influential parameter. During the rest of the calculation timeframe 
(up to 106 years), the spread of values of Cl-36 release rate from the near field is 
controlled by the three parameters related to chlorine release from the waste (IRF(Cl), 
Zirconium alloys alteration rate and Fuel alteration rate) and four parameters related to 
the transport through the small hole (Small hole diameter, De in the small hole, Cavity 
water volume and De(anions) in buffer). Section A.1 shows that the release rate through 
the small hole in the canister overpack strongly depends on SHTPCl (which in turn is a 
function of Small hole diameter, De in the small hole, Cavity water volume and 
De(anions) in buffer) and the parameters that control the release of the radionuclide 
from the waste. 

The curve for SHTPCl in Figure 7-3 shows that at any instant after 3,000 years the Cl-36 
release rate from the near field is mainly controlled by this parameter, and hence by the 
Cl-36 release rate through the small hole. Similarly, in section 7.4.2it is found that Cl-
36 peak release rate from the near field is controlled by Cl-36 peak release rate through 
the small hole, and by SHTPCl in particular. The parameters related to the release of Cl-
36 from the waste have a much smaller importance: 

- up to 80,000 years Zirconium alloys alteration rate has a significant effect on the 
amount of Cl-36 released from the waste, 

- beyond 105,000 years 100 % of the Cl-36 inventory in the zirconium alloys has 
been released in all the realisations and the only additional release of Cl-36 from the 
waste is controlled by the Fuel alteration rate, and 

- IRF(Cl) has roughly the same small effect at any time after 5,000 years.   

After the initial period of roughly 3,000 years during which Time to transport path 
creation is the most important parameter, the spread of values of Cl-36 release rate to 
the biosphere is controlled by the same seven near field parameters that control the 
release of Cl-36 from the near field and by seven additional geosphere parameters of 
secondary importance: WL/Q for F-path, WL/Q for DZ-path, Peclet number and the 
four parameters of the unaltered rock: Porosity, De, Maximum penetration depth and 
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Kd(Cl). Transport through the geosphere delays the releases of Cl-36 to the biosphere, 
and as shown in Figure 7-4, geosphere parameters are important up to 200,000 years 
approximately. Beyond this time the RCCs/SRRCs of the seven important near field 
parameters are very similar to their RCCs/SRRCs with the Cl-36 release rate from the 
near field (Figure 7-3).  

The curve for SHTPCl in Figure 7-4 shows that at any time after 5,000 years the Cl-36 
release rate to the biosphere is controlled mostly by this parameter, and hence by the Cl-
36 release rate through the small hole. Similarly, in section 7.4.3it is found that Cl-36 
peak release rate to the biosphere is controlled mainly by Cl-36 peak release rate 
through the small hole. Parameters related to the release of Cl-36 from the waste play a 
much smaller role, as for the Cl-36 release rate from the near field. 

7.2.2 Growing hole case 

In the growing hole case the enlargement of the small hole produces a sudden and great 
increase in the Cl-36 release rate into the buffer, that is transmitted to the release rates 
form the near field and to the biosphere after some time (similarly to the increases of the 
total normalised release rates shown in Figure 5-1). Figure 7-3 shows that in 98 % of the 
realisations the peak release rate of Cl-36 from the near field takes place between 5,600 
and 50,800 years. This is roughly the range of values of the instant of the small hole 
enlargement (Time to transport path creation + Time to loss of hole resistance) in the 
10,000 realisations, confirming that Cl-36 peak release rate from the near field happens 
shortly after the loss of the transport resistance of the small hole, due to the fast 
transport through the buffer (no sorption of chlorine on buffer).     

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  

Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation+Time to loss of hole resistance), in some realisations Cl-36 release rates 
are produced by the small hole in the canister while in other realisations are produced 
by the enlarged hole, and hence are much greater. This explains the great importance of 
Time to loss of hole resistance for Cl-36 release rates from the near field and to the 
biosphere up to 50,000 years. Between 50,000 and 100,000 years, Time to loss of hole 
resistance is still an important parameter, positively correlated with Cl-36 release rates 
from the near field and to the biosphere; the reason is that after 50,000 years the latter 
the small hole grows (greater Time to loss of hole resistance) the greater the amount of 
Cl-36 still inside the canister, and available to be transported. 

Between 5,000 and 200,000 years, the spread of values of Cl-36 releases rate from the 
near field is affected by many parameters, in addition to Time to loss of hole resistance. 
Parameters related to the transport through the small hole (Small hole diameter, De in 
the small hole, Cavity water volume and De(anions) in buffer) are important until 
30,000 years because in many realisations the small hole has not enlarged yet. 
Zirconium alloys alteration rate and the parameters that control the transport through 
the buffer after loss of the small hole transport resistance (De(anions) in buffer, QF and 
QDZ) are important between 5,000 and 200,000 years. Between 50,000 and 200,000 
years transport parameters in the backfill (De(anions) and Porosity(anions) in backfill 
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Tunnel length and QTDF)  have some influence on Cl-36 peak release rate from the near 
field, which points to a sizeable contribution of the releases through the fracture that 
intersects the tunnel (TDZ-path) to the Cl-36 total release rate from the near field in this 
time period.  

Fuel alteration rate starts to be important after 40,000 years and its RCC/SRRC 
increases rapidly with time. Beyond 105 years, and due to the fast transport through the 
buffer in most realisations, a steady state is reached in which Cl-36 release rate from the 
waste is roughly equal to the release rate from the near field, and hence Fuel alteration 
rate is the parameter with the greatest influence on Cl-36 release rate from the near field 
between 105 and 6·105 years, and between 6·105 and 106 years it controls completely the 
Cl-36 release rate from the near field, with a RCC/SRRC very close  to 1. 

It is noteworthy that De(anions) in buffer is not identified as one of the main parameters 
for Cl-36 release rate from the near field over time, although this parameter stands out 
as the most influential parameter for Cl-36 peak release rate from the near field (section 
7.4.4). 

Between 5,000 and 400,000 years Cl-36 release rate to the biosphere is affected by 
many parameters, in addition to Time to loss of hole resistance. Seven geosphere 
parameters are important during the whole time period: WL/Q for F-path, WL/Q for DZ-
paths, Peclet number and the four parameters of the unaltered rock: Porosity, De, 
Maximum penetration depth and Kd(Cl). Parameters related to the transport through the 
small hole (Small hole diameter, De in the small hole, Cavity water volume and 
De(anions) in buffer) are important until 30,000 years because in many realisations the 
small hole has not enlarged yet. Zirconium alloys alteration rate is important between 
5,000 and 200,000 years.  

Fuel alteration rate starts to be important after 60,000 years and its RCC/SRRC with 
Cl-36 release rate to the biosphere increases rapidly with time. As the time passes, more 
realisations reach a steady state in which Cl-36 release rate from the waste is roughly 
equal to the release rate to the biosphere. For this reason Fuel alteration rate is, by far, 
the parameter with the greatest influence on Cl-36 release rate to the biosphere between 
2·105 and 106 years. 

It must be noted that the same seven geosphere parameters are identified as having 
significant effect on Cl-36 release rate to the biosphere (with absolute value of 
RCC/SRRC greater than 0.1 at least at one instant) in the hole forever and growing hole 
cases: flow-related parameters WL/Q for F-path, WL/Q for DZ-path and Peclet number 
and the four parameters of the unaltered rock: Porosity, De, Maximum penetration depth 
and Kd(Cl).   
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Figure 7-3. Evolution of the RCCs/SRRCs and R2 over time for Cl-36 total normalised 
release rate from the near field. 
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Figure 7-4. Evolution of the RCCs/SRRCs and R2 over time for Cl-36 total normalised 
release rate to the biosphere. 
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7.3 Cl-36 peak release rates from the near field and to the biosphere 

Table 7-1 presents some indicators of the uncertainty in Cl-36 peak total normalised 
release rates from the near field and the far field (to the biosphere) in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole cases). Indicator 
∆98, defined in Eq. 6-1, represents the orders of magnitude of difference between the 1st 
and the 99th percentiles, and has been adopted to quantify the spread of the results. 

The value of the Cl-36 peak total normalised release rate from the near field spans over 
3.1 orders of magnitude in the hole forever case and 2.3 orders of magnitude in the 
growing hole case. The peak release rate from the far field has a similar spread of about 
3.4 or 3.5 orders of magnitude. 

The extremely low minimum values of the Cl-36 peak release rate to the biosphere in 
Table 7-1 are obtained in realisation 8390. The next lowest values of the Cl-36 peak 
release rate from the far field are 2.6·10-12, 2.8·10-12 and  1.3·10-11 in the hole forever 
case and 3.4·10-10, 7.0·10-10 and 3.1·10-9 in the growing hole case. Realisation 8390 is an 
extreme case in which the only release path is through the fracture that intersects the 
deposition tunnel (TDZ-path), WL/Q for TDZ-path takes a high value, there is little 
longitudinal dispersion (high value of Peclet number) and Kd(Cl) in unaltered rock has 
a relatively high value, resulting in a very slow transport through the geosphere and 
very small releases during the assessment timeframe of 106 years. If the calculation 
continues until 107 years, the Cl-36 peak normalised release rate to the biosphere in 
realisation 8390 becomes 5.7·10-12 and 2.9·10-10 in the hole forever and growing hole 
cases, respectively.  

Table 7-1. Uncertainty indicators for the Cl-36 peak total normalised release rates from 
the near field and the far field (to the biosphere) in Monte Carlo simulations with 
10,000 realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 4.4·10-9 1.3·10-8 3.2·10-8 4.9·10-7 6.8·10-6 1.7·10-5 4.8·10-5 3.1 

…far field 7.5·10-25 4.7·10-9 1.7·10-8 3.4·10-7 4.9·10-6 1.2·10-5 4.5·10-5 3.4 

Growing hole  

…near field 3.8·10-6 6.1·10-5 1.4·10-4 1.0·10-3 6.3·10-3 1.1·10-2 3.2·10-2 2.3 

…far field 5.4·10-23 7.0·10-7 5.5·10-6 1.3·10-4 1.2·10-3 2.4·10-3 9.8·10-3 3.5 

 

Figure 7-5 shows the cumulative distribution functions (CDFs) for the Cl-36 peak 
normalised release rates from the near field and from the far field (to the biosphere). 
The minimum and maximum values of the curves are represented with diamonds (hole 
forever case) and squares (growing hole case). 

In the hole forever case the maximum values of the Cl-36 peak release rates from the 
near field and to the biosphere represent less than 0.01 % the regulatory activity release 
constraint for Cl-36 (3·108 Bq/a). In the growing hole case the maximum value of the 
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Cl-36 peak release rate to the biosphere is 1 % of the regulatory activity release 
constraint, and even the maximum value of the peak release rate from the near field 
represents only 3 % of such regulatory constraint (that does not apply to the releases 
from the near field). 

Figure 7-5 shows that in the hole forever case the CDFs of the Cl-36 peak release rates 
from the near field and to the biosphere are very similar, and the spread of both results 
is similar also (3.1 vs. 3.4 orders of magnitude). This means that the uncertainty in Cl-
36 peak release rate to the biosphere is controlled mainly by the near field, with only 
small effects due to the geosphere. As a consequence, it is expected that the PSA will 
find that the parameters with the greatest influence on Cl-36 peak release rate to the 
biosphere are near field parameters, with a very limited effect of geosphere parameters. 

By the contrary, in the growing hole case there are significant differences between the 
curves for Cl-36 peak release rates from the near field and to the biosphere. The spread 
in the Cl-36 peak release rates from the near field and the far field are 2.3 and 3.5 orders 
of magnitude, respectively. It is expected that the PSA will find that both near field and 
geosphere parameters affect the Cl-36 peak release rate to the biosphere. 

It must be noted that in the Monte Carlo simulations there is sorption of chlorine on the 
unaltered rock in many realisations. If sorption of chlorine on the unaltered rock were 
neglected, the influence of geosphere parameters on Cl-36 peak release rate to the 
biosphere can be expected to decrease significantly.   
 

 

Figure 7-5. CDFs for the Cl-36 peak total normalised release rates from the near field 
and to the biosphere in Monte Carlo simulations with 10,000 realisations. 
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Figure 7-6 shows that in the hole forever case Cl-36 peak release rate through the small 
hole is very similar to Cl-36 peak release rate from the near field in the great majority of 
the realisations and similar to Cl-36 peak release rate to the biosphere in most 
realisations. These results are logical taking into account: 

- the relatively long life of Cl-36 (T1/2=3.01·105 a), 

- the fast transport of chlorine through the near field (Kd(Cl)=0 in buffer and backfill) 
in all the realisations, and 

- the relatively fast transport of chlorine through the geosphere in most realisations, 
although there is a significant number of realisations in which transport through the 
geosphere is much slower.  

 

Figure 7-6. Scatter plot of Cl-36 peak release rate through the small hole in the 
canister overpack vs. Cl-36 peak release rates from the near field and to the biosphere. 
Hole forever case. Only the first 3,000 realisations are represented. 
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- Cl-36 peak total normalised release rate from the near field in the growing hole case, 
- Cl-36 peak total normalised release rate to the biosphere in the growing hole case. 

7.4.1 Sensitivity measures and graphics 

For each of the model outputs listed above, the following sensitivity measures (defined 
in Chapter 4) have been calculated for all the model input parameters: 

- Correlation coefficients in values (CCs), equivalent to the standardised regression 
coefficients (SRCs) when all the input parameters are independent,  

- Correlation coefficients in ranks (RCCs), equivalent to the standardised rank 
regression coefficients (SRRCs) when all the input parameters are independent, 

- Correlation coefficients in logarithms (logCCs), 

- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 7-2  to Table 7-5, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance but that probably correspond to a real 
effect, because the parameter has been identified as relevant by other sensitivity 
measures.  

Since Cl-36 peak release rates from the near field and to the biosphere are greater than 
zero in all the realisations a logarithmic transformation of the model input parameters 
(with the exception of the near field flows QF, QDZ, qTDZ and QTDF and Tunnel length 
which are zero in some realisations) and the output variables can be done, and the 
correlation coefficients in logarithms (logCCs) can be calculated. The values of the 
logCCs are shown in Table 7-3. 

In addition, for each of the four model outputs analysed, the following graphics 
(described in section 0) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable. (Figure 7-7 and Figure 7-8),  

- Contribution to the Sample Mean (CSM) plots (Figure 7-9 and Figure 7-10). 
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Table 7-2. CCs/SRCs and RCCs/SRRCs for Cl-36 peak release rates from the near field 
and the far field (to the biosphere). 

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.475 0.449   0.712 0.674   

De in the small hole 0.330 0.314   0.488 0.461   

Time to loss of hole resistance   0.048    0.104 0.034 

Length of canister failed   -0.058 -0.045   -0.058 -0.026 

Waste         

IRF(Cl) in the fuel matrix   0.117 0.087 0.061 0.057 0.142 0.087 

Fuel alteration rate         

Zirconium alloys alteration rate   0.136 0.117   0.278 0.176 

Canister interior         

Cavity water volume -0.247 -0.235 -0.253 -0.103 -0.385 -0.362 -0.300 -0.073 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   -0.240 -0.107   -0.269 -0.081 

De (anions)  0.222 0.209 0.469 0.183 0.226 0.212 0.627 0.174 

Da (anions) in buffer 0.143 0.136 0.529 0.196 0.191 0.176 0.672 0.187 

Tunnel backfill          

Porosity (anions)         

De (anions)    -0.030 -0.040   -0.034 -0.031 

Tunnel length         

Near field flows         

QF   0.244 0.081   0.276 0.074 

QDZ   0.176 0.089   0.258 0.105 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path     -0.080  -0.061  -0.228 

WL/Q for DZ-path  -0.055  -0.149  -0.079  -0.352 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity  -0.049  -0.143  -0.051  -0.219 

De   -0.031  -0.125  -0.056  -0.330 

Maximum penetration depth  -0.061  -0.110  -0.101  -0.257 

Kd (Cl)  -0.086  -0.165  -0.128  -0.338 

R2 0.447 0.417 0.471 0.200 0.948 0.889 0.811 0.613 

Threshold of significance 0.037 0.033 0.035 0.027 0.031 0.029 0.030 0.030 
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Table 7-3. Correlation coefficients in logarithms (logCCs) for Cl-36 peak release rates 
from the near field and the far field (to the biosphere). 

Parameters 
Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure      

Time to transport path creation     

Small hole diameter 0.709 0.643   

De in the small hole 0.504 0.455   

Time to loss of hole resistance   0.107 0.027 

Length of canister failed   -0.056  

Waste     

IRF(Cl) in the fuel matrix 0.063 0.059 0.148 0.081 

Fuel alteration rate     

Zirconium alloys alteration rate   0.287 0.145 

Canister interior     

Cavity water volume -0.393 -0.354 -0.306 -0.063 

Mass of buffer in cavity     

Hole Buffer     

Porosity (anions)   -0.274 -0.070 

De (anions)  0.229 0.204 0.610 0.147 

Da (anions) in buffer 0.193 0.170 0.657 0.161 

Tunnel backfill      

Porosity (anions)     

De (anions)    -0.033 -0.023 

Tunnel length x x x x 

Near field flows     

QF x x x x 

QDZ x x x x 

QTDF x x x x 

qTDZ x x x x 

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths     

WL/Q for F-path   -0.064  -0.217 

WL/Q for DZ-path  -0.092  -0.346 

WL/Q for TDZ-path      

Peclet number     

Unaltered rock     

Porosity  -0.060  -0.196 

De   -0.068  -0.324 

Maximum penetration depth  -0.106  -0.269 

Kd (Cl)  -0.143  -0.362 

R2 0.968 0.843 0.661 0.575 

Threshold of significance 0.033 0.030 0.033 0.028 
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 Table 7-4. Monte Carlo filtering for Cl-36 peak release rates from the near field and 
the far field – Statistics of the Smirnov and Mann-Whitney tests (10 % of highest values 
vs. remaining 90 %). 

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.574 0.554   0.709 0.696   

De in the small hole 0.423 0.405   0.536 0.503   

Time to loss of hole resistance   0.066    0.061  

Length of canister failed   0.062 0.065   -0.040 -0.064 

Waste         

IRF(Cl) in the fuel matrix   0.110 0.112 0.054 0.055 0.137 0.132 

Fuel alteration rate         

Zirconium alloys alteration rate   0.216 0.199   0.250 0.243 

Canister interior         

Cavity water volume 0.335 0.349 0.314 0.171 -0.430 -0.438 -0.399 -0.203 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   0.293 0.149   -0.382 -0.192 

De (anions)  0.356 0.322 0.556 0.330 0.449 0.410 0.672 0.406 

Da (anions) in buffer 0.304 0.268 0.622 0.347 0.375 0.341 0.757 0.447 

Tunnel backfill          

Porosity (anions)         

De (anions)     0.068    -0.069 

Tunnel length         

Near field flows         

QF   0.355 0.136   0.432 0.152 

QDZ   0.227 0.163   0.280 0.212 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path     0.212    -0.275 

WL/Q for DZ-path  0.092  0.265  -0.107  -0.361 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity    0.201  -0.070  -0.245 

De     0.265  -0.049  -0.316 

Maximum penetration depth  0.092  0.179  -0.114  -0.184 

Kd (Cl)  0.126  0.215  -0.099  -0.246 

Threshold of significance 0.071 0.058 0.056 0.050 0.066 0.064 0.045 0.044 
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Table 7-5. Test statistic for CSM plots and first order sensitivity indices of the Cl-36 
peak release rates from the near field and the far field (to the biosphere). 

Parameters 

CSM statistic First order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.398 0.389   0.229 0.206   

De in the small hole 0.297 0.290   0.115 0.102   

Time to loss of hole resistance   0.032    0.003  

Length of canister failed   0.035 0.034   0.003  

Waste         

IRF(Cl) in the fuel matrix   0.066 0.068   0.011 0.007 

Fuel alteration rate         

Zirconium alloys alteration rate   0.131 0.123   0.051 0.024 

Canister interior         

Cavity water volume 0.248 0.248 0.155 0.090 0.083 0.073 0.074 0.009 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   0.145 0.085   0.063 0.011 

De (anions)  0.225 0.218 0.286 0.169 0.063 0.058 0.254 0.049 

Da (anions) in buffer 0.163 0.179 0.304 0.178 0.044 0.037 0.340 0.058 

Tunnel backfill          

Porosity (anions)         

De (anions)          

Tunnel length         

Near field flows         

QF   0.161 0.071   0.085 0.011 

QDZ   0.113 0.088   0.048 0.013 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path     0.130    0.039 

WL/Q for DZ-path  0.057  0.174  0.006  0.068 

WL/Q for TDZ-path          

Length of TDZ-path          

Peclet number         

Unaltered rock         

Porosity  0.046  0.121    0.021 

De   0.035  0.180    0.062 

Maximum penetration depth  0.066  0.121  0.006  0.035 

Kd (Cl)  0.096  0.152  0.009  0.045 

Sum of 1st order Sis -- -- -- -- 0.490 0.466 0.592 0.406 

Threshold of significance 0.039 0.042 0.021 0.026 0.003 0.005 0.002 0.003 
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Figure 7-7. Mean ranks plot of near field parameters in the 10 % of realisations with 
the highest/lowest Cl-36 peak release rate from the near field. 
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Figure 7-8. Mean ranks plot of all model parameters in the 10 % of realisations with 
the highest/lowest peak release rate of Cl-36 from the far field (to the biosphere). 
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Figure 7-9. CSM plots for Cl-36 peak release rate from the near field in two Monte 
Carlo simulations with 10,000 realisations. 
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Figure 7-10. CSM plots for Cl-36 peak release rate from the far field (to the biosphere) 
in two Monte Carlo simulations with 10,000 realisations. 
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For the seven statistics calculated the highest absolute value always corresponds to 
Small hole diameter, followed by De in the small hole. For five statistics Cavity water 
volume is the third most important parameter followed by De(anions) in buffer. Only for 
the statistic of the Smirnov test and the modified statistic for the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) De(anions) in buffer is a little more 
important than Cavity water volume.  

A fifth parameter (IRF(Cl)) is identified as relevant only by three statistics: 
RCCs/SRRCs, logCCs and the modified statistic of the Mann-Whitney test. In the three 
cases the (absolute) value of the statistic for IRF(Cl) is much smaller than for any of the 
four main parameters. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 7-7 it has 
been identified that the 10 % of realisations with the highest values of Cl-36 peak 
release rate from the near field are characterised by: 

- very high values of Small hole diameter, De in the small hole, significantly high 
values of De(anions) in buffer and slightly higher than average values of IRF(Cl), 
and 

- significantly low values of Cavity water volume. 

Figure 7-7 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest values of Cl-36 peak release rate from the near field are the same than in 
the highest 10 % of realisations. If a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 
Most parameters have a similar importance in the realisations with the highest and 
lowest Cl-36 peak release rate from the near field, but De(anions) in buffer displays a  
different behaviour: while De(anions) in buffer takes significantly high values in the 
highest 10 % of realisations, in the lowest 10 % of realisations in only takes slightly 
smaller than average values. 

Figure 7-6 shows that Cl-36 peak release rates through the small hole in the overpack 
and from the near field are very similar in the great majority of the 10,000 realisations 
of the Monte Carlo simulation. This is a consequence of the fast transport of chlorine 
through the buffer and the backfill, due to the lack of sorption on these materials. As a 
consequence, Cl-36 peak release rate from the near field should be controlled by the 
same parameters that control Cl-36 peak release rate through the small hole in the 
overpack. 

Section A.1 shows that the only parameters that can have some effect on Cl-36 peak 
release rate through the small hole in the overpack are those related to chlorine release 
from the waste (IRF(Cl), Fuel alteration rate and Zirconium alloys alteration rate) and 
SHTPCl, which is a function of Small hole diameter, De in the small hole, Cavity water 
volume and De(anions) in buffer. The PSA has identified five of these input parameters 
as the only having a statistically significant effect on Cl-36 peak release rate from the 
near field.  

The four parameters with the greatest influence on Cl-36 peak release rate from the near 
field are the only uncertain parameters in factor Small Hole Transport Parameter 
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(SHTP) included in the expression of the solute flow rate through the small hole in the 
overpack into the buffer of Equation A-2. The scatter plot of SHTPCl vs. Cl-36 peak 
release rate from the near field (Figure 7-11) shows the very strong correlation between 
them, with a logCC and RCC/SRRC of 0.996. 

The only other parameter identified as (slightly) relevant by the PSA is IRF(Cl), while 
the two other parameters related to Cl-36 release from the waste are not important: 

- Fuel alteration rate is not an important parameter because only 25 % of the Cl-36 in 
the spent fuel is in the UO2 matrix and the release of the Cl-36 in the zirconium 
alloys is much faster in all the realisations, 

- Zirconium alloys alteration rate takes values between 1,000 and 100,000 years in 
the Monte Carlo simulation, and in this range of values the maximum activity of Cl-
36 released from the waste inside the canister is in most realisations (roughly) the 
total initial inventory in the zirconium alloys and is obtained when 100 % of 
zirconium alloys has been altered.      

 

Figure 7-11. Scatter plot of parameter SHTPCl vs. the Cl-36 peak normalised release 
rate from the near field in a Monte Carlo simulation with 10,000 realisations. 
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All the sensitivity measures have found that Da(anions) in buffer has a smaller 
influence on Cl-36 peak release rate from the near field than De(anions) in buffer. This 
is a logical result taking into account the great importance of SHTPCl and the fact that 
the only buffer related parameter in SHTPCl is De(anions) in buffer. 

7.4.3 PSA of the Cl-36 peak release rate to the biosphere (Hole forever) 

Results in section 7.4.1show that only four parameters have an important effect on Cl-
36 peak release rate to the biosphere in the hole forever case: Small hole diameter, De in 
the small hole, Cavity water volume and De(anions) in buffer. These are the same four 
parameters identified in section 7.4.2as the only having an important effect on Cl-36 
peak release rate from the near field. 

For the seven statistics considered Small hole diameter is always the most important 
parameter, followed at some distance by De in the small hole. Cavity water volume is 
always the third most important parameter, closely followed by De(anions) in buffer.  

There is a group of three geosphere parameters of secondary importance, identified as 
relevant by the seven statistics: Kd(Cl) in unaltered rock, Maximum penetration depth 
in unaltered rock and WL/Q for DZ-path. Four more parameters are identified as 
relevant only by some sensitivity measures, and always with low values of the statistic: 
IRF(Cl), WL/Q for F-path, Porosity of unaltered rock and De in unaltered rock. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 7-8 it has 
been identified that the 10 % of realisations with the highest values of Cl-36 peak 
release rate to the biosphere are characterised by: 

- very high values of Small hole diameter and De in the small hole and significantly 
high values of De(anions) in buffer, and 

- significantly low values of Cavity water volume,  low values of WL/Q for DZ-path 
and Maximum penetration depth and Kd(Cl) in unaltered rock and slightly smaller 
than average values of Porosity and De in unaltered rock. 

Figure 7-8 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest values of Cl-36 peak release rate to the biosphere are roughly the same 
as those that take specific values in the highest 10 % realisations, although the 
importance of geosphere parameters is clearly higher in the lowest 10 % of realisations. 
If a parameter takes high values in the highest 10 % realisations, then it takes low values 
in the lowest 10 % realisations, and vice versa. Most near field parameters have a 
similar importance in the realisations with the highest and lowest Cl-36 peak release 
rate from the near field, but De(anions) in buffer displays a  different behaviour: while 
De(anions) in buffer takes significantly high values in the highest 10 % of realisations, 
in the lowest 10 % of realisations in only takes slightly smaller than average values. 

Figure 7-6 shows that Cl-36 peak release rates through the small hole in the overpack 
and to the biosphere are similar in most of the 10,000 realisations of the Monte Carlo 
simulation. This is a consequence of the fast transport of chlorine through the buffer and 
the backfill (due to the lack of sorption on these materials) in all the realisations and the 
relatively fast transport through the geosphere in most realisations. As a consequence, 
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Cl-36 peak release rate to the biosphere is expected to be controlled mainly by the same 
parameters that control Cl-36 peak release rate through the small hole in the overpack.  

Section A.1 shows that the only parameters that can have some effect on Cl-36 peak 
release rate through the small hole in the overpack are SHTPCl and the parameters 
related to Cl-36 release from the waste: IRF(Cl), Zirconium alloys alteration rate and 
Fuel alteration rate.      

The four parameters with the greatest influence on Cl-36 peak release rate are the only 
uncertain parameters in factor Small Hole Transport Parameter (SHTP) included in the 
expression of the solute flow rate through the small hole of Equation A-2. The scatter 
plot of SHTPCl vs. Cl-36 peak release rate to the biosphere (Figure 7-12) shows the 
strong correlation between them, with a logCC of 0.899 and a RCC/SRRC of 0.939. 

 

Figure 7-12. Scatter plot of parameter SHTPCl vs. the Cl-36 peak normalised release 
rate to the biosphere in a Monte Carlo simulation with 10,000 realisations. 

 
As expected from Figure 7-6, the PSA has found that Cl-36 peak release rate to the 
biosphere is controlled mainly by the parameters relevant for the transport through the 
small hole, and the key parameter is SHTPCl (a combination of the four most important 
model input parameters).     

All the sensitivity measures have found that Da(anions) in buffer has a smaller 
influence on Cl-36 peak release rate to the biosphere than De(anions) in buffer. This is a 
logical result taking into account the great importance of SHTPCl and the fact that the 
only buffer related parameter in SHTPCl is De(anions) in buffer. 
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7.4.4 PSA of the Cl-36 peak release rate from the near field (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.471 while the R2 of the regression in 
ranks is 0.811. This means that there exists a significant monotonic (but not linear) 
relation between Cl-36 peak release rate from the near field and some input parameters. 
The regression models in values and ranks identify the same parameters with a 
significant effect on Cl-36 peak release rate from the near field, but the rankings of 
importance are quite different. 

The relatively low R2 of the regression in values means that a linear model with all the 
input parameters has a limited capability to explain the results obtained, and hence the 
coefficients of the regression (CCs/SRCs) are not appropriate to create a ranking of 
importance of the input parameters.  

The regression model in ranks (Table 7-2) identifies that De(anions) in buffer is, by far, 
the parameter with the greatest influence on the spread of values of Cl-36 peak release 
rate from the near field. There are five parameters of secondary importance: Cavity 
water volume, Zirconium alloys alteration rate, QF, Porosity(anions) in buffer and QDZ. 
IRF(Cl) and Time to loss of hole resistance rank seventh and eighth in importance. 
Finally, Length of canister failed and De(anions) in backfill have RCCs/SRRCs slightly 
above the threshold of significance. 

The coefficients of the regression in logarithms (logCCs in Table 7-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can’t be calculated (cells with “x” in Table 7-3). A ranking of importance 
based on logCCs would be identical to the ranking based on RCCs/SRRCs without QF 
and QDZ.     

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) each identify the same nine parameters that take specific 
values in the 10 % of realisations with the highest C-36 peak release rate from the near 
field, with identical rankings of importance. These are the same parameters identified as 
relevant in the regression in ranks minus De(anions) in backfill, and there are 
differences in the ranking of importance. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 7-7 it has 
been identified that the 10 % of realisations with the highest Cl-36 peak release rate 
from the near field are characterised by: 

- very high values of De(anions) in buffer, significantly high values of QF, QDZ and 
Zirconium alloys alteration rate, high values of IRF(Cl), and slightly higher than 
average values of Time to loss of hole resistance, and 

- significantly low values of Cavity water volume and Porosity(anions) in buffer and 
slightly smaller than average values of Length of canister failed. 

Figure 7-7 shows that the parameters that take specific values in the 10 % of realisations 
with the highest Cl-36 peak release rate from the near field are the same than in the 
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highest 10 % realisations. If a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 

The CSM statistic and plot (Table 7-5 and Figure 7-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of Cl-36 peak release rate from the near field. The parameters whose CSM 
statistic is clearly above the threshold of significance are roughly the same parameters 
identified as relevant on the basis of the RCCs/SRRCs and the modified statistic of the 
Mann-Whitney test.  

Figure 7-9 shows that the 32 % of lowest values of De(anions) in buffer produce only 
10 % of the mean value of the output variable while the 20 % of highest values of this 
parameter produce 40 % of the mean value of the output variable. For Cavity water 
volume and Porosity(anions) in buffer the same results are obtained: the 20 % of lowest 
values of the input parameter produce 30 % of the mean value of the output while the 32 
% of highest values of the input parameter produce 20 % of the mean value of the 
output variable. For the rest of input parameters the different regions of values provide a 
similar contribution to the output sample mean. 

On the basis of the CSM statistic the most important parameter for Cl-36 peak release 
rate from the near field is, by far, De(anions) in buffer, followed by five parameters of 
similar importance (CSM between 0.113 and 0.161): QF, Cavity water volume, 
Porosity(anions) in buffer, Zirconium alloys alteration rate and QDZ. IRF(Cl) is the 
seventh parameter in importance, and there are two parameters whose CSM statistic is 
slightly above the threshold of significance: Length of canister failed and Time to loss of 
transport resistance. 

The first order sensitivity indices in Table 7-5 show that 59 % of the variance of Cl-36 
peak release rate from the near field is due to the variance of the input parameters acting 
independently, with the remaining 41 % being produced by the interaction between 
parameters. The parameter with the highest value of the first order sensitivity index is 
De(anions) in buffer, that is responsible for 25 % of the variance of the output variable. 
The five next most important parameters are QF (8 %), Cavity water volume (7 %), 
Porosity (anions) in buffer (6 %), Zirconium alloys alteration rate (5 %) and QDZ (5 %). 
The variance of IRF(Cl) explains 1 % of the variance of the output variable. Finally, the 
variances of Time to loss of hole resistance and Length of canister failed, acting 
independently, explain each less than 0.5 % of the variance of Cl-36 peak release rate 
from the near field. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for Cl-36 peak release rate from the near field in the growing hole case 
have been identified: 

- the most important parameter is, by far, De(anions) in buffer, 

- there are five parameters of secondary importance: Cavity water volume, 
Porosity(anions) in buffer, Zirconium alloys alteration rate, QF and QDZ. 

- IRF(Cl) is the seventh parameter in importance, and 
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- Time to loss of hole resistance and Length of canister failed have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. De(anions) in buffer, Zirconium 
alloys alteration rate, QF, QDZ, IRF(Cl) and Time to loss of hole resistance are 
positively correlated with Cl-36 peak release rate from the near field (i.e., the model 
output tend to increase when the input parameter increases) and take high values in the 
10% of realisations with the highest Cl-36 peak release rates (if the modified statistic of 
the Mann-Whitney test is greater than the threshold of significance). Cavity water 
volume, Porosity (anions) in buffer and Length of canister failed are negatively 
correlated with Cl-36 peak release rate from the near field and take low values in the 
10 % of realisations with the highest Cl-36 peak release rates. For most parameters 
these results are consistent with the intuitive effect of each parameter on the model 
output: e.g. it is expect that peak release rates will increase if Zirconium alteration rate 
increases. 

Only for Time to loss of hole resistance and Length of canister failed the sign of the 
(quite small) RCCs/SRRCs seems to be in contradiction with the intuitively expected 
effect of the parameters. Due to the limited transport of chlorine through the small hole, 
a greater value of Time to loss of hole resistance increases the amount of Cl-36 in the 
water inside the canister when the small hole grows and leads to a higher Cl-36 peak 
release rate from the near field. Length of canister failed displays a similar behaviour 
for other radionuclides and this topic is discussed in section 15.3. 

All the sensitivity measures have found that Da(anions) in buffer has a greater influence 
on Cl-36 peak release rate from the near field than any of the two model inputs related 
to chlorine diffusion in the buffer: Porosity (anions) in buffer and De(anions) in buffer. 

7.4.5 PSA of the Cl-36 peak release rate to the biosphere (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.200 while the R2 of the regression in 
ranks is 0.613. This means that there exists some monotonic (but not linear) relation 
between Cl-36 peak release rate to the biosphere and some input parameters. The 
regression models in values and ranks identify roughly the same parameters with a 
significant effect on Cl-36 peak release rate to the biosphere, but the rankings of 
importance are quite different. 

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 7-2) has found that the parameters with the 
greatest influence on the spread of the values of Cl-36 peak release rate to the biosphere 
are six geosphere parameters, three most important parameters with similar 
RCCs/SRRCs (WL/Q for DZ-path, De in unaltered rock and Kd(Cl) in unaltered rock) 
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and three parameters of smaller importance (Maximum penetration depth and Porosity 
in unaltered rock and WL/Q for F-path). Near field parameters have a secondary 
importance for the spread of the values of Cl-36 peak release rate from the near field: 
De(anions) in buffer and Zirconium alloys alteration rate are the seventh and eight 
parameters in importance, followed by QDZ, IRF(Cl), Porosity (anions) in buffer, QF and 
Cavity water volume. Finally, Time to loss of hole resistance, Length of canister failed 
and De(anions) in backfill have RCCs/SRRCs slightly above the threshold of 
significance.  

The coefficients of the regression in logarithms (logCCs in Table 7-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can’t be calculated (cells with “x” in Table 7-3). A ranking of importance 
based on logCCs would be very similar to the ranking based on RCCs/SRRCs without 
QF and QDZ.     

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same fifteen parameters that take specific 
values in the 10 % of realisations with the highest values of Cl-36 peak release rate to 
the biosphere, with nearly identical rankings of importance. Roughly the same 
parameters have been found relevant in the Smirnov and Mann-Whitney tests and the 
regression analysis, but the rankings of importance are very different. Near field 
parameters are far more important in the highest 10 % of realisations than for the spread 
of values of Cl-36 peak release rate to the biosphere. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 7-8 it has 
been identified that the 10 % of realisations with the highest Cl-36 peak release rate to 
the biosphere are characterised by: 

- significantly high values of De(anions) in buffer and Zirconium alloys alteration 
rate, high values of QDZ, QF  and IRF(Cl), and 

- significantly low values of WL/Q for DZ-path, WL/Q for F-path and Porosity, De 
and Kd(Cl) in unaltered rock, low values of Cavity water volume, Porosity(anions) 
in buffer and Maximum penetration depth in unaltered rock, and slightly smaller 
than average values of Length of canister failed and De(anions) in backfill. 

Figure 7-8 shows that the 10 % of realisations with the highest Cl-36 peak release rate 
to the biosphere correspond to specific ranges of values of fifteen near field and far field 
parameters, but only geosphere parameters takes specific values in the lowest 10 % 
realisations. It can be concluded that: 

- the realisations with the highest Cl-36 peak release rate to the biosphere are those 
with fast release from the waste, and fast transport through the buffer and backfill 
and the geosphere, while 

- the realisations with the lowest Cl-36 peak release rate to the biosphere are those 
with very slow transport through the geosphere, no matter the values of the near 
field parameters. 
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The CSM statistic and plot (Table 7-5 and Figure 7-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of Cl-36 peak release rate to the biosphere. The parameters whose 
CSM statistic is clearly above the threshold of significance are roughly the same 
parameters identified as relevant on the basis of the RCCs/SRRCs and the modified 
statistic of the Mann-Whitney test.  

Figure 7-10 shows that for all the input parameters the different regions of values 
provide a similar contribution to the output sample mean. The most notable effect 
observed is that the 24 % of highest values of Kd(Cl) in unaltered rock produce only 
10 % of the mean value of the Cl-36 peak release rate to the biosphere. 

On the basis of the CSM statistic the most important parameters for Cl-36 peak release 
rate to the biosphere are De in unaltered rock, WL/Q for DZ-path, De(anions) in buffer, 
Kd(Cl) in unaltered rock, WL/Q for F-path, Zirconium alloys alteration rate and 
Porosity and Maximum penetration depth in unaltered rock, with values of the CSM 
statistic between 0.120 and 0.180. There is a group of near field parameters of 
secondary importance: Cavity water volume, QDZ, Porosity(anions) in buffer, QF and 
IRF(Cl). Finally, the CSM statistic of Length of canister failed is slightly above the 
threshold of significance. 

The first order sensitivity indices in Table 7-5 show that 41 % of the variance of Cl-36 
peak release rate to the biosphere is due to the variance of the input parameters acting 
independently, with the remaining 59 % being produced by the interaction between 
parameters. There are six geosphere parameters and two near field parameters whose 
variance acting independently explain between 2 % and 7 % of the variance of the 
output variable: WL/Q for DZ-path (7 %), De in unaltered rock (6 %), De(anions) in 
buffer and Kd(Cl) in unaltered rock (5 %), WL/Q for F-path and Maximum penetration 
depth in unaltered rock (4 %) and Zirconium alloys alteration rate and Porosity of 
unaltered rock (2 %). There are five other near field parameters whose variance, acting 
independently, explains about 1 % of the variance of Cl-36 peak release rate to the 
biosphere: Cavity water volume, Porosity(anions) in buffer, QF, QDZ and IRF(Cl). 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. Although the different statistics identify roughly the same set of 
important parameters, there are significant differences in the rankings of importance. On 
the basis of the different rankings of importance, the following key input parameters for 
Cl-36 peak release rate to the biosphere in the growing hole case have been identified: 

- there is a group of eight most important input parameters, six geosphere parameters 
(WL/Q for DZ-path, De and Kd(Cl) in unaltered rock and three parameters with 
slightly smaller importance: Maximum penetration depth and Porosity of unaltered 
rock and WL/Q for F-path) and two near field parameters: De(anions) in buffer and 
Zirconium alloys alteration rate,  

- there are five additional near field parameters of secondary importance: Cavity 
water volume, QF, QDZ, IRF(Cl) and Porosity (anions) in buffer, and 

- Time to loss of hole resistance, Length of canister failed and De(anions) in backfill 
have only a small effect. 



 

 

176

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10% of realisations with the 
highest values of the output variable, respectively. De(anions) in buffer, Zirconium 
alloys alteration rate, QF, QDZ, IRF(Cl) and Time to loss of hole resistance are 
positively correlated with Cl-36 peak release rate to the biosphere (i.e., the model output 
tend to increase when the input parameter increases) and take high values in the 10% of 
realisations with the highest Cl-36 peak release rate to the biosphere. WL/Q for DZ-
path, WL/Q for F-path, the four parameters of the unaltered rock (Porosity, De, Kd(Cl) 
and Maximum penetration depth), Porosity (anions) in buffer, Cavity water volume, 
De(anions) in backfill and Length of canister failed are negatively correlated with Cl-36 
peak release rate to the biosphere and take low values in the 10 % of realisations with 
the highest Cl-36 peak release rates. For most parameters these results are consistent 
with the intuitive effect of each parameter on the model output: e.g. it is expect that 
peak release rates will increase if IRF(Cl) increases. 

Only for Time to loss of hole resistance and Length of canister failed the sign of the 
(very small) RCC/SRRC seems to be in contradiction with the intuitively expected 
effect of the parameters. Due to the limited transport through the small hole, a greater 
value of Time to loss of hole resistance increases the amount of Cl-36 in the water 
inside the canister when the small hole grows and leads to a higher Cl-36 peak release 
rate from the near field. Length of canister failed displays a similar behaviour for other 
radionuclides and this topic is discussed in section 15.3. 

All the sensitivity measures have found that Da(anions) in buffer has a greater influence 
on Cl-36 peak release rate to the biosphere than any of the two model inputs related to 
chlorine diffusion in the buffer: Porosity (anions) in buffer and De(anions) in buffer. 

7.5 Conclusions of the PSA for Cl-36 

Cl-36 is produced by neutron activation in the reactor of the chlorine impurities in the 
UO2 and the zirconium alloys. The initial content of chlorine in the fuel and the neutron 
fluence in the reactor can change significantly between different fuel elements and as a 
consequence there can be significant differences between the initial inventories of Cl-
36. 

The PSA has been done using a cautious initial constant Cl-36 inventory, that is the 
same in all the realisations. Since chlorine has a high solubility, Cl-36 release rates from 
the near field and to the biosphere are proportional to the inventory in the spent fuel, 
and the uncertainty in the Cl-36 inventory is transferred to the uncertainties in the 
release rates. 

In the hole forever case Cl-36 releases from the near field are controlled mainly by the 
transport through the small hole in the canister overpack. At any instant, Cl-36 release 
rate from the near field is very similar to the Cl-36 mass flow though the small hole in 
the canister overpack, due to the fast transport of chlorine through the buffer (Kd(Cl) in 
buffer is always zero). 
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The only input parameters that affect Cl-36 peak release rate from the near field are 
those related to the transport through the small hole (Small hole diameter, De in the 
small hole and De(anions) in buffer and Cavity water volume) and IRF(Cl). In 
particular, the combination of parameters SHTPCl (defined in Equation A-2) has a very 
strong effect on Cl-36 peak release rate from the near field: 

bufferW

Cl

DedDed

l
SHTP


14

11

2


  

where Δ is equal to the Cavity water volume for non sorbed species, d is the Small hole 
diameter, DeW is De in the small hole, Debuffer is De(anions) in buffer and l is the 
thickness of the canister copper overpack (5cm in all the realisations). IRF(Cl) has only 
a small effect on Cl-36 peak release rate from the near field. 

 Due to the small sorption of chlorine on unaltered rock in most realisations, Cl-36 peak 
release rate to the biosphere is controlled by the same parameters that control Cl-36 
peak release rate from the near field (with SHTPCl standing out as the controlling 
parameter) plus a few geosphere parameters of much smaller importance: WL/Q for F-
path, WL/Q for DZ-path and Porosity, De, Maximum penetration depth and Kd(Cl) in 
unaltered rock. 

Cl-36 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates. SHTPCl is the key 
parameter since 5,000 until 106 years. 

Neither Zirconium alteration rate nor Fuel alteration rate have a significant effect on 
Cl-36 peak release rates from the near field and to the biosphere, but Cl-36 release rates 
at specific time periods are affected by these parameters (Figure 7-3 and Figure 7-4).    

In the growing hole case the Cl-36 peak release rate from the near field takes place a 
short time after the enlargement of the small hole, because of the fast transport of 
chlorine through the buffer. Cl-36 peak release rate is produced by the Cl-36 released 
from the waste up to that instant, which remains mostly inside the canister due to the 
limited diffusive transport through the small hole (section A.1). As a consequence, the 
parameters that control the amount of Cl-36 released from the waste up to that instant 
(Zirconium alloys alteration rate and IRF(Cl)) have a significant, although secondary, 
effect on Cl-36 peak release rate from the near field. 

The parameters whose uncertainty has the greatest effect on the value of the Cl-36 peak 
release rate from the near field are those related to the buffer (Porosity(anions) and 
De(anions) in buffer) and especially the apparent diffusion in buffer (Da(anions) in 
buffer). Cavity water volume, that controls the chlorine concentration in dissolution 
inside the canister, is the next most influential parameter and near field flows QF and 
QDZ follow in importance. 

In the growing hole case Cl-36 peak release rate to the biosphere is strongly affected by 
geosphere parameters. There are six influential geosphere parameters, all with a similar 
importance: WL/Q for F-path, WL/Q for DZ-path and Porosity, De, Maximum 
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penetration depth and Kd(Cl) in unaltered rock. These are the same six parameters 
identified as relevant in the hole forever case, but in the growing hole case have a much 
greater importance. 

The different importance of the geosphere in the hole forever and the growing hole 
cases is a consequence of the different shape of the Cl-36 release rate from the near 
field. In the hole forever case the Cl-36 mass flow released from the near field is a 
smooth function, and the geosphere produces mainly a delay of the releases to the 
biosphere but the peak release rates from the near field and to the biosphere are similar. 
In the growing hole case Cl-36 release rate from the near field, after the loss of the 
transport resistance of the small hole, is concentrated in a short period of time and the 
geosphere main effect is to spread the release to the biosphere over a much greater 
period of time, thus decreasing the Cl-36 peak release rate from the biosphere. 

Cl-36 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates, although the 
relative importance can be very different. For instance, De(anions) in buffer is clearly 
the most important parameter for Cl-36 peak release rate from the near field but its 
effect on the evolution of Cl-36 release rate from the near field is relatively small.  

In the long term, Fuel alteration rate controls nearly completely Cl-36 release rates 
from the near field and to the biosphere in the growing hole case, because a steady state 
in reached in many realisations: the Cl-36 release rate from the fuel matrix is roughly 
equal to the Cl-36 release rate from the near field and, to a lesser extent, to Cl-36 release 
rate to the biosphere. But these long term release rates are much smaller than the peak 
release rates of Cl-36, that are produced by the inventory of Cl-36 in the IRF and the 
zirconium alloys. 
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8 SENSITIVITY ANALYSIS FOR I-129 

In chapter 5I-129 has been identified, together with C-14 and Cl-36, as one of the three 
radionuclides that control the peak total (summed over all the radionuclides) normalised 
release rates from the near field and to the biosphere in the hole forever and growing 
hole cases. C-14 is the most important radionuclide in the two cases studied, with I-129 
being the second most important radionuclide in the hole forever case and the third in 
the growing hole case. 

I-129 is a very long lived (T1/2=1.57·107 years) fission product present only in the UO2 
matrix, with a sizeable Instant Release Fraction (IRF). In this report I-129 is modelled 
as a highly soluble radionuclide that mobilizes as an anion, with no sorption on the 
buffer and backfill and some sorption on the unaltered rock in many realisations.  

In this chapter the I-129 release rates are always total normalised release rates, obtained 
summing the I-129 activity release rates through the F-, DZ- and TDZ-paths and 
dividing by the regulatory activity release constraint for I-129 (108 Bq/a).  

8.1 Evolution of the I-129 release rates from the near field and to the 
biosphere 

Figure 8-1 and Figure 8-2 present the results obtained in two Monte Carlo simulations 
(hole forever and growing hole) with 10,000 realisations for the I-129 total normalised 
release rates from the near field and the far field (to the biosphere). The mean, 1st-99th 

percentiles, 5th-95th percentiles, median (50th percentile), minimum and maximum 
values at each instant are included in the figures, although in some cases are not visible 
(<10-10).  

Figure 8-1 and Figure 8-2 illustrate the great spread of values of I-129 release rates from 
the near field and to the biosphere due to the uncertainty in the model parameters and 
the variability of near field flows and geosphere flow parameters in the several 
thousands of potential deposition hole locations considered. 

At any instant there are at least two orders of magnitude of difference between the 
minimum and the maximum value of the I-129 release rate from the near field or to the 
biosphere. I-129 normalised release rates take from negligible to relatively significant 
values (10-4 to 10-2), depending on the values assigned to the model parameters that can 
affect iodine transport (first column in Table 8-2) and the instant considered. 

In the hole forever case the I-129 peak release rates from the near field and to the 
biosphere represent less than 0.01 % of the regulatory activity release constraint in all 
the realisations, while in the growing hole case the I-129 peak release rates from the 
near field and to the biosphere are close to 1 % of the regulatory constraint in some 
realisations.  
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Figure 8-1. I-129 total normalised release rate from the near field in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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Figure 8-2. I-129 total normalised release rate to the biosphere in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole). 
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8.2 PSA of the evolution of the I129 release rates from the near field and 
to the biosphere  

Regression models in ranks have been used to analyse the evolution over time of I-129 
release rates from the near field and to the biosphere in the hole forever and growing 
hole cases. The results are shown in Figure 8-3 (release rate from the near field) and 
Figure 8-4 (release rate to the biosphere), where all the parameters with RCC/SRRC 
greater than 0.1 (in absolute value) at least at one instant are represented. Some 
parameters with RCC/SRRC smaller than 0.1 are also shown and identified using labels 
filled in grey. The figures include the coefficient of determination (R2) of multiple linear 
regressions in ranks with all the model input parameters, to measure the quality of the 
regression. Figures for the hole forever case include also parameter SHTPI, that is a 
combination of model input parameters (defined in Eq. 16.2), and is not included in the 
multiple linear regressions.  

Time to transport path creation is a very important parameter up to 5,000 years (highest 
value in the PDF assigned to this parameter) in the two cases. This is a logical result 
because radionuclide releases outside the canister before the Time to transport path 
creation are zero. 

8.2.1 Hole forever case 

There is an initial period of roughly 3,000 years in which Time to transport path 
creation is the most influential parameter. During the rest of the calculation timeframe 
(up to 106 years), the spread of values of I-129 release rate from the near field is 
controlled by the two parameters related to iodine release from the waste (IRF(I) and 
Fuel alteration rate) and four parameters related to the transport through the small hole 
(Small hole diameter, De in the small hole, Cavity water volume and De(anions) in 
buffer). 

Section A.1 shows that the release rate through the small hole in the canister overpack 
depends on SHTPI (which in turn is a function of Small hole diameter, De in the small 
hole, Cavity water volume and De(anions) in buffer) and the parameters that control the 
release of iodine from the waste. 

The curve for SHTPI in Figure 8-3 shows that at any time after 3,000 years the I-129 
release rate from the near field is mainly controlled by this parameter, and hence by the 
I-129 release rate through the small hole in the canister overpack. Similarly, in section 
8.4.2it is found that I-129 peak release rate from the near field is controlled by I-129 
peak release rate through the small hole. The parameters related to the release of I-129 
from the waste have a smaller importance for the evolution over time of I-129 release 
rate from the near field: 

- IRF(I) has roughly the same small effect at any instant (RCC/SRRC≈0.2), and   

- the RCC/SRRC of Fuel alteration rate increases with time, from zero at 104 years to 
0.16 at 105 years and 0.52 (and growing) at 106 years. 

After the initial period of roughly 3,000 years in which Time to transport path creation 
is the most important parameter, the spread of values of I-129 release rate to the 
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biosphere is controlled by the same six near field parameters that control the release of 
I-129 from the near field and by seven additional geosphere parameters of secondary 
importance: WL/Q for DZ-path, WL/Q for F-path, Peclet number and the four 
parameters of the unaltered rock: Porosity, De, Maximum penetration depth and Kd(I). 
Transport through the geosphere delays the releases of I-129 to the biosphere, and as 
shown in Figure 8-4, geosphere parameters are important up to 200,000 years 
approximately, although Kd(I) in unaltered rock has a significant effect up to 106 years.  

The curve for SHTPI in Figure 8-4 shows that at any instant after 10,000 years the I-129 
release rate to the biosphere is controlled mainly by this parameter, and hence by the I-
129 release rate through the small hole. Similarly, in section 8.4.3it is found that I-129 
peak release rate to the biosphere is controlled mainly by I-129 peak release rate 
through the small hole. Parameters related to the release of I-129 from the waste play a 
smaller role, with the RCC/SRRC of IRF(I) being roughly constant and the RCC/SRR 
of Fuel alteration rate increasing rapidly with time, as already observed for the I-129 
release rate from the near field. 

8.2.2 Growing hole case 

In the growing hole case the enlargement of the small hole produces a large and sudden  
increase in the I-129 release rate into the buffer, that is transmitted to the release rates 
from the near field and to the biosphere after some time (similarly to the increases of the 
total normalised release rates shown in Figure 5-1). Figure 8-3 shows that in 98% of the 
realisations the peak release rate of I-129 from the near field takes place between 5,600 
and 50,600 years. This is roughly the range of values of the instant of small hole 
enlargement (Time to transport path creation + Time to loss of hole resistance) in the 
10,000 realisations, confirming that I-129 peak release rate from the near field happens 
shortly after the loss of the transport resistance of the small hole, due to the fast 
transport through the buffer (no sorption of iodine on the buffer).     

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  

Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation + Time to loss of hole resistance), in some realisations I-129 release rates 
are produced by the small hole in the canister while in other realisations are produced 
by the enlarged hole, and hence are much greater. This explains the great importance of 
Time to loss of hole resistance for I-129 release rates from the near field and to the 
biosphere up to 50,000 years. Between 50,000 and 100,000 years, Time to loss of hole 
resistance is still an important parameter, positively correlated with I-129 release rates 
from the near field and to the biosphere: the reason is that after 50,000 years the latter 
the small hole grows (greater Time to loss of hole resistance) the greater is the amount 
of I-129 still inside the canister, and available to be transported. 

Between 5,000 and 100,000 years, the spread of values of I-129 releases rate from the 
near field is affected by many parameters, in addition to Time to loss of hole resistance. 
Parameters related to the transport through the small hole (Small hole diameter, De in 
the small hole, Cavity water volume and De(anions) in buffer) are important until 
30,000 years because in many realisations the small hole has not enlarged yet. IRF(I), 
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Fuel alteration rate and the parameters that affect the transport through the buffer after 
the loss of the small hole transport resistance (De(anions) in buffer, QF and QDZ) are 
important between 5,000 and 100,000 years.  

Fuel alteration rate becomes important after 10,000 years and its RCC/SRRC increases 
rapidly with time. Beyond 6·104 years, and due to the fast transport through the buffer in 
most realisations, a steady state is reached in which I-129 release rate from the waste is 
roughly equal to the release rate from the near field, and hence Fuel alteration rate is, 
by far, the parameter with the greatest influence on I-129 release rate from the near field 
between 105 and 106 years. In fact, after 3·105 years the RCC/SRC of Fuel alteration 
rate is close to 1. 

It is noteworthy that De(anions) in buffer is not identified as one of the main parameters 
for I-129 release rate from the near field over time, although this parameter stands out as 
the most influential parameter for I-129 peak release rate from the near field (section 
8.4.4). 

Between 1,000 and 100,000 years, the spread of values of I-129 releases rate to the 
biosphere is affected by many parameters, in addition to Time to loss of hole resistance. 
Seven geosphere parameters are important during the whole time period (WL/Q for DZ-
path, WL/Q for F-path, Peclet number and the four parameters of the unaltered rock: 
Porosity, De, Maximum penetration depth and Kd(I)), and Kd(I) in unaltered rock is the 
only influential geosphere parameter beyond 105 years. Parameters related to the 
transport through the small hole (Small hole diameter, De in the small hole, Cavity 
water volume and De(anions) in buffer) are important until 30,000 years because in 
many realisations the small hole has not enlarged yet. IRF(I) is important between 5,000 
and 300,000 years.  

Fuel alteration rate becomes important after 30,000 years, and its RCC/SRRC with I-
129 release rate to the biosphere increases rapidly with time. As the time passes, more 
realisations reach a steady state in which I-129 release rate from the waste is roughly 
equal to the release rate to the biosphere. For this reason Fuel alteration rate is, by far, 
the parameter with the greatest influence on I-129 release rate to the biosphere between 
105 and 106 years. 

It must be noted that the same seven geosphere parameters are identified as having a 
significant effect on I-129 release rate to the biosphere (with absolute value of 
RCC/SRRC greater than 0.1 at least at one instant) in the hole forever and growing hole 
cases: flow-related parameters WL/Q for F-path, WL/Q for DZ-path and Peclet number 
and the four parameters of the unaltered rock: Porosity, De, Maximum penetration depth 
and Kd(I).  
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Figure 8-3. Evolution of the RCCs/SRRCs and R2 over time for I-129 total release rate 
from the near field. 
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Figure 8-4. Evolution of the RCCs/SRRCs and R2 over time for I-129 total release rate 
to the biosphere. 
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8.3 I-129 peak release rates from the near field and to the biosphere 

Table 8-1 presents some indicators of the uncertainty in I-129 peak total normalised 
release rates from the near field and the far field (to the biosphere)  in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole cases). Indicator 
∆98, defined in Eq. 6-1, represents the orders of magnitude of difference between the 1st 
and the 99th percentiles, and has been adopted to quantify the spread of the results. 

The values of the I-129 peak total normalised release rates from the near field span over 
3.2 orders of magnitude in the hole forever case and 2.4 orders of magnitude in the 
growing hole cases. The peak release rates from the far field (to the biosphere) present a 
similar spread of about 3.5 orders of magnitude in both cases. 

There are a few realisations with very small values of the I-129 peak release rate to the 
biosphere in the assessment timeframe of 106 years. The five lowest values of the I-129 
peak release rate to the biosphere are 3.8·10-24 (realisation 5021), 7.0·10-18, 2.2·10-17, 
3.4·10-16 and 6.6·10-13 in the hole forever case and 3.4·10-22 (realisation 5021), 2.9·10-15, 
9.0·10-15, 7.5·10-14 and 2.2·10-11 in the growing hole case. These 5 realisations have very 
high values WL/Q for F-, DZ- and TDZ-paths, small longitudinal dispersion (high 
values of Peclet number) and relatively high values of Kd(I) in unaltered rock, resulting 
in a slow transport through the geosphere and very small releases during the assessment 
timeframe of 106 years. If the calculation continues until 107 years, in realisation 5021 
the I-129 peak normalised release rate to the biosphere is 6.8·10-7 and 3.2·10-6 in the 
hole forever and growing hole cases, respectively.   

 
Table 8-1. Uncertainty indicators for the I-129 peak total normalised release rates from 
the near field and from the far field (to the biosphere) in Monte Carlo simulations with 
10,000 realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 3.2·10-9 1.4·10-8 4.0·10-8 8.0·10-7 1.1·10-5 2.2·10-5 7.5·10-5 3.2 

…far field 3.8·10-24 6.3·10-9 2.8·10-8 6.6·10-7 9.5·10-6 2.0·10-5 6.9·10-5 3.5 

Growing hole  

…near field 2.5·10-6 4.1·10-5 8.8·10-5 6.8·10-4 5.0·10-3 1.0·10-2 5.0·10-2 2.4 

…far field 3.4·10-22 3.5·10-7 3.0·10-6 7.5·10-5 8.8·10-4 2.1·10-3 7.0·10-3 3.8 

 

Figure 8-5 shows the cumulative distribution functions (CDFs) for the I-129 peak 
normalised release rates from the near field and from the far field (to the biosphere). 
The maximum values of the four curves are represented with diamonds (hole forever 
case) and squares (growing hole case). 

In the hole forever case the maximum values of the I-129 peak release rates from the 
near field and to the biosphere are four orders of magnitude below the regulatory 
activity release constraint for I-129 (108 Bq/a). In the growing hole case the maximum 
value of the I-129 peak release rate to the biosphere is less than 1 % of the regulatory 
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activity release constraint for I-129, and even the maximum value of the peak release 
rate from the near field represents only 5 % of such regulatory constraint (although that 
constraint does not apply to the releases from the near field). 

Figure 8-5 shows that in the hole forever case the curves of the release rates from the 
near field and to the biosphere are very similar, and the spread of both model outputs is 
similar (3.2 vs. 3.5). These similarities mean that the uncertainty in I-129 peak release 
rate to the biosphere is controlled by the near field with only small effects due to the 
geosphere. As a consequence, it is expected that the PSA will find that the parameters 
with the greatest influence on I129 peak release to the biosphere are near field 
parameters. 

On the other hand, in the growing hole case there are significant differences between the 
curves for I-129 peak releases from the near field and the far field. The spread in the I-
129 peak release rates from the near field and to the biosphere is 2.4 and 3.8 orders of 
magnitude, respectively. It is expected that the PSA will find that both near field and 
geosphere parameters affect the peak release rate of I-129 to the biosphere. 

 

Figure 8-5. CDFs for I-129 peak total normalised release rates from the near field and 
the biosphere in Monte Carlo simulations with 10,000 realisations. 
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much faster, and the influence of geosphere parameters on I-129 peak release rate from 
the near field can be expected to decrease significantly.   

0.0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1.0

1.E-10 1.E-09 1.E-08 1.E-07 1.E-06 1.E-05 1.E-04 1.E-03 1.E-02 1.E-01 1.E+00

I-129 peak normalised release rates

C
u

m
u

la
ti

ve
 p

ro
b

ab
il

it
y

Growing holeI-129

Regulatory geo-bio 
flux constraint

Hole forever

Releases from
the near field

Releases to the
 biosphere



 

 

189

Figure 8-6 shows that in the hole forever case I-129 peak release rate through the small 
hole in the canister overpack is very similar to I-129 peak release rate from the near 
field in the great majority of the 10,000 realisations, and similar to I-129 peak release 
rate to the biosphere in most realisations. These results are logical taking into account: 

- the long life of I-129 (T1/2=1.57·107 a), 

- the fast transport of Iodine through the near field (Kd(I)=0 in buffer and backfill) in 
all the realisations, and 

- the relatively fast transport of iodine through the geosphere in most realisations, 
although in a significant number of realisations transport through the geosphere is 
much slower. 

 

Figure 8-6. Scatter plot of I-129 peak release rate through the small hole in the canister 
overpack vs. I-129 peak release rates from the near field and to the biosphere in a 
Monte Carlo simulation with 10,000 realisations. Hole forever case. 
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- I-129 peak total normalised release rate from the near field in the growing hole case, 
- I-129 peak total normalised release rate to the biosphere in the growing hole case. 

8.4.1 Sensitivity measures and graphics 

For each of the model outputs listed above the following sensitivity measures (defined 
in Chapter 4) have been calculated for all the model input parameters:  

- Correlation coefficients in values (CCs), equivalent to the standardised regression 
coefficients (SRCs) when all the input parameters are independent,  

- Correlation coefficients in ranks (RCCs), equivalent to the standardised rank 
regression coefficients (SRRCs) when all the input parameters are independent, 

- Correlation coefficients in logarithms (logCCs), 

- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 8-2 to Table 8-5, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance, but that probably correspond to a 
real effect, because the parameter has been identified as relevant by other sensitivity 
measures.  

Since I-129 peak release rates from the near field and to the biosphere are greater than 
zero in all the realisations a logarithmic transformation of the model input parameters 
(with the exception of the near field flows QF, QDZ, qTDZ and QTDF and Tunnel length 
which are zero in some realisations) and the output variables can be done, and the 
correlation coefficients in logarithms (logCCs) can be calculated. The values of the 
logCCs are shown in Table 8-3. 

In addition, for each of the four model outputs analysed, the following graphics 
(described in section 0) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable (Figure 8-7 and Figure 8-8),   

- Contribution to the Sample Mean (CSM) plots (Figure 8-9 and Figure 8-10) 
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Table 8-2. CCs/SRCs and RCCs/SRRCs  for I-129 peak release rates from the near field 
and the far field (to the biosphere). 

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.428 0.405   0.610 0.590   

De in the small hole 0.281 0.265   0.418 0.401   

Time to loss of hole resistance         

Length of canister failed   -0.045 -0.036   -0.044  

Waste         

IRF(I)  0.076 0.068 0.386 0.306 0.131 0.134 0.476 0.333 

Fuel alteration rate 0.462 0.461 0.035 0.030 0.476 0.452 0.055 0.073 

Canister interior         

Cavity water volume -0.216 -0.207 -0.207 -0.087 -0.321 -0.305 -0.278 -0.067 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   -0.201 -0.082   -0.246 -0.072 

De (anions)  0.157 0.147 0.399 0.157 0.181 0.173 0.580 0.143 

Da (anions) in buffer 0.105 0.100 0.459 0.167 0.147 0.141 0.620 0.158 

Tunnel backfill          

Porosity (anions)         

De (anions)        -0.031 -0.029 

Tunnel length         

Near field flows         

QF   0.203 0.050   0.258 0.065 

QDZ   0.153 0.104   0.252 0.103 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path     -0.066  -0.035  -0.210 

WL/Q for DZ-path  -0.035  -0.131  -0.043  -0.314 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity    -0.120    -0.193 

De     -0.100  -0.035  -0.292 

Maximum penetration depth  -0.041  -0.090  -0.056  -0.229 

Kd (I)  -0.089  -0.159  -0.132  -0.410 

R2 0.553 0.527 0.459 0.227 0.926 0.879 0.837 0.648 

Threshold of significance 0.030 0.031 0.040 0.027 0.032 0.030 0.026 0.026 
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Table 8-3. Correlation coefficients in logarithms (logCCs) for I-129 peak release rates 
from the near field and the far field (to the biosphere). 

Parameters 
Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure      

Time to transport path creation     

Small hole diameter 0.612 0.548   

De in the small hole 0.431 0.379   

Time to loss of hole resistance     

Length of canister failed   -0.042  

Waste     

IRF(I)  0.134 0.127 0.481 0.296 

Fuel alteration rate 0.480 0.419 0.054 0.088 

Canister interior     

Cavity water volume -0.330 -0.289 -0.283 -0.056 

Mass of buffer in cavity     

Hole Buffer     

Porosity (anions)   -0.251 -0.066 

De (anions)  0.179 0.158 0.568 0.125 

Da (anions) in buffer 0.145 0.130 0.611 0.140 

Tunnel backfill      

Porosity (anions)     

De (anions)    -0.028  

Tunnel length x x x x 

Near field flows     

QF x x x x 

QDZ x x x x 

QTDF x x x x 

qTDZ x x x x 

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths      

Lengths of F-, DZ-, TDZ-paths      

WL/Q for F-path   -0.043  -0.199 

WL/Q for DZ-path  -0.060  -0.307 

WL/Q for TDZ-path      

Peclet number     

Unaltered rock     

Porosity    -0.162 

De   -0.060  -0.286 

Maximum penetration depth  -0.064  -0.242 

Kd (I)  -0.151  -0.419 

R2 0.950 0.780 0.703 0.594 

Threshold of significance 0.031 0.030 0.027 0.026 
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Table 8-4. Monte Carlo filtering for I-129 peak release rates from the near field and the 
far field – Statistics of the Smirnov and Mann-Whitney tests (10 % of highest values vs. 
remaining 90 %). 

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.464 0.457   0.591 0.577   

De in the small hole 0.327 0.318   0.413 0.400   

Time to loss of hole resistance         

Length of canister failed         

Waste         

IRF(I) 0.083 0.073 0.455 0.395 0.085 0.077 0.567 0.502 

Fuel alteration rate 0.550 0.562   0.625 0.638   

Canister interior         

Cavity water volume 0.301 0.299 0.259 0.131 -0.374 -0.375 -0.332 -0.159 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   0.271 0.130   -0.349 -0.154 

De (anions)  0.264 0.249 0.511 0.286 0.327 0.311 0.623 0.353 

Da (anions) in buffer 0.212 0.201 0.559 0.294 0.273 0.259 0.702 0.381 

Tunnel backfill          

Porosity (anions)         

De (anions)          

Tunnel length         

Near field flows         

QF   0.298 0.107   0.360 0.109 

QDZ   0.208 0.158   0.269 0.204 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path     0.178    -0.227 

WL/Q for DZ-path  0.069  0.272  -0.069  -0.342 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity    0.178    -0.226 

De     0.234    -0.278 

Maximum penetration depth  0.074  0.182  -0.072  -0.192 

Kd (I)  0.123  0.240  -0.131  -0.282 

Threshold of significance 0.062 0.064 0.056 0.066 0.052 0.061 0.047 0.054 
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Table 8-5. Test statistic for CSM plots and 1st order sensitivity indices of the I-129 peak 
releases from the near field and the far field (to the biosphere). 

Parameters 

CSM statistic First order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.325 0.323   0.179 0.161   

De in the small hole 0.230 0.227   0.085 0.076   

Time to loss of hole resistance         

Length of canister failed   0.036      

Waste         

IRF(I)  0.065 0.062 0.246 0.255 0.004 0.003 0.147 0.094 

Fuel alteration rate 0.325 0.337 0.028 0.031 0.217 0.215 0.003  

Canister interior         

Cavity water volume 0.192 0.190 0.149 0.085 0.063 0.057 0.051 0.007 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions)   0.148 0.084   0.046 0.007 

De (anions)  0.165 0.164 0.286 0.172 0.037 0.033 0.185 0.039 

Da (anions) in buffer 0.133 0.133 0.303 0.180 0.026 0.023 0.251 0.043 

Tunnel backfill          

Porosity (anions)         

De (anions)          

Tunnel length         

Near field flows         

QF   0.161 0.066   0.059 0.005 

QDZ   0.112 0.109   0.032 0.015 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path     0.123    0.023 

WL/Q for DZ-path  0.040  0.184  0.004  0.058 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Total porosity    0.118    0.016 

De     0.179    0.040 

Maximum penetration depth  0.043  0.124  0.005  0.028 

Kd (I)  0.081  0.190  0.009  0.046 

Sum of first order SI -- -- -- -- 0.585 0.563 0.523 0.378 

Threshold of significance 0.040 0.041 0.028 0.031 0.004 0.003 0.003 0.004 
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Figure 8-7. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest peak release rate of I129 from the near field. 
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Figure 8-8. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest peak release rate of I129 from the far field (to the biosphere). 
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Figure 8-9. CSM plots for I-129 peak release rate from the near field in two Monte 
Carlo simulations with 10,000 realisations. 
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Figure 8-10. CSM plots for I-129 peak release rate from the far field (to the biosphere) 
in two Monte Carlo simulations with 10,000 realisations. 
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Fuel alteration rate and Small hole diameter are identified as the two most important 
parameters by the seven statistics calculated, with Small hole diameter ranking first only 
with statistics RCCs/SRRCs and logCCs (that identify the parameters that control the 
spread of the values of the output). De in the small hole, Cavity water volume and 
De(anions) in buffer are identified  by the seven statistics calculated as the third, fourth 
and fifth most influential parameters, respectively. 

A sixth parameter (IRF(I)) is identified as relevant by the seven statistics calculated, but 
always being far less important than the five main parameters, and for the rest of input 
parameters all the sensitivity measures are below the threshold of significance. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 8-7 it has 
been identified that the 10 % of realisations with the highest values of I-129 peak 
release rate from the near field are characterised by: 

- very high values of Fuel alteration rate and Small hole diameter, significantly high 
values of De in the small hole and De(anions) in buffer, slightly higher than average 
values of IRF(I) in fuel matrix, and 

- significantly low values of Cavity water volume. 

Figure 8-7 shows that the parameters that take specific values in the 10 % of realisations 
with the highest I-129 peak release rate from the near field are the same than in the 
highest 10 % realisations. If a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 
Most parameters have a similar importance in the realisations with the highest and 
lowest I-129 peak release rate from the near field, but IRF(I) and De(anions) in buffer 
have different importance in the highest and lowest 10 % of realisations. 

Figure 8-6 shows that I-129 peak release rates through the small hole in the overpack 
and from the near field are nearly identical in the great majority of the 10,000 
realisations of the Monte Carlo simulation. This is a consequence of the fast transport of 
iodine through the buffer and the backfill, due to the lack of sorption on these materials. 
As a consequence, I-129 peak release rate from the near field should be controlled by 
the same parameters that control I-129 peak release rate through the small hole in the 
overpack. 

Section A.1 shows that the only parameters that can have some effect on I-129 peak 
release rate through the small hole in the overpack are those related to I-129 release 
from the waste (IRF(I) and Fuel alteration rate) and SHTPI, that is a function of Small 
hole diameter, De in the small hole, Cavity water volume and De(anions) in buffer. The 
PSA has identified these six model parameters as the only having a statistically 
significant effect on I-129 peak release rate from the near field.  

The scatter plot of SHTPI  vs. I-129 peak release rate from the near field (Figure 8-11) 
shows a clear correlation between both magnitudes, with a logCC of 0.840 and a 
RCC/SRRC equal to 0.848. For each value of SHTPI there is roughly a factor 40 of 
difference between the highest and the lowest values of the I-129 peak release rate from 
the near field, that corresponds to the range of values of  the I-129 inventory released 
from the waste up to 106 years (assessment timeframe) in the 10,000 realisations: from 
2.5 % (IRF(I)=0.015 and Fuel alteration rate=10-8 a-1) to 100% (Fuel alteration 
rate=10-6 a-1) of the initial I-129 inventory.  
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Figure 8-11. Scatter plot of parameter SHTPI vs. the I-129 peak normalised release 
rate from the near field in a Monte Carlo simulation with 10,000 realisations. 

 
As expected from Figure 8-6, the PSA has found that the model parameters with the 
greatest influence on I-129 peak release rate from the near field are the parameters that 
control the transport through the small hole. The key parameter for I-129 peak release 
rate from the near field is SHTPI (a combination of four of the five most important 
model parameters), with Fuel alteration rate also playing an important role.  

All the sensitivity measures have found that Da(anions) in buffer has a smaller 
influence on I-129 peak release rate from the near field than De(anions) in buffer. This 
is a logical result taking into account the great importance of SHTPI and the fact that the 
only buffer related parameter in SHTPI is De(anions) in buffer. 

8.4.3 PSA of the I-129 peak release rate to the biosphere (Hole forever) 

Results in section 8.4.1show that only five parameters have an important effect on I-129 
peak release rate to the biosphere in the hole forever case: Fuel alteration rate, Small 
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There is a group of three parameters of secondary importance, identified as relevant by 
the seven statistics: IRF(I), WL/Q for DZ-path and Maximum penetration depth and 
Kd(I) in unaltered rock. Finally, two more geosphere parameters are identified as 
relevant only by some of the sensitivity measures, and always with low values of the 
statistic: WL/Q for F-path and De in unaltered rock. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 8-8 it has 
been identified that the 10 % of realisations with the highest values of I-129 peak 
release rate to the biosphere are characterised by: 

- very high values of Fuel alteration rate and Small hole diameter, significantly high 
values of De in the small hole and De(anions) in buffer, slightly higher than average 
values of IRF(I), and 

- significantly low values of Cavity water volume, low values of Kd(I) in unaltered 
rock, and slightly smaller than average values of WL/Q for DZ-path and Maximum 
penetration depth in unaltered rock. 

Figure 8-8 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest values of I-129 peak release rate to the biosphere are roughly the same 
than in the highest 10 % of realisations, although the importance of geosphere 
parameters is greater in the lowest 10 % of realisations. If a parameter takes high values 
in the highest 10 % of realisations, then it takes low values in the lowest 10 % of 
realisations, and vice versa. Most near field parameters have a similar importance in the 
realisations with the highest and lowest I-129 peak release rate from the near field, but 
De(anions) in buffer displays a  different behaviour: while De(anions) in buffer takes 
significantly high values in the highest 10 % of realisations, in the lowest 10 % of 
realisations in only takes slightly smaller than average values. 

Figure 8-6 shows that I-129 peak release rates through the small hole in the overpack 
and to the biosphere are similar in most of the 10,000 realisations of the Monte Carlo 
simulation. This is a consequence of the fast transport of iodine through the buffer and 
the backfill (due to the lack of sorption on these materials) in all the realisations and the 
relatively fast transport through the geosphere in most realisations. As a consequence, 
the parameters with the greatest effect on I-129 peak release rate to the biosphere are 
expected to be the same parameters that control I-129 peak release rate through the 
small hole in the overpack.  

Section A.1 shows that the only parameters that can have some effect on I-129 peak 
release rate through the small hole in the overpack are those related to iodine release 
from the waste (IRF(I) and Fuel alteration rate) and SHTPI, that is a function of Small 
hole diameter, De in the small hole, Cavity water volume and De(anions) in buffer. The 
PSA has identified five of these input parameters as the parameters with the greatest 
effect on I-129 peak release rate to the biosphere, with the sixth (IRF(I)) having a 
smaller importance.     
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Figure 8-12. Scatter plot of parameter SHTPI vs. the I-129 peak normalised release 
rate to the biosphere in a Monte Carlo simulation with 10,000 realisations. 

The scatter plot of SHTPI vs. I-129 peak release rate to the biosphere (Figure 8-12) 
shows a clear correlation between both magnitudes, with a logCC of 0.753 and 
RCC/SRCC equal to 0.809. Similarities between Figure 8-12 and Figure 8-11 confirm 
that, for a given value of SHTPI, the spread of values of the I-129 peak release rate to 
the biosphere is produced mainly by the factor 40 of difference between the highest and 
the lowest values of the I-129 peak release rate from the near field, that corresponds to 
the range of values of  the I-129 inventory released from the waste up to 106 years 
(assessment timeframe) in the 10,000 realisations: from 2.5 % (IRF(I)=0.015 and Fuel 
alteration rate=10-8 a-1) to 100 % (Fuel alteration rate=10-6 a-1) of the initial I-129 
inventory. There are only a small percentage of realisations in which the slow transport 
of iodine through the geosphere produces I-129 peak release rates to the biosphere well 
below the band of values with a factor 40 of width.  

As expected on the basis of Figure 8-6, the PSA has found that the model parameters 
with the greatest influence on I-129 peak release rate to the biosphere are the parameters 
that control the transport through the small hole in the canister overpack. The key 
parameter for I-129 peak release rate from the near field is SHTPI (a combination of 
four of the five most important model parameters), with Fuel alteration rate also 
playing an important role.  

All the sensitivity measures have found that Da(anions) in buffer has a smaller 
influence on I-129 peak release rate to the biosphere than De(anions) in buffer. This is a 
logical result taking into account the great importance of SHTPI and the fact that the 
only buffer related parameter in SHTPI is De(anions) in buffer. 
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8.4.4 PSA of the I-129 peak release rate from the near field (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.459 while the R2 of the regression in 
ranks is 0.837. This means that there exists a significant monotonic (but not linear) 
relation between I-129 peak release rate from the near field and some input parameters. 
The regression models in values and ranks identify the same parameters with a 
significant effect on I-129 peak release rate from the near field, and the rankings of 
importance are similar, but not identical. 

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 8-2) identifies that De(anions) in buffer and 
IRF(I) are, by far, the two parameters with the greatest influence on the spread of values 
of I-129 peak release rate from the near field. There are four parameters of secondary 
importance, all with similar RCCs/SRRCs: Cavity water volume, Porosity(anions) in 
buffer, QF and QDZ. Finally, Length of canister failed, Fuel alteration rate and 
De(anions) in backfill have only a small effect, with RCCs/SRRCs slightly above the 
threshold of significance. 

The coefficients of the regression in logarithms (logCCs in Table 8-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 8-3). A ranking of importance 
based on logCCs would be very similar to the ranking based on RCCs/SRRCs without 
QF and QDZ.     

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same six parameters that take specific values 
in the 10 % of realisations with the highest I-129 peak release rate from the near field. 
These are the same parameters identified in the regression in ranks as very important or 
of secondary importance. The rankings of importance based on the statistic of the 
Smirnov test and the modified statistic of the Mann-Whitney test are identical, and only 
slightly different from the ranking obtained in the regression analysis.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 8-7 it has 
been found that the 10 % of realisations with the highest I-129 peak release rate from 
the near field are characterised by: 

- very high values of De(anions) in buffer and IRF(I), significantly high values of QF 
and QDZ, and 

- significantly low values of Cavity water volume and Porosity(anions) in buffer. 

Figure 8-7 shows that the parameters that take specific values in the 10 % of realisations 
with the highest I-129 peak release rate from the near field are the same than in the 
lowest 10 % of realisations. If a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 
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The CSM statistic and plot (Table 8-5 and Figure 8-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of I-129 peak release rate from the near field. The parameters whose CSM 
statistic is clearly above the threshold of significance are nearly the same parameters 
identified as relevant on the basis of the RCCs/SRRCs and the modified statistic of the 
Mann-Whitney test.  

Figure 8-9 shows that the 32 % of lowest values of De(anions) in buffer and the 27 % of 
lowest values of IRF(I) produce, each, only 10 % of the mean value of the output 
variable. For Cavity water volume and Porosity(anions) in buffer the same results are 
obtained: the 20 % of lowest values of the input parameter produce 30 % of the mean 
value of the output while the 32 % of highest values of the input parameter produces 
20 % of the mean value of the output variable. For the rest of input parameters the 
different regions of values provide a similar contribution to the output sample mean. 

On the basis of the CSM statistic the most important parameter for I-129 peak release 
rate from the near field are, by far, De(anions) in buffer and IRF(I), followed by four 
parameters of similar importance (CSM statistic between 0.112 and 0.161): QF, 
Porosity(anions) in buffer, Cavity water volume and QDZ. Finally, there are two 
parameters whose CSM statistic is slightly above the threshold of significance: Length 
of canister failed and Fuel alteration rate. 

The first order sensitivity indices in Table 8-5 show that 52 % of the variance of I-129 
peak release rate from the near field is due to the variance of the input parameters acting 
independently, with the remaining 48% being produced by the interaction between 
parameters. The parameter with the highest first order sensitivity indices are De(anions) 
in buffer and IRF(I), whose variances are responsible for 18 and 15% of the variance of 
the output variable, respectively. The four next most important parameters are QF (6 %), 
Cavity water volume and Porosity (anions) in buffer (both 5 %) and QDZ (3 %).  

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for I-129 peak release rate from the near field in the growing hole case 
have been identified: 

- the most important parameters are, by far, De(anions) in buffer and IRF(I), 

- there are four parameters of secondary importance: Cavity water volume, 
Porosity(anions) in buffer, QF and QDZ, and 

- Length of canister failed, Fuel alteration rate and De(anions) in backfill have only a 
very small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10 % of realisations with the 
highest values of the output variable, respectively. IRF(I), Fuel alteration rate, 
De(anions) in buffer, QF and QDZ are positively correlated with I-129 peak release rate 
from the near field (i.e the model output tends to increase when the input parameter 
increases) and take high values in the 10 % of realisations with the highest I-129 peak 
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release rate (when the value of the modified Mann-Whitney statistic is statistically 
significant). Cavity water volume, Porosity(anions) in buffer, De(anions) in backfill and 
Length of canister failed are negatively correlated with I-129 peak release rate from the 
near field and take small values in the 10% of realisations with the highest I-129 peak 
release rate from the near field (when the value of the modified Mann-Whitney statistic 
is statistically significant). For most parameters these results are consistent with the 
intuitive effect of each parameter on the model output: e.g. it is expected that an 
increase in QF will produce an increase in I-129 peak release rate. 

For De(anions) in backfill and Length of canister failed the negative signs of their (quite 
small) RCCs/SRRCs seems to be in contradiction with the intuitively expected effect of 
these parameters. Da(anions) in backfill displays a similar behaviour for other 
radionuclides and this topic is discussed in section 15.2. Length of canister failed 
displays a similar behaviour for other radionuclides and this topic is discussed in section 
15.3. 

All the sensitivity measures have found that Da(anions) in buffer has a greater influence 
on I-129 peak release rate to the biosphere than any of the two model inputs related to 
iodine diffusion in the buffer: Porosity (anions) in buffer and De(anions) in buffer. 

8.4.5 PSA of the I-129 peak release rate to the biosphere (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.227 while the R2 of the regression in 
ranks is 0.648. This means that there exists a monotonic (but not linear) relation 
between I-129 peak release rate to the biosphere and some input parameters. The 
regression models in values and ranks identify roughly the same parameters with a 
significant effect on I-129 peak release rate to the biosphere, but the rankings of 
importance are quite different. 

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 8-2) has found that the parameters with the 
greatest influence on the spread of values of I-129 peak release rate to the biosphere are 
three geosphere parameters (Kd(I) in unaltered rock, WL/Q for DZ-path and De in 
unaltered rock) and IRF(I). There are four parameters of secondary importance, three 
geosphere parameters (WL/Q for F-path, Porosity and Maximum penetration depth in 
unaltered rock) and De(anions) in buffer. The rest of near field parameters have a 
limited effect on the spread of values of I-129 peak release rate to the biosphere: QF is 
the ninth parameter in importance, followed by Fuel alteration rate, Cavity water 
volume, Porosity (anions) in buffer and QDZ, all with similar RCCs/SRRCs. Finally, the 
RCC/SRRC of De(anions) in backfill is slightly above the threshold of significance.  

The coefficients of the regression in logarithms (logCCs in Table 8-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 8-3). A ranking of importance 
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based on logCCs would be very similar to the ranking based on RCCs/SRRCs without 
QF and QDZ.     

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same twelve parameters that take specific 
values in the 10 % of realisations with the highest I-129 peak release rate to the 
biosphere, with very similar rankings of importance. These are roughly the same 
parameters found relevant in the regression analysis, but the rankings of importance are 
very different. Near field parameters are far more important in the highest 10 % of 
realisations than for the spread of values of I-129 peak release rate to the biosphere. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 8-8 it has 
been identified that the 10% of realisations with the highest I-129 peak release rate to 
the biosphere are characterised by: 

- very high values of IRF(I), significantly high values of De(anions) in buffer,  high 
values of QDZ and QF, and 

- significantly low values of WL/Q for DZ-path, WL/Q for F-path and Porosity, De 
and Kd(I) in unaltered rock, and low values of Cavity water volume, 
Porosity(anions) in buffer and Maximum penetration depth in unaltered rock. 

Figure 8-8 shows that the 10 % of realisations with the highest I-129 peak release rate to 
the biosphere correspond to specific ranges of values of six near field and six geosphere 
parameters. In the lowest 10 % of realisations only two near field parameters (IRF(I) 
and Fuel alteration rate) and the same six geosphere parameters take specific ranges of 
values. The interpretation of these results is that: 

- the realisations with highest I-129 release rate are those with fast release from the 
waste, and fast transport through the buffer and the geosphere, while 

- the realisations with the lowest I-129 peak release rate are characterised mainly by a 
very slow transport through the geosphere, and to a lesser extent, a small IRF(I) and 
slow release of iodine from the waste. 

The CSM statistic and plot (Table 8-5 and Figure 8-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of I-129 peak release rate to the biosphere. The parameters whose 
CSM statistic is clearly above the threshold of significance are nearly the same 
parameters identified as relevant on the basis of the RCCs/SRRCs and the modified 
statistic of the Mann-Whitney test.  

Figure 8-10 shows that for all the input parameters the different regions of values 
provide a similar contribution to the output sample mean. The most notable effect 
observed is that the 28 % of highest values of Kd(I) in unaltered rock produce only 
10 % of the mean value of the I-129 peak release rate to the biosphere. 

On the basis of the CSM statistic the most important parameter for I-129 peak release 
rate to the biosphere is IRF(I), followed by a group of four parameters with similar 
values of the CSM statistic: WL/Q for DZ-path, Kd(I) in unaltered rock, De in unaltered 
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rock and De(anions) in buffer. There are four parameters of secondary importance 
(WL/Q for F-path, Porosity of unaltered rock, Maximum penetration depth in unaltered 
rock and QDZ) followed by three near field parameters of smaller importance: Cavity 
water volume, Porosity(anions) in buffer and QF. Finally, the CSM statistic of Fuel 
alteration rate is slightly above the threshold of significance. 

The first order sensitivity indices in Table 8-5 show that 38 % of the variance of I-129 
peak release rate to the biosphere is due to the variance of the input parameters acting 
independently, with the remaining 62 % being produced by the interaction between 
parameters. The variance of IRF(I) explains 9 % of the variance of the I-129 peak 
release rate to the biosphere. There are six geosphere parameters and two near field 
parameters whose variances acting independently explain between 2 % and 6 % of the 
variance of the output variable: WL/Q for DZ-path (6%), Kd(I) in unaltered rock (5 %), 
De in unaltered rock and De(anions) in buffer (4 %), Maximum penetration depth in 
unaltered rock (3 %), and WL/Q for F-path, Porosity of unaltered rock and QDZ (2 %). 
There are three other near field parameters whose variance, acting independently, 
explains close to 1 % of the variance of I-129 peak release rate to the biosphere: Cavity 
water volume, Porosity(anions) in buffer and QF. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. Although the different statistics identify roughly the same set of 
important parameters, there are significant differences in the rankings of importance. 
The key input parameters for I-129 peak release rate to the biosphere in the growing 
hole case have been identified: 

- there is a group of five input parameters with the greatest influence, two near field 
parameters (IRF(I) and De(anions) in buffer) and three geosphere parameters (WL/Q 
for DZ-path and De and Kd(I) in unaltered rock).  

- four parameters have a secondary importance: geosphere parameters Maximum 
penetration depth and Porosity in unaltered rock and WL/Q for F-path and near 
field parameter QDZ,  

- three near field parameters have a limited influence: Cavity water volume, Porosity 
(anions) in buffer and QF and 

- Fuel alteration rate and De(anions) in backfill have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10 % of realisations with the 
highest values of the output variable, respectively. IRF(I), Fuel alteration rate, 
De(anions) in buffer, QF and QDZ are positively correlated with I-129 peak release rate 
to the biosphere (i.e the model output tends to increase when the input parameter 
increases) and take high values in the 10 % of realisations with the highest I-129 peak 
release rate (when the value of the modified Mann-Whitney statistic is statistically 
significant). Cavity water volume, Porosity(anions) in buffer, De(anions) in backfill and 
the six relevant geosphere parameters are negatively correlated with I-129 peak release 
rate to the biosphere and take small values in the 10 % of realisations with the highest I-
129 peak release rate. For most parameters these results are consistent with the intuitive 
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effect of each parameter on the model output: e.g. it is expected that a decrease in Kd(I) 
in unaltered rock will produce an increase in I-129 peak release rate. 

The negative sign of the (very small) RCC/SRRC of De(anions) in backfill seems to be 
in contradiction with the intuitively expected effect of these parameters. De in backfill 
displays a similar behaviour for other radionuclides and this topic is discussed in section 
15.2. 

All the sensitivity measures have found that Da(anions) in buffer has a greater influence 
on I-129 peak release rate to the biosphere than any of the two model inputs related to 
iodine diffusion in the buffer: Porosity (anions) in buffer and De(anions) in buffer. 

8.5 Conclusions of the PSA for I129 

I-129 is produced by fission of U-235 and Pu-239 in the reactor, and I-129 inventory in 
the spent fuel is roughly proportional to its burnup. Since the range of values of the fuel 
burnup is relatively small (a factor of two or three at most), there exists little variability 
in the I-129 inventory between the different fuel elements.  

The PSA has been done using a cautious initial I-129 inventory, that is the same in all 
the realisations. Since iodine has a high solubility, I-129 release rates from the near field 
and to the biosphere are proportional to the inventory in the spent fuel, and any 
variation in the I-129 inventory is transferred to the release rates. 

In the hole forever case, I-129 releases from the near field are controlled mainly by the 
transport through the small hole in the canister overpack. At any instant, I-129 release 
rate from the near field is very similar to I-129 mass flow though the small hole in the 
canister overpack, due to the fast transport of iodine through the buffer in all the 
realisations. 

The only input parameters that affect I-129 peak release rate from the near field are 
those related to the transport through the small hole (Small hole diameter, De in the 
small hole and De(anions) in buffer and Cavity water volume), Fuel alteration rate and 
IRF(I). In particular, the combination of parameters SHTPI (defined in Equation A-2) 
has a very strong effect on I-129 peak release rate from the near field: 

bufferW

Il

DedDed

l
SHTP


14

11

2


  

where Δ is equal to the Cavity water volume for non sorbed species, d is the Small hole 
diameter, DeW is De in the small hole, Debuffer is De(anions) in buffer and l is the 
thickness of the canister copper overpack (5cm in all the realisations). Fuel alteration 
rate has a strong effect on I-129 peak release rate from the near field while IRF(I) has a 
smaller influence. 

Due to the small sorption of iodine on unaltered rock in most realisations, I-129 peak 
release rate to the biosphere is controlled by the same parameters than I-129 peak 
release rate from the near field (with SHTPI standing out as the controlling parameter) 
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plus a few geosphere parameters of much smaller importance, of which Kd(I) in 
unaltered rock is the most influential. 

I-129 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates. SHTPI is the key 
parameter since 3,000 until 106 years. Fuel alteration rate becomes an important 
parameter only after several tens of thousands of years, and its influence on I-129 
release rates from the near field and to the biosphere increases rapidly with time (Figure 
8-3 and Figure 8-4).    

In the growing hole case, the I-129 peak release rate from the near field takes place a 
short time after the enlargement of the hole, because iodine transport through the buffer 
is fast. I-129 peak release rate from the near field is produced by the I-129 released from 
the waste up to that instant, which remains mostly inside the canister due to the limited 
diffusive transport through the small hole (section A.1). As a consequence, IRF(I) has a 
great influence on I-129 peak release rate from the near field, while Fuel alteration rate 
has only a small effect. 

In addition to IRF(I), the parameters whose uncertainty has the greatest effect on the 
value of the I-129 peak release rate from the near field are those related to the buffer 
(Porosity(anions) and De(anions) in buffer) and especially the apparent diffusion in 
buffer (Da(anions) in buffer). Cavity water volume, that controls the iodine 
concentration in dissolution inside the canister, and near field flows QF and QDZ are the 
next most important parameters. 

In the growing hole case, the I-129 peak release rate to the biosphere is strongly affected 
by geosphere parameters. There are six influential geosphere parameters, all with a 
similar importance: WL/Q for F-path, WL/Q for DZ-path and Porosity, De, Maximum 
penetration depth and Kd(Cl) in unaltered rock. Geosphere parameters are far more 
important for I-129 peak release rate to the biosphere in the growing hole than in the 
hole forever case. 

The different importance of the geosphere in the hole forever and the growing hole 
cases is a consequence of the different shape of the I-129 release rate from the near 
field. In the hole forever case the I-129 mass flow released from the near field is a 
smooth function, and the geosphere produces mainly a delay of the releases to the 
biosphere but the peak release rates from the near field and to the biosphere are similar. 
In the growing hole case I-129 release rate from the near field, after the loss of the 
transport resistance of the small hole, is concentrated in a short period of time and the 
geosphere main effect is to spread the release to the biosphere over a much greater 
period of time, thus decreasing the I-129 peak release rate from the biosphere. 

I-129 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates, although the 
relative importance can be very different. For instance, De(anions) in buffer is clearly 
the most important parameter for I-129 peak release rate from the near field but its 
effect on the evolution of I-129 release rate from the near field is relatively small.  
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In the long term Fuel alteration rate nearly completely controls I-129 release rates from 
the near field and to the biosphere, because a steady state is reached in many 
realisations: I-129 release rate from the fuel matrix is roughly equal to the I-129 release 
rate from the near field and, to a lesser extent, to I-129 release rate to the biosphere. But 
these long term release rates are much smaller than the peak release rates of I-129, that 
are produced mainly by the inventory in the IRF(I). 

 

  



 

 

211

9 SENSITIVITY ANALYSIS FOR CS-135 

Cs-135 has been identified in Chapter 5as the fourth most important radionuclide for the 
total normalised release rate to the biosphere, although being far less important than C-
14, Cl-36 and I-129. 

Cs-135 is a long lived (T1/2=2.3·106 years) fission product present only in the UO2 
matrix, with a sizeable Instant Release Fraction (IRF). In this report caesium is 
modelled as a highly soluble cation, with its own effective diffusion coefficients in 
buffer and backfill (much greater than those assigned to the rest of cations and neutral 
species), and significant sorption on buffer, backfill and unaltered rock.  

In this chapter the Cs-135 release rates are always total normalised release rates, 
obtained summing the Cs-135 activity release rates through the F-, DZ- and TDZ-paths 
and dividing by the regulatory activity release constraint for Cs-135 (3·108 Bq/a).  

9.1 Evolution of the Cs-135 release rates from the near field and the far 
field (to the biosphere) 

Figure 9-1 and Figure 9-2 present the results obtained in two Monte Carlo simulations 
with 10,000 realisations (hole forever and growing hole cases) for the Cs-135 total 
normalised release rates from the near and the far field (to the biosphere). The mean, 1st-
99th percentiles, 5th-95th percentiles, median (50th percentile) and maximum values at 
each instant are included in the figures. The minimum value is also calculated but not 
plotted, because it is below 10-12 at all times.  

Figure 9-1 and Figure 9-2 illustrate the great spread of values of the Cs-135 release rate 
from the near field, and the much greater spread of values of Cs-135 release rate to the 
biosphere, due to the uncertainty in the model input parameters and the variability of 
near field flows and geosphere flow parameters in the several thousands of deposition 
hole locations considered. 

At any instant there are many orders of magnitude of difference between the minimum 
and the maximum value of the Cs-135 release rate from the near field or to the 
biosphere. Cs-135 normalised release rates take from negligible to relatively significant 
(up to 10-5 or 10-3) values, depending on the values assigned to the model parameters 
that can affect caesium transport (first column in Table 9-2) and the instant considered.  

In all the realisations the release rates from the near field and to the biosphere represent, 
at any instant, only a small fraction of the Cs-135 regulatory activity release constraint 
(3·108 Bq/a). 
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Figure 9-1. Cs-135 total normalised release rate from the near field in two Monte 
Carlo simulations with 10,000 realisations (hole forever and growing hole cases). 
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Figure 9-2. Cs-135 total normalised release rate to the biosphere in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole cases). 
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9.2 PSA of the evolution of the Cs-135 release rates from the near field 
and to the biosphere  

Regression models in ranks have been used to analyse the evolution over time of Cs-
135 release rates from the near field and to the biosphere in the hole forever and 
growing hole cases. The results are shown in Figure 9-3 (release rate from the near 
field) and Figure 9-4 (release rate to the biosphere), where all the parameters with 
RCC/SRRC greater than 0.1 (in absolute value) at least at one instant are represented. 
Some parameters with RCC/SRRC smaller than 0.1 are also shown and identified using 
labels filled in grey. The figures include the coefficient of determination (R2) of 
multiple linear regressions in ranks with all the model input parameters, to measure the 
quality of the regression.  

Time to transport path creation is a very important parameter for the release rates up to 
5,000 years (highest value in the PDF assigned to this parameter) in the two cases, 
especially for the release rates from the near field. This is a logical result, because 
radionuclide releases outside the canister before the Time to transport path creation are 
zero. 

9.2.1 Hole forever case 

There is an initial period of roughly 2,000 years in which Time to transport path 
creation is the parameter with the highest RCC/SRRC with Cs-135 release rate from the 
near field.  During the rest of the calculation timeframe (up to 106 years), the parameters 
with the greatest influence on the spread of values of Cs-135 release rate from the near 
field are Kd(Cs) in buffer and Mass of buffer in cavity, with Small hole diameter and De 
in the small hole having an important effect also. Near field flows QF and QDZ and 
IRF(Cs) have a significant effect during the same time period, with RCCs/SRRCs 
around 0.2. At early times the RCC/SRRC of Fuel alteration rate is small but beyond 
50,000 years it rapidly increases with time and at the end of the calculation (106 years) 
its RCC/SRRC is around 0.3 and growing. 

The two other influential parameters are the effective diffusion coefficients of caesium 
in the buffer and the backfill. At early times the RCC/SRRC of De(Cs) in buffer is 
positive and beyond 104 years is negative. The RCC/SRRC of De(Cs) in backfill is 
always negative, its absolute value increases with time but it is relevant only in the long 
term (after several tens of thousands of years).  

After a brief initial period, Cs-135 release rate from the near field becomes controlled 
mainly by the mass flow entering the buffer through the small hole (Eq. 16.2): 

- The Small Hole Transport Parameter (SHTP) in Equation A-2 is a function of the 
four parameters with the highest RCCs/SRRCs (Small hole diameter, De in the 
small hole, Mass of buffer in Cavity and Kd(Cs) in buffer), Cavity water volume and 
De(Cs) in buffer. Due to the significant sorption of caesium on the buffer the 
concentration of Cs-135 in the water inside the canister is controlled by its sorption 
on the buffer than has penetrated into the canister, and the RCC/SRRC of Cavity 
water volume is always very small. Although De(Cs) in buffer is included in the 
expression of the SHTP, it has a negligible effect on the mass flow through the small 
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hole, as discussed in section A.1, and its influence on Cs-135 release rate from the 
near field is related only to caesium transport through the buffer. 

- The activity of Cs-135 inside the canister at a given instant (A in Equation A-2) is 
roughly equivalent to the amount of Cs-135 released from the waste up to that 
instant, because the release rate through the small hole is very small and radioactive 
decay is not important during the calculation timeframe (106 years). Before 105 
years the amount of Cs-135 inside the canister is controlled by IRF(Cs) but beyond 
that instant the importance of the activity released from the waste matrix increases 
rapidly with time and the RCC/SRRC of Fuel alteration rate grows.  

The parameter with the highest RCC/SRRC with Cs-135 release rate from the near field 
is Kd(Cs) in buffer. Sorption on the buffer has a two-fold effect: to decrease the 
concentration inside the canister (Equation A-2), and hence the release rate through the 
small hole into the buffer, and to delay the transport through the buffer in the deposition 
hole.  

Near field flows QF and QDZ have a significant effect on Cs-135 release rate from the 
near field at any instant because these parameters control the transfer of Cs-135 from 
the outer surface of the buffer to the damaged rock around the deposition hole.  

The sign of the RCC/SRRC of De(Cs) in buffer changes from positive up to 104 years to 
negative beyond then. At early instants a high De(Cs) in buffer accelerates the crossing 
of the 35cm of buffer and therefore increases the release rate from the near field. In the 
long term a high De(Cs) in buffer increases the fraction of the caesium released through 
the small hole that is transported to the lower parts of the buffer and to the 2.5 meters of 
buffer above the canister and the tunnel, decreasing the concentration in the upper part 
of the buffer (in contact with the damaged rock around the deposition hole) and the 
concentration of Cs-135 in the water flows QF and QDZ that extract radionuclides from 
the near field. 

The RCC/SRRC of De(Cs) in backfill is always negative and its absolute value 
increases with time until reaching a value of -0.2 after 106 years. Initially De(Cs) in 
backfill has no effect on Cs-135 release rate from the near field because caesium needs 
some time to diffuse through the 2.5 meters of buffer above the canister and reach the 
tunnel backfill. When Cs-135 reaches the floor of the deposition tunnel, the transfer of 
caesium to the backfill increases with De(Cs) in backfill. The greater the amount of Cs-
135 passing to the tunnel, the smaller the amount of Cs-135 transported radially through 
the 35cm of buffer and released from the near field dissolved in QF and QDZ, which 
explains the negative correlation between De(Cs) in backfill and Cs-135 release rate 
from the near field. The Cs-135 entering the tunnel backfill is transported very slowly 
and its releases to the fracture that intersects the tunnel (TDZ-path) during the 
calculation timeframe (106 years) are very small. 

Figure 9-4 shows that, at any instant, Kd(Cs) in unaltered rock is, by far, the parameter 
with the greatest effect on the spread of values of Cs-135 release rate to the biosphere. 
The next most influential parameter is De in unaltered rock, followed by WL/Q for DZ-
path, Peclet number and WL/Q for F-path. Near field parameters have always small 
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RCCs/SRRCs. Even in the first thousand years the RCC/SRRC of Kd(Cs) in unaltered 
rock is similar to Time to transport path creation.    

At any instant, the parameters with the greatest effect on the spread of values of Cs-135 
release rate to the biosphere are related to caesium diffusion into unaltered rock, due to 
the significant sorption of caesium on unaltered rock (Figure 3-15), followed by 
parameters related to water flow (plus dispersion) in the geosphere. Near field 
parameters have a much smaller effect.  

9.2.2 Growing hole case 

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  

Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation + Time to loss of hole resistance), in some realisations the Cs-135 release 
rate from the near field is produced by the small hole in the canister while in other 
realisations is produced by the enlarged hole, and hence are much greater. This explains 
the great effect of Time to loss of hole resistance on the spread of values of Cs-135 
release rate from the near field. Between 50,000 and 100,000 years, Time to loss of hole 
resistance still has some effect, being positively correlated with Cs-135 release rates 
from the near field: the reason is that after 50,000 years the latter the small hole grows 
(greater Time to loss of hole resistance) the greater is the amount of Cs-135 still inside 
the canister, and available to be transported. 

For times beyond 55,000 years the transport resistance of the small hole has been lost in 
all the realisations. In this period of time the parameters with the greatest effect on the 
spread of values of Cs-135 release rate from the near field are the near field flows QF 
and QDZ, De(Cs) in backfill and De(Cs) in buffer (the four with nearly constant 
RCCs/SRRCs), Kd(Cs) in buffer and IRF(Cs) (whose RCC/SRRC decreases with time) 
and Fuel alteration rate. The RCC/SRRC of Fuel alteration rate increases rapidly with 
time from 0.2 after 50,000 years to 0.7 (and growing) after 106 years. 

During the period between 5,000 and 55,000 years, in some realisations Cs-135 
transport is still limited by the small hole through the overpack while in other 
realisations the small hole has already enlarged. The importance of the parameters 
related to the transport through the small hole (Small hole diameter, De in the small 
hole and Mass of buffer in cavity) decreases with time, because the number of 
realisation in which the transport resistance of the small hole has been lost increases 
with time. Similarly, the RCCs/SRRCs of the parameters that control the Cs-135 release 
rate from the near field beyond 55,000 years (identified in the previous paragraph) 
increase gradually with time during this transition period.  

Near field flows QF and QDZ have a significant effect on Cs-135 release rate from the 
near field at any instant because these parameters control the transfer of Cs-135 from 
the outer surface of the buffer to the damaged rock around the deposition hole. The 
effect of these parameters is much greater when the transport resistance of the small 
hole has been lost. 
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The sign of the RCC/SRRC of De(Cs) in buffer changes from positive up to 104 years to 
negative beyond then. At early instants a high De(Cs) in buffer accelerates the crossing 
of the 35cm of buffer and therefore increases the release rate from the near field. In the 
long term a high De(Cs) in buffer increases the fraction of the caesium released through 
the small hole that is transported to the lower parts of the buffer and to the 2.5 meters of 
buffer above the canister and the tunnel, decreasing the concentration in the upper part 
of the buffer (in contact with the damaged rock around the deposition hole) and the 
concentration of Cs-135 in the water flows QF and QDZ that extract radionuclides from 
the near field. The effect of De(Cs) in buffer is much greater when the transport 
resistance of the small hole has been lost. 

The RCC/SRRC of De(Cs) in backfill is always negative and its (absolute) value 
increases with time until reaching a value close to -0.4 after 3·105 years. Initially De(Cs) 
in backfill has no effect on Cs-135 release rate from the near field because caesium 
needs some time to diffuse through the 2.5 meters of buffer above the canister and reach 
the tunnel backfill. When Cs-135 reaches the floor of the deposition tunnel, the transfer 
of caesium to the backfill increases with De(Cs) in backfill. The greater the amount of 
Cs-135 passing to the tunnel, the smaller the amount of Cs-135 transported radially 
through the 35cm of buffer and released from the near field dissolved in QF and QDZ, 
which explains the negative correlation between De(Cs) in backfill and Cs-135 release 
rate from the near field. The Cs-135 entering the tunnel backfill is transported very 
slowly and its releases to the fracture that intersects the tunnel (TDZ-path) during the 
calculation timeframe (106 years) are very small. The effect of De(Cs) in backfill is 
much greater when the transport resistance of the small hole has been lost. 

Up to 20,000 years the only parameter related to caesium release from the waste with 
some effect on Cs-135 release rate from the near field is IRF(Cs). Thereafter the 
RCC/SRRC of Fuel alteration rate increases with time, reaching a value of 0.3 after 105 
years and 0.7 (and growing) after 106 years. The RCC/SRRC of IRF(Cs) reaches its 
highest value (about 0.3) after 50,000 years, when the transport resistance of the small 
hole has been lost in all the realisations, and after 50,000 years decreases with time.   

Figure 9-4 shows that, at any instant, Kd(Cs) in unaltered rock is, by far, the parameter 
with the greatest effect on the spread of values of Cs-135 release rate to the biosphere. 
The next most influential parameter is De in unaltered rock, followed by WL/Q for DZ-
path, Peclet number and WL/Q for F-path. At any instant near field parameters have 
small RCCs/SRRCs. Even in the first thousand years the RCC/SRRC of Kd(Cs) in 
unaltered rock is similar to Time to transport path creation.  

The control of caesium transport through the geosphere over Cs-135 release rate to the 
biosphere is so great that Time to loss of hole resistance has only a small effect between 
5,000 and 50,000 years, with RRC/SRRC equal to -0.1 as a maximum.   

At any instant, the parameters with the greatest effect on the spread of values of Cs-135 
release rate to the biosphere are related to caesium diffusion into unaltered rock, due to 
the significant sorption of caesium on unaltered rock (Figure 3-15), followed by 
parameters related to water flow (plus dispersion) in the geosphere. Near field 
parameters have a much smaller importance. 
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Figure 9-3. Evolution of the RCCs/SRRCs and R2 over time for Cs-135 total normalised 
release rate from the near field. 
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Figure 9-4. Evolution of the RCCs/SRRCs and R2 over time for Cs-135 total normalised 
release rate to the biosphere. 
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9.3 Cs-135 peak release rates from the near field and to the biosphere 

Table 9-1 presents some indicators of the uncertainty in Cs-135 peak total normalised 
release rates from the near field and the far field (to the biosphere) in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole cases). Indicator 
∆98, defined in Eq. 6-1, represents the orders of magnitude of difference between the 1st 
and the 99th percentiles, and has been adopted to quantify the spread in the results. 

The value of the Cs-135 peak normalised release rates from the near field spans over 6.2 
orders of magnitude in the hole forever case and 3.5 orders of magnitude in the growing 
hole case. The spread of values of Cs-135 the peak release rate from the far field is 
greater than 32 orders of magnitude in both cases, because in GoldSim calculations the 
minimum value of a magnitude is 10-38, and hence the zeros in Table 9-1 mean <10-38.  

Cs-135 peak normalised release rate from the near field takes extremely low values only 
in a few dozens of realisations in which the only release path is through the fracture that 
intersects the tunnel (TDZ-path). In those realisations Cs-135 must cross the 2.5 meters 
of buffer above the canister and several meters of tunnel backfill to leave the near field, 
which takes a long time due to the significant sorption of caesium on buffer and 
backfill. In the realisations with QF  or QDZ greater than zero Cs-135 only must cross 
35cm of buffer to leave the near field, and the minimum value of the Cs-135 peak 
normalised release rate from the near field is 1.2·10-13 (hole forever case) or  2.0·10-9 
(growing hole case).   

 
Table 9-1. Uncertainty indicators for the Cs-135 peak normalised release rates from the 
near field and the far field (to the biosphere) in Monte Carlo simulations with 10,000 
realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 0 5.5·10-12 7.4·10-11 2.0·10-8 2.0·10-6 9.3·10-6 8.3·10-5 6.2 

…far field 0 0 0 4.6·10-12 1.7·10-7 1.4·10-6 2.3·10-5 >32 

Growing hole  

…near field 2.7·10-36 5.4·10-8 3.1·10-7 5.7·10-6 6.7·10-5 1.7·10-4 1.4·10-3 3.5 

…far field 0 0 0 2.1·10-9 6.0·10-6 2.0·10-5 3.7·10-4 >33 

 

Figure 9-5 shows the cumulative distribution functions (CDFs) for the Cs-135 peak total 
normalised release rates from the near field and to the biosphere. The maximum values 
of the curves are represented with diamonds (hole forever case) and squares (growing 
hole case).  

In the hole forever case the maximum values of the Cs-135 peak release rates from the 
near field and to the biosphere are only 0.01 % the regulatory activity release constraint 
for Cs-135 (3·108 Bq/a). In the growing hole case the maximum value of the Cs-135 
peak release rate to the biosphere is 0.04 % the regulatory activity release constraint for 
Cs-135, and even the maximum value of the peak release from the near field represents 
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only 0.2 % of such regulatory constraint (although that constraint does not apply to the 
releases from the near field). 

Both in the hole forever and growing hole cases the CDFs of the Cs-135 peak release 
rates from the near field and to the biosphere are very different. The spread of values of 
Cs-135 peak release rate to the biosphere is greater than 32 orders of magnitude in both 
cases vs. 6.2 or 3.5 orders of magnitude of spread of the Cs-135 peak release rates from 
the near field. This means that the uncertainty in Cs-135 peak release rate to the 
biosphere is controlled mainly by the transport through the geosphere. As a 
consequence, it is expected that the PSA will find that the parameters with the greatest 
influence on Cs-135 peak release to the biosphere are geosphere parameters, with a 
limited effect of near field parameters. 

 

 

Figure 9-5. CDFs for Cs-135 peak normalised release rates from the near field and to 
the biosphere in Monte Carlo simulations with 10,000 realisations. 

Figure 9-6 shows that in the hole forever case Cs-135 peak release rate through the 
small hole in the overpack is significantly correlated with Cs-135 peak release rates 
from the near field, although the values are very different in most realisations. By the 
contrary there exists only a weak correlation between Cs-135 peak release rates through 
the small hole in the overpack and to the biosphere. As a consequence, in the hole 
forever case it is expected that the parameters included in the Small Hole Transport 
Parameter (SHTP) defined in Eq. 16-2 will have a significant effect on the Cs-135 peak 
release rate from the near field and only a small effect on the Cs-135 peak release rate to 
the biosphere.   
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Figure 9-6. Scatter plot of Cs-135 peak release rate through the small hole in the 
canister overpack vs. Cs-135 peak release rates from the near field and to the 
biosphere. Hole forever case. Only the first 3,000 realisations are shown. 
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- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 9-2 to Table 9-4, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance but that probably correspond to a real 
effect, because the parameter has been identified as relevant by other sensitivity 
measures. 

In addition, for each of the four model outputs analysed the following graphics 
(described in Chapter 4) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable. (Figure 9-7 and Figure 9-8), and 

- Contribution to the Sample Mean (CSM) plots (Figure 9-9 and Figure 9-10). 
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Table 9-2. CCs/SRCs and RCCs/SRRCs for Cs-135 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.175 0.087   0.411 0.110   

De in the small hole 0.152 0.076   0.360 0.086   

Time to loss of hole resistance         

Length of canister failed   -0.084    -0.145  

Waste         

IRF(Cs) in the fuel matrix 0.033  0.194 0.060 0.092 0.033 0.269 0.040 

Fuel alteration rate 0.198 0.090 0.109 0.151 0.283 0.075 0.259 0.097 

Canister interior         

Cavity water volume -0.040    -0.034    

Mass of buffer in cavity -0.113 -0.059   -0.509 -0.123   

Hole Buffer         

De (Cs) -0.046 -0.029  -0.042 -0.135 -0.037  -0.036 

Kd (Cs)  -0.095 -0.049 -0.196 -0.071 -0.384 -0.131 -0.610 -0.074 

Da (Cs) in buffer 0.033 0.014 0.337 0.014 0.129 0.052 0.357 0.017 

Tunnel backfill          

De (Cs) -0.076 -0.039 -0.044 -0.057 -0.180  -0.128 -0.037 

Kd (Cs)          

Tunnel length         

Near field flows         

QF 0.175 0.096 0.297 0.126 0.205 0.089 0.429 0.108 

QDZ 0.067 0.040 0.268 0.164 0.181 0.046 0.359 0.063 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path       -0.130  -0.142 

WL/Q for DZ-path  -0.032  -0.053  -0.247  -0.262 

WL/Q for TDZ-path          

Peclet number      -0.185  -0.169 

Unaltered rock         

Porosity         

De   -0.030  -0.061  -0.345  -0.352 

Maximum penetration depth    -0.034     

Kd (Cs)  -0.046  -0.089  -0.716  -0.753 

R2 0.160 0.045 0.258 0.096 0.920 0.815 0.862 0.843 

Threshold of significance 0.027 0.034 0.024 0.036 0.026 0.028 0.029 0.029 
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Table 9-3. Monte Carlo filtering for Cs-135 peak release rates from the near field and 
the far field (to the biosphere) – Statistics of the Smirnov and Mann-Whitney tests (10 % 
of highest values vs. remaining 90 %).  

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.382 0.246   0.480 0.307   

De in the small hole 0.327 0.210   0.423 0.277   

Time to loss of hole resistance         

Length of canister failed   0.144    -0.171  

Waste         

IRF(Cs) in the fuel matrix 0.091 0.077 0.288 0.114 0.111 0.083 0.366 0.135 

Fuel alteration rate 0.314 0.195 0.152 0.262 0.384 0.226 0.172 0.331 

Canister interior         

Cavity water volume 0.074    -0.068    

Mass of buffer in cavity 0.392 0.307   -0.500 -0.403   

Hole Buffer         

De (Cs) 0.146 0.118  0.124 -0.180 -0.136  -0.140 

Kd (Cs)  0.315 0.209 0.564 0.177 -0.415 -0.294 -0.721 -0.238 

Da (Cs) in buffer 0.095 0.055 0.324 0.035 0.118 0.076 0.469 0.035 

Tunnel backfill          

De (Cs) 0.196 0.122 0.096 0.166 -0.251 -0.154 -0.127 -0.201 

Kd (Cs)          

Tunnel length         

Near field flows         

QF 0.205 0.121 0.392 0.206 0.260 0.157 0.494 0.241 

QDZ 0.170 0.114 0.226 0.197 0.216 0.144 0.292 0.247 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path   0.125  0.148  -0.139  -0.181 

WL/Q for DZ-path  0.141  0.193  -0.200  -0.257 

WL/Q for TDZ-path          

Peclet number  0.065    -0.062   

Unaltered rock         

Total porosity         

De   0.208  0.238  -0.271  -0.298 

Maximum penetration depth    0.095  -0.071  -0.115 

Kd (Cs)  0.492  0.576  -0.618  -0.701 

Threshold of significance 0.057 0.062 0.053 0.054 0.049 0.053 0.053 0.048 
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Table 9-4. Test statistic for CSM plots and first order sensitivity indices of the Cs-135 
peak release rates from the near field and the far field (to the biosphere). 

Parameters 

CSM statistic First order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.349 0.343   0.030 0.007   

De in the small hole 0.333 0.368   0.025 0.006   

Time to loss of hole resistance         

Length of canister failed   0.105    0.008  

Waste         

IRF(Cs) in the fuel matrix   0.204 0.142   0.038 0.006 

Fuel alteration rate 0.387 0.384 0.109 0.257 0.040 0.009 0.011 0.019 

Canister interior         

Cavity water volume 0.099        

Mass of buffer in cavity 0.404 0.396   0.034 0.009   

Hole Buffer         

De (Cs) 0.139 0.177  0.150 0.006 0.003   

Kd (Cs)  0.314 0.307 0.389 0.207 0.024 0.010 0.238 0.012 

Da (Cs) in buffer 0.095 0.105 0.245 0.057 0.003 0.001 0.109 0.001 

Tunnel backfill          

De (Cs) 0.243 0.255 0.065 0.178 0.014 0.004   

Kd (Cs)          

Tunnel length         

Near field flows         

QF 0.236 0.269 0.274 0.227 0.025 0.012 0.088 0.012 

QDZ 0.159 0.178 0.171 0.189 0.006  0.058 0.011 

QTDF         

qTDZ         

Geosphere flow parameters         

Length of F-path          

WL/Q for F-path   0.167  0.192    0.009 

WL/Q for DZ-path  0.168  0.173    0.013 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity         

De   0.235  0.237    0.016 

Maximum penetration depth    0.102     

Kd (Cs)  0.544  0.527  0.004  0.067 

Sum of first order SI -- -- -- -- 0.204 0.064 0.441 0.170 

Threshold of significance 0.088 0.167 0.044 0.077 0.003 0.003 0.004 0.006 
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Figure 9-7. Mean ranks for all the near field parameters in the 10% of realisations with 
the highest/lowest Cs-135 peak release rate from the near field. 
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Figure 9-8. Mean ranks for all the parameters in the 10 % of realisations with the 
highest/lowest Cs-135 peak release rate from the far field (to the biosphere). 
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Figure 9-9. CSM plots for Cs-135 peak release rate from the near field in two Monte 
Carlo simulations with 10,000 realisations. 
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Figure 9-10. CSM plots for Cs-135 peak release rate from the far field (to the 
biosphere) in two Monte Carlo simulations with 10,000 realisations. 
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significant effect on Cs-135 peak release rate from the near field, but the rankings of 
importance are quite different.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor representation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters for Cs-135 peak release rate from the near field.  

The regression model in ranks (Table 9-2) has identified Mass of buffer in cavity as the 
parameter with the greatest influence on the spread of the values of Cs-135 peak release 
rate from the near field, followed by three parameters with a similar importance: Small 
hole diameter, De in the small hole and Kd(Cs) in buffer. The fifth parameter in 
importance is Fuel alteration rate, followed by the near field equivalent flows QF and 
QDZ, De(Cs) in backfill and De(Cs) in buffer. IRF(Cs) is the tenth most important 
parameter, with a limited effect on the spread of values of Cs-135 peak release rate from 
the near field. Cavity water volume is the only other parameter whose RCC/SRRC is 
slightly greater than the threshold of significance.  

The four parameters with the highest RCCs/SRRCs form part of the Small Hole 
Transport Parameter (SHTP) in Equation A-2, which has a strong effect on the mass 
flow through the small hole into the buffer. The RCC/SRRC of SHTPCs with Cs-135 
peak release rate from the near field is 0.848, much higher than any input parameter, 
and the coefficient of determination (R2) of a linear regression in ranks with only 
SHTPCs is 0.719. This result is consistent with the significant correlation between Cs-
135 peak release rates through the small hole in the overpack and from the near field 
observed in Figure 9-6. 

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same eleven parameters that take specific 
values in the 10 % of realisations with the highest Cs-135 peak release rate from the 
near field. These are the same eleven parameters identified as relevant by the regression 
in ranks, and the rankings of importance based on the statistic of the Smirnov test, the 
modified statistic of the Mann-Whitney test and the RCCs/SRRCs are nearly identical.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 9-7 it has 
been determined that the 10 % of realisations with the highest Cs-135 peak release rate 
from the near field are characterised by: 

- very high values of De in the small hole, significantly high values of Small hole 
diameter and Fuel alteration rate, high values of QF and QDZ, slightly greater than 
average values of IRF(Cs), and 

- very low values of Mass of buffer in cavity, significantly low values of Kd(Cs) in 
buffer and De(Cs) in backfill, low values of De(Cs) in buffer and slightly smaller 
than average values of Cavity water volume. 

Figure 9-7 shows that the parameters that take specific values in the 10 % of realisations 
with the lowest Cs-135 peak are the same as those that take specific values in the 
highest 10 % realisations. If a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10 % realisations, and vice versa. 
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The CSM statistic and plot (Table 9-4 and Figure 9-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of Cs-135 peak release rate from the near field in the 10,000 realisations. 
Ten parameters have a value of the CSM statistic above the threshold of significance, 
and are the same parameters identified as relevant on the basis of RCCs/SRRCs and 
Monte Carlo filtering minus IRF(Cs).  

Figure 9-9 shows that the 40 % of highest values of Mass of buffer in cavity and Kd(Cs) 
in buffer produce only 8 % and 13 % of the mean of the Cs-135 peak release rate to the 
biosphere, respectively. The lowest 40 % of values of Small hole diameter, Fuel 
alteration rate, De in the small hole produce only 10 %, 12 % and 12 % of the mean of 
the Cs-135 peak release rate to the biosphere, respectively. For the rest of input 
parameters, the different regions of values provide a similar contribution to the output 
sample mean. 

On the basis of the CSM statistic the two most important parameters for Cs-135 peak 
release rate from the near field are Mass of buffer in cavity and Fuel alteration rate, 
closely followed by a group of three parameters of similar importance: Small hole 
diameter, De in the small hole and Kd(Cs) in buffer. The remaining significant 
parameters are (ordered by decreasing importance): De(Cs) in backfill and QF (both 
with a similar value of the CSM statistic), QDZ, De(Cs) in buffer and Cavity water 
volume. 

The first order sensitivity indices in Table 9-4 show that only 20 % of the variance of 
Cs-135 peak release rate from the near field is due to the variance of the input 
parameters acting independently, with the remaining 80 % being produced by the 
interaction between parameters. Since first order sensitivity indices only explain a small 
part of the variance of the output variable, the validity of a ranking of importance of the 
input parameters based on first order sensitivity indices is questionable. But, in any 
case, the ranking based on first order sensitivity indices is quite similar to the rankings 
obtained in previous paragraphs with other statistics: 

- The parameters with the highest values of the first order sensitivity indices (from 
0.040 to 0.024) are Fuel alteration rate, Mass of buffer in cavity, Small hole 
diameter, De in the small hole, QF and Kd(Cs) in buffer. 

- De(Cs) in backfill, De(Cs) in buffer and QDZ have smaller, but still statistically 
significant values of the first order sensitivity indices.  

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a reasonably good agreement between the different rankings, 
and the key input parameters for the Cs-135 peak release rate from the near field in the 
hole forever case have been identified: 

- the parameters with the greatest influence are Mass of buffer in cavity, Small hole 
diameter, De in the small hole, Kd(Cs) in buffer and Fuel alteration rate, 

- there are four parameters of secondary importance: near field equivalent flows QF 
and QDZ, De(Cs) in backfill and De(Cs) in buffer, and 

- IRF(Cs) and Cavity water volume have only a small effect. 
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The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. Small hole diameter, De in the small 
hole, Fuel alteration rate, QF, QDZ and IRF(Cs) are positively correlated with Cs-135 
peak release rate from the near field (i.e., the model output tends to increase when the 
input parameter increases) and take high values in the 10% of realisations with the 
highest Cs-135 peak release rate. Mass of buffer in cavity, Kd(Cs) in buffer, De(Cs) in 
backfill, De(Cs) in buffer and Cavity water volume are negatively correlated with Cs-
135 peak release rate from the near field and take low values in the 10 % of realisations 
with the highest Cs-135 peak release rate. For most parameters these results are 
consistent with the intuitive effect of each parameter on the model output: e.g. it is 
expected that peak release rates will increase if Fuel alteration rate increases.  

The negative RCCs/RRCs and low values in the highest 10% of realisations of De(Cs) 
in backfill and De(Cs) in buffer seem to be in contradiction with the intuitively expected 
effect of these parameters. These topics are discussed in sections 15.2and 
9.4.6respectively. 

All the sensitivity measures have found that Da(Cs) in buffer has a limited influence on 
Cs-135 peak release rate from the near field, much smaller than the effect of Kd(Cs) in 
buffer and even smaller than the effect of De(Cs) in buffer. 

9.4.3 PSA of the Cs-135 peak release rate to the biosphere (Hole forever) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.045 while the R2 of the regression 
in ranks is 0.815. This means that there exists an important monotonic (but not linear) 
relation between C-135 peak release rate to the biosphere and some input parameters. 
The regression models in values and ranks identify similar sets of important parameters, 
but the rankings of importance are very different.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor approximation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 9-2) has found that Kd(Cs) in unaltered rock is, 
by far, the parameter with the greatest influence on the spread of the values of Cs-135 
peak release rate to the biosphere, followed by three more geosphere parameters: De in 
unaltered rock, WL/Q for DZ-path and Peclet number. There is a group of parameters 
with a limited effect on the spread of values of Cs-135 peak release rate to the 
biosphere: WL/Q for F-path and the near field parameters controlling the Cs-135 peak 
release rate from the near field: Kd(Cs) in buffer, Mass of buffer in cavity, Small hole 
diameter, QF, De in the small hole and Fuel alteration rate. Finally, there are three 
parameters with very small RCCs/SRRCs: QDZ, De(Cs) in buffer and IRF(Cs).   

The spread of values of Cs-135 peak release rate to the biosphere is controlled mainly 
by the transport of caesium through the geosphere. While the coefficient of 
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determination (R2) of a multiple linear regression in ranks with the six geosphere 
parameters is 0.744, a similar regression with all the near field parameters has a R2 of 
0.070.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify roughly the same parameters that take specific 
values in the 10 % of realisations with the highest Cs-135 peak release rate from the 
near field, with very similar rankings of importance. These are nearly the same 
parameters identified as relevant in the regression in ranks but there are significant 
differences in the rankings of importance. Near field parameters are far more important 
in the highest 10 % of realisations than for the spread of values of Cs-135 peak release 
rate to the biosphere. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 9-8 it has 
been identified that the 10 % of realisations with the highest Cs-135 peak release rate 
from the near field are characterised by: 

- significantly high values of Small hole diameter and De in the small hole, high 
values of Fuel alteration rate, QF and QDZ, slightly greater than average values of 
IRF(Cs), and 

- very low values of Kd(Cs) in unaltered rock, significantly low values of Mass of 
buffer in cavity, De in unaltered rock and Kd(Cs) in buffer, low values of WL/Q for 
DZ-path, WL/Q for F-path, De(Cs) in buffer and De(Cs) in backfill and slightly 
smaller than average values of Peclet number. 

Figure 9-8 shows that only geosphere parameters take specific values in the lowest 
10 % of realisations, and near field parameters are not relevant. The realisations with the 
lowest Cs-135 peak release rate to the biosphere are those with very slow transport in 
the geosphere, and are characterised by very high values of Kd(Cs) in unaltered rock, 
significantly high values of De in unaltered rock and Peclet number, high values of 
WL/Q for DZ-path and slightly greater than average values of WL/Q for F-path and 
WL/Q for TDZ-path. It is noteworthy that Peclet number does not take any specific 
values in the highest 10 % realisations, but the lowest 10 % of realisations correspond to 
significantly high values of Peclet number (i.e. realisations with little longitudinal 
dispersion). 

The CSM statistic and plot (Table 9-4 and Figure 9-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of Cs-135 peak release rate from the near field in the 10,000 
realisations. There are thirteen parameters whose CSM statistics are above the threshold 
of significance, and are roughly the same identified as relevant on the basis of the 
RCCs/SRRCs and Monte Carlo filtering.  

Figure 9-10 shows that the 62 % of realisation with the highest values of Kd(Cs) in 
unaltered rock produce only 10 % of the mean of the Cs-135 peak release rate to the 
biosphere, while the 15 % of realisations with the lowest values of Kd(Cs) in unaltered 
rock produce 50 % of the mean of the output. The 43 % of highest values of Mass of 
buffer in cavity produces only 10 % of the mean of the output. The 40 % of lowest 
values of Small hole diameter, Fuel alteration rate and De in the small hole produce, 
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each, only 10 % of the mean of the Cs-135 peak release rate to the biosphere. For the 
rest of input parameters the different regions of values provide similar contributions to 
the output sample mean. 

On the basis of the CSM statistic the most influential parameter for Cs-135 peak release 
rate to the biosphere is Kd(Cs) in unaltered rock, followed by four parameters of similar 
importance: Mass of buffer in cavity, Fuel alteration rate, Small hole diameter and De 
in the small hole. There is a group of parameters of secondary importance (CSM 
statistic between 0.2 and 0.3): Kd(Cs) in buffer, QF, De(Cs) in backfill and De in 
unaltered rock. Finally, the CSM statistics for QDZ, De(Cs) in buffer, WL/Q for DZ-path 
and WL/Q for F-path are slightly above the threshold of significance. The threshold of 
the CSM statistic (Table 9-4 and Figure 9-10) takes a high value because the mean 
value of Cs-135 peak release rate to the biosphere is controlled by a small fraction of the 
10,000 realisations: the highest realisation is responsible for 3.4 % of the mean and the 
ten highest realisations produce 23.1 % of the mean.  

The first order sensitivity indices in Table 9-4 show that only 6 % of the variance of Cs-
135 peak release rate to the biosphere is due to the variance of the input parameters 
acting independently, with the remaining 94 % being produced by the interaction 
between parameters. Since the first order sensitivity indices only explain a tiny part of 
the variance of the output variable it is not appropriate to use them to create a ranking of 
important parameters.  

In the previous paragraphs different rankings of importance of the input parameters 
have been obtained, with Kd(Cs) in unaltered rock standing out always as the most 
influential parameter, with a clear lead. For the spread of values of Cs-135 peak release 
rate to the biosphere (quantified by the RCCs/SRRCs) the next most influential 
parameters are only geosphere parameters, while in the other rankings the next most 
influential parameters are mainly near field parameters plus two geosphere parameters 
(De in unaltered rock and WL/Q for DZ-path). On the basis of the different rankings 
obtained in the previous paragraphs, the key input parameters for Cs-135 peak release 
rate to the biosphere in the hole forever case have been identified: 

- the parameter with the greatest influence is, by far, Kd(Cs) in unaltered rock, 

- there is a group of eight very influential parameters (at least for one sensitivity 
measure): Mass of buffer in cavity, Small hole diameter, De in the small hole, Fuel 
alteration rate, Kd(Cs) in buffer, De in unaltered rock, WL/Q for DZ-path and 
Peclet number. 

- there are five parameters of secondary importance: QF, QDZ, WL/Q for F-path, 
De(Cs) in buffer and De(Cs) in backfill and 

- IRF(Cs) has only a small effect. 

It is noteworthy that Peclet number is an important parameter only for the spread of 
values of Cs-135 peak release rate to the biosphere (RCCs/SRRCs) and the lowest 10 % 
realisations (Figure 9-8). On the other hand, Peclet number has a minimum effect in the 
highest 10 % realisations, because in these realisations transport through the geosphere 
is relatively fast and the “true”Cs-135 peak release rate to the biosphere is reached 
within the assessment timeframe of 106 years, and reaching that peak earlier or later 
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(which is controlled by the longitudinal dispersion) has little effect on the peak release 
rate due to the long life of Cs-135 (T1/2=2.3·106 years). The effect of Peclet number on 
the peak release rates to the biosphere is analysed in section 15.1.   

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10% of realisations with the 
highest values of the output variable, respectively. Small hole diameter, QF, De in the 
small hole, Fuel alteration rate, QDZ and IRF(Cs) are positively correlated with Cs-135 
peak release rate from the near field (i.e., the model output tends to increase when the 
input parameter increases) and take high values in the 10 % of realisations with the 
highest Cs-135 peak release rates. Kd(Cs) in unaltered rock, De in unaltered rock, 
WL/Q for DZ-path, Peclet number, WL/Q for F-path, Kd(Cs) in buffer, Mass of buffer in 
cavity and De(Cs) in buffer are negatively correlated with Cs-135 peak release rate from 
the near field and take low values in the 10 % of realisations with the highest Cs-135 
peak release rates (De(Cs) in backfill takes low values also). For most parameters these 
results are consistent with the intuitive effect of each parameter on the model output: 
e.g. it is expect that peak release rates will increase if Fuel alteration rate increases. 

The negative RCC/RRC of De(Cs) in buffer and the low values in the highest 10 % of 
realisations of De(Cs) in backfill and De(Cs) in buffer seem to be in contradiction with 
the intuitively expected effect of these parameters. These topics are discussed in 
sections 15.2 and 9.4.6 respectively. 

All the sensitivity measures have found that Da(Cs) in buffer has a limited influence on 
Cs-135 peak release rate to the biosphere, much smaller than the effect of Kd(Cs) in 
buffer and even smaller than the effect of De(Cs) in buffer. 

9.4.4 PSA of the Cs-135 peak release rate from the near field (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.258 while the R2 of the regression in 
ranks is 0.862. This means that there exists a strong monotonic (but not linear) relation 
between Cs-135 peak release rate from the near field and some input parameters. The 
regression models in values and ranks identify the same seven parameters with a 
significant effect on Cs-135 peak release rate from the near field, but the rankings of 
importance are quite different. 

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor approximation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 9-2) has identified Kd(Cs) in buffer as the 
parameter with the greatest influence on the spread of the values of Cs-135 peak release 
rate from the near field, followed by near field equivalent flows QF and QDZ. The next 
parameters in importance are Fuel alteration rate and IRF(Cs), both with similar 
RCCs/SRRCs. Finally, the sixth and seventh most influential parameters are Length of 
canister failed and De(Cs) in backfill. 
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The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same seven parameters that take specific 
values in the 10 % of realisations with the highest Cs-135 peak release rate from the 
near field. The rankings of importance based on the statistic of the Smirnov test and the 
modified statistic of the Mann-Whitney test are identical, but slightly different from the 
ranking obtained with the RCCs/SRRCs.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 9-7 it has 
been identified that the 10 % of realisations with the highest Cs-135 peak release rate 
from the near field are characterised by: 

- very high values of QF, significantly high values of IRF(Cs) and QDZ, high values of 
Fuel alteration rate and, 

- very low values of Kd(Cs) in buffer and low values of De(Cs) in backfill and Length 
of canister failed. 

Figure 9-7 shows that the parameters that take specific values in the 10 % of realisations 
with the highest Cs-135 peak release rate from the near field are the same as those that 
take specific values in the highest 10 % realisations. If a parameter takes high values in 
the highest 10 % realisations, then it takes low values in the lowest 10 % realisations, 
and vice versa. 

The CSM statistic and plot (Table 9-4 and Figure 9-9) identify the parameters for which 
a particular region of values provides a lower or greater than average contribution to the 
mean value of Cs-135 peak release rate from the near field in the 10,000 realisations. 
The parameters whose CSM statistic is above the threshold of significance are the same 
seven parameters identified as relevant on the basis of the RCCs/SRRCs and the 
modified statistic of the Mann-Whitney test.  

Figure 9-9 shows that the 40 % of highest values of Kd(Cs) in buffer produce only 10 % 
of the mean of the Cs-135 peak release rate from the near field, and the 10 % of lowest 
values of Kd(Cs) in buffer produce 40 % of the mean of the output. The lowest 40 % of 
values of QF produce 18 % of the mean of the Cs-135 peak release rate from the near 
field, and the 20 % of highest values of QF produce 44 % of the mean of the output. For 
the rest of input parameters the different regions of values provide a similar contribution 
to the output sample mean. 

On the basis of the CSM statistic the most important parameter for Cs-135 peak release 
rate from the near field is, by far, Kd(Cs) in buffer, followed by QF, IRF(Cs) and QDZ. 
The remaining significant parameters are (ordered by decreasing importance): Fuel 
alteration rate and Length of canister failed (both with a similar value of the CSM 
statistic) and De(Cs) in backfill. 

The first order sensitivity indices in Table 9-4 show that 44 % of the variance of Cs-135 
peak release rate from the near field is due to the variance of the input parameters acting 
independently, with the remaining 56 % being produced by the interaction between 
parameters. The parameter with the highest value of the first order sensitivity index is, 
by far, Kd(Cs) in buffer, that is responsible for 24 % of the variance of the output 
variable. The next most important parameters are QF (9 %), QDZ (6 %) and IRF(Cs) 
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(4 %). Finally, the variance of Fuel alteration rate and Length of failed canister acting 
independently explain, each, roughly 1 % of the variance of Cs-135 peak release rate 
from the near field. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. The same seven important parameters are identified by the different 
statistics, with small differences in the rankings of importance. The key input 
parameters for Cs-135 peak release rate from the near field in the growing hole case 
have been identified: 

- the parameter with the greatest influence is, by far, Kd(Cs) in buffer, 

- there is a group of very influential parameters: QF and QDZ and IRF(Cs), 

- the influence of Fuel alteration rate on the spread of values of Cs-135 peak release 
from the near field (quantified by the RCCs/SRRCs) is similar to IRF(Cs) in the fuel 
matrix, but for the other sensitivity measures Fuel alteration rate is far less 
influential than IRF(Cs), and 

- De(Cs) in backfill and Length of canister failed have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. IRF(Cs), Fuel alteration rate, QF, 
and QDZ are positively correlated with Cs-135 peak release rate to the biosphere (i.e., the 
model output tend to increase when the input parameter increases) and take high values 
in the 10 % of realisations with the highest Cs-135 peak release rates. Kd(Cs) in buffer, 
De(Cs) in backfill and Length of canister failed are negatively correlated with Cs-135 
peak release rate to the biosphere and take low values in the 10 % of realisations with 
the highest Cs-135 peak release rate. For most parameters these results are consistent 
with the intuitive effect of each parameter on the model output: e.g. it is expect that 
peak release rates will increase if Fuel alteration rate increases. 

The negative RCC/RRC and the low values in the highest 10 % of realisations of 
De(Cs) in backfill seem to be in contradiction with the intuitively expected effect of this 
parameter, and this topic is discussed in section 15.2. The negative correlation of the 
Length of canister failed is observed also for many more radionuclides, and is discussed 
in section 15.3. 

All the sensitivity measures (with the exception of the CCs/RCCs) have found that 
Da(Cs) in buffer has a limited influence on Cs-135 peak release rate to the biosphere, 
much smaller than the effect of Kd(Cs) in buffer. It must be noted that for all the 
sensitivity measures De(Cs) in buffer is always below the threshold of statistical 
significance. As a consequence, it can be concluded that Kd(Cs) in buffer is the only 
parameter related to caesium diffusion in the buffer that affects Cs-135 peak release rate 
from the near field in the growing hole case.      
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9.4.5 PSA of the Cs-135 peak release rate to the biosphere (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.096 while the R2 of the regression 
in ranks is 0.843. This means that there exists an important monotonic (but not linear) 
relation between C-135 peak release rate to the biosphere and some input parameters. 
There are significant differences between the lists and rankings of important parameters 
obtained with the regression models in values and ranks.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 9-2) has found that Kd(Cs) in unaltered rock is, 
by far, the parameter with the greatest influence on the spread of the values of Cs-135 
peak release rate to the biosphere, followed by four other geosphere parameters (ordered 
from higher to lower importance): De in unaltered rock, WL/Q for DZ-path, Peclet 
number and WL/Q for F-path. There are four near field parameters of limited 
importance: QF, Fuel alteration rate, Kd(Cs) in buffer and QDZ. Finally, there are three 
near field parameters with very small, but statistically significant, RCCs/SRRCs: 
De(Cs) in backfill, De(Cs) in buffer and IRF(Cs).   

Table 9-2 shows that the spread of values of Cs-135 peak release rate to the biosphere is 
controlled mainly by the transport of caesium through the geosphere. The coefficient of 
determination (R2) of a multiple linear regression in ranks with the six geosphere 
parameters is 0.808, while a similar regression with all the near field parameters has a 
R2 of 0.035.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90%) identify the same parameters that take specific values in 
the 10 % of realisations with the highest Cs-135 peak release rate from the near field, 
with the same rankings of importance. These are the same parameters identified as 
relevant in the regression in ranks minus Peclet number plus Maximum penetration 
depth in unaltered rock, but there are significant differences in the rankings of 
importance. Near field parameters are far more important in the highest 10 % of 
realisations than for the spread of values of Cs-135 peak release rate to the biosphere. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 9-8 it has 
been identified that the 10 % of realisations with the highest Cs-135 peak release rate 
from the near field are characterised by: 

- significantly high values of Fuel alteration rate, QF and QDZ, high values of 
IRF(Cs), and 

- very low values of Kd(Cs) in unaltered rock, significantly low values of Kd(Cs) in 
buffer, De in unaltered rock and WL/Q for DZ-path, low values of WL/Q for F-path, 
De(Cs) in backfill and De(Cs) in buffer and slightly smaller than average values of 
Maximum penetration depth in unaltered rock. 
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Figure 9-8 shows that only geosphere parameters take specific values in the lowest 
10 % of realisations, and near field parameters are not relevant. The realisations with the 
lowest Cs-135 peak release rate are those with very slow transport in the geosphere, and 
are characterised by very high values of Kd(Cs) in unaltered rock, significantly high 
values of De(Cs) in unaltered rock and Peclet number, high values of WL/Q for DZ-
path and slightly greater than average values of WL/Q for F-path and WL/Q for TDZ-
path. It is noteworthy that Peclet number does not take any specific values in the 
highest 10 % realisations while the lowest 10 % realisations are characterised by 
significantly high values of Peclet number (i.e. realisations with little longitudinal 
dispersion). 

The CSM statistic and plot (Table 9-4 and Figure 9-10) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of Cs-135 peak release rate from the near field in the 10,000 
realisations. There are twelve parameters whose CSM statistic is above the threshold of 
significance, and are roughly the same identified as relevant on the basis of the 
RCCs/SRRCs and Monte Carlo filtering.  

Figure 9-10 shows that the 62 % of realisation with the highest values of Kd(Cs) in 
unaltered rock produce only 10 % of the mean of the Cs-135 peak release rate to the 
biosphere, while the 15 % of realisations with the lowest values of Kd(Cs) in unaltered 
rock produce 50 % of the mean of the output. The 40 % of lowest values of Fuel 
alteration rate produce only 20 % of the mean of the Cs-135 peak release rate to the 
biosphere, while the 20 % of highest values of Fuel alteration rate produce 44 % of the 
mean of the output. For the rest of input parameters the different regions of values 
provide a similar contribution to the output sample mean. 

On the basis of the CSM statistic, the most influential parameter for Cs-135 peak release 
rate to the biosphere is, by far, Kd(Cs) in unaltered rock. There is a numerous group of 
important parameters, with values of the CSM statistic between 0.257 and 0.142 (from 
higher to lower importance):  Fuel alteration rate, De in unaltered rock, QF, Kd(Cs) in 
buffer, WL/Q for F-path, QDZ, De(Cs) in backfill, WL/Q for DZ-path, De(Cs) in buffer 
and IRF(Cs). Maximum penetration depth in unaltered rock is the only other parameter 
with a CSM statistic slightly above the threshold of significance.  

The first order sensitivity indices in Table 9-4 show that only 17 % of the variance of 
Cs-135 peak release rate to the biosphere is due to the variance of the input parameters 
acting independently, with the remaining 83 % being produced by the interaction 
between parameters. Since the first order sensitivity indices only explain a small part of 
the variance of the output variable it is not appropriate to use them to create a ranking of 
important parameters. But in any case, the ranking of importance obtained on the basis 
of the first order sensitivity indices is similar to the rest of rankings obtained in this 
section: Kd(Cs) in unaltered rock is the parameter whose variance explains a greater 
fraction of the variance of the output variable (7 %) and there are seven parameters 
whose variance explain between 1 % and 2 % of the variance of the output variable: 
Fuel alteration rate, De in unaltered rock, WL/Q for DZ-path, Kd(Cs) in buffer, QF, QDZ 
and WL/Q for F-path.    
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In the previous paragraphs different rankings of importance of the input parameters 
have been obtained, with Kd(Cs) in unaltered rock being always, by far, the most 
influential parameter. For the spread of values of Cs-135 peak release rate to the 
biosphere (RCCs/SRRCs) the next most influential parameters are only geosphere 
parameters, while in the other rankings the next most influential parameters are mainly 
near field parameters plus geosphere parameters De in unaltered rock and WL/Q for 
DZ-path. On the basis of the different rankings obtained in the previous paragraphs, the 
key input parameters for Cs-135 peak release rate to the biosphere in the growing hole 
case have been identified: 

- the parameter with the greatest influence is, by far, Kd(Cs) in unaltered rock, 

- there is a group of seven very influential parameters (at least for one sensitivity 
measure):  Fuel alteration rate, Kd(Cs) in buffer, De in unaltered rock, WL/Q for 
DZ-path, Peclet number and the near field equivalent flows QF and QDZ,  

- there are four parameters of secondary importance: WL/Q for F-path, De(Cs) in 
backfill, De(Cs) in buffer and IRF(Cs), and 

- Maximum penetration depth in unaltered rock has only a small effect. 

It is noteworthy that Peclet number is an important parameter only for the spread of 
values of Cs-135 peak release rate to the biosphere (RCCs/SRRCs) and the lowest 10 % 
realisations (Figure 9-8). On the other hand, Peclet number has no effect on the highest 
10 % realisations, because in these realisations transport through the geosphere is 
relatively fast and the “true” Cs-135 peak release rate to the biosphere is reached within 
the assessment timeframe of 106 years, and reaching that peak earlier or later (which is 
controlled by the longitudinal dispersion) has little effect on the peak release rate due to 
the long life of Cs-135 (T1/2=2.3·106 years). The effect of Peclet number on the peak 
release rates to the biosphere is discussed in section 15.1.   

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. Fuel alteration rate, QF, QDZ and 
IRF(Cs) are positively correlated with Cs-135 peak release rate to the biosphere (i.e., the 
model output tends to increase when the input parameter increases) and take high values 
in the 10 % of realisations with the highest Cs-135 peak release rates. Kd(Cs) in 
unaltered rock, De in unaltered rock, WL/Q for DZ-path, Peclet number, WL/Q for F-
path, Kd(Cs) in buffer, De(Cs) in backfill, De(Cs) in buffer and Maximum penetration 
depth in unaltered rock are negatively correlated with Cs-135 peak release rate ot the 
biosphere and take low values in the 10 % of realisations with the highest Cs-135 peak 
release rates (with the exception of Peclet number). For most parameters these results 
are consistent with the intuitive effect of each parameter on the model output: e.g. it is 
expect that peak release rates will increase if Fuel alteration rate increases. 

The negative RCCs/RRCs and low values in the highest 10 % of realisations of De(Cs) 
in backfill and De(Cs) in buffer seem to be in contradiction with the intuitively expected 
effect of these parameters. These topics are discussed in sections 15.2 and 9.4.6 
respectively.. 
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All the sensitivity measures have found that Da(Cs) in buffer has a limited influence on 
Cs-135 peak release rate to the biosphere, much smaller than the effect of Kd(Cs) in 
buffer, and even smaller than the effect of De(Cs) in buffer.   

9.4.6 Effect of De(Cs) in buffer Cs-135 releases 

In the previous sections it has been found that De(Cs) in buffer is negatively correlated 
with the Cs-135 peak release rate from the near field in the hole forever case and with 
Cs-135 peak release rate to the biosphere both in the hole forever and growing hole 
cases. This negative correlation is observed also with the evolution with time of the Cs-
135 release rate from the near field (Figure 9-3), especially in the growing hole case.  

To clarify this behaviour, Monte Carlo simulations with 10,000 realisations have been 
done with a model that only represents the deposition hole (no deposition tunnel) in the 
hole forever and growing hole cases. The values of different sensitivity measures of 
De(Cs) in buffer with Cs-135 peak release rates in the Base Case (with tunnel) and the 
new Monte Carlo simulations (No tunnel) are presented in Table 9-5. 

Table 9-5. RCCs/SRRCs, modified statistic of the Mann-Whitney test (10 % of highest 
values vs. remaining 90 %) and CSM statistic of De(Cs) in buffer with Cs-135 peak 
release rates from the near field and to the biosphere. Results in the Base Case (that 
includes the deposition tunnel) and with the model that doesn´t include the tunnel. 

 
RCC/SRRC Mann-Whitney CSM statistic 

Base 
Case 

No 
tunnel 

Base 
Case 

No 
tunnel 

Base 
Case 

No 
tunnel 

Hole forever case       
Peak release rate from near field  -0.135 -0.032 -0.180 -- 0.139 -- 
Peak release rate to biosphere -0.037 -- -0.136 -0.059 0.177 0.070 
Growing hole case       
Peak release rate from near field  -- -- -- -- -- -- 
Peak release rate to biosphere -0.036 -- -0.140 -- 0.150 -- 

 

When the deposition tunnel is not included in the model the influence of De(Cs) in 
buffer on the Cs-135 release rates from the near field and to the biosphere decreases 
significantly. This means that in the Base Case (with deposition tunnel) the main effect 
of De(Cs) in buffer is related to the transport of Cs-135 through the 2.5m of buffer 
above the canister to the backfill in the tunnel. 

The mass flow of Cs-135 through the hole-tunnel interface increases if De(Cs) in buffer 
and/or De(Cs) in backfill increase, reducing the amount of Cs-135 transported radially 
through the 35cm of buffer around the canister to the damaged rock around the 
deposition hole. Equivalent near field flows QF and QDZ extract contaminants from the 
damaged rock around the deposition hole, and the DZ- and F-paths control the release 
rate of Cs-135 from the near field, because the transport through the 2.5 meters of buffer 
above the canister plus several meters of backfill (TDZ-paths) takes a very long time for 
a sorbed species like caesium. As a consequence, an increase in De(Cs) in buffer and/or 
De(Cs) in backfill will produce a decrease of the Cs-135 peak release rate from the near 
field and to the biosphere. This explains the negative correlation between De(Cs) in 
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buffer and De(Cs) in backfill and Cs-135 release rates from the near field and to the 
biosphere. 

9.5 Conclusions of the PSA for Cs-135 

Cs-135 is produced by fission of U-235 and Pu-239 in the reactor, and Cs-135 inventory 
in the spent fuel is proportional to its burnup. Since the range of values of the fuel 
burnup is relatively narrow (a factor of two or three at most), there exists little 
variability in the Cs-135 inventory between the different fuel elements.  

The PSA has been done using a cautious initial inventory of Cs-135 (the same in all the 
realisations). Due to the very high solubility assigned to caesium, Cs-135 release rates 
from the near field and to the biosphere are proportional to the inventory in the spent 
fuel, and any variation in the Cs-135 inventory is transferred to the release rates. 
Nevertheless, a factor two or three of uncertainty in the inventory of Cs-135 is very 
small compared with the great uncertainty in Cs-135 release rates from the near field 
and to the biosphere produced by uncertainty in the model input parameters.  

In the hole forever case, Cs-135 releases from the near field are controlled mainly by the 
transport through the small hole in the canister overpack. De(Cs) in buffer and De(Cs) 
in backfill are important also, as well as near field flows QF and QDZ, that control the 
transfer of radionuclides out of the near field.  

The input parameters with the greatest effect on Cs-135 peak release rate from the near 
field are Mass of buffer in cavity, Small hole diameter, De in the small hole and Kd(Cs) 
in buffer. These four parameters are included in the definition of the Small Hole 
Transport Parameter (SHTP) in Equation A-2 for a sorbed species. Although De(Cs) in 
buffer is included in the expression of the SHTP, in section A.1 it is justified that it has a 
negligible effect on the SHTP.    

The parameters related to Cs-135 release from the waste (Fuel alteration rate and 
IRF(Cs)) have a significant effect, due to their influence on the release rate through the 
small hole into the buffer, as justified in section A.1. In 94 % of the realisations Cs-135 
peak release rate from the near field is reached at the end of the assessment timeframe 
(106 years). This is consistent with the much greater importance of Fuel alteration rate 
(that controls the long term releases of Cs-135) compared with IRF(Cs) as obtained in 
the PSA.  

Kd(Cs) in buffer has a two-fold effect on Cs-135 releases from the near field: decrease 
the dissolved concentration of Cs-135 inside the canister and decrease the concentration 
of Cs-135 in the buffer porewater. The RCC/SRRC of Kd(C) in buffer with Cs-135 peak 
release rate through the small hole is -0.325, similar to the RCC/SRRC with Cs-135 
peak release rate from the near field (-0.384 in Table 9-2). Hence it is concluded that the 
main effect of Kd(Cs) in buffer is to reduce the dissolved concentration of Cs-135 inside 
the canister.  

Due to the significant sorption of caesium on unaltered rock, geosphere parameters have 
a great effect on Cs-135 peak release rate to the biosphere, and Kd(Cs) in unaltered rock 
is, by far, the most influential parameter. Several geosphere parameters have an 
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important effect on Cs-135 peak release rate to the biosphere: WL/Q for F-path, WL/Q 
for DZ-path, De in unaltered rock and Peclet number. The near field parameters 
identified in the previous paragraphs as important for Cs-135 peak release rate from the 
near field have a significant effect on the Cs-135 peak release rate to the biosphere also.  

Cs-135 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates.  

In 60 % of the realisations of the growing hole case the Cs-135 peak release rate from 
the near field takes place a short time after the enlargement of the small hole (before 
60,000 years). In 15% of the realisations the Cs-135 peak release rate from the near 
field is obtained at the end of the assessment timeframe (106 years), and in 25 % of the 
realisations the peak release rate is reached between 60,000 and 106 years.  

In the realisations in which the Cs-135 peak release rate takes place before 60,000 years, 
such peak is produced by the Cs-135 inside the canister when the transport resistance of 
the small hole is lost, that is affected mainly by IRF(Cs). When the Cs-135 peak release 
rate takes place much later, both IRF(Cs) and the Cs-135 released from the waste up to 
that instant (that is proportional to Fuel alteration rate and the time passed) are 
important. 

The parameter with the greatest effect on the value of the Cs-135 peak release rate from 
the near field is, by far, Kd(Cs) in buffer. Near field flows QF and QDZ are very 
important parameters also.  

In the growing hole case geosphere parameters have a similar influence on Cs-135 peak 
release rate to the biosphere as in the hole forever case. Kd(Cs) in unaltered rock is, by 
far, the most important parameters, and there are four geosphere parameters of 
secondary importance: WL/Q for F-path, WL/Q for DZ-path, De in unaltered rock and 
Peclet number. The near field parameters with an important effect on Cs-135 peak 
release rate from the near field have also significant effect on the Cs-135 peak release 
rate to the biosphere.  

Cs-135 release rates from the near field and to the biosphere at different instants are 
controlled by roughly the same parameters as the peak release rates, although the 
relative importance can be different. After several tens of thousands of years Cs-135 has 
crossed the 2.5m of buffer above the deposition hole and starts to pass to the tunnel 
backfill, and thereafter De(Cs) in backfill has a growing influence on Cs-135 release 
rates from the near field. 

The TDZ-path does not provide a significant contribution to the Cs-135 total release 
rates from the near field or to the biosphere during the one million years assessment 
timeframe. The tunnel backfill acts as a sink for a significant fraction of the Cs-135 
released from the waste, that otherwise would be released from the near field through 
the F- and DZ-paths, increasing the Cs-135 total release rates. 
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10 SENSITIVITY ANALYSIS FOR THE SUM OF ACTINIDES AND 
PROGENY 

In this chapter a comprehensive PSA is done for the total normalised release rates from 
the near field and to the biosphere of the sum of actinides and progeny in the hole 
forever and growing hole cases. 

Figure 5-8 to Figure 5-11 show that the mean normalised release rates from the near 
field and to the biosphere are completely controlled by the releases of Ra-226. In the 
realisations with greatest normalised release rates of actinides and progeny, those 
release rates are always controlled by Ra-226 because radium can move through the 
buffer, backfill and the geosphere much faster than the actinides, due to its much lower 
sorption (Figure 3-7, Figure 3-8 and Figure 3-15). The realisations with the greatest 
consequences are controlled by Ra-226, and these small number of realisations control 
the mean (averaged over the 10,000 realisations) normalised release rates. As a 
consequence, the mean normalised release rates of all actinides and progeny and the Ra-
226 mean normalised release rates are identical (both curves overlap in Figure 5-8 to 
Figure 5-11). 

Figure 5-16 and Figure 5-17 show that Ra-226 has a great influence on the peak 
normalised release rates from the near field and to the biosphere of actinides and 
progeny also. In nearly all the realisations the peak normalised release rate from the 
near field of actinides and progeny is equal to the normalised release rate from the near 
field of Ra-226 (Figure 5-16). In the 20 % of realisations with greatest values of the 
peak total normalised release rate to the biosphere, it is equal to the normalised release 
rate to the biosphere of Ra-226, while in the remaining 80 % of realisations the peak 
normalised release rate of Ra-226 can be much smaller than the peak normalised release 
rate to the biosphere of actinides and progeny. 

These results confirm that Ra-226 plays a dominant role for the normalised release rates 
from the near field and to the biosphere of actinides and progeny. For this reason it is 
expected that the parameters that control the release rates from the near field and to the 
biosphere of Ra-226 will have a great influence on the total normalised release rates of 
actinides and progeny. As shown is section 13.12, Ra-226 peak release rates from the 
near field and to the biosphere are affected mainly by the transport parameters of 
radium, but uranium and thorium transport parameters have also a significant effect, 
because Ra-226 is created by the decay chain U-238→U-234→Th-230→Ra-226.  

In particular, the 10 % of realisations with the greatest peak normalised release rate of 
actinides and progeny are the same realisations with the 10 % of highest values of Ra-
226 peak release rate. As a consequence, the statistics of the Smirnov and Mann-
Whitney tests (10 % of highest values vs. remaining 90 %) will be identical for the Ra-
226 peak release rate and the peak total normalised release rate of the sum of actinides 
and progeny.  
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10.1 Evolution of the total normalised release rates from the near field 
and to the biosphere due of actinides and progeny 

Figure 10-1 and Figure 10-2 present the results obtained in two Monte Carlo 
simulations (hole forever and growing hole) with 10,000 realisations for the normalised 
release rates from the near field and to the biosphere of actinides and progeny. The 
mean, 1st-99th percentiles, 5th-95th percentiles, median (50th percentile), minimum and 
maximum values at each instant have been calculated, although in some cases are not 
visible in the figures (<10-12). 

Figure 10-1 and Figure 10-2 illustrate the great spread of values of the normalised 
release rates from the near field and to the biosphere of actinides and progeny due to the 
uncertainty in the model input parameters and the variability of near field flows and 
geosphere flow parameters across the several thousands of potential deposition hole 
locations considered.  

At any instant there are many orders of magnitude of difference between the minimum 
and the maximum value of the normalised release rate from the near field or to the 
biosphere of actinides and progeny. Normalised release rates take from extremely small 
to relatively significant values (10-5 to 10-1), depending on the values assigned to the 
model parameters that can affect the transport of actinides and progeny (first column in 
Table 10-2) and the instant considered. 

In the hole forever case, the normalised release rates from the near field and to the 
biosphere of actinides and progeny represent less than 0.01 % of the regulatory activity 
release constraint in all the realisations. In the growing hole case, in some realisations 
the normalised release rate from the near field of actinides and progeny is close to 10 % 
of the regulatory constraint, and the normalised release rate to the biosphere of actinides 
and progeny is 1 % of the regulatory constraint. 

In Figure 10-1 to Figure 10-2 it is observed that the highest values of the release rates 
are reached only in a small percentage of the realisations: differences between the 99th 
percentiles and the maximum values are at least one order of magnitude.  
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Figure 10-1. Total normalised release rate from the near field of actinides and progeny 
in two Monte Carlo simulations with 10,000 realisations (hole forever and growing 
hole). 
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Figure 10-2. Total normalised release rate to the biosphere of actinides and progeny in 
two Monte Carlo simulations with 10,000 realisations (hole forever and growing hole). 
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10.2 PSA of the evolution of the total normalised release rates from the 
near field and to the biosphere of actinides and progeny 

Regression models in ranks have been used to analyse the evolution over time of the 
normalised release rates from the near field and to the biosphere of actinides and 
progeny in the hole forever and growing hole cases. The results are shown in Figure 
10-3 (release rate from the near field) and Figure 10-4 (release rate to the biosphere), 
where all the parameters with RCC/SRRC greater than 0.1 (in absolute value) at least at 
one instant are represented. Some parameters with RCC/SRRC smaller than 0.1 are also 
shown, and identified using labels filled in grey. The figures include the coefficient of 
determination (R2) of multiple linear regressions in ranks with all the model input 
parameters, to measure the quality of the regression.  

Time to transport path creation is a very important parameter up to 5,000 years (highest 
value in the PDF assigned to Time to transport path creation) in the two cases. This is a 
logical result because radionuclide releases outside the canister before the Time to 
transport path creation are zero.  

10.2.1 Hole forever case 

There is an initial period of roughly 1,500 years during which Time to transport path 
creation is the most influential parameter. During the rest of the calculation timeframe 
(up to 106 years), the spread of values of the normalised release rate from the near field 
of actinides and progeny is controlled mainly by Kd(Ra) in buffer (with a RCC/SRCC 
around -0.6), followed in importance by Small hole diameter, De in the small hole and 
Solubility(Ra) inside canister, the three with RCCs/SRRCs around 0.4. After a few 
thousands of years the RCCs/SRRCs of near field flows QF and QDZ reach a value of 0.2 
that remain constant up to 106 years.  

Figure 10-3 shows that the RCC/SRRC of Fuel alteration rate initially increases rapidly 
with time until reaching a value around 0.2 after 5,000 years, and beyond that time it 
decreases with time. The RCC/SRRC of Mass of buffer in cavity initially increases (in 
absolute value) until reaching a value of -0.17 after 5,000 years, remaining practically 
constant until 105 years and decreasing slowly thereafter. Up to 20,000 years the 
RCC/SRRC of Solubility(Th) inside canister is zero, and thereafter it increases with 
time until reaching a value close to 0.2 after several hundreds of thousands of years. The 
RCC/SRRC of Solubility(Ra) inside canister is zero up to 2,000 years, then it increases 
rapidly with time, reaching a value close to 0.4 at 10,000years, and remaining around 
0.3 or 0.4 thereafter. 

As shown in Figure 13-2 the masses of radium and thorium in the waste increase slowly 
with time and the fraction released from the waste up to a given instant (and available to 
be transported) is proportional to Fuel alteration rate. As a consequence, there is an 
initial time period (shorter for radium and longer for thorium) during which the 
solubility limits are not reached, and releases into the buffer are proportional to the Fuel 
release rate and inversely proportional to Mass of buffer in cavity (for elements with 
significant sorption on buffer). After this initial period, transport is controlled by 
Solubility(Ra) inside canister and Solubility(Th) inside canister. 
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After a few thousands of years the RCC/SRRC of De(Ra,Sr) in buffer take relatively 
high (negative) values, but always smaller than 0.1.  

As expected, radium transport parameters have very high RCCs/SRRCs with the 
normalised release rate from the near field of actinides and progeny. Solubility(Th) 
inside canister has a significant effect also, because it has an important influence on the 
amount of Th-230 that enters into the buffer, and most of this Th-230 decays to Ra-226 
within this barrier.  

Figure 10-4 shows that at any instant Kd(Ra) in unaltered rock is, by far, the parameter 
with the greatest effect on the spread of values of the normalised release rate to the 
biosphere of actinides and progeny. The next most important parameter is De in 
unaltered rock, followed by WL/Q for DZ-path, Peclet number, WL/Q for F-path and 
Kd(U) in unaltered rock. Near field parameters have only a small effect, with Small hole 
diameter and Kd(Ra) in buffer being the most influential with RCCs/SRRCs of 0.14 (in 
absolute value) as a maximum. The influence of Kd(Ra) in unaltered rock is so great 
that even in the first thousand years its RCC/SRRC is similar to Time to transport path 
creation.    

At any instant, the parameters with the greatest effect on the spread of values of the 
normalised release rate to the biosphere of actinides and progeny are related to radium, 
and to a lesser extent uranium , diffusion into unaltered rock, followed by parameters 
related to water flow (plus dispersion) in the geosphere. Figure 3-15 shows that radium 
and uranium are the two elements which Kd in unaltered rock can take the lowest 
values, and this explains why they control the total releases due to actinides and 
daughters. Kd(U) in unaltered rock is an important parameter because U-234 is parent 
of Ra-226 in the decay chain U-234→Th-230→Ra-226. 

Near field parameters have a much smaller influence on the spread of values of the 
normalised release rate to the biosphere of actinides and progeny, with Small hole 
diameter and Kd(Ra) in buffer being the most important. 

10.2.2 Growing hole case 

In the growing hole case the enlargement of the small hole produces a large and sudden 
increase in the normalised release rate of actinides and progeny into the buffer, that is 
transmitted to the release rates form the near field and to the biosphere after some time 
(similarly to the increases of the total normalised release rates shown in Figure 5-1).  

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  

Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation+Time to loss of hole resistance), in some realisations the normalised 
release rates of actinides and progeny are produced by the small hole in the canister 
while in other realisations are produced by the enlarged hole, and hence are much 
greater. This explains the great importance of Time to loss of hole resistance for the 
release rate from the near field up to 55,000 years.  
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There is an initial period of roughly 1,500 years in which Time to transport path 
creation is the most influential parameter. During the rest of the calculation timeframe 
(up to 106 years), the spread of values of the normalised release rate from the near field 
of actinides and progeny is controlled mainly by Kd(Ra) in buffer (with RCC/SRCC 
between -0.6 and -0.4) and Solubility(Ra) inside canister. 

After 55,000 years the small hole has already enlarged in all the realisations and the 
parameters with the greatest effect on the spread of values of the normalised release rate 
from the near field of actinides and progeny are Kd(Ra) in buffer and Solubility(Ra) 
inside canister, followed in importance by near field flows QF and QDZ, Fuel alteration 
rate and De(Ra,Sr) in buffer.   

Between 5,000 and 55,000 years, the spread of values of the normalised release rate 
from the near field of actinides and progeny is affected by many parameters, in addition 
to Time to loss of hole resistance. The RCCs/SRRCs of the parameters related to the 
transport through the small hole (Small hole diameter, De in the small hole and Mass of 
buffer in cavity) remain important until 30,000 years because in many realisations the 
small hole has not enlarged yet. The RCCs/SRRCs of the parameters that control the 
release rate beyond 55,000 years increase gradually during this transition period 
between 5,000 and 55,000 years.  

Only radium transport parameters have significant RCCs/SRRCs with the normalised 
release rate of actinides and progeny from the near field. The same is observed also for 
Ra-226 peak release rate from the near field in the growing hole case (Table 13-17). 

Figure 10-4 shows that at any instant Kd(Ra) in unaltered rock is, by far, the parameter 
with the greatest effect on the spread of values of normalised release rate to the 
biosphere of actinides and progeny. The next most influential parameter is De in 
unaltered rock, followed by WL/Q for DZ-path, Peclet number, WL/Q for F-path and 
Kd(U) in unaltered rock. Near field parameters have always small RCCs/SRRCs, with 
Kd(Ra) in buffer being the most influential with a RCC/SRRC of -0.14 as a maximum 
(in absolute value). Even in the first thousand years the influence of Kd(Ra) in unaltered 
rock is similar to Time to transport path creation.    

The control of radium transport through the geosphere over the normalised release rate 
to the biosphere of actinides and progeny is so great that Time to loss of hole resistance 
has only a limited effect between 5,000 and 50,000 years, with RRC/SRRC equal to      
-0.2 as a maximum.   

At any instant, the parameters with the greatest effect on the spread of values of the 
normalised release rate to the biosphere of actinides and progeny are related to radium, 
and to a lesser extent uranium, diffusion into unaltered rock, followed by parameters 
related to water flow (plus dispersion) in the geosphere. Figure 3-15 shows that radium 
and uranium are the two elements which Kd in unaltered rock can take the lowest 
values, and this explains why they control the total releases due to actinides and 
daughters. Kd(U) in unaltered rock is an important parameter because U-234 is parent 
of Ra-226 in the decay chain U-234→Th-230→Ra-226. Near field parameters have a 
much smaller influence, with Kd(Ra) in buffer being the most important.  
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Figure 10-3. Evolution of the RCCs/SRRCs and R2 over time for the actinides and 
progeny total normalised release rate from the near field. 
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Figure 10-4. Evolution of the RCCs/SRRCs and R2 over time for the actinides and 
progeny total normalised release rate to the biosphere. 
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10.3 Peak total normalised release rates from the near field and to the 
biosphere of actinides and progeny 

Table 10-1 presents some indicators of the uncertainty in the peak total normalised 
release rates from the near field and the far field (to the biosphere) of actinides and 
progeny in two Monte Carlo simulations with 10,000 realisations (hole forever and 
growing hole cases). Indicator ∆98, defined in Eq. 6-1, represents the orders of 
magnitude of difference between the 1st and the 99th percentiles, and has been adopted 
to quantify the spreading in the results. 

The value of the peak normalised release rate from the near field spans over 6.9 orders 
of magnitude in the hole forever case and 5.7 orders of magnitude in the growing hole 
case. The spread of the peak release rate from the far field is greater than 30 orders of 
magnitude in both cases, because in GoldSim calculations the minimum value of a 
magnitude is 10-38, and hence the zeros in Table 10-1 mean <10-38.  

 
Table 10-1. Uncertainty indicators for the peak total normalised release rates from the 
near field and the far field (to the biosphere) of actinides and progeny in Monte Carlo 
simulations with 10,000 realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 0 6.0·10-14 1.3·10-12 5.7·10-10 7.0·10-8 4.6·10-7 2.5·10-5 6.9 

…far field 0 0 2.0·10-32 5.9·10-15 7.0·10-10 1.0·10-8 3.8·10-6 >30 

Growing hole  

…near field 3.0·10-36 2.1·10-8 3.9·10-7 4.9·10-5 2.3·10-3 9.4·10-3 7.7·10-2 5.7 

…far field 0 0 1.4·10-27 5.6·10-10 4.1·10-5 4.3·10-4 1.1·10-2 >34 

 

Figure 10-5 shows the cumulative distribution functions (CDFs) for the peak total 
normalised release rates from the near field and to the biosphere of the sum of actinides 
and progeny. The maximum values of the curves are represented with diamonds (hole 
forever case) and squares (growing hole case).  

In the hole forever case the maximum values of the peak release rates from the near 
field and to the biosphere of actinides and progeny represent less than 0.01% of the 
regulatory activity release constraint. In the growing hole case the maximum value of 
the peak normalised release rate to the biosphere is 1% of the regulatory activity release 
constraint, and the maximum value of the peak release rate from the near field 
represents 10% of such regulatory constraint (although that constraint does not apply to 
the releases from the near field). 

 Both in the hole forever and growing hole cases, the total normalised releases of 
actinides and progeny the CDFs of the peak release rates from the near field and to the 
biosphere are very different. The spread of values of the peak release rate to the 
biosphere is greater than 30 orders of magnitude vs. 6.9 or 5.7 orders of magnitude of 
spread of the peak release rate from the near field. This means that the uncertainty in the 
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peak release rate to the biosphere of actinides and progeny is controlled mainly by the 
transport through the geosphere. As a consequence, it is expected that the PSA will find 
that the parameters with the greatest influence on the peak release to the biosphere of 
actinides and progeny are geosphere parameters, with near field parameters having a 
limited importance. 

 

Figure 10-5. CDFs for the peak total normalised release rates from the near field and 
to the biosphere of actinides and progeny in Monte Carlo simulations with 10,000 
realisations. 

Figure 13-1 presents together the CDFs of the peak normalised release rates from the 
near field and to the biosphere for all the actinides and progeny (Figure 10-5) and Ra-
226, both in the hole forever and growing hole cases. Figure 13-1 shows that:  

- the CDFs of the peak normalised release rate from the near field due to all actinides 
and progeny and only Ra-226 are nearly overlapped, i.e. the two model outputs take 
the same values in the great majority of the realisations, and 

- in the 20 % of realisations with the highest peak normalised release rates to the 
biosphere the CDFs of the peak normalised release rates to the biosphere of 
actinides and progeny and of Ra-226 are overlapped. In the rest of realisations the 
CDFs are different. 

The peak normalised release rates from the near field of actinides and progeny are 
controlled by exactly the same input parameters that control the Ra-226 peak release 
rates from the near field. Comparison of Table 10-2, Table 10-3 and Table 13-17 shows 
that the RCCs/SRRCs and modified statistic of the Mann-Whitney test (10 % of highest 
values vs. remaining 90 %) take exactly the same values for the two model outputs. 
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The peak normalised release rates to the biosphere of Ra-226 and the sum of all 
actinides and progeny are controlled by roughly the same parameters although some 
sensitivity measures take different values (compare RCCs/SRRCs in Table 10-2 and 
Table 13-17). The parameters that take specific values in the highest 10 % of 
realisations are the same for the two model outputs, with identical values of the 
modified statistic of the Mann-Whitney test (10 % of highest values vs. remaining 
90 %), as can be seen in Table 10-3 and Table 13-17. 

10.4 PSA of the peak total normalised release rates from the near field 
and to the biosphere of actinides and progeny 

This section presents the results of the PSA of the peak normalised release rates from 
the near field and the far field (to the biosphere) of actinides and progeny in two cases: 
hole forever and growing hole. 

Four model outputs have been analysed: 

- peak normalised release rate from the near field of actinides and progeny in the hole 
forever case, 

- peak normalised release rate to the biosphere of actinides and progeny in the hole 
forever case, 

- peak normalised release rate from the near field of actinides and progeny in the 
growing hole case, and 

- peak normalised release rate to the biosphere of actinides and progeny in the 
growing hole case. 

10.4.1 Sensitivity measures and graphics 

For each of the model outputs listed above, the following sensitivity measures (defined 
in Chapter 4) have been calculated for all the model input parameters:  

- Correlation coefficients in values (CCs), equivalent to the standardised regression 
coefficients (SRCs) when all the input parameters are independent,  

- Correlation coefficients in ranks (RCCs), equivalent to the standardised rank 
regression coefficients (SRRCs) when all the input parameters are independent, 

- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 10-2 to Table 10-4, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance, but that probably correspond to a 
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real effect, because the parameter has been identified as relevant by other sensitivity 
measures.  

In addition, for each of the four model outputs analysed the following graphics 
(described in Chapter 4) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable (Figure 10-6 and Figure 10-7)   

- Contribution to the Sample Mean (CSM) plots (Figure 10-8 and Figure 10-9)). 
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Table 10-2. CCs/SRCs and RCCs/SRRCs for the peak total normalised release rates 
from the near field and the far field (to the biosphere) of actinides and progeny 

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.075 0.045   0.424 0.145   
De in the small hole 0.077 0.040   0.347 0.114   
Time to loss of hole resistance         
Length of canister failed         
Waste         

Fuel alteration rate   0.117 0.062 0.076  0.147  
Canister interior         
Cavity water volume         
Mass of buffer in cavity     -0.092    
Solubility (Ra) 0.252 0.033 0.060  0.286 0.053 0.630 0.094 
Solubility (Th)     0.175 0.034   
Hole Buffer         

De (cations/neutral)        0.035 
De (Ra, Sr)   0.035  -0.064  0.154 0.035 
Kd (Ra)    -0.065  -0.566 -0.107 -0.458 -0.075 
Kd (Th)      -0.044    
Kd (U)      0.024 -0.052  -0.031 
Solubility correction factor (U)         
Tunnel backfill          

De (cations/neutral)         

De (Ra, Sr)   -0.045  -0.067  -0.044  

Kd (Ra)      -0.057    

Solubility corr. factors (Ra, U)         

Tunnel length         

Near field flows         

QF   0.127 0.036 0.212 0.099 0.275 0.108 

QDZ   0.092 0.048 0.174 0.072 0.231 0.077 

QTDF / qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path      -0.177  -0.180 

WL/Q for DZ-path     -0.032  -0.280  -0.293 

WL/Q for TDZ-path      -0.051  -0.043 

Peclet number      -0.178  -0.177 

Unaltered rock         

Porosity         

De     -0.039  -0.382  -0.389 

Maximum penetration depth      -0.034  -0.037 

Kd (Pu)      -0.048  -0.058 

Kd (Ra)    -0.036  -0.583  -0.587 

Kd (U)      -0.171  -0.175 

R2 0.075 0.005 0.049 0.011 0.836 0.730 0.783 0.718 

Threshold of significance 0.035 0.045 0.032 0.034 0.031 0.025 0.031 0.026 
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Table 10-3. Monte Carlo filtering for the peak normalised release rates from the near 
field and the far field (to the biosphere) of actinides and progeny – Statistics of the 
Smirnov and Mann-Whitney tests (10 % of highest values vs. remaining 90 %).  

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.401 0.220   0.515 0.261   
De in the small hole 0.322 0.201   0.411 0.225   
Time to loss of hole resistance         
Length of canister failed         
Waste         
Fuel alteration rate 0.070  0.209 0.075 0.089 0.059 0.280 0.068 
Canister interior         
Cavity water volume         
Mass of buffer in cavity 0.075    -0.081    
Solubility (Ra) 0.357 0.170 0.676 0.315 0.433 0.203 0.783 0.402 
Solubility (Th) 0.171 0.084   0.209 0.102   
Hole Buffer         
De (cations/neutral)         
De (Ra, Sr) 0.109 0.062 0.091 0.069 -0.128 -0.073 0.103 0.071 
Kd (Ra)  0.426 0.288 0.377 0.199 -0.512 -0.360 -0.471 -0.252 
Kd (Th)  0.061    -0.061    
Kd (U)  0.054  0.064  0.050  0.063  
Solubility correction factor (U)         
Tunnel backfill          
De (cations/neutral)         
De (Ra, Sr) 0.106  0.093  -0.119  -0.115  
Kd (Ra)  0.056    -0.068    
Solubility corr. factor (Ra, Sr)         
Tunnel length         
Near field flows         
QF 0.175 0.099 0.242 0.123 0.208 0.121 0.297 0.143 
QDZ 0.158 0.109 0.177 0.131 0.204 0.133 0.229 0.160 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  0.142  0.156  -0.185  -0.198 
WL/Q for DZ-path   0.194  0.208  -0.254  -0.265 
WL/Q for TDZ-path    0.064     
Peclet number  0.103  0.093  -0.113  -0.096 
Unaltered rock         
Porosity         
De   0.277  0.298  -0.337  -0.355 
Maximum penetration depth    0.079    -0.068 
Kd (Pu)         
Kd (Ra)  0.587  0.596  -0.719  -0.731 
Kd (U)         
Threshold of significance 0.056 0.061 0.050 0.054 0.061 0.058 0.053 0.057 
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Table 10-4. Test statistic for CSM plots and first order sensitivity indices of the peak 
normalised release rates from the near field and the far field (to the biosphere) of 
actinides and progeny.  

Parameters 

CSM statistic 1st order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.450 0.479   0.009 0.002   
De in the small hole 0.408 0.503   0.009    
Time to loss of hole resistance         
Length of canister failed         
Waste         
Fuel alteration rate   0.246 0.299   0.018 0.007 
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Ra) 0.645 0.662 0.556 0.548 0.075 0.003 0.129 0.019 
Solubility (Th) 0.205        
Hole Buffer         
De (cations/neutral)         
De (Ra, Sr)   0.085      
Kd (Ra)  0.485 0.527 0.343 0.357 0.008 0.002 0.032 0.008 
Kd (Th)          
Kd (U)          
Solubility correction factor (U)         
Tunnel backfill          
De (cations/neutral)         
De (Ra, Sr) 0.179  0.112      
Kd (Ra)          
Solubility corr. factor (Ra, U)         
Tunnel length         
Near field flows         
QF 0.231  0.242 0.256   0.023 0.005 
QDZ 0.202  0.157 0.249 0.005  0.007 0.002 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path    0.281    0.007 
WL/Q for DZ-path     0.324    0.012 
WL/Q for TDZ-path         
Peclet number         
Unaltered rock         
Porosity         
De     0.312     
Maximum penetration depth         
Kd (Pu)         
Kd(Ra)  0.592  0.596  0.002  0.020 
Kd(U)         
Sum of 1st order SIs -- -- -- -- 0.106 0.009 0.209 0.085 
Threshold of significance 0.196 0.401 0.072 0.182 0.005 0.003 0.006 0.003 
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Figure 10-6. Mean ranks of all the near field parameters in the 10 % or realisations 
with the highest/lowest peak normalised release rate from the near field of actinides and 
progeny. 
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Figure 10-7. Mean ranks of all the parameters in the 10 % or realisations with the 
highest/lowest peak normalised release rate from the far field (to the biosphere) of 
actinides and progeny. 

 

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Parameters 

M
ea

n
 R

an
k

Lowest 10%

Highest 10%
Unaltered 

rock

Geosphere 
flow 

parameters

Buffer

Near 
field 
flows 

Canister
failure

Hole forever

WL/Q for DZ-path

WL/Q for F-path

Kd (Ra)

Small hole
diameter

De in the
small hole

Waste and
canister
 interior

Peclet  number

Solubility (Ra)

Kd (Ra)

QF

QDZ

Backfill

Solubility (Th)

De
Kd (U)

Kd (Pu)

Fuel 
alteration rate

WL/Q for TDZ-path

0

1000

2000

3000

4000

5000

6000

7000

8000

9000

10000

Parameters 

M
ea

n
 R

an
k

Lowest 10%

Highest 10%

Unaltered 
rock

Geosphere 
flow 

parameters

Buffer

Near 
field 
flows 

Canister
failure

Growing hole

WL/Q for DZ-path

WL/Q for F-path

Kd (Ra)

Waste and
canister
 interior

Peclet  number

Kd (Ra)

QF

QDZ

Backfill

De Kd (U)

Kd (Pu)

Solubility (Ra)
Fuel 

alteration rate

WL/Q for TDZ-path

De(Ra,Sr)



 

 

263

 

 

Figure 10-8. CSM plots for the peak normalised release rate from the near field of 
actinides and progeny in two Monte Carlo simulations with 10,000 realisations. 
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Figure 10-9. CSM plots for the peak normalised release rate from the far field (to the 
biosphere) of actinides and progeny in two Monte Carlo simulations with 10,000 
realisations. 
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in ranks is 0.836. This means that there exists a strong monotonic (but not linear) 
relation between the peak normalised release rate from the near field of actinides and 
progeny and some input parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor approximation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance.  

The regression model in ranks (Table 10-2) has identified Kd(Ra) in buffer as the 
parameter with the greatest influence on the spread of the values of the peak normalised 
release rate from the near field of actinides and progeny, followed by Small hole 
diameter, De in the small hole and Solubility(Ra) inside canister. There are three 
parameters of secondary importance (with RCCs/SRRCs around 0.2): Solubility(Th) 
inside canister and near field equivalent flows QF and QDZ. Six more parameters have 
RCCs/SRRCs smaller than 0.1: Mass of buffer in cavity, Fuel alteration rate, De 
(Ra,Sr) in buffer, De (Ra,Sr) in backfill, Kd(Ra) in backfill and Kd(Th) in buffer.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same thirteen parameters that take specific 
values in the 10 % of realisations with the highest peak normalised release rate from the 
near field of actinides and progeny, with similar rankings of importance. These are the 
same parameters identified as relevant by the regression in ranks, and the rankings of 
importance based on the statistic of the Smirnov test and the modified statistic of the 
Mann-Whitney test are slightly different from the ranking based on RCCs/SRRCs.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 10-6 it has 
been determined that the 10 % of realisations with the highest peak normalised release 
rate from the near field of actinides and progeny are characterised by: 

- very high values of Small hole diameter, significantly high values of Solubility(Ra) 
inside canister and De in the small hole, high values of Solubility(Th) inside 
canister, QF and QDZ and slightly greater than average values of Fuel alteration rate, 
and 

- very low values of Kd(Ra) in buffer, low values of De(Ra,Sr) in buffer and 
De(Ra,Sr) in backfill and slightly smaller than average values of Mass of buffer in 
cavity. 

Figure 10-6 shows that the parameters that take specific values in the 10 % of 
realisations with the lowest peak normalised release rate are the same as those that take 
specific values in the highest 10 % realisations. If a parameter takes high values in the 
highest 10 % realisations, then it takes low values in the lowest 10 % realisations, and 
vice versa, although the relative importance of a given parameter in the highest and 
lowest 10 % of realisations can be very different (e.g. Kd(Ra) in buffer has much greater 
influence in the lowest 10 % of realisations than in the highest 10 %).  

The CSM statistic and plot (Table 10-4 and Figure 10-8) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak normalised release rate from the near field of actinides 
and progeny in the 10,000 realisations. The 99 % confidence band is very wide because 
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the mean value of the peak normalised release rate from the near field of actinides and 
progeny is controlled by a small number of realisations, and hence only for seven 
parameters the CSM statistic is statistically significant.   

Figure 10-8 shows that the 50 % of lowest values of Solubility(Ra) inside canister 
produce only 10 % of the mean of the output variable, while the 4 % of highest values 
of Solubility(Ra) inside canister produce 60 % of the mean. The 56 % of highest values 
of Kd(Ra) in buffer produce only 10 % of the mean of the output variable. The 43 % of 
lowest values of De in the small hole and the 50 % of lowest values of Small hole 
diameter produce, each, only 10 % of the mean of the output variable. For the rest of 
input parameters in Figure 10-8 (Solubility(Th) inside canister, De(Ra,Sr) in buffer, QDZ 
and QDZ) the impact of the different regions of values on the output sample mean are 
quite similar. 

On the basis of the CSM statistic the most important parameter for the peak normalised 
release rate from the near field of actinides and progeny is, by far, Solubility(Ra) inside 
buffer, followed by Small hole diameter, De in the small hole and Kd(Ra) in buffer. 
There are three parameters of secondary importance (with CSM statistic around 0.2): 
Solubility(Th) inside canister and near field equivalent flows QF and QDZ. In order to 
identify smaller effects it would be necessary to increase the number of the realisations 
of the Monte Carlo simulation to narrow the very wide confidence band in Figure 10-8. 

The first order sensitivity indices in Table 9-4 show that only 11 % of the variance of 
the peak normalised release rate from the near field of actinides and progeny is due to 
the variance of the input parameters acting independently, with the remaining 89 % 
being produced by the interaction between parameters. Since first order sensitivity 
indices only explain a small part of the variance of the output variable, the validity of a 
ranking of importance of the input parameters based on first order sensitivity indices is 
questionable. But, in any case, the parameters with the highest first order sensitivity 
indices (Solubility(Ra) inside canister, followed by Small hole diameter, De in the small 
hole, Kd(Ra) in buffer and QDZ) are consistent with the rankings of importance obtained 
on the basis of other sensitivity measures. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. Although there are significant differences between the rankings, the key 
input parameters for the peak normalised release rate from the near field of actinides 
and progeny in the hole forever case have been identified: 

- the parameters with the greatest influence are Solubility(Ra) inside canister, Small 
hole diameter, De in the small hole and Kd(Ra) in buffer, 

- there are three parameters of secondary importance: Solubility(Th) inside canister 
and near field equivalent flows QF and QDZ,  

- four more parameters have a smaller effect: Fuel alteration rate, Mass of buffer in 
cavity, De(Ra,Sr) in buffer, De(Ra,Sr) in backfill, and  

- Kd(Th) in buffer and Kd(Ra) in backfill have a very small effect. 
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The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. Solubility(Ra) inside canister, 
Solubility(Th) inside canister, Small hole diameter, De in the small hole, Fuel alteration 
rate, QF and QDZ are positively correlated with the peak normalised release rate from 
the near field of actinides and progeny (i.e., the model output tends to increase when the 
input parameter increases) and take high values in the highest 10 % of realisations. 
Mass of buffer in cavity, Kd(Ra) in buffer, Kd(Th) in buffer, De(Ra, Sr) in buffer, De(Sr. 
Ra) in backfill and Kd(Ra) in backfill are negatively correlated with the peak normalised 
release rate from the near field of actinides and progeny and take low values in the 
lowest 10% of realisations. For most parameters these results are consistent with the 
intuitive effect of each parameter on the model output: e.g. it is expect that peak release 
rates will increase if Fuel alteration rate increases.  

The negative RCCs/SRRCs of De(Ra, Sr) in buffer and De(Ra, Sr) in backfill seem to 
be in contradiction with the intuitively expected effect of these parameters. The 
discussion made in 9.4.6 to explain the negative correlation between Cs-135 peak release 
rates and De(Cs) in buffer is applicable to the negative correlation between De(Ra,Sr) in 
buffer and the peak normalised release rate of actinides and progeny also. The reasons 
for the negative RCC/SRRC of De(Ra, Sr) in backfill are discussed in section 15.2. 

10.4.3 PSA for the peak normalised release rate to the biosphere of actinides 
and progeny (Hole forever) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is extremely low (0.005) while the R2 of the 
regression in ranks is 0.730. This means that there exists an important monotonic (but 
not linear) relation between the peak normalised release rate to the biosphere of 
actinides and progeny and some input parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 10-2) has found that Kd(Ra) in unaltered rock is, 
by far, the parameter with the greatest influence on the spread of the values of the peak 
normalised release rate to the biosphere of actinides and progeny, followed by five more 
geosphere parameters: De in unaltered rock, WL/Q for DZ-path, Peclet number, WL/Q 
for F-path and Kd(U) in unaltered rock. There is a group of near field parameters of 
limited effect on the spread of values of the peak release rate to the biosphere of 
actinides and progeny: Small hole diameter, De in the small hole, Kd(Ra) in buffer, QF 
and QDZ. Finally, Solubility(Ra) inside canister, Solubility(Th) inside canister, Kd(U) in 
buffer, WL/Q for TDZ-path and Maximum penetration depth and Kd(Pu) in unaltered 
rock have only a very small effect.   

The spread of values of the peak normalised release rate to the biosphere of actinides 
and progeny is controlled mainly by the transport of radium, and to a lesser extent 
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uranium, through the geosphere. While the coefficient of determination (R2) of a 
multiple linear regression in ranks with the geosphere parameters is 0.663, a similar 
regression with all the near field parameters has a R2 of 0.067.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify very similar sets of parameters that take specific 
values in the 10 % of realisations with the highest peak normalised release rate to the 
biosphere of actinides and progeny, with very similar rankings of importance. These are 
roughly the same parameters identified as relevant in the regression in ranks but there 
are significant differences in the rankings of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 10-7 it has 
been identified that the 10 % of realisations with the highest peak normalised release 
rate to the biosphere of actinides and progeny are characterised by: 

- significantly high values of Small hole diameter and De in the small hole, high 
values of Solubility(Ra) inside canister, QF and QDZ, slightly greater than average 
values of Solubility(Th) inside canister, and 

- extremely low values of Kd(Ra) in unaltered rock, significantly low values of 
Kd(Ra) in buffer, De in unaltered rock and WL/Q for DZ-path, low values of WL/Q 
for F-path and slightly smaller than average values of Peclet number. 

Figure 10-7 shows that only geosphere parameters take specific values in the lowest 
10 % of realisations, and near field parameters are not relevant. The realisations with the 
lowest peak normalised release rate to the biosphere of actinides and progeny are those 
with very slow transport of uranium and radium in the geosphere, and are characterised 
by very high values of De in unaltered rock, significantly high values of Kd(U) and 
Kd(Ra) in unaltered rock, WL/Q for DZ-path, Peclet number and WL/Q for F-path, high 
values of Kd(Pu) in unaltered rock and slightly greater than average values of WL/Q for 
TDZ-path. It is noteworthy that Peclet number only takes slightly greater than average 
values in the highest 10 % of realisations while the lowest 10 % of realisations 
correspond to significantly high values of Peclet number (i.e. realisations with little 
longitudinal dispersion). 

The CSM statistic and plot (Table 10-4 and Figure 10-9) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak normalised release rate to the biosphere of actinides and 
progeny in the 10,000 realisations. The 99 % confidence band is very wide because the 
mean value of the output variable is controlled by only a few realisations (the highest 
realisation produces 27 % of the mean), and as a consequence only the most influential 
parameters can be identified using the CSM statistic.  

Figure 10-9 shows that the smallest values of Kd(Ra) in unaltered rock and Kd(Ra) in 
buffer contribute far more to the mean of the output than their intermediate and higher 
values, and the highest values of Solubility(Ra) inside canister, Small hole diameter and 
De in the small hole contribute far more to the mean of the output than their 
intermediate and lower values. Broken lines are a consequence of the mean being 
controlled by only a few realisations. 



 

 

269

On the basis of the CSM statistic the parameters with the greatest effect on the peak 
normalised release rate to the biosphere of actinides and progeny are (from higher to 
lower values of the CSM statistic) Solubility(Ra) inside canister, Kd(Ra) in unaltered 
rock, Kd(Ra) in buffer, De in the small hole and Small hole diameter. Due to the great 
value of the threshold of statistical significance the CSM statistic takes similar values 
for the five parameters, and hence seem to have a similar importance.  

In a different Monte Carlo simulation with 10,000 realisations the threshold for the 
CSM statistic is even higher (0.516) than in the Base Case and the parameters with 
CSM statistics above the threshold are (from higher to lower values) Kd(Ra) in 
unaltered rock, Solubility(Ra) inside canister, De in the small hole and De in unaltered 
rock. The relevant parameters and their relative importance are different from those 
identified in the Base Case. As a consequence, in this case the CSM statistic does not 
provide robust results and is not appropriate to create a ranking of important parameters.  

The first order sensitivity indices in Table 10-4 are extremely low for all the input 
parameters because the variance of the output variable is totally controlled by a few 
realisations with the greatest peak normalised release rate to the biosphere of actinides 
and progeny.  

In this section it has been found that only the RCCs/SRRCs and the statistics of the 
Smirnov and Mann-Whitney tests provide reliable rankings of importance of the model 
parameters. On the basis of these rankings, the key input parameters for the peak 
normalised release rate to the biosphere of actinides and progeny in the hole forever 
case have been identified: 

- the parameter with the greatest influence is, by far, Kd(Ra) in unaltered rock, 

- there is a group of nine very influential parameters (at least for one sensitivity 
measure): near field parameters Kd(Ra) in buffer, Small hole diameter, De in the 
small hole and Solubility(Ra) inside canister and geosphere parameters WL/Q for 
DZ-path, WL/Q for F-path, Peclet number and De and Kd(U) in unaltered rock, 

- there are three parameters of limited importance: QF, QDZ and Solubility(Th) inside 
canister and 

- De(Ra,Sr) in buffer, Kd(U) in buffer, Fuel alteration rate, WL/Q for TDZ-path and 
Kd(Pu) and Maximum penetration depth in unaltered rock have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. Small hole diameter,  De in the small 
hole, Solubility(Ra) inside canister, Solubility(Th) inside canister, QF and QDZ are 
positively correlated with the peak normalised release rate to the biosphere of actinides 
and progeny (i.e., the model output tends to increase when the input parameter 
increases) and take high values in the highest 10 % of realisations (Fuel alteration rate 
takes slightly higher than average values in the highest 10 % of realisations also). 
Kd(Ra) in buffer, Kd(U) in buffer,  WL/Q for  DZ-path, Peclet number, WL/Q for F-
path, WL/Q for TDZ-path and De, Maximum penetration depth, Kd(Pu), Kd(Ra) and 
Kd(U) in unaltered rock are negatively correlated with the peak normalised release rate 
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to the biosphere of actinides and progeny and take low values in the highest 10 % of 
realisations (if the modified statistic of the Mann-Whitney test is greater than the 
threshold of significance). These results are consistent with the intuitive effect of each 
parameter on the model output: e.g. it is expect that peak release rates will increase if 
Solubility(Ra) inside canister increases. 

10.4.4 PSA for the peak normalised release rate from the near field of actinides 
and progeny (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.049 while the R2 of the regression 
in ranks is 0.783. This means that there exists a strong monotonic (but not linear) 
relation between the peak normalised release rate from the near field of actinides and 
progeny and some input parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor representation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance.  

The regression model in ranks (Table 10-2) has identified Solubility(Ra) inside canister 
as the parameter with the greatest influence on the spread of the values of the peak 
normalised release rate from the near field of actinides and progeny, with Kd(Ra) in 
buffer being the next most important parameter. Near field lows QF and QDZ have a 
secondary importance (with RCCs/SRRCs around 0.25), followed by Fuel alteration 
rate and De (Ra,Sr) in buffer. Finally De (Ra,Sr) in backfill has a very small effect.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same eight parameters that take specific 
values in the 10 % of realisations with the highest peak normalised release rate from the 
near field of actinides and progeny, with identical rankings of importance. These are the 
seven parameters identified as relevant by the regression in ranks plus Kd(U) in buffer, 
and the rankings of importance are different.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 10-6 it has 
been found that the 10 % of realisations with the highest peak normalised release rate 
from the near field of actinides and progeny are characterised by: 

- extremely high values of Solubility(Ra) inside canister, significantly high values of 
Fuel alteration rate, QF and QDZ, slightly greater than average values of De(Ra,Sr) 
in buffer and Kd(U) in buffer and 

- very low values of Kd(Ra) in buffer and low values of De(Ra,Sr) in backfill. 

Figure 10-6 shows that the parameters that take specific values in the 10 % of 
realisations with the lowest peak normalised release rate are the same as those that take 
specific values in the highest 10 % realisations. If a parameter takes high values in the 
highest 10 % realisations, then it takes low values in the lowest 10 % realisations, and 
vice versa, although the relative importance of a given parameter in the highest and 
lowest 10 % of realisations can be very different (e.g. Fuel alteration rate has much 
greater influence in the highest 10 % of realisations than in the lowest 10 %).  
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The CSM statistic and plot (Table 10-4 and Figure 10-8) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak normalised release rate from the near field of actinides 
and progeny in the 10,000 realisations.  

Figure 10-8 shows that only for Solubility(Ra) inside canister and Kd(Ra) in buffer 
different regions of values of the input parameter provide very different contributions to 
the mean of the output variable. The 64 % of lowest values of Solubility(Ra) inside 
canister produce only 10 % of the mean of the output variable, while the 10 % of 
highest values of Solubility(Ra) inside canister produce 50 % of the mean. The 41 % of 
highest values of Kd(Ra) in buffer produce only 10 % of the mean of the output 
variable. For the rest of input parameters in Figure 10-8 (Fuel alteration rate, De(Ra,Sr) 
in buffer, De(Ra,Sr) in backfill, QF and QDZ) the impact of the different regions of 
values on the output sample mean are quite similar. 

On the basis of the CSM statistic (Table 10-4) the most important parameter for the 
peak normalised release rate from the near field of actinides and progeny is 
Solubility(Ra) inside buffer, followed by Kd(Ra) in buffer. There are two parameters of 
secondary importance (with CSM statistic around 0.25): Fuel alteration rate and QF. 
Three other parameters have a smaller importance (ordered from higher to lower value 
of the CSM statistic): QDZ, De(Ra,Sr) in backfill and De(Ra,Sr) in buffer. 

The first order sensitivity indices in Table 10-4 show that only 21 % of the variance of 
the peak normalised release rate from the near field of actinides and progeny is due to 
the variance of the input parameters acting independently, with the remaining 79% 
being produced by the interaction between parameters. Since first order sensitivity 
indices only explain a small part of the variance of the output variable, the validity of a 
ranking of importance of the input parameters based on first order sensitivity indices is 
questionable. But, in any case, the parameters whose variance explain a greater 
percentage of the variance of the output variable (Solubility(Ra) inside canister (13 %), 
Kd(Ra) in buffer (3 %), Fuel alteration rate (2 %), QDZ (2 %) and QF (1 %)) are the five 
parameters identified as most relevant by the regression analysis, Monte Carlo filtering 
and the CSM statistic. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak normalised release rate from the near field of actinides 
and progeny in the hole forever case have been identified: 

- the parameter with the greatest influence is, by far, Solubility(Ra) inside canister 
and Kd(Ra) in buffer is always the second most important parameter, 

- there are three parameters of secondary importance: Fuel alteration rate and near 
field equivalent flows QF and QDZ, and 

- three more parameters have a smaller effect: De(Ra,Sr) in buffer, De(Ra,Sr) in 
backfill and Kd(U) in buffer. 
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The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10% of realisations with the 
highest values of the output variable, respectively. Solubility(Ra) inside canister, Fuel 
alteration rate, QF, QDZ, De(Ra,Sr) in buffer are positively correlated with the peak 
normalised release rate from the near field of actinides and progeny (i.e., the model 
output tends to increase when the input parameter increases) and take high values in the 
highest 10 % of realisations (Kd(U) in buffer takes slightly greater than average values 
in the highest 10 % of realisations also). Kd(Ra) in buffer and De(Sr. Ra) in backfill are 
negatively correlated with the peak normalised release rate from the near field of 
actinides and progeny and take low values in the lowest 10% of realisations. For most 
parameters these results are consistent with the intuitive effect of each parameter on the 
model output: e.g. it is expect that peak release rates will increase if Fuel alteration rate 
increases.  

For De(Ra,Sr) in backfill the negative RCCs/SRRCs seems to be in contradiction with 
the intuitively expected effect of these parameter. The same effect is observed for other 
radionuclides and is discussed in section 15.2.  

10.4.5 PSA for the peak normalised release rate to the biosphere of actinides 
and progeny (Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is extremely low (0.011) while the R2 of the 
regression in ranks is 0.718. This means that there exists an important monotonic (but 
not linear) relation between the peak normalised release rate to the biosphere of 
actinides and progeny and some input parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 10-2) has found that Kd(Ra) in unaltered rock is, 
by far, the parameter with the greatest influence on the spread of the values of the peak 
normalised release rate to the biosphere of actinides and progeny, followed by five more 
geosphere parameters: De in unaltered rock, WL/Q for DZ-path, Peclet number, WL/Q 
for F-path and Kd(U) in unaltered rock. There is a group of near field parameters of 
limited effect on the spread of values of the peak release rate to the biosphere of 
actinides and progeny (with RCCs/SRRCs around 0.1): Solubility(Ra) inside canister, 
Kd(Ra) in buffer, QF and QDZ. Finally, Kd(Pu) and Maximum penetration depth in 
unaltered rock,  De(cations/neutral) in buffer, De(Ra,Sr) in buffer and Kd(U) in buffer 
have only a very small effect.   

The spread of values of the peak normalised release rate to the biosphere of actinides 
and progeny is controlled mainly by the transport of radium, and to a lesser extent 
uranium, through the geosphere. While the coefficient of determination (R2) of a 
multiple linear regression in ranks with the geosphere parameters is 0.683, a similar 
regression with all the near field parameters has a R2 of 0.035.  
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The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify roughly the same parameters that take specific 
values in the 10 % of realisations with the highest peak normalised release rate to the 
biosphere of actinides and progeny, with very similar rankings of importance. These are 
nearly the same parameters identified as relevant in the regression in ranks but there are 
significant differences in the rankings of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 10-7 it has 
been identified that the 10 % of realisations with the highest peak normalised release 
rate to the biosphere of actinides and progeny are characterised by: 

- significantly high values of Solubility(Ra) inside canister, high values of QF and 
QDZ, slightly greater than average values of Fuel alteration rate and De(Ra,Sr) in 
buffer and 

- extremely low values of Kd(Ra) in unaltered rock, significantly low values of 
Kd(Ra) in buffer, De in unaltered rock and WL/Q for DZ-path, low values of WL/Q 
for F-path and slightly smaller than average values of Peclet number. 

Figure 10-7 shows that only geosphere parameters take specific values in the lowest 
10 % of realisations, and near field parameters are not relevant. The realisations with the 
lowest peak normalised release rate to the biosphere of actinides and progeny are those 
with very slow transport of uranium and radium in the geosphere, and are characterised 
by very high values of De in unaltered rock, significantly high values of Kd(U) and 
Kd(Ra) in unaltered rock, WL/Q for DZ-path, Peclet number and WL/Q for F-path, high 
values of Kd(Pu) in unaltered rock and slightly greater than average values of WL/Q for 
TDZ-path. It is noteworthy that Peclet number only takes slightly greater than average 
values in the highest 10 % realisations while the lowest 10 % of realisations correspond 
to significantly high values of Peclet number (i.e. realisations with little longitudinal 
dispersion). 

The CSM statistic and plot (Table 10-4 and Figure 10-9) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak normalised release rate to the biosphere of actinides and 
progeny in the 10,000 realisations. The 99 % confidence band is quite wide because the 
mean value of the output variable is controlled by a small number of realisations, and as 
a consequence only the most influential parameters can be identified using the CSM 
statistic.  

Figure 10-9 shows that the 10 % of lowest values of Kd(Ra) in unaltered rock produce 
50 % of the mean value of the peak normalised release rate to the biosphere of actinides 
and progeny, while the 70 % of highest values of Kd(Ra) in buffer produce only 10 % of 
the mean of the model output. The 60 % of lowest values of Solubility(Ra) inside 
canister produce only 10 % of the mean of the output while the 10 % of highest values 
of Solubility(Ra) inside canister produce 52 % of the mean. For the rest of input 
parameters the impact of the different regions of values on the output sample mean is 
quite similar. 

On the basis of the CSM statistic the parameters with the greatest effect on the peak 
normalised release rate to the biosphere of actinides and progeny are (from higher to 
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lower values of the CSM statistic) Kd(Ra) in unaltered rock, Solubility(Ra) inside 
canister, Kd(Ra) in buffer, WL/Q for DZ-path, De in unaltered rock, Fuel alteration 
rate, WL/Q for F-path, QF and QDZ.  

The first order sensitivity indices in Table 10-4 show that only 9 % of the variance of 
the peak normalised release rate to the biosphere of actinides and progeny is due to the 
variance of the input parameters acting independently, with the remaining 91 % being 
produced by the interaction between parameters. Since first order sensitivity indices 
only explain a small part of the variance of the output variable, the validity of a ranking 
of importance of the input parameters based on first order sensitivity indices is 
questionable. But, in any case, the parameters with the highest first order sensitivity 
indices are the same identified as most relevant by the regression analysis, Monte Carlo 
filtering and the CSM statistic. Kd(Ra) in unaltered rock and Solubility(Ra) inside 
canister have first order sensitivity indices around 0.02 and Fuel alteration rate, Kd(Ra) 
in buffer, QF, WL/Q for F-path and WL/Q for DZ-path have first order sensitivity 
indices around 0.01. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak normalised release rate to the biosphere of actinides and 
progeny in the hole forever case have been identified: 

- the parameter with the greatest influence is, by far, Kd(Ra) in unaltered rock, 

- most sensitivity measures identify Solubility(Ra) inside canister as the second most 
important parameter, although its effect on the spread of values of the peak 
normalised release rate to the biosphere of actinides and progeny (quantified by the 
RCC/SRRC) is relatively small, 

- there is a group of six very influential parameters (at least for one sensitivity 
measure): near field parameter Kd(Ra) in buffer and geosphere parameters WL/Q for 
DZ-path, WL/Q for F-path, Peclet number and De and Kd(U) in unaltered rock, 

- there are two parameters of secondary importance for all the sensitivity measures: 
QF and QDZ, and 

- Dea(cations/neutral), De(Ra,Sr) in buffer, Kd(U) in buffer, Fuel alteration rate, 
WL/Q for TDZ-path and Kd(Pu) and Maximum penetration depth in unaltered rock 
have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistic of the Mann-Whitney test 
provide information about the variation of the output variable when the input parameter 
changes and the values of the input parameters in the 10 % of realisations with the 
highest values of the output variable, respectively. Solubility(Ra) inside canister, 
De(cations/neutral) in buffer, De(Ra,Sr) in buffer, QF and QDZ are positively correlated 
with the peak normalised release rate to the biosphere of actinides and progeny (i.e., the 
model output tends to increase when the input parameter increases) and take high values 
in the highest 10 % of realisations (Fuel alteration rate takes slightly higher than 
average values in the highest 10 % of realisations also). Kd(Ra) in buffer, Kd(U) in 
buffer,  WL/Q for  DZ-path, Peclet number, WL/Q for F-path, WL/Q for TDZ-path and 
De, Maximum penetration depth, Kd(Pu), Kd(Ra) and Kd(U) in unaltered rock are 
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negatively correlated with the peak normalised release rate to the biosphere of actinides 
and progeny and take low values in the highest 10% of realisations (if the modified 
statistic of the Mann-Whitney test is greater than the threshold of significance). These 
results are consistent with the intuitive effect of each parameter on the model output: 
e.g. it is expect that peak release rates will increase if Solubility(Ra) inside canister 
increases. 

10.5 Conclusions of the PSA for actinides and progeny 

Many of the results included in this report identify Ra-226 as the radionuclide with the 
greatest influence on the normalised release rates from the near field and to the 
biosphere of actinides and progeny: 

- Figure 5-8 to Figure 5-11 show that Ra-226 completely controls the mean value of 
the normalised release rates from the near field and to the biosphere of actinides and 
progeny, 

- Table 13-1 shows that, when Ra-226 is excluded, the normalised release rates from 
the near field and to the biosphere of actinides and progeny are very small in all the 
realisations, and 

- Figure 13-1 shows that Ra-226 controls the peak normalised release rate from the 
near field of actinides and progeny in practically all the realisations and the peak 
normalised release rate to the biosphere in the highest 20% of realisations. 

Ra-226 is so important because radium is the only actinide or descendant whose 
distribution coefficients (Kd) in buffer (Figure 3-7), backfill (Figure 3-8) and unaltered 
rock (Figure 3-15) can take very low values. In the realisations with little sorption of 
radium on the engineered and natural barriers, Ra-226 moves quickly through disposal 
system and produces relatively high normalised release rates from the near field or to 
the biosphere, especially in the growing hole case.  

Table 13-16 shows that in a significant percentage of the realisations (especially in the 
highest 10 %) the Ra-226 created in the canister cavity by decay of the U-238/U-
234/Th-230 released from the waste and precipitated is capable of crossing the 35 cm of 
buffer around the canister and the geosphere with relatively little decay (contribution 
Ra-226C in Table 13-16). This is an unexpected result taking into account the relatively 
short life of Ra-226 (T1/2=1,600a), but is a consequence of the very low values of the 
distribution coefficients of radium in the engineered and natural barriers in many 
realisations.  

The leading role of Ra-226 for the releases of the actinides and progeny has been 
confirmed by the PSA: the different sensitivity measures have always identified the 
parameters related with radium transport as the most influential for the peak total 
normalised release rates of the sum of actinides and progeny. Solubility(Ra) inside 
canister and Kd(Ra) in buffer are the most important parameters for the normalised 
release rate from the near field of actinides and progeny (Small hole diameter and De in 
the small hole have a similar importance in the hole forever case). Kd(Ra) in unaltered 
rock is, by far, the most important parameter for the normalised release rate to the 
biosphere of actinides and progeny.  
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Since Ra-226 is created in the repository by the decay chain U-238→U-234→Th-
230→Ra-226, some transport parameters of thorium and uranium have a significant, but 
secondary, importance for the normalised release rates of actinides and progeny: 
Solubility(Th) inside canister is an important parameter for the releases from the near 
field only in the hole forever case and Kd(U) in unaltered rock is an important 
parameter for the releases to the biosphere both in the hole forever and growing hole 
cases. 

There are several more parameters with a smaller effect on the normalised release rate 
from the near field of actinides and progeny: QF, QDZ, Fuel alteration rate, De(Ra,Sr) in 
buffer and De(Ra,Sr) in backfill. 

Both in the hole forever and growing hole cases the normalised release rate to the 
biosphere of actinides and progeny is controlled mainly by their transport through the 
geosphere. In addition to Kd(Ra) and Kd(U) in unaltered rock, four more geosphere 
parameters have an important effect: WL/Q for DZ-path, WL/Q for F-path, De in 
unaltered rock and Peclet number.    
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11 SENSITIVITY ANALYSIS FOR THE TOTAL NORMALISED RELEASE 
RATES FROM THE NEAR FIELD AND TO THE BIOSPHERE 

In this section a comprehensive PSA is done for the total (added over all the 
radionuclides and release pathways) normalised release rates from the near field and to 
the biosphere in the hole forever and growing hole cases. 

Total normalised release rates are controlled by different radionuclides at different 
instants of the one million years assessment timeframe, as shown in Figure 5-4 and 
Figure 5-5. 

Figure 5-22 and Figure 5-23 show that the peak total normalised release rates from the 
near field and to the biosphere are controlled by C-14, Cl-36 or I-129 in most 
realisations. In the hole forever case Sr-90, Cs-135 or Cs-137 control the peak total 
normalised release rate from the near field in a small percentage of the realisations. In 
the growing hole case Ra-226 controls the peak total normalised release rate from the 
near field in a small percentage of the realisations.  

Figure 5-12 and Figure 5-13 show that the highest 10% of the cumulative distribution 
functions (CDFs) of the peak total normalised release rates and C-14 peak normalised 
release rates are nearly overlapped in all the cases. This means that the 10 % of 
realisations with the greatest peak total normalised release rate are practically the same 
realisations that produce the 10 % of highest values of C-14 peak release rate. As a 
consequence, the statistics of the Smirnov and Mann-Whitney tests (10 % of highest 
values vs. remaining 90 %) will be very similar for the C-14 peak release rates and the 
peak total normalised release rates. 

11.1 Evolution of the total normalised release rates from the near field 
and to the biosphere 

The evolution over time of the total normalised release rates from the near field and to 
the biosphere in two Monte Carlo simulations with 10,000 realisations (for the hole 
forever and growing hole cases) is presented and discussed in section 5.1.  

11.2 PSA of the evolution of the total normalised release rates from the 
near field and to the biosphere 

Regression models in ranks have been used to analyse the evolution over time of the 
total normalised release rates from the near field and to the biosphere in the hole forever 
and growing hole cases. The results are shown in Figure 11-1 (release rates from the 
near field) and Figure 11-2 (release rates to the biosphere), where all the parameters 
with RCC/SRRC greater than 0.1 (in absolute value) at least at one instant are 
represented. The figures include the coefficient of determination (R2) of a multiple 
linear regression in ranks with all the model input parameters, to measure the quality of 
the regression.  

Figure 5-4 and Figure 5-5 identify the radionuclides that control the mean values 
(averaged over the 10,000 realisations) of the total normalised release rates during 
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different time periods. This information is used in the discussion of the results in Figure 
11-1 and Figure 11-2. 

There is an initial period of roughly 3,000 years in which Time to transport path 
creation is the most influential parameter for the total normalised release rates from the 
near field and to the biosphere. This is a logical result because radionuclide releases 
outside the canister before the Time to transport path creation are zero.  

11.2.1 Results for the hole forever case 

Figure 5-4 shows that during the first two hundred years the total normalised release 
rate from the near field is controlled by two short lived fission products (identified in 
Figure 5-6): Cs-137 and Sr-90. Beyond that instant and up to approximately 40,000 
years, C-14 controls the total normalised release rate from the near field. After several 
tens of thousands of years and until the end of the assessment timeframe (106 years) Cl-
36 and I-129 are the dominant radionuclides, with I-129 being the most important after 
200,000 years approximately, with its relative importance increasing with time.  

Figure 11-1 shows that Small hole diameter and De in the small hole have an important 
effect (high RCCs/SRRCs) on the spread of values of the total normalised release rate 
from the near field during all the calculation timeframe (106 years), with the exception 
of the first thousand years. This is an expected result, since both parameters have high 
RCCs/SRRCs with the total release rates from the near field of C-14 (Figure 6-3), Cl-36 
(Figure 7-3), and I-129 (Figure 8-3), that are the dominant radionuclides during 
different parts of that period of time. 

Transport parameters for carbon in the near field (Solubility(C) inside canister and 
Kd(C) in buffer) are important parameters from one thousand years until a few tens of 
thousands of years (the period controlled by C-14 in Figure 5-4). Beyond that time and 
until 106 years De(anions) in buffer has a significant effect on the spread of values of 
the total normalised release rate from the near field, because both Cl-36 and I-129 (that 
control total normalised release rates during that period of time) are anions, and this 
parameter is important for their respective release rates from the near field. 

Cavity water volume has an important effect on the spread of values of the total 
normalised release rate from the near field since a few tens of thousands of years until 
106 years, the time period in which Cl-36 and -129 are the dominant radionuclides. This 
result is consistent with the high RCCs/SRRCs of Cavity water volume with the total 
release rates from the near field of Cl-36 (Figure 7-3) and I-129 (Figure 8-3) during the 
same period, because both radionuclides have unlimited solubility and their 
concentrations in the water inside the canister are inversely proportional to Cavity water 
volume. 

After 105 years, the RCC/SRRC of Fuel alteration rate increases rapidly with time, as 
observed in Figure 8-3 for I-129, because the influence of I-129 over the total 
normalised release rate increases with time. After 50,000 years IRF(I) has some effect 
on the total normalised release rate from the near field also.   
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Near field flows QF and QDZ have some effect on the spread of values of the total 
normalised release rate from the near field up to about 50,000 years. During this time 
period C-14 controls the total release rate from the near field (and its releases are 
affected by QF and QDZ) and QF and QDZ have a significant effect also on Cl-36 and I-
129 release rates from the near field. After 50,000 years the RCCs/SRRCs of QF and 
QDZ with Cl-36 and I-129 (the dominant radionuclides) release rates from the near field 
are very small.  

Figure 5-5 shows that during the first two hundred years the total normalised release 
rate to the biosphere is controlled by a short lived fission product: Sr-90 (identified in 
Figure 5-7). Beyond that instant and up to approximately 40,000 years C-14 controls the 
total normalised release rate to the biosphere. After several tens of thousands of years 
and until the end of the calculations (106 years) Cl-36 and I-129 are the dominant 
radionuclides, with I-129 being the most important after 200,000 years approximately, 
with its relative importance increasing with time.   

Since the most important radionuclides have no sorption (C-14) or weak sorption (Cl-36 
and I-129) on unaltered rock, they move relatively quickly through the geosphere, and 
all the relevant near field parameters have similar RCCs/SRRCs with the total 
normalised release rates from the near field and to the biosphere at any instant. 

Figure 11-2 shows that several geosphere parameters have relatively high RCCs/SRRCs 
with the total normalised release rate to the biosphere between 300 and 60,000 years: 
three flow related parameters (WL/Q for F-path, WL/Q for DZ-path and Peclet number) 
and three parameters of the unaltered rock (De, Maximum penetration depth and 
Porosity). Beyond 2·105 years the only geosphere parameter with RCC/SRRC greater 
than 0.1 (in absolute value) is Kd(I) in unaltered rock, which is an expected result 
because I-129 is the dominant radionuclide during this period of time and the 
RCC/SRRC of Kd(I) in unaltered rock with I-129 peak release rate to the biosphere 
takes high (negative) values (Figure 8-4). 

11.2.2 Results for the growing hole case 

In the growing hole case the enlargement (loss of transport resistance) of the small hole 
produces a large and sudden increase of the total normalised release rate of 
radionuclides into the buffer, that is transmitted to the release rates from the near field 
and to the biosphere after some time (as shown in Figure 5-1 for three realisations). 
Figure 11-1 and Figure 11-2 show that in 98 % of the realisations the peak total 
normalised release rate from the near field takes place between 5,600 and 505,000 years 
and the peak total normalised release rate to the biosphere takes place between 6,700 
and 430,000 years. In 1 % of the realisations the peak total normalised release rate 
happens before the minimum values of the previous ranges and in 1% of the realisations 
after the maximum values of the previous ranges. In the great majority of the 
realisations the peak release rates are produced after the loss of the transport resistance 
of the small hole (the minimum value of Time to transport path creation + Time to loss 
of hole resistance in the 10,000 realisations is 5,010 years).     

During the initial 5,000 years the growing hole and hole forever cases are identical, 
because the minimum value of Time to loss of hole resistance is 5,000 years.  
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Between 5,010 and 55,000 years (minimum and maximum values of Time to transport 
path creation + Time to loss of hole resistance), in some realisations the total 
normalised release rates are produced by the small hole in the canister while in other 
realisations are produced by the enlarged hole, and hence are much greater. This 
explains the great effect of Time to loss of hole resistance on the total normalised 
release rates from the near field and to the biosphere up to 50,000 years. Between 
50,000 and 100,000 years, Time to loss of hole resistance is still an important 
parameter, positively correlated with the total normalised release rates: the reason is that 
after 50,000 years the latter the small hole grows (greater Time to loss of hole 
resistance) the greater is the amount of radionuclides still inside the canister, and 
available to be transported. 

Figure 5-4 shows that during the first two hundred years the mean value of the total 
normalised release rate from the near field is controlled by two short lived fission 
products (identified in Figure 5-6): Cs-137 and Sr-90. Beyond that instant and up to 
approximately 40,000 years C-14 controls the mean total normalised release rate from 
the near field. After several tens of thousands of years and until the end of the 
calculations (106 years) Ra-226 is the dominant radionuclide for the mean total 
normalised release rate from the near field but in a high percentage of the realisations I-
129 is the radionuclide that controls the total normalised release rate. There exists a 
transition period between approximately 20,000 and 60,000 years during which C-14, 
Cl-36, I-129 and Ra-226 provide significant contributions to the total normalised release 
rate from the near field.  

Figure 11-1 shows that the RCCs/SRRCs of Small hole diameter and De in the small 
hole reach their maximum values after 5,000 years, and thereafter decrease with time 
until 30,000 years because in the number of realisations in which the small hole has 
enlarged increases with time, and hence the importance of the small hole parameters 
decreases with time. The RCCs/SRRCs of the main parameters related to carbon 
transport in the near field (Solubility(C) inside canister and Kd(C) in buffer) reach their 
highest values after 5,000 years, decrease with time thereafter and become equal to zero 
after 50,000 years, and the RCC/SRRC of Kd(C) in backfill reaches its highest value 
later (after 20,000 years). Between 20,000 and 80,000 years Zirconium alloys alteration 
rate has a small effect on the spread of values of the total normalised release rate from 
the near field, because it affects the releases of Cl-36 (Figure 7-3). Between 30,000 and 
150,000 years Solubility(Nb) inside canister has some effect also, because during this 
period Nb-94 provides a significant contribution to the mean total normalised release 
rate from the near field (Figure 5-6). 

After 40,000 years the RCCs/SRRCs of the parameters related to radium transport in the 
near field (Solubility(Ra) inside canister, Kd(Ra) in buffer and De(Ra,Sr) in buffer) 
become significant and increase rapidly with time, reaching high values at t=105 years 
and remaining constant thereafter. Beyond 70,000 years the parameters related to 
radium transport clearly control the spread of values of the total normalised release rate 
from the near field. 
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The RCC/SRRC of Fuel alteration rate becomes relevant after 30,000 years 
approximately, reaches a value of 0.4 after 70,000 years and takes values between 0.3 
and 0.4 thereafter. In many realisations the long term total normalised release rate from 
the near field is controlled by I-129, and in these realisations a steady state is reached: I-
129 release rate from the near field is equal to the I-129 release rate from the waste, 
which in turn is proportional to Fuel alteration rate. Figure 7-3 illustrates the great 
influence of Fuel alteration rate on the long term I-129 release rate from the near field 
in the growing hole case. 

Near field flows QF and QDZ have some effect on the spread of values of the total 
normalised release rate from the near field during all the assessment timeframe (106 
years). Beyond 50,000 years, when the transport resistance has been lost in all the 
realisations, the RCCs/SRRCs of QF and QDZ take relatively high values (between 0.2 
and 0.3).  

Figure 5-5 shows that during the first two hundred years the total normalised release 
rate to the biosphere is controlled by a short lived fission product: Sr-90 (identified in 
Figure 5-7). Beyond that time, and up to about 40,000 years, C-14 controls the total 
normalised release rate to the biosphere. After several tens of thousands of years and 
until the end of the calculations (106 years) Cl-36, I-129 and Ra-226 are the dominant 
radionuclides, with I-129 and Ra-226 being the most important after 200,000 years 
approximately, with their relative importance increasing with time. Although I-129 and 
Ra-226 provide similar contributions to the long term (beyond 105 years) mean total 
normalised release rate from the near field, I-129 is the dominant radionuclide in the 
majority of the realisations while Ra-226 produces very high releases in a small 
percentage of realisations.  

Figure 11-2 shows that the RCCs/SRRCs of Small hole diameter and De in the small 
hole reach their maximum values after 5,000 years, and thereafter decrease with time 
until 30,000 years because in the number of realisations in which the small hole has 
enlarged increases with time, and hence the importance of the small hole parameters 
decreases with time. The RCCs/SRRCs of the main parameters related to carbon 
transport in the near field (Solubility(C) inside canister and Kd(C) in buffer) reach their 
highest values after 5,000 years, decrease with time thereafter and become equal to zero 
after 50,000 years. Between 20,000 and 200,000 years IRF(I) has a significant effect, 
with a maximum value of the RCC/SRRC close to 0.2. Near field flows QF and QDZ 
have a very small effect on the total normalised release rate to the biosphere, much 
smaller than their effect on the total normalised release rate from the near field. 

After 60,000 years the RCC/SRRC of Fuel alteration rate with the total normalised 
release rate to the biosphere increases rapidly with time until reaching a value of 0.8 at 
the end of the one million years assessment period. Beyond 105 years Fuel alteration 
rate is the most influential parameter because in the majority of the realisations the peak 
total normalised release rate to the biosphere is controlled by I-129. In many of the 
realisations controlled by I-129 a steady state has been reached: I-129 release rate from 
the UO2 matrix is roughly equal to the I-129 release rates from the near field and to the 
biosphere.  
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Solubility(Ra) inside canister and Kd(Ra) in unaltered rock become important after 
60,000 years and beyond 105 years have nearly constant RCCs/SRRCs of 0.1 and -0.2, 
respectively.  

Figure 11-2 shows that several geosphere parameters have relatively high RCCs/SRRCs 
with the total normalised release rate to the biosphere between 300 and 60,000 years: 
three flow related parameters (WL/Q for F-path, WL/Q for DZ-path and Peclet number) 
and three parameters of the unaltered rock (De, Maximum penetration depth and 
Porosity). Beyond 105 years the only important geosphere parameters are Kd(Ra) in 
unaltered rock, WL/Q for DZ-path and De in unaltered rock, which is an expected result 
because Ra-226 is the dominant radionuclide during this period of time in a significant 
percentage of realisations, and geosphere has a strong effect on radium transport. 
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Figure 11-1. Evolution of the RCCs/SRRCs and R2 over time for the total normalised 
release rate form the near field. 
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Figure 11-2. Evolution of the RCCs/SRRCs and R2 over time for the total normalised 
release rate to the biosphere. 
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11.3 Peak total normalised release rates from the near field and to the 
biosphere 

Table 11-1 presents some indicators of the uncertainty in the peak total normalised 
release rates from the near field and the far field (to the biosphere) in two Monte Carlo 
simulations with 10,000 realisations (hole forever and growing hole cases). Indicator 
∆98, defined in Eq. 6-1, represents the orders of magnitude of difference between the 1st 
and the 99th percentiles, and has been adopted to quantify the spreading in the results. 

In the hole forever case both the peak total normalised release rates from the near field 
and to the biosphere span over 4.3 orders of magnitude. In the growing hole case the 
peak normalised release rate from the near field spreads 3.0 orders of magnitude while 
the spread of values of the peak normalised release rate to the biosphere is 3.8 orders of 
magnitude. 

The extremely low minimum values of the peak total normalised release rate to the 
biosphere in Table 11-1 are obtained in realisation 8,390. The next lowest values are 
1.1·10-9 and 1.3·10-9 in the hole forever case and 1.4·10-7 and 2.0·10-7 in the growing 
hole case. Realisation 8,390 is an extreme case in which the only release path is through 
the fracture that intersects the deposition tunnel (TDZ-path), WL/Q for TDZ-path takes a 
high value and there is little longitudinal dispersion (high value of Peclet number), 
resulting in a very slow transport through the geosphere and very small releases during 
the assessment timeframe of 106 years. If the calculation continues until 107 years, the 
peak total normalised release rates to the biosphere in realisation 8,390 become 1.2·10-6 
and 6.1·10-6 in the hole forever and growing hole cases, respectively.   

Table 11-1. Uncertainty indicators for the peak total normalised release rates from the 
near field and the far field (to the biosphere) in Monte Carlo simulations with 10,000 
realisations. 

Peak release 

rate from the… 
Min. 

Percentiles 
Max. ∆98 

1st 5th 50th 95th 99th 

Hole forever  

…near field 9.1·10-9 4.2·10-8 1.4·10-7 4.4·10-6 2.2·10-4 9.0·10-4 5.8·10-3 4.3 

…far field 7.0·10-18 2.0·10-8 7.1·10-8 1.8·10-6 7.7·10-5 4.1·10-4 3.6·10-3 4.3 

Growing hole  

…near field 4.3·10-6 2.1·10-4 6.0·10-4 5.3·10-3 8.1·10-2 2.0·10-1 1.2 3.0 

…far field 2.9·10-15 7.3·10-6 2.5·10-5 6.5·10-4 1.5·10-2 4.5·10-2 4.9·10-1 3.8 

 

Figure 11-3 shows the cumulative distribution functions (CDFs) for the peak total 
normalised release rates from the near field and to the biosphere. The minimum and 
maximum values of the four curves are represented with diamonds (hole forever case) 
and squares (growing hole case).  

In the hole forever case the maximum values of the peak total normalised release rates 
from the near field are two orders of magnitude below the regulatory activity release 
constraint. In the growing hole case the maximum value of the peak total normalised 
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release rate to the biosphere is half the regulatory activity release constraint, and the 
maximum value of the peak total normalised release rate from the near field is slightly 
greater than such regulatory constraint (although that constraint does not apply to the 
releases from the near field). 

Figure 11-3 shows that in the hole forever case the CDFs of the peak total normalised 
release rates from the near field and to the biosphere have similar shapes, and both 
results have the same spread: 4.3 orders of magnitude of difference between the 1st and 
99th percentiles. The similarity between the curves means that the uncertainty in the 
peak total normalised release rate to the biosphere is controlled mainly by the near field, 
with small effects due to the geosphere. As a consequence, it is expected that the PSA 
will find that the parameters with the greatest influence on the peak total normalised 
release rate to the biosphere are near field parameters, with a limited effect of geosphere 
parameters. 

On the other hand, in the growing hole case there are significant differences between the 
CDFs for the peak total normalised release rate from the near field and to the biosphere. 
The spread in the peak total normalised release rates from the near field and to the 
biosphere is 3.0 and 3.8 orders of magnitude, respectively. As a consequence, it is 
expected that the PSA will find that both near field and geosphere parameters affect the 
peak total normalised release rate to the biosphere. 

 

Figure 11-3. CDFs for the peak total normalised release rates from the near field and 
to the biosphere in the Monte Carlo simulations with 10,000 realisations. 
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11.4 PSA of the peak total normalised release rates from the near field 
and to the biosphere 

This section presents the results of the PSA of the peak total normalised release rates 
from the near field and the far field (to the biosphere) in two cases: hole forever and 
growing hole. 

Four model outputs have been analysed: 

- peak total normalised release rate from the near field in the hole forever case, 
- peak total normalised release rate to the biosphere in the hole forever case, 
- peak total normalised release rate from the near field in the growing hole case, and 
- peak total normalised release rate to the biosphere in the growing hole case. 

11.4.1 Sensitivity measures and graphics 

For each of the model outputs listed above, the following sensitivity measures (defined 
in Chapter 4) have been calculated for all the model input parameters:  

- Correlation coefficients in values (CCs), equivalent to the standardised regression 
coefficients (SRCs) when all the input parameters are independent,  

- Correlation coefficients in ranks (RCCs), equivalent to the standardised rank 
regression coefficients (SRRCs) when all the input parameters are independent, 

- Correlation coefficients in logarithms (logCCs), 

- Statistic of the Smirnov test, dividing the output sample into two subsets: 10 % of 
highest values vs. the remaining 90 %, 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %, 

- Statistic for the Contribution to the Sample Mean (CSM) plot, and 

- First order sensitivity indices. 

The values of these statistics are shown in Table 11-2 to Table 11-5, where only values 
greater than the threshold of statistical significance are presented. Grey cells identify 
values slightly below the threshold of significance, but that probably correspond to a 
real effect, because the parameter has been identified as relevant by other sensitivity 
measures.  

In addition, for each of the four model outputs analysed the following graphics 
(described in Chapter 4) have been created: 

- Mean ranks plots for all the model parameters in the 10 % of realisations with the 
lowest/highest values of the output variable (Figure 11-4 and Figure 11-5).   

- Contribution to the Sample Mean (CSM) plots (Figure 11-6 and Figure 11-7). 
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Table 11-2. CCs/SRCs and RCCs/SRRCs for the peak total normalised release rates 
from the near field and the far field (to the biosphere). 

Parameters 

CCs/SRCs RCCs/SRRCs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.034 -0.017 -0.050 -0.034 -0.078    
Small hole diameter 0.270 0.221   0.560 0.578   
De in the small hole 0.235 0.187   0.434 0.426   
Time to loss of hole resistance   -0.277 -0.206   -0.373 -0.326 
Length of canister failed   -0.086 -0.038   -0.076 -0.033 
Waste         
IRF(C)          
IRF(I)      0.033 0.046 0.071 0.063 
Fuel alteration rate     0.106 0.176   
Zirconium alloys alteration rate       0.053 0.045 
Metals alteration rate         
Canister interior         
Cavity water volume -0.125 -0.109 -0.054  -0.234 -0.261 -0.124 -0.031 
Mass of buffer in cavity -0.031    -0.068 -0.030   
Solubility (C) 0.179 0.151 0.202 0.127 0.437 0.330 0.402 0.256 
Solubility (Ra)       0.044  
Hole Buffer         
Porosity (anions)       -0.106  
De (anions)   0.042  0.069 0.103 0.229 0.072 
De (cations/neutral)   0.027    0.050  
Kd (C)  -0.061 -0.050 -0.108 -0.077 -0.129 -0.090 -0.240 -0.134 
Kd (Cs)      -0.030    
Kd (Sr)      -0.050    
Tunnel backfill          
Porosity (anions) / De (anions)         
De (cations/neutral) -0.047 -0.041 -0.017 -0.040 -0.038 -0.041  -0.036 
Kd (C)      -0.021 -0.027  -0.019 
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.139 0.093 0.303 0.194 0.146 0.081 0.349 0.188 
QDZ 0.098 0.058 0.256 0.115 0.114 0.075 0.293 0.177 
QTDF  /  qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths          
Length of F-, DZ-, TDZ-paths          
WL/Q for F-path   -0.026  -0.059  -0.081  -0.223 
WL/Q for DZ-path   -0.042  -0.049  -0.115  -0.341 
WL/Q for TDZ-path          
Peclet number         
Unaltered rock         
Porosity  -0.051  -0.098  -0.095  -0.254 
De   -0.038  -0.082  -0.105  -0.332 
Maximum penetration depth  -0.040  -0.054  -0.098  -0.210 
Kd (Cl)        -0.067 
Kd (I)      -0.068  -0.047 
R2 0.213 0.146 0.302 0.145 0.832 0.814 0.663 0.663 
Threshold of significance 0.023 0.026 0.027 0.033 0.029 0.025 0.028 0.029 
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Table 11-3. Correlation coefficients in logarithms (logCCs) for the peak total 
normalised release rates from the near field and the far field (to the biosphere). 

Parameters 

logCCs 

Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure      
Time to transport path creation -0.077  -0.043  
Small hole diameter 0.565 0.570   
De in the small hole 0.446 0.433   
Time to loss of hole resistance   -0.381 -0.318 
Length of canister failed   -0.081 -0.031 
Waste     
IRF(C) in the fuel matrix     
IRF(I) in the fuel matrix 0.034 0.045 0.071 0.062 
Fuel alteration rate 0.102 0.161   
Zirconium alloys alteration rate   0.054 0.046 
Metals alteration rate     
Canister interior     
Cavity water volume -0.245 -0.266 -0.122 -0.028 
Mass of buffer in cavity -0.072 -0.036   
Solubility (C) 0.464 0.356 0.414 0.259 
Solubility (Ra)   0.049  
Hole Buffer     
Porosity (anions)   -0.094  
De (anions) 0.062 0.092 0.202 0.063 
De (cations/neutral)   0.047  
Kd (C)  -0.133 -0.100 -0.248 -0.138 
Kd (Cs)  -0.037    
Kd (Sr)  -0.045    
Tunnel backfill      
Porosity (anions) / De (anions)     
De (cations/neutral) -0.042 -0.045  -0.038 
Kd (C)  -0.028 -0.028  -0.015 
Solubility correction factor (C)     
Tunnel length     
Near field flows     
QF -- -- -- -- 
QDZ -- -- -- -- 
QTDF  /  qTDZ -- -- -- -- 
Geosphere flow parameters     
tW in F-, DZ-, TDZ-paths      
Length of F-, DZ-, TDZ-paths      
WL/Q for F-path   -0.085  -0.229 
WL/Q for DZ-path   -0.123  -0.340 
WL/Q for TDZ-path      
Peclet number  -0.028  -0.014 
Unaltered rock     
Porosity  -0.101  -0.260 
De   -0.113  -0.331 
Maximum penetration depth  -0.104  -0.238 
Kd (Cl)    -0.075 
Kd (I)  -0.062  -0.052 
R2 0.844 0.821 0.464 0.611 
Threshold of significance 0.029 0.025 0.028 0.029 
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 Table 11-4. Monte Carlo filtering for the peak total normalised release rates from the 
near field and the far field (to the biosphere) – Statistics of the Smirnov and Mann-
Whitney tests (10 % of highest values vs. remaining 90 %).  

Parameters 

Smirnov statistic Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation 0.065  0.078  -0.080  -0.090  
Small hole diameter 0.475 0.434   0.612 0.564   
De in the small hole 0.374 0.353   0.477 0.449   
Time to loss of hole resistance   0.501 0.451   -0.607 -0.548 
Length of canister failed   0.103 0.063   -0.114 -0.063 
Waste         
IRF(C) in the fuel matrix         
IRF(I) in the fuel matrix         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume 0.208 0.181 0.067  -0.276 -0.230 -0.060  
Mass of buffer in cavity 0.073    -0.090 -0.054   
Solubility (C) 0.481 0.516 0.454 0.362 0.480 0.532 0.469 0.389 
Solubility (Ra)         
Hole Buffer         
Porosity (anions)          
De(anions)         
De (cations/ neutral)         
Kd (C)  0.187 0.167 0.346 0.252 -0.218 -0.198 -0.359 -0.284 
Kd (Cs)         
Kd (Sr) 0.061    -0.055    
Tunnel backfill          
Porosity (anions) / De (anions)         
De (cations/neutral) 0.081 0.065  0.073 -0.085 -0.074  -0.070 
Kd (C)      -0.053 -0.043   
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.159 0.119 0.364 0.240 0.208 0.157 0.434 0.289 
QDZ 0.144 0.130 0.223 0.185 0.181 0.165 0.292 0.249 
QTDF  /  qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths          
Length of F-, DZ-, TDZ-paths          
WL/Q for F-path   0.094  0.171  -0.114  -0.231 
WL/Q for DZ-path   0.154  0.188  -0.175  -0.256 
WL/Q for TDZ-path          
Peclet number         
Unaltered rock         
Porosity  0.128  0.179  -0.153  -0.226 
De   0.127  0.233  -0.162  -0.282 
Maximum penetration depth  0.076  0.135  -0.085  -0.166 
Kd (Cl) / Kd(I)         
Threshold of significance 0.056 0.054 0.057 0.052 0.046 0.045 0.050 0.052 



 

 

291

Table 11-5. Test statistic for CSM plots and 1st order sensitivity indices of the peak total 
normalised release rates from the near field and the far field (to the biosphere). 

Parameters 

CSM statistic 1st order sensitivity indices 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation 0.067  0.046      
Small hole diameter 0.435 0.438   0.071 0.046   
De in the small hole 0.383 0.380   0.054 0.034   
Time to loss of hole resistance   0.325 0.351   0.105 0.055 
Length of canister failed   0.094 0.057   0.008  
Waste         
IRF(C) in the fuel matrix         
IRF(I) in the fuel matrix   0.049      
Fuel alteration rate         
Zirconium alloys alteration rate   0.037      
Metals alteration rate         
Canister interior         
Cavity water volume 0.243 0.280 0.067 0.048 0.020 0.014 0.005  
Mass of buffer in cavity 0.089        
Solubility (C) 0.412 0.429 0.305 0.275 0.043 0.028 0.075 0.033 
Solubility (Ra)         
Hole Buffer         
Porosity (anions)         
De (anions)   0.044    0.006  
De (cations/neutral)   0.043      
Kd (C)  0.179 0.178 0.224 0.199 0.011 0.006 0.043 0.016 
Kd (Cs)         
Kd (Sr)  0.067        
Tunnel backfill          
Porosity (anions) / De (anions)         
De (cations/neutral) 0.088 0.095  0.071 0.004    
Kd (C) 0.077 0.084       
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.195 0.156 0.271 0.231 0.019 0.007 0.096 0.040 
QDZ 0.127 0.125 0.157 0.152 0.008 0.004 0.042 0.016 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths          
Length of F-, DZ-, TDZ-paths          
WL/Q for F-path   0.102  0.187    0.011 
WL/Q for DZ-path   0.160  0.137  0.005  0.023 
WL/Q for TDZ-path          
Peclet number         
Unaltered rock         
Porosity  0.120  0.160  0.004  0.010 
De   0.103  0.180  0.005  0.016 
Maximum penetration depth  0.117  0.121    0.010 
Kd (Cl) / Kd(I)         
Sum of 1st order Sis -- -- -- -- 0.235 0.158 0.380 0.230 
Threshold of significance 0.064 0.075 0.033 0.048 0.003 0.004 0.003 0.005 
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Figure 11-4. Mean ranks of all the near field parameters in the 10% of realisations 
with the highest/lowest peak total normalised release rate from the near field. 
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Figure 11-5. Mean ranks of all the parameters in the 10 % of realisations with the 
highest/lowest peak total normalised release rate from the far field (to the biosphere). 
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Figure 11-6. CSM plots for the peak total normalised release rate from the near field in 
two Monte Carlo simulations with 10,000 realisations. 
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Figure 11-7. CSM plots for the peak total normalised release rate from the far field (to 
the biosphere) in two Monte Carlo simulations with 10,000 realisations. 
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forever) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.213 while the R2 of the regression 
in ranks is 0.832. This means that there exists a strong monotonic (but not linear) 
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relation between the peak total normalised release rate from the near field and some 
input parameters. The regression models in values and ranks identify the same most 
important parameters, although there are differences in the less influential parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters is a poor representation of the results obtained, and hence the coefficients of 
the regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters for the peak total normalised release rate from the near field.  

The regression model in ranks (Table 11-2) has found that Small hole diameter, 
Solubility(C) inside canister and De in the small hole are the three parameters with the 
greatest effect on the spread of the values of the peak total normalised release rate from 
the near field. Cavity water volume is the fourth parameter in importance, followed by 
four parameters with RCCs/SRRCs between 0.15 and 0.1: QF, Kd(C) in buffer, QDZ and 
Fuel alteration rate. Time to transport path creation, Mass of buffer in cavity and 
De(anions) in buffer have RCCs/SRRCs smaller than 0.1. Finally there are several input 
parameters with RCCs/SRRCs slightly greater than the threshold of significance: 
IRF(I), Kd(Cs) in buffer, Kd(Sr) in buffer and De(cations/neutral) in backfill. 

The coefficients of the regression in logarithms (logCCs in Table 11-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 11-3). The resulting ranking of 
importance would be identical to the ranking based on RCCs/SRRCs, but without 
including QF and QDZ.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify roughly the same parameters that take specific 
values in the 10 % of realisations with the highest peak total normalised release rate 
from the near field with some differences in their relative importance. These parameter 
are similar to the parameters identified as relevant by the regression in ranks, although 
there are some differences both in the parameters identified as relevant and the rankings 
of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 11-4 it has 
been identified that the 10 % of realisations with the highest peak total normalised 
release rate from the near field are characterised by: 

- very high values of Solubility(C) inside canister, Small hole diameter and De in the 
small hole, high values of QF and QDZ, and 

- significantly low values of Cavity water volume, low values of Kd(C) in buffer and 
slightly smaller than average values of Time to transport path creation, Mass of 
buffer in cavity and De (cations/neutral) in backfill. 

Figure 11-4 shows that the parameters that take specific values in the 10 % of 
realisations with the lowest peak total normalised release rate are the same as those that 
take specific values in the highest 10 % realisations, with some exceptions: the highest 
10 % of realisations correspond to low values of Kd(C) in buffer and no specific values 
of Fuel alteration rate, while in the lowest 10 % of realisations Fuel alteration rate 
takes low values and Kd(C) in buffer does not take any specific values. In general, if a 
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parameter takes high values in the highest 10 % realisations, then it takes low values in 
the lowest 10 % realisations, and vice versa. 

The CSM statistic and plot (Table 11-5 and Figure 11-6) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak total normalised release rate from the near field in the 
10,000 realisations. The parameters whose CSM statistics are above the threshold of 
significance are in good agreement with the parameters identified as most relevant on 
the basis of RCCs/SRRCs and Monte Carlo filtering.  

Figure 11-6 shows that the 50 % of lowest values of Solubility(C) inside canister 
produce only 10 % of the mean value of the peak total normalised release rate from the 
near field. It is observed that the 50 % of lowest values of Small hole diameter and De 
in the small hole produce only 10 % and 14 % of the mean value of the output, 
respectively. For the rest of input parameters the different regions of values have a 
similar contribution to the output sample mean. 

On the basis of the CSM statistic the three most important parameters for the peak total 
normalised release rate from the near field are Small hole diameter, Solubility(C) inside 
canister and De in the small hole, followed by Cavity water volume. There are three 
parameters of secondary importance (CSM statistic between 0.127 and 0.179): Kd(C) in 
buffer, QF, and QDZ, and four parameters whose CSM statistics are slightly greater than 
the threshold of significance: Mass of buffer in cavity, De(cations/neutral) in backfill, 
Time to transport path creation, Kd(Sr) in buffer and Kd(C) in backfill. 

The first order sensitivity indices in Table 11-5 show that only 24 % of the variance of 
the peak total normalised release rate from the near field is due to the variance of the 
input parameters acting independently, with the remaining 76 % being produced by the 
interaction between parameters. Since first order sensitivity indices only explain a small 
part of the variance of the output variable, the validity of a ranking of importance of the 
input parameters based on first order sensitivity indices is questionable. But, in any 
case, the ranking based on first order sensitivity indices is quite similar to the rankings 
obtained in previous paragraphs on the basis of other statistics: 

- the parameters with the highest first order sensitivity indices (from 0.043 to 0.071) 
are Solubility(C) inside canister, Small hole diameter and De in the small hole, 

- Cavity water volume, QF and Kd(C) in buffer have smaller values of the first order 
sensitivity indices between 0.01 and 0.02, and 

- De(cations/neutral) in backfill and QDZ have first order sensitivity indices smaller 
than 0.01 but above the threshold of significance.  

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak total normalised release rate from the near field in the hole 
forever case have been identified: 

- the parameters with the greatest influence are Solubility(C) inside canister, Small 
hole diameter and De in the small hole. Small hole diameter has a greater influence 



 

 

298

on the spread of values of the peak total normalised release rate  (RCCs/SRRCs) 
than the two other parameters, but the three parameters have a similar importance on 
the basis of any of the remaining statistics,    

- there are four parameters of secondary importance: Cavity water volume, Kd(C) in 
buffer, QF and QDZ and 

- Time to transport path creation, IRF(I), Fuel alteration rate, Mass of buffer in 
cavity, De(anions) in buffer, Kd(Cs) in buffer, Kd(Sr) in buffer, De(cations/neutral) 
in backfill and Kd(C) in backfill have only a small effect (with at least one 
sensitivity measure above the threshold of significance). 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10% of realisations with the 
highest values of the output variable, respectively. Solubility(C) inside canister, Small 
hole diameter, De in the small hole, QF, QDZ, IRF(I), Fuel alteration rate and 
De(anions) in buffer are positively correlated with the peak total normalised release rate 
from the near field (i.e the model output tends to increase when the input parameter 
increases) and take high values in the highest 10% of realisations (if the modified 
statistic of the Mann-Whitney test is above the threshold of significance). Cavity water 
volume, Kd(C) in buffer, Time to transport path creation, Mass of buffer in cavity, 
Kd(Cs) in buffer, Kd(Sr) in buffer, De(cations/neutral) in backfill and Kd(C) in backfill 
are negatively correlated with the peak total normalised release rate from the near field 
and take small values in the highest 10% of realisations. For most parameters these 
results are consistent with the intuitive effect of each parameter on the model output: 
e.g. it is expected that an increase in QF will produce an increase in the peak total 
normalised release rate. 

Only for De(cations/neutral) in backfill the negative sign of the (quite small) 
RCC/SRRC and modified statistic of the Mann-Whitney test seem to be in contradiction 
with the intuitive effect of this parameter. De in backfill displays a similar behaviour for 
other radionuclides and this topic is discussed in section 15.2. 

11.4.3 PSA for the peak total normalised release rate to the biosphere (Hole 
forever) 

Table 11-2 to Table 11-4 show that for all the near field parameters the different 
statistics take similar values for the peak total normalised release rates from the near 
field and to the biosphere in the hole forever case, and geosphere parameters never are 
among the most important parameters (those with the highest values of the statistics). 
As a consequence, the ranking of important parameters for the peak total normalised 
release rate to the biosphere is roughly the same ranking than for the peak total 
normalised release rate from the near field plus a few geosphere parameters of 
secondary importance.  

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.146 while the R2 of the regression 
in ranks is 0.814. This means that there exists an important monotonic (but not linear) 
relation between the peak total normalised release rate to the biosphere and some input 
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parameters. The regression models in values and ranks identify the same most 
influential parameters although there are differences in the less important parameters.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 11-2) has found that Small hole diameter and De 
in the small hole are, by far, the two parameters with the greatest effect on the spread of 
the values of the peak total normalised release rate to the biosphere, followed by 
Solubility(C) inside canister and Cavity water volume. Fuel alteration rate is the fifth 
parameter in importance, followed by nine parameters with RCCs/SRRCs around 0.1:  
De(anions) in buffer, Kd(C) in buffer, QF, QDZ, WL/Q for F-path, WL/Q for DZ-path 
and Porosity, De and Maximum penetration depth in unaltered rock. Finally there are 
several input parameters with RCCs/SRRCs slightly greater than the threshold of 
significance: IRF(I), Mass of buffer in cavity, De(cations/neutral) in backfill, Kd(C) in 
backfill and Kd(I) in unaltered rock. 

The coefficients of the regression in logarithms (logCCs in Table 11-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 11-3). The resulting ranking of 
importance would be identical to the ranking based on RCCs/SRRCs, but without 
including QF and QDZ.  

Figure 5-12 shows that the 10 % of realisations with the highest peak total normalised 
release rate from the near field are roughly the same than the 10 % of realisations with 
the highest C-14 peak release rate from the near field, with some small effects due to the 
“rest of fission and activation products” (Ag-108 m, Cs-137 and Sr-90 mainly). This is 
confirmed by the great similarities between Table 6-3 and Table 11-4. 

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify roughly the same sets of parameters that take 
specific values in the 10 % of realisations with the highest peak total normalised release 
rate to the biosphere with some differences in the rankings of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 11-5 it has 
been found that the 10 % of realisations with the highest peak total normalised release 
rate to the biosphere are characterised by: 

- very high values of Solubility(C) inside canister, Small hole diameter and De in the 
small hole, high values of QF and QDZ, and 

- low values of Cavity water volume, Kd(C) in buffer, WL/Q for F-path, WL/Q for 
DZ-path, Porosity of unaltered rock and De in unaltered rock and slightly smaller 
than average values of De(cations/neutrals) in backfill and Maximum penetration 
depth in unaltered rock. 

Figure 11-5 shows that, in general, the parameters that take specific values in the 10 % 
of realisations with the lowest peak total normalised releases rate to the biosphere are 
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the same as those that take specific values in the highest 10 % of realisations, although 
there are several exceptions: the highest 10 % of realisations correspond to low values 
of Kd(C) in buffer and no specific values of Fuel alteration rate, while in the lowest 
10 % of realisations Fuel alteration rate takes low values and Kd(C) in buffer does not 
take any specific values. In general, if a parameter takes high values in the highest 10 % 
realisations, then it takes low values in the lowest 10% realisations, and vice versa. 

The CSM statistic and plot (Table 11-5 and Figure 11-7) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak total normalised release rate to the biosphere in the 10,000 
realisations. The parameters whose CSM statistics are above the threshold of 
significance are roughly the same identified as relevant on the basis of the 
RCCs/SRRCs and Monte Carlo filtering.  

Figure 11-7 shows that the 50% of lowest values of Solubility(C) inside canister 
produce only 8 % of the mean value of peak total normalised release rate to the 
biosphere. The 50 % of lowest values of Small hole diameter and De in the small hole 
produce only 10 % and 15 % of the mean value of the output, respectively. For the rest 
of input parameters the different regions of values have a similar contribution to the 
output sample mean. 

On the basis of the CSM statistic the three most influential parameters for the peak total 
normalised release rate to the biosphere are Solubility(C) inside canister, Small hole 
diameter and De in the small hole (the three with similar values of the CSM statistic), 
followed by Cavity water volume. There are eight parameters of smaller importance 
(CSM statistic between 0.200 and 0.100): Kd(C) in buffer, QF, WL/Q for DZ-path, QDZ, 
WL/Q for F-path, and three parameters of the unaltered rock (De, Porosity and 
Maximum penetration depth). Finally, the CSM statistics of De(cations/neutral) in 
backfill and Kd(C) in backfill are slightly smaller than 0.1 and only a little above the 
threshold of significance.  

 The first order sensitivity indices in Table 11-5 show that only 16 % of the variance of 
the he peak total normalised release rate to the biosphere is due to the variance of the 
input parameters acting independently, with the remaining 84 % being produced by the 
interaction between parameters. Since the first order sensitivity indices only explain a 
small part of the variance of the output variable, the validity of a ranking of importance 
of the input parameters based on first order sensitivity indices is questionable. But, in 
any case, the resulting ranking based on first order sensitivity indices is consistent with 
the rankings obtained in previous paragraphs on the basis of other statistics: 

- the parameters with the highest values of the first order sensitivity indices (from 
0.028 to 0.046) are Solubility(C) inside canister, Small hole diameter and De in the 
small hole, 

- the next highest first order sensitivity index corresponds to Cavity water volume and 
its value is 0.014, and 

there are six other parameters (QF, Kd(C) in buffer, WL/Q for DZ-path, QDZ, and 
Porosity and De in unaltered rock) whose variance acting independently explains a 
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small fraction (less than 1 %) of the variance of the peak total normalised release 
rate to the biosphere.  

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak total normalised release rate to the biosphere in the hole 
forever case have been identified: 

- the parameters with the greatest influence are Solubility(C) inside canister, Small 
hole diameter and De in the small hole. Solubility(C) inside canister has a smaller 
influence on the spread of values of the peak total normalised release rate to the 
biosphere  (RCCs/SRRCs) than the two other parameters, but the three parameters 
have a similar importance on the basis of any of the remaining statistics,    

- there are two parameters of secondary importance: Cavity water volume and Kd(C) 
in buffer, 

- there is a numerous group of parameters of limited importance: near field 
parameters QF, QDZ and Fuel alteration rate (this last parameter only is identified as 
relevant by the RCCs/SRRCs and logCCs), groundwater flow parameters WL/Q for 
DZ-path and WL/Q for path F-path and Porosity, De and Maximum penetration 
depth in unaltered rock, and  

- IRF(I), Mass of buffer in cavity, De(anions) in buffer, De(cations/neutral) in 
backfill, Kd(C) in backfill and Kd(I) in unaltered rock have only a small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10 % of realisations with the 
highest values of the output variable, respectively. Solubility(C) inside canister, Small 
hole diameter, De in the small hole, IRF(I), Fuel alteration rate, De(anions) in buffer, 
QF and QDZ are positively correlated with the peak total normalised release rate to the 
biosphere (i.e the output tends to increase when the input parameter increases) and take 
high values in the highest 10 % of realisations (if the modified statistic of the Mann-
Whitney test is above the threshold of significance). Cavity water volume, Mass of 
buffer in cavity, Kd(C) in buffer, De(cations/neutral) in backfill, Kd(C) in backfill, 
WL/Q for DZ-path, WL/Q for F-path and Porosity, De, Maximum penetration depth and 
Kd(I) in unaltered rock are negatively correlated with the peak total normalised release 
rate to the biosphere and take small values in the highest 10 % of realisations. For most 
parameters these results are consistent with the intuitive effect of each parameter on the 
model output: e.g. it is expected that an increase in QF will produce an increase in the 
peak total normalised release rate to the biosphere. 

Only for De(cations/neutral) in backfill the negative sign of the (quite small) 
RCC/SRRC and modified statistic of the Mann-Whitney test seems to be in 
contradiction with the intuitive effect of this parameter. De in backfill displays a similar 
behaviour for other radionuclides and this topic is discussed in section 15.2. 
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11.4.4 PSA for the peak total normalised release rate from the near field 
(Growing hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is 0.302 while the R2 of the regression in 
ranks is 0.663. This means that there exists a significant monotonic (but not linear) 
relation between the peak total normalised release rate from the near field and some 
input parameters. The regression models in values and ranks identify the same 
parameters with a significant effect on the peak total normalised release rate from the 
near field, but the rankings of importance are quite different. 

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  

The regression model in ranks (Table 11-2) identifies Time to loss of hole resistance 
and Solubility(C) inside canister as the two parameters with the greatest influence on 
the spread of the values of the peak total release rate from the near field (RCCs/SRRCs 
around 0.4), closely followed by near field flows QF and QDZ. Two parameters have 
RCCs/SRRCs around 0.2 (De(anions) in buffer and Kd(C) in buffer) and other two have 
RCCs/SRRCs around 0.1 (Cavity water volume and Porosity(anions) in buffer). Finally 
Length of canister failed, IRF(I), Zirconium alloys alteration rate, Solubility(Ra) inside 
canister and De(cations/neutral) in buffer have RCCs/SRRCs slightly above the 
threshold of significance. 

The coefficients of the regression in logarithms (logCCs in Table 11-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 11-3). The resulting ranking of 
importance would be identical to the ranking based on RCCs/SRRCs, but without 
including QF and QDZ.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same eight parameters that take specific 
values in the 10% of realisations with the highest peak total normalised release rate 
from the near field, with identical rankings of importance. There are significant 
differences with the parameters identified as most important by the regression in ranks. 

On the basis of the modified statistic of the Mann-Whitney test and Figure 11-4 it has 
been identified that the 10 % of realisations with the highest peak total normalised 
release rate from the near field are characterised by: 

- very high values of Solubility(C) inside canister, significantly high values of QF and 
QDZ, and 

- very low values of Time to loss of hole resistance, significantly low values of Kd(C) 
in buffer, low values of Length of canister failed and slightly smaller than average 
values of Time to transport path creation. 
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Figure 11-4 shows that the parameters that take specific values in the 10 % of 
realisations with the highest peak total normalised release rate from the near field only 
the parameters that affect the release and transport of C-14 take specific values. In the 
lowest 10 % of realisations the parameters related to the release and transport of Cl-36 
and I-129 (IRF(I), Porosity(anions) in buffer and De(anions) in buffer) are important 
also.  

The CSM statistic and plot (Table 11-5 and Figure 11-6) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak total normalised release rate from the near field. The 
parameters whose CSM statistic is clearly above the threshold of significance are 
roughly the same parameters identified as relevant on the basis of RCCs/SRRCs and the 
modified statistic of the Mann-Whitney test.  

Figure 11-6 shows that the 38 % of lowest values of Solubility(C) inside canister 
produce only 10 % of the mean value of the output variable. The 36 % of highest values 
of Time to loss of hole resistance and the 29% of highest values of Kd(C) in buffer 
produce, each, only 10 % of the mean value of the output. The 20 % of highest values of 
QF and QDZ produce 45 % and 34 % of the mean value of the output, respectively. For 
the rest of input parameters the different regions of values have a similar contribution to 
the output sample mean. 

On the basis of the CSM statistic the most important parameters for the peak total 
normalised release rate from the near field are Time to loss of hole resistance and 
Solubility(C) inside canister, followed by QF and Kd(C) in buffer. QDZ is the fifth most 
important parameter with a CSM statistic around 0.15 and Length of canister failed is 
the sixth (CMS statistic around 0.1). There are six parameters whose CSM statistic is 
slightly above the threshold of significance: Time to transport path creation, Cavity 
water volume, IRF(I), Zirconium alloys alteration rate, De(anions) in buffer and 
De(cations/neutral) in buffer. 

The first order sensitivity indices in Table 11-5 show that 38 % of the variance of C-14 
peak release rate from the near field is due to the variance of the input parameters acting 
independently, with the remaining 62 % being produced by the interaction between 
parameters. The parameters with the highest value of the first order sensitivity index is 
Time to loss of hole resistance, that is responsible for 11 % of the variance of the output 
variable. The next most important parameters are QF (10 %), Solubility(C) inside 
canister (8 %), Kd(C) in buffer (4 %) and QDZ (4 %). Finally, the variance of Length of 
canister failed, Cavity water volume and De(anions) in buffer acting independently 
explain, each, less than 1 % of the variance of the peak total normalised release rate 
from the near field. 

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak total normalised peak release rate from the near field in 
the growing hole case have been identified: 

- the two parameters with the greatest influence are Time to loss of hole resistance 
and Solubility(C) inside canister. 
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- there are three very influential parameters: Kd(C) in buffer, QF and QDZ, 

- four parameters are identified as relatively important at least by one sensitivity 
measure: Length of canister failed, Cavity water volume, Porosity(anions) in buffer, 
De(anions) in buffer, and 

- Time to transport path creation, IRF(I), Zirconium alloys alteration rate, 
Solubility(Ra) inside canister and De(cations/neutral) in buffer have only a small 
effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10 % of realisations with the 
highest values of the output variable, respectively. Solubility(C) inside canister, QF, 
QDZ, De(anions) in buffer, De(cations/neutral) in buffer, IRF(I), Zirconium alloys 
alteration rate and Solubility(Ra) inside canister are positively correlated with the peak 
total normalised release rate from the near field (i.e the output tends to increase when 
the input parameter increases) and take high values in the highest 10 % of realisations (if 
the modified statistic of the Mann-Whitney test is greater than the threshold of 
significance). Time to loss of hole resistance, Kd(C) in buffer, Length of canister failed, 
Cavity water volume and Porosity(anions) in buffer are negatively correlated with the 
peak total normalised release rate from the near field and take small values in the 
highest 10 % of realisations (if the modified statistic of the Mann-Whitney test is greater 
than the threshold of significance). Time to transport path creation takes slightly 
smaller than average values in the lowest 10 % of realisations also. For most parameters 
these results are consistent with the intuitive effect of each parameter on the model 
output: e.g. it is expected that an increase in QF will produce an increase in the peak 
total normalised release rate from the near field. 

Only for Length of canister failed the negative sign of the (quite small) RCCs/SRRCs 
and modified statistic of the Mann-Whitney test seem to be in contradiction with the 
intuitive effect of these parameters. Length of canister failed displays a similar 
behaviour for many radionuclides and this topic is discussed in section 15.3. 

11.4.5 PSA for the peak total normalised release rate to the biosphere (Growing 
hole) 

Two regression models (in values and ranks) with all the input parameters have been 
created. The R2 of the regression in values is only 0.145 while the R2 of the regression 
in ranks is 0.663. This means that there exists a significant monotonic (but not linear) 
relation between the peak total normalised release rate to the biosphere and some input 
parameters. Roughly the same parameters are identified as relevant in the regressions in 
value and ranks, although there are significant differences in the rankings of importance.  

The low R2 of the regression in values means that a linear model with all the input 
parameters does not explain the results obtained, and hence the coefficients of the 
regression (CCs/SRCs) are not appropriate to create a ranking of importance of the 
input parameters.  
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The regression model in ranks (Table 11-2) has found that Time to loss of hole 
resistance,  WL/Q for DZ-path and De in unaltered rock are the three parameters with 
the greatest influence on the spread of values of the peak total normalised release rate to 
the biosphere, with RCCs/SRRCs greater than 0.3. There are four parameters of 
secondary importance (RCCs/SRRCs between 0.2 and 0.3): Solubility(C) inside 
canister, WL/Q for F-path and Porosity and Maximum penetration depth in unaltered 
rock. Three near field parameters have RCCs/SRRCs between 0.1 and 0.2: Kd(C) in 
buffer, QF and QDZ. Finally Length of canister failed, IRF(I), Zirconium alloys 
alteration rate, Cavity water volume, De(anions) in buffer, De(cations/neutral) in 
backfill and Kd(Cl) and Kd(I) in unaltered rock have only a small effect on the spread 
of values of the peak total normalised release rate from the near field.   

The coefficients of the regression in logarithms (logCCs in Table 11-3) are nearly 
identical to the RCCs/SRRCs, but for the input parameters that take zero values in some 
realisations can´t be calculated (cells with “x” in Table 11-3). The resulting ranking of 
importance would be identical to the ranking based on RCCs/SRRCs, but without 
including QF and QDZ.  

The Smirnov and Mann-Whitney tests (10 % of realisations with the highest values of 
the output vs. remaining 90 %) identify the same twelve parameters that take specific 
values in the 10 % of realisations with the highest peak normalised release rate to the 
biosphere, with similar rankings of importance. These are roughly the same parameters 
identified in the regression in ranks as having some influence, but there are significant 
differences in the rankings of importance.  

On the basis of the modified statistic of the Mann-Whitney test and Figure 11-5 it has 
been identified that the 10 % of realisations with the highest peak total normalised 
release rate from the near field are characterised by: 

- significantly high values of Solubility(C) inside canister, QF and QDZ, and 

- very low values of Time to loss of hole resistance, significantly low values of Kd(C) 
in buffer, WL/Q for DZ-path, WL/Q for F-path and Porosity and De in unaltered 
rock, low values of Maximum penetration depth in unaltered rock, and slightly 
smaller than average values of Length of canister failed and De(cations/neutral) in 
backfill. 

Figure 11-5 shows that in the 10 % of realisations with the lowest peak total normalised 
release rate to the biosphere, several geosphere parameters take specific values while 
near field parameters have a much smaller effect. The realisations with the lowest peak 
total normalised release rate to the biosphere are characterised mainly by the very slow 
transport through the geosphere of carbon, chlorine and iodine, with high values of 
WL/Q for DZ-path, WL/Q for F-path and Porosity, De and Maximum penetration depth 
in unaltered rock. Near field parameters have only a small importance in the lowest 
10 % of realisations. 

The CSM statistic and plot (Table 11-5 and Figure 11-7) identify the parameters for 
which a particular region of values provides a lower or greater than average contribution 
to the mean value of the peak total normalised release rate from the near field. There are 
thirteen parameters whose CSM statistic is above the threshold of significance, and are 
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roughly the same identified as relevant on the basis of RCCs/SRRCs and Monte Carlo 
filtering.  

Figure 11-7 shows that the 40 % of lowest values of Solubility(C) inside canister 
produce only 12 % of the mean value of the peak total normalised release rate to the 
biosphere. The 38 % of highest values of Time to loss of hole resistance and the 27 % of 
highest values of Kd(C) in buffer produce, each, only 10 % of the mean value of the 
output. The 20 % of highest values of QF produce 41 % of the mean value of the output 
variable, respectively. For the rest of input parameters the different regions of values 
have a similar contribution to the output sample mean. 

On the basis of the CSM statistic the most influential parameters for the peak total 
normalised release rate to the biosphere is Time to loss of hole resistance, followed by 
Solubility(C) inside canister and QF. There is a numerous group of parameters of 
secondary importance, with values of the CSM statistic between 0.1 and 0.2 (from 
higher to lower importance):  Kd(C) in buffer, WL/Q for F-path, De and Porosity of 
unaltered rock, QDZ, WL/Q for DZ-path and Maximum penetration depth in unaltered 
rock.  There are three parameters with a CSM statistic slightly above the threshold of 
significance: Length of canister failed, Cavity water volume and De(cations/neutral) in 
backfill.  

The first order sensitivity indices in Table 11-5 show that only 24 % of the variance of 
the peak total normalised release rate to the biosphere is due to the variance of the input 
parameters acting independently, with the remaining 76 % being produced by the 
interaction between parameters. Although the first order sensitivity indices only explain 
a small part of the variance of the output variable, the ranking of importance obtained 
on the basis of the first order sensitivity indices is similar to the rest of rankings 
obtained in this section. Time to loss of hole resistance is the parameter whose variance 
explains a greater fraction of the variance of the output variable (6%), followed by QF 
(4 %) and Solubility(C) inside canister (3 %). There are four parameters whose variance 
explains between 1 % and 2 % of the variance of the output variable: WL/Q for DZ-
path, Kd(C) in buffer, QDZ and De in unaltered rock. Three other parameters have first 
order sensitivity indices slightly above the threshold of significance: WL/Q for F-path 
and Porosity and Maximum penetration depth in unaltered rock.    

In the previous paragraphs several rankings of importance of the input parameters have 
been obtained. There is a good agreement between the different rankings, and the key 
input parameters for the peak total normalised release rate to the biosphere in the 
growing hole case have been identified: 

- the parameters with the greatest influence are Time to loss of hole resistance and 
Solubility(C) inside canister, 

- there is a numerous group of parameters of secondary importance: near field 
parameters Kd(C) in buffer, QF and QDZ, groundwater flow parameters WL/Q for 
DZ-path and WL/Q for F-path, and unaltered rock parameters De, Porosity and 
Maximum penetration depth, and 
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- Time to transport path creation, Length of canister failed, IRF(I), Zirconium alloys 
alteration rate, Cavity water volume, De(anions) in buffer, De(cations/neutral) in 
backfill and Kd(Cl) and Kd(I) in unaltered rock have only a very small effect. 

The signs of the RCCs/SRRCs and the modified statistics of the Mann-Whitney test 
provide information on the variation of the output variable when the input parameter is 
changed and the values of the input parameter in the 10 % of realisations with the 
highest values of the output variable, respectively. Solubility(C) inside canister, QF, 
QDZ, De(anions) in buffer, IRF(I) and Zirconium alloys alteration rate are positively 
correlated with the peak total normalised release rate to the biosphere (i.e the output 
tends to increase when the input parameter increases) and take high values in the highest 
10 % of realisations (if the modified statistic of the Mann-Whitney test is above the 
threshold of significance). Time to loss of hole resistance, Kd(C) in buffer,  Length of 
canister failed, Cavity water volume, De(cations/neutral) in backfill, WL/Q for DZ-path 
and WL/Q for F-path, and five parameters of the unaltered rock (De, Porosity, 
Maximum penetration depth, Kd(Cl) and Kd(I)) are negatively correlated with the peak 
total normalised release rate to the biosphere and take small values in the highest 10 % 
of realisations (if the modified statistic of the Mann-Whitney test is above the threshold 
of significance). For most parameters these results are consistent with the intuitive 
effect of each parameter on the model output: e.g. it is expected that an increase in QF 
will produce an increase in the peak total normalised release rate to the biosphere. 

Only for Length of canister failed and De(cations/neutral) in backfill the negative sign 
of the (quite small) RCCs/SRRCs and modified statistic of the Mann-Whitney test seem 
to be in contradiction with the intuitive effect of these parameters. De(cations/neutral) 
in backfill displays a similar behaviour for many radionuclides and this topic is 
discussed in section 15.2. Length of canister failed displays a similar behaviour for 
many radionuclides and this topic is discussed in section 15.3. 

11.5 Conclusions of the PSA for the whole inventory (total normalised 
release rates) 

Total normalised release rates are the sum of the normalised release rates of all the 
radionuclides in the inventory. Only a small part of the 41 radionuclides in the inventory 
(Tavle 3-1) provide a significant contribution to the total normalised release rates during 
a part of the one million years assessment timeframe, and even less radionuclides 
provide a significant contribution to the peak total normalised release rates. 

Figure 5-4 to Figure 5-7 identify the radionuclides that control the (mean values of the) 
total normalised release rates from the near field and to the biosphere in the hole forever 
and growing hole case at different instants: 

- at early instants Sr-90 and Cs-137 control the peak release rates because Time to 
transport path creation can take values as low as 10 years, 

- after this brief initial period and up to 40,000 years C-14 is the dominant 
radionuclide both in the hole forever and growing hole cases, 

- in the hole forever case Cl-36 and I-129 are the most important radionuclides 
beyond 40,000 years, with I-129 relative importance increasing with time, 
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- in the growing hole case actinides and progeny (and Ra-226 in particular) control 
the mean total normalised release rate from the near field beyond 40,000 years, and 

- in the growing hole case Cl-36, I-129 and actinides and progeny (and Ra-226 in 
particular) have a similar influence on the mean total normalised release rate from 
the near field beyond 40,000 years, with Cl-36 importance decreasing with time 
after 105 years.  

It is noteworthy that the control of actinides and progeny over the mean values of the 
long term total normalised release rates in the growing hole case is produced by a small 
number of realisations in which actinides and daughters produce high consequences. 
Nevertheless, in the majority of the realisations long term total normalised release rates 
are produced by I-129, especially in the case of the releases to the biosphere.  

Figure 5-22 and Figure 5-23 show that the peak total normalised release rates are 
controlled mainly by C-14, Cl-36 and I-129, with a few other radionuclides (Sr-90, Cs-
135, Cs-137 and Ra-226) controlling the peak total normalised release rates (especially 
from the near field) in a small percentage of the realisations. C-14 is the dominant 
radionuclide in 42 % to 52 % of the realisations, and I-129 and Cl-36 are dominant in a 
smaller percentage of realisations.  

In the hole forever case the peak total normalised release rates from the near field and to 
the biosphere are controlled mainly by the transport of C-14, Cl-36 and I-129 through 
the small hole in the canister overpack. Small hole diameter and De in the small hole are 
the most important parameters because they affect the release rates through the small 
hole of the three dominant radionuclides. Solubility(C) inside canister is the next most 
important parameter, which confirms the great contribution of C-14 to the total 
normalised release rates. Cavity water volume and De(anions) in buffer are important 
parameters because they affect the SHTP for anions (Equation A-2) that is a very 
important parameter for Cl-36 and I-129. 

Fuel alteration rate has a smaller, but still significant, effect on the peak total 
normalised release rates because it affects the peak release rates through the small hole 
of I-129. Kd(C) in buffer and near field flow QF and QDZ have a limited effect. 

Geosphere parameters have a small effect on the peak total normalised release rate to 
the biosphere due to the zero sorption of carbon on unaltered rock, and relatively low 
values of Kd(Cl) and Kd(I) in unaltered rock in most realisations. There are five 
geosphere parameters with a small effect on the peak total normalised release rate to the 
biosphere: WL/Q for DZ-path, WL/Q for F-path and Porosity, De and Maximum 
penetration depth in unaltered rock.  

In the growing hole case the peak total normalised release rates from the near field are 
controlled mainly by C-14, with Cl-36 and I-129 being very important also. C-14 
related parameters Time to loss of hole resistance and  Solubility(C) inside canister are 
the two most important parameters, and Kd(C) in buffer  has high values of the different 
statistics. The following parameters related to the transport of Cl-36 and I-129 (both 
anions) have an important effect on the peak total normalised release rate from the near 
field: De(anions) in buffer, Porosity(anions) in buffer and Cavity water volume. Near 
field flows QF and QDZ have a great effect on the total normalised release rates from the 
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near field (much greater than in the hole forever case), similar to their effects on the 
peak release rates from the near field of each of the three dominant radionuclides.  

The near field parameters identified in the previous paragraph as having an important 
effect on the peak total normalised release rate from the near field have an important 
effect on the peak total normalised release rate to the biosphere also. 

In the growing hole case geosphere parameters have an important effect on the peak 
total normalised release rate to the biosphere, much greater than in the hole forever case. 
This is a consequence of the different shape of the C-14, Cl-36 and I-129 release rate 
from the near field in the two cases studied. In the hole forever case the mass flows 
released from the near field are smooth functions, and the geosphere produces mainly a 
delay of the releases to the biosphere but the peak release rates from the near field and 
to the biosphere are similar. In the growing hole case the releases from the near field of 
the three radionuclides, after the loss of the transport resistance of the small hole, are 
concentrated in a short period of time (specially for the Cl-36 and I-129 that do not sorb 
on buffer) and the geosphere main effect is to spread the releases to the biosphere over a 
much greater period of time, thus decreasing their peak release rates from the biosphere. 

The five geosphere parameters with an important effect on the peak total normalised 
release rate to the biosphere are WL/Q for DZ-path, WL/Q for F-path and Porosity, De 
and Maximum penetration depth in unaltered rock. Kd(Cl) and Kd(I) in unaltered rock 
have a much smaller effect. 

Both in the hole forever and growing hole cases only the parameters related to C-14, Cl-
36 or I-129 release from the waste and transport have a significant effect on the peak 
total normalised release rates. Three more parameters have a small effect on the peak 
total normalised release rate from the near field: Kd(Cs) and Kd(Sr) in buffer in the hole 
forever case and Solubility(Ra) inside canister in the growing hole case. 

In the growing hole case four parameters related to radium transport (Solubility(Ra) 
inside canister, Kd(Ra) in buffer, De(Ra,Sr) in buffer and Kd(Ra) in unaltered rock) 
have an important effect on the long term total normalised release rate from the near 
field or the biosphere. However, their effect on the peak release rates is very small. 
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12 SIMPLIFIED ANALYSIS FOR OTHER FISSION AND ACTIVATION 
PRODUCTS 

The four radionuclides with the greatest effect on the total normalised release rates from 
the near field and to the biosphere (C-14, Cl-36, I-129 and Cs-135) have been studied in 
previous sections using all the sensitivity methods described in Sections 4.1to 4.3. The 
PSA performed for the four main radionuclides covered the evolution with time of the 
release rates from the near field and the peak release rates in the hole forever and 
growing hole cases. 

Table 5-1 to Table 5-4, Figure 5-14 and Figure 5-15 show that the peak normalised 
release rates from the near field and to the biosphere of each of the remaining 17 fission 
and activation products in the inventory (Table 3-1) are very small. The peak value of 
the total (added over the 17 radionuclides) normalised release rates are also very small. 
In all the realisations the peak total (due to the remaining 17 fission and activation 
products) normalised release rates from the near field are at least two orders of 
magnitude below the regulatory activity release constraint (although this constraint does 
not apply to the radionuclide releases from the near field), and the peak total normalised 
release rates (due to the remaining 17 fission and activation products) to the biosphere 
are at least four orders of magnitude below the regulatory activity release constraint. 

Simplified sensitivity analyses of the peak release rates from the near field and to the 
biosphere for each of the fission and activation products in Table 3-1, excluding the four 
main radionuclides (C-14, Cl-36, I-129 and Cs-135), have been carried out. Results are 
presented for each of the 17 remaining fission and activation products in sections 12.1to 
12.17. For a given radionuclide four model outputs have been studied: 

- Peak release rate from the near field in the hole forever case, 
- Peak release rate to the biosphere in the hole forever case, 
- Peak release rate from the near field in the growing hole case, and 
- Peak release rate to the biosphere in the hole forever case, 

and for each model output the following sensitivity measures are calculated: 

- Correlations coefficients in ranks (RCCs), that are equivalent to the standardised 
regression coefficients (SRCs) when all the input parameters are independent, and 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90%. 

The RCCs/SRRCs identify the input parameters whose uncertainty has an important 
effect on the spread of values of the model output, and the modified Mann-Whitney 
statistics identify the parameters that take specific values in the 10 % of realisations 
with the highest values of the model output. 

The coefficients of determination (R2) in the tables correspond to multiple linear 
regression in ranks with all the model input parameters, that are independent. The 
apparent diffusion coefficients in buffer are included in the tables of results, but are not 
included in the regressions. 
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12.1 Results for Ag-108m 

Ag-108m is a relatively short lived (T1/2=438a) radionuclide with a very high inventory 
in the other metals (produced by activation of silver in the control rods) and a much 
smaller inventory produced by fission in the UO2 (less than 10-6 times the inventory in 
the other metals). A significant Instant Release Fraction (IRF) of Ag-108m inventory is 
assumed in the calculations. In the Monte Carlo simulations silver has low solubility 
and its sorption on buffer, backfill an unaltered rock can range from very weak to 
medium in the different realisations. 

Due to Ag-108m short life, in most realisations of the growing hole case Ag-108m peak 
release rates from the near field and to the biosphere are reached before the loss of 
transport resistance of the small hole (that takes a minimum of 5,000 years after the 
formation of the transport path through the copper overpack). This explains the great 
similarity of the values of the statistics in the hole forever and growing hole cases. 

A simplified PSA has been done for the Ag-108m peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-1 and discussed in the next sections. 

12.1.1 Peak release rate from the near field 

Both in the hole forever and growing hole cases the parameter with the greatest effect 
on the spread of values of Ag-108m peak release rate from the near field is 
Solubility(Ag) inside canister, followed by Time to transport path creation and the 
transport parameters through the small hole (Small hole diameter and De in the small 
hole). There are four other parameters with a smaller, but still significant, influence on 
Ag-108m peak release rate from the near field: Kd(Ag) in buffer, near field flows QF 
and QDZ and Time to loss of hole resistance (only in the growing hole case).  

The parameters that take specific values in the 10 % of realisations with highest Ag-
108m peak release rate from the near field are the same that control the spread of values 
of Ag-108 m peak release rate from the near field, with similar rankings of importance. 

12.1.2 Peak release rate to the biosphere 

Both in the hole forever and growing hole cases the two parameters with the greatest 
effect on the spread of values of Ag-108m peak release rate to the biosphere are those 
controlling the diffusion of silver into the unaltered rock: De in unaltered rock and 
Kd(Ag) in unaltered rock, both with similar importance. The third parameter in 
importance is WL/Q for DZ-path, followed by Solubility(Ag) inside canister.  

Several other parameters have some effect on the spread of values of Ag-108m peak 
release rate to the biosphere (ordered by decreasing importance): Time to transport path 
creation, WL/Q for F-path, Small hole diameter, De in the small hole, Peclet number, 
QF, Kd(Ag) in buffer, Porosity of unaltered rock, Time to loss of hole resistance (only in 
the growing hole case), QDZ and Maximum penetration depth in unaltered rock. 
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The spread of values of Ag-108m peak release rate to the biosphere is controlled mainly 
by the transport of silver in the geosphere, although near field parameters have a 
significant influence. While the coefficient of determination (R2) of a multiple linear 
regression with the seven aforementioned geosphere parameters is 0.494 (hole forever) 
or 0.497 (growing hole), a similar regression with only near field parameters has an R2 
equal to 0.204 (hole forever) or 0.189 (growing hole).   

The parameters that take specific values in the 10 % of realisations with highest Ag-
108 m peak release rate to the biosphere are roughly the same parameters that control 
the spread of values of Ag-108 m peak release rate to the biosphere, although the 
relative importance is very different. While geosphere parameters have a greater effect 
on the spread of values, in the highest 10 % of realisations the near field parameters are 
more important than geosphere parameters. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Solubility(Ag) inside canister. The 
next most influential parameters are Kd(Ag) in unaltered rock, De in unaltered rock, 
WL/Q for DZ-path, Time to transport path creation, Small hole diameter, De in the 
small hole and Time to loss of hole resistance (only in the growing hole case). There is a 
group of parameters of smaller importance: WL/Q for F-path, QF and QDZ.  

Table 12-1 shows that 10 % of realisations with highest values of the Ag-108 m peak 
release rate to the biosphere are characterised by having fast transport of silver through 
the geosphere, and high values of Solubility(Ag) inside canister.. 

12.1.3 Comments 

The initial inventories of Ag-108 m and stable silver are 178.8 g and 44.5 kg per 
canister, respectively. The high IRF for silver and the rapid alteration of the other metal 
parts (Metals alteration rate takes values between 10-4 and 10-2 a-1) makes that in all the 
realisations silver precipitates inside the canister and transport of Ag-108 m is 
controlled by Solubility(Ag) inside canister.  
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Table 12-1. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Ag-108m peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.406 -0.202 -0.406 -0.201 -0.353 -0.307 -0.350 -0.315 
Small hole diameter 0.380 0.196 0.310 0.162 0.517 0.380 0.357 0.297 
De in the small hole 0.328 0.164 0.270 0.135 0.442 0.325 0.310 0.227 
Time to loss of hole resistance   -0.185 -0.100   -0.272 -0.237 
Length of canister failed         
Waste         
IRF(Ag) in the fuel matrix         
IRF(Ag) in the other metals         
Fuel alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Ag) 0.508 0.254 0.496 0.247 0.655 0.477 0.652 0.470 
Hole Buffer         
Porosity accessible for anions         
De (cations/neutral)         
Kd (Ag)  -0.194 -0.110 -0.188 -0.106 -0.131 -0.110 -0.138 -0.093 
Da(Ag) in buffer 0.174 0.090 0.186 0.094 0.103 0.063 0.123 0.092 
Tunnel backfill          
Porosity accessible for anions         
De (cations/neutral)l      -0.074 -0.054 -0.062 
Kd (Ag)          
Tunnel length         
Near field flows         
QF 0.182 0.120 0.182 0.121 0.250 0.151 0.244 0.148 
QDZ 0.160 0.083 0.159 0.085 0.164 0.156 0.183 0.157 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.183  -0.183  -0.174  -0.198 
WL/Q for DZ-path   -0.299  -0.303  -0.264  -0.274 
WL/Q for TDZ-path         
Peclet number  -0.154  -0.153  -0.070  -0.067 
Unaltered rock         
Porosity  -0.118  -0.118  -0.133  -0.133 
De   -0.394  -0.393  -0.348  -0.336 
Maximum penetration depth  -0.069  -0.072  -0.084  -0.070 
Kd (Ag)  -0.416  -0.418  -0.303  -0.321 
R2 0.771 0.698 0.708 0.686 -- -- -- -- 
Threshold of significance 0.032 0.031 0.035 0.032 0.051 0.052 0.041 0.055 
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12.2 Results for Be-10  

Be-10 is a long lived (T1/2=1.51·106a) radionuclide produced mainly in the UO2 by 
fission and activation of impurities, with a very small inventory in the zirconium alloys 
and a significant Instant Release Fraction (IRF) inventory. In the Monte Carlo 
simulations beryllium has low solubility and important sorption on buffer, backfill and 
unaltered rock. 

A simplified PSA has been done for the Be-10 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-2 and discussed in the next sections. 

12.2.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Be-10 peak release rate from the near field is, by far, Kd(Be) in buffer followed by Mass 
of buffer in cavity. There are three parameters of secondary importance: 
De(cations/neutral) in buffer, Small hole diameter and De in the small hole. Three 
parameters have a smaller, but still significant, effect: Fuel alteration rate, QF and QDZ. 
Finally, IRF(Be) in fuel matrix has only a small effect.  

In the growing hole case the two parameters with the greatest effect on the spread of 
values of Be-10 peak release rate from the near field are related to diffusion through the 
buffer: Kd(Be) in buffer and De(cations/neutral) in buffer, being the distribution 
coefficient far more important. There are four other parameters with smaller 
importance: Fuel alteration rate, QF, QDZ and Length of canister failed. There are two 
parameters with only a small effect on the peak release rate from the near field: Mass of 
buffer in cavity and IRF(Be) in fuel matrix. 

Be-10 peak release rates from the near field are significantly affected by Da(Be) in 
buffer, that is the parameter that controls the speed of beryllium diffusion through the 
buffer. This is confirmed by the high values of the RCCs/SRRCs of Da(Be) in buffer in 
Table 12-2 (0.668 in the hole forever case and 0.777 in the growing hole case) and the 
scatter plot in Table 12-2.  

Both in the hole forever and the growing hole cases Solubility(Be) inside canister has no 
effect on Be-10 peak release rates from the near field, while Mass of buffer in cavity and 
Fuel alteration rate are important parameters (Mass of buffer in cavity has the second 
highest RCC/SRRC with Be-10 peak release rate from the near field in the hole forever 
case.). The very small initial inventory of Be-10 (28mg per canister), the low values of 
Fuel alteration rate and the intrusion of bentonite into the cavity make that beryllium 
solubility is not reached inside the canister. Due to the high values of Kd(Be) in buffer, 
sorption on the buffer present in the cavity decreases the concentration of Be-10 in 
dissolution inside the canister. Under these conditions (no solubility control), Be-10 
releases from the near field are strongly affected by Be-10 releases from the waste, 
controlled by Fuel alteration rate and IRF(Be) in fuel matrix.  
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Due to the intrusion of buffer into the cavity, Kd(Be) in buffer has a two-fold effect: to 
reduce the concentration in dissolution of Be-10 inside the canister and delay diffusive 
transport through the buffer.  

In the growing hole case there is a strong negative correlation between Length of 
canister failed and Be-10 peak release rate in the growing hole case, i.e., increasing the 
Length of canister failed produces a decrease in Be-10 peak release rate from the near 
field. The explanation is that the greater the length of canister failed, the greater the 
amount of buffer rapidly accessible to the beryllium inside the canister when the 
transport resistance of the small hole is lost. This reduces the concentration in the buffer 
porewater and hence the peak release rate from the near field.  

 

Figure 12-1. Scatter plot of Da(Be) in buffer vs. Be-10 peak normalised release rates 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Be-10 
peak release rate from the near field are the same that control the spread of values of 
Be-10 peak release rate from the near field, with similar rankings of importance. 

12.2.2 Peak release rate to the biosphere 

Both in the hole forever and growing hole cases the spread of values of Be-10 peak 
release rate to the biosphere is controlled mainly by two parameters related to beryllium 
transport in the unaltered rock: Kd(Be) in unaltered rock  and De in unaltered rock, with 
the distribution coefficient being far more important. Next parameters in importance are 
geosphere parameters too: WL/Q for DZ-path and Peclet number, followed by WL/Q for 
F-path. Kd(Be) in buffer is the most relevant near field parameter, with an RCC/SRRC 
similar to WL/Q for F-path.  
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The spread of values of Be-10 peak release rate to the biosphere is controlled nearly 
completely by beryllium transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression with the five aforementioned 
geosphere parameters is 0.762 (hole forever) or 0.793 (growing hole), a similar 
regression with only near field parameters has a R2 equal to 0.063 (hole forever) or 
0.048 (growing hole). 

The parameters that take specific values in the 10% of realisations with highest Be-10 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Be-10 peak release rate to the biosphere, although the relative 
importance changes. While geosphere parameters nearly completely control the spread 
of values of Be-10 peak release rate to the biosphere, in the highest 10% of realisations 
the near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistic corresponds to Kd(Be) in unaltered rock, followed by 
Kd(Be) in buffer. The next most influential parameters are De in unaltered rock and 
WL/Q for DZ-path and Mass of buffer in cavity (only in the hole forever case). There is 
a group of parameters of secondary importance: geosphere parameter WL/Q for F-path 
and near field parameters Small hole diameter, De in the small hole, De(cations/neutral) 
in buffer, Fuel alteration rate, QDZ and QF in the hole forever case and 
De(cations/neutral) in buffer, Fuel alteration rate, QDZ, QF and Length of canister failed 
in the growing hole case. 

Table 12-2 shows that 10 % of realisations with highest values of the Be-10 peak 
release rate to the biosphere are characterised by having fast transport of beryllium 
through the buffer and the geosphere, and in the hole forever case a small Mass of buffer 
in cavity also. 
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Table 12-2. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Be-10 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.291 0.073   0.387 0.238   

De in the small hole 0.257 0.054   0.373 0.198   

Time to loss of hole resistance         

Length of canister failed   -0.224 -0.027   -0.338 -0.132 

Waste         

IRF(Be) in the fuel matrix 0.066 0.033 0.074 0.036 0.068 0.067 0.047 0.081 

Fuel alteration rate 0.160 0.033 0.278 0.042 0.246 0.133 0.496 0.202 

Zirconium alloys alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.452 -0.094 -0.118 -0.020 -0.590 -0.347 -0.127 -0.059 

Solubility (Be)         

Hole Buffer         

De (cations/neutral) 0.299 0.092 0.401 0.102 0.219 0.185 0.332 0.252 

Kd (Be) -0.633 -0.159 -0.679 -0.147 -0.643 -0.464 -0.683 -0.454 

Da(Be) in buffer 0.668 0.179 0.777 0.178 0.633 0.476 0.730 0.515 

Tunnel backfill          

De (cations/neutral)         

Kd (Be)         

Tunnel length         

Near field flows         

QF 0.168 0.085 0.252 0.091 0.181 0.103 0.362 0.145 

QDZ 0.150 0.053 0.218 0.058 0.185 0.141 0.232 0.165 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.166  -0.173  -0.176  -0.190 

WL/Q for DZ-path   -0.276  -0.285  -0.277  -0.309 

WL/Q for TDZ-path         

Peclet number  -0.208  -0.208  -0.085  -0.069 

Unaltered rock         

Porosity         

De   -0.339  -0.347  -0.329  -0.351 

Maximum penetration depth      -0.056  -0.082 

Kd (Be)  -0.707  -0.720  -0.642  -0.688 

R2 0.926 0.825 0.880 0.841 -- -- -- -- 

Threshold of significance 0.031 0.022 0.026 0.022 0.051 0.046 0.044 0.057 
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12.3 Results for Cs-137 

Cs-137 is a short lived (T1/2=30a) fission product present only in the UO2 matrix and 
with a significant Instant Release Fraction (IRF) inventory. In the Monte Carlo 
simulations caesium is a highly soluble element with significant sorption on buffer, 
backfill and unaltered rock. 

Due to its short life, for Cs-137 the hole forever and the growing hole cases are 
identical. The minimum value of Time to loss of hole resistance is 5,000 years, and after 
5,000 years Cs-137 has decayed completely. Any consequences due to Cs-137 will take 
place before the small hole grows, and the statistics for Cs-137 peak release rates are 
identical in the two cases (Table 12-3).   

A simplified PSA has been done for the Cs-137 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-3 and discussed in the next sections. 

12.3.1 Peak release rate from the near field 

The spread of values of Cs-137 peak release rate from the near field is controlled mainly 
by Time to transport path creation, that takes values between 10 and 5,000 years and 
controls the inventory available when the transport path through the copper overpack is 
created, and radionuclide release and transport starts (e.g. a Time to transport path 
creation of 1,000 years reduces Cs-137 inventory ten orders of magnitude). The next 
most influential parameters are those controlling diffusion through the buffer: Kd(Cs) in 
buffer and De(Cs) in buffer, both with a similar importance. The remaining near field 
parameters have only a small influence on the spread of values of Cs-137 peak release 
rate from the near field. 

Due to its short life Cs-137 peak release rate from the near field is very sensitive to the 
value of Da(Cs) in buffer, that is the parameter that controls the speed of caesium 
diffusion through the buffer. This is confirmed by the relatively high RCC/SRRC of 
Da(Cs) in buffer (0.456 in Table 12-3), significantly higher than the RCCs/SRRCs of 
the two input parameters related to caesium diffusion in buffer (De(Cs) and Kd(Cs) in 
buffer), and the scatter plot in Figure 12-2. Depending on the values of Da(Cs) in buffer, 
Cs-137 will have from small to complete disintegration during its transport through the 
buffer. Figure 12-2 shows that a value of Da(Cs) in buffer in the order of 10-13 m2/s 
ensures, single-handed, extremely low Cs-137 releases from the near field, no matter the 
values of the remaining input parameters. It is noteworthy the limited importance of the 
parameters related to transport through the small hole (Small hole diameter and De in 
the small hole). This is a logical result because these parameters have a linear (De in the 
small hole) or quadratic effect (Small hole diameter) effect on Cs-137 release rates from 
the hole, while the three main parameters have a much greater effect. 
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Figure 12-2. Scatter plot of Da(Cs) in buffer vs. Cs-137 peak normalised release rates 
from the near field in the hole forever and growing hole cases (results are overlapped).  

The parameters that take specific values in the 10 % of realisations with highest Cs-137 
peak release rate from the near field are the same that control the spread of values of Cs-
137 peak release rate from the near field, with similar rankings of importance.  

Table 12-3 shows that the 10 % of realisations with highest Cs-137 peak release rate 
from the near field are characterised by a short Time to transport path creation and fast 
transport of caesium through the buffer (very high values of Da(Cs) in buffer). 

12.3.2 Peak release rate to the biosphere 

The spread of values of Cs-137 peak release rate to the biosphere is controlled mainly 
by caesium transport through the geosphere, and hence by geosphere parameters. The 
most important parameter is, by far, Kd(Cs) in unaltered rock, followed by a group of 
four parameters of similar importance: three geosphere parameters (De in unaltered 
rock, Peclet number and WL/Q for DZ-path) and Time to transport path creation. There 
are two parameters with smaller importance: WL/Q for F-path and Kd(Cs) in buffer. 

The parameters that take specific values in the 10 % of realisations with highest Cs-137 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Cs-137 peak release rate to the biosphere, with similar relative importance.  

Table 12-3 shows that the 10 % of realisations with highest Cs-137 peak release rate to 
the biosphere are characterised mainly by having fast transport through the geosphere, 
as well as a short Time to transport path creation.  
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12.3.3 Comments 

Due to its short life, Cs-137 peak release rates from the near field and to the biosphere 
are strongly affected by Time to transport path creation, Kd(Cs) in buffer, Kd(Cs) in 
unaltered rock, De(Cs) in buffer and De in unaltered rock. The first parameter controls 
the inventory of Cs-137 in the waste when the small hole through the overpack is 
created and radionuclide release and transport starts. Distribution and diffusion 
coefficients in buffer and unaltered rock control how fast caesium is transported through 
the buffer and the geosphere. A slow transport through any of these two barriers will 
make Cs-137 to disintegrate nearly completely during its transport and will reduce 
releases from the near field and to the biosphere to negligible levels.  
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Table 12-3. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cs-137 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure    

Identical to the 
hole forever 

case 

  

Identical to the 
hole forever 

case 

Time to transport path creation -0.773 -0.221 -0.642 -0.387 

Small hole diameter 0.079  0.245  

De in the small hole 0.072  0.206  

Time to loss of hole resistance     

Length of canister failed     

Waste     

IRF(Cs) in the fuel matrix 0.051 0.025 0.089  

Fuel alteration rate     

Canister interior     

Cavity water volume   -0.065  

Mass of buffer in cavity -0.097  -0.244 -0.048 

Hole Buffer     

De (Cs)  0.288 0.048 0.419 0.129 

Kd (Cs)  -0.367 -0.090 -0.634 -0.196 

Da(Cs) in buffer 0.456 0.093 0.730 0.222 

Tunnel backfill      

De (Cs)      

Kd (Cs)      

Tunnel length     

Near field flows     

QF 0.054 0.031 0.160  

QDZ 0.048  0.103  

QTDF     

qTDZ     

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths     

WL/Q for F-path  -0.112  -0.179 

WL/Q for DZ-path   -0.200  -0.302 

WL/Q for TDZ-path     

Peclet number  -0.243  -0.350 

Unaltered rock     

Porosity     

De   -0.276  -0.427 

Maximum penetration depth     

Kd (Cs)  -0.504  -0.680 

R2 0.844 0.503 -- -- 

Threshold of significance 0.029 0.030 0.057 0.049 
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12.4 Results for Mo-93  

Mo-93 is a medium lived (T1/2=4,000a) activation product present mainly in the other 
metal parts of the fuel, with much smaller inventories in the fuel matrix and zirconium 
alloys. In the Monte Carlo simulations molybdenum has low solubility and weak 
sorption on buffer, backfill and unaltered rock. 

A simplified PSA has been done for the Mo-93 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-4 and discussed in the next sections. 

12.4.1 Peak release rate from the near field  

In the hole forever case the parameter with the greatest effect on the spread of values of 
Mo-93 peak release rate from the near field is, by far, Solubility(Mo) inside canister, 
followed at great distance by the parameters that control the transport through the small 
hole (Small hole diameter and De in the small hole). There are three other parameters 
with some influence on the spread of values of Mo-93 peak release rate from the near 
field: Kd(Mo) in buffer and the near field flows QF and QDZ. 

In the growing hole case the parameter with the greatest effect on the spread of values 
Mo-93 peak release rate from the near field is, by far, Solubility(Mo) inside canister. 
Solubility correction factors (Mo) in the buffer and the groundwater-buffer interface are 
important also, while Solubility correction factor (Mo) in backfill has no effect. 
Molybdenum solubility in the buffer and the groundwater-buffer interface is the product 
of Solubility(Mo) inside canister times the corresponding Solubility correction factor 
(Mo), and their RCCs/SRRCs are 0.814 and 0.778, respectively (not shown in Table 
12-4), smaller than the 0.821 for Solubility(Mo) inside canister. This means that Mo-93 
release rate from the near field is controlled by molybdenum solubility in the buffer in 
some realisations and by molybdenum solubility in the groundwater-buffer interface in 
other realisations, because they are smaller than Solubility(Mo) inside canister, while 
Solubility (Mo) in backfill has no effect on Mo-93 peak release rate from the near field. 

In the hole forever case only Solubility(Mo) inside canister is important because 
transport through the small hole ensures a great difference of concentrations (a factor 
100 or more) between canister interior and buffer, and therefore the lower solubility 
limit in the buffer or the groundwater-buffer interface is not reached.  

In the growing hole case, apart from the parameters related to molybdenum solubility at 
different near field locations, Time to loss of hole resistance is the only other parameter 
with a significant effect on the spread of values of Mo-93 peak release rate from the 
near field, due to the relatively short life of Mo-93. Three other near field parameters 
have a much smaller effect: Kd(Mo) in buffer, QF and QDZ. 

The nearly complete control of Solubility(Mo) inside canister over the spread of values 
of Mo-93 peak release rate from the near field is partially due to the very wide range of 
values assigned to this parameter, whose PDF spans over nine orders of magnitude 
(Table 3-6 and Figure 3-6). Had a narrower PDF been assigned to this parameter, its 
RCCs/SRRCs would have been smaller. The RCCs/SRRCs of the Solubility(Mo) 
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correction factors in buffer and groundwater-buffer interface are much smaller because 
their ranges of values span over only 2 or 3 orders of magnitude. 

Mo-93 peak release rates from the near field are little affected by Kd(Mo) in buffer, due 
to the weak sorption of molybdenum on buffer considered in the calculations (Figure 
3-7). Since Mo-93 has a relatively short life, an increase in the values of Kd(Mo) in 
buffer used in the calculations would lead to significant decreases in the Mo-93 peak 
release rates from the near field, and an increase of the RCCs/SRCCs of Kd(Mo) in 
buffer.  

The parameters that take specific values in the 10 % of realisations with highest Mo-93 
peak release rate from the near field are the same that control the spread of values of 
Mo-93 peak release rate from the near field, with the same relative importance. 

Table 12-4 shows that 10 % of realisations with highest values of the Mo-93 peak 
release rate from the near field are characterised by having a very high Solubility(Mo) 
inside canister and high values of Small hole diameter and De in the small hole (hole 
forever case), or having a very high Solubility(Mo) in the buffer and the groundwater-
buffer interface and small Time to loss of hole resistance (growing hole case),. 

12.4.2 Peak release rate to the biosphere  

The spread of values of Mo-93 peak release rate to the biosphere is controlled both by 
molybdenum transport through the geosphere and Solubility(Mo) inside canister. 

In the hole forever case the two parameters with the greatest effect on the spread of 
values of Mo-93 peak release rate to the biosphere are Solubility(Mo) inside canister 
and Kd(Mo) in unaltered rock, both with a similar importance. Two geosphere 
parameters are the next most important parameters (De in unaltered rock and WL/Q for 
DZ-path), followed by Small hole diameter and De in the small hole. There are five 
other parameters with a limited influence on Mo-93 peak release rate to the biosphere: 
WL/Q for F-path, Peclet number, Kd(Mo) the buffer, QF and QDZ. 

In the growing hole case the two parameters with the greatest effect on the spread of 
values of Mo-93 peak release rate to the biosphere are Solubility(Mo) inside canister 
and Kd(Mo) in unaltered rock, both with a similar importance. Solubility correction 
factors (Mo) in the buffer and the groundwater-buffer interface are identified as 
important parameters also. As discussed in section 12.4.1, this means that what really 
control the Mo-93 release rate are the molybdenum solubility in the buffer or the 
groundwater-buffer interface (depending on the particular realisation), because they are 
smaller than inside the canister, while Solubility (Mo) in backfill has no effect on Mo-
93 peak release rate to the biosphere.  

In the growing hole case there are three parameters of secondary importance: De in 
unaltered rock, Time to loss of hole resistance and WL/Q for DZ-path. There are four 
other parameters with a limited influence on the spread of values of Mo-93 peak release 
rate to the biosphere: WL/Q for F-path, Peclet number, QF and QDZ. 
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Both in the hole forever and growing hole cases, Porosity of unaltered rock and 
Maximum penetration depth in unaltered rock have small RCCs/SRRCs with Mo-93 
peak release rate to the biosphere. The reason is that in a significant amount of 
realisations Kd(Mo) in unaltered rock takes very low values (Figure 3-13), and in these 
realisations molybdenum behaves as a non sorbed species.  

The parameters that take specific values in the 10 % of realisations with highest Mo-93 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Mo-93 peak release rate to the biosphere, although with different rankings of 
importance. Near field parameters have a greater importance in the highest 10 % of 
realisations that on the spread of values of Mo-93 peak release rate to the biosphere.  

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistic corresponds to Solubility(Mo) inside canister, 
followed at great distance by Kd(Mo) in unaltered rock. The parameters with the next 
highest values of the modified Mann-Whitney statistic are a mix of geosphere 
parameters (De in unaltered rock, WL/Q for DZ-path and WL/Q for F-path) and near 
field parameters that are different in the hole forever and growing hole cases (Table 
12-4). 

Table 12-4 shows that the 10 % of realisations with highest values of the Mo-93 peak 
release rate to the biosphere are characterised by having a very high Solubility(Mo) 
inside canister (hole forever case), or in the buffer and the groundwater-buffer interface 
(growing hole case), fast transport of molybdenum through the geosphere and a small 
Time to loss of hole resistance (only in the growing hole case). 
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Table 12-4. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90%) for Mo-93 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.024      -0.051 -0.044 
Small hole diameter 0.273 0.182   0.300 0.281   
De in the small hole 0.245 0.146   0.262 0.230   
Time to loss of hole resistance   -0.397 -0.245   -0.384 -0.331 
Length of canister failed         
Waste         
IRF(Mo) in the fuel matrix         
IRF(Mo) in the crud         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Mo) 0.871 0.523 0.821 0.500 0.927 0.822 0.884 0.784 
Hole Buffer         
De (cations/neutral)   0.044    0.062  
Kd (Mo)  -0.165 -0.096 -0.072 -0.038 -0.174 -0.145 -0.047  
Solubility correction factor (Mo)   0.135 0.068   0.171 0.127 
Da(Mo) in buffer 0.146 0.081 0.082 0.039 0.153 0.021 0.073 0.037 
Groundwater-buffer interface         
Solubility correction factor (Mo)   0.168 0.112   0.244 0.196 
Tunnel backfill          
De (cations/neutral) -0.040 -0.031   -0.063 -0.069  -0.047 
Kd (Mo)   -0.030   -0.045    
Solubility correction factor (Mo)         
Tunnel length         
Near field flows         
QF 0.142 0.096 0.143 0.102 0.155 0.125 0.193 0.133 
QDZ 0.096 0.074 0.099 0.075 0.098 0.105 0.078 0.073 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.131  -0.136  -0.134  -0.123 
WL/Q for DZ-path   -0.208  -0.215  -0.164  -0.192 
WL/Q for TDZ-path  -0.038  -0.031     
Peclet number  -0.099  -0.089     
Unaltered rock         
Porosity  -0.054  -0.051  -0.079  -0.090 
De   -0.279  -0.279  -0.217  -0.209 
Maximum penetration depth  -0.059  -0.056  -0.072  -0.069 
Kd (Mo)  -0.518  -0.514  -0.367  -0.400 
R2 0.951 0.778 0.915 0.768 -- -- -- -- 
Threshold of significance 0.025 0.024 0.033 0.031 0.049 0.049 0.049 0.049 
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12.5 Results for Nb-91 

Nb-91 is a relatively short lived (T1/2=680a) activation product present in small amounts 
in the UO2 matrix and zirconium alloys. In the Monte Carlo simulations niobium has 
limited solubility (that is quite high in some realisations) and significant sorption on 
buffer, backfill and unaltered rock.  

Due to Nb-91 short life, in most realisations of the growing hole case Ni-91 peak 
release rates from the near field and to the biosphere are reached before the transport 
resistance of the small hole is lost. This explains the similarities between the values of 
the statistics in the hole forever and growing hole cases (Table 12-5).  

A simplified PSA has been done for the Nb-91 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-5 and discussed in the next sections. 

12.5.1 Peak release rate from the near field  

Both in the hole forever and the growing hole cases the two parameters with the greatest 
effect on the spread of values of Nb-91 peak release rate from the near field are related 
to niobium diffusion through the buffer: De(cations/neutral) and Kd(Nb) in buffer. This 
means that niobium diffusive transport (with sorption) through the buffer has an 
important effect on Nb-91releases from the near field. 

 

Figure 12-3. Scatter plot of Da(Nb) in buffer vs. Nb-91 peak normalised release rates 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 
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Due to its relatively short life, Nb-91 peak release rates from the near field are strongly 
affected by the value of Da( Nb) in buffer, that is the parameter that controls the speed of 
niobium diffusion through the buffer. This is confirmed by the high RCCs/SRRCs of 
Da(Nb) in buffer in Table 12-5 (0.865 in the hole forever case and 0.807 in the growing 
hole case) and the scatter plot in Figure 12-3. Depending on the value of Da(Nb) in 
buffer, Nb-91 will have from important to nearly complete disintegration during its 
transport through the buffer. 

In the hole forever case Solubility (Nb) inside canister is the third parameter with the 
greatest effect on the spread of values of Nb-91 peak release rate from the near field, 
followed by Small hole diameter and De in the small hole. Finally, Time to transport 
path creation, QF, QDZ, Mass of buffer in cavity and Zirconium alloys alteration rate 
have a small effect on Nb-91 peak release rate from the near field. 

In the growing hole case the third and fourth parameters with the greatest effect on the 
spread of values of Nb-91 peak release rate from the near field are Time to loss of hole 
resistance and Solubility(Nb) inside canister.  There are five parameters with a small 
importance (RCC/SRRC around 0.1): Time to small creation, Small hole diameter, De 
in the small hole, QF and QDZ. Finally, Mass of buffer in cavity and Zirconium alloys 
alteration rate have a very small effect on the spread of values of Nb-91 peak release 
rate from the near field. 

The parameters that take specific values in the 10 % of realisations with highest Nb-91 
peak release rate from the near field are the same that control the spread of values of 
Nb-91 peak release rate from the near field, with similar rankings of importance. 

Table 12-5 shows that 10 % of realisations with highest values of the Nb-91 peak 
release rate from the near field are characterised mainly by the fast transport of niobium 
through the buffer (high values of Da(Nb) in buffer) and, to a lesser extent, high values 
of Solubility(Nb) inside canister and low values of Time to loss of hole resistance (only 
in the growing hole case). 

12.5.2 Peak release rate to the biosphere  

Both in the hole forever and the growing hole the four parameters with the greatest 
effect on the spread of values of Nb-91 peak release rate to the biosphere (all with 
similar RCCs/SRRCs) are Kd(Nb) and De in unaltered rock, Peclet number and WL/Q 
for DZ-path. The fifth most important parameter is WL/Q for F-path. Near field 
parameters have a only a small effect on Nb-91 peak release rate to the biosphere, being 
Kd(Nb) in buffer and De(Nb) in buffer the most important, with RCCs/SRRCs smaller 
than the RCC/SRRC of WL/Q for F-path. 

As shown in Table 5-1 to Table 5-4, Nb-91 peak release rate from the near field is zero 
only in 51 of the 10,000 realisations while in 90 % of the realisations there are no 
releases of Nb-91 to the biosphere. The low values of the RCCs/SRRCs and the R2 for 
Nb-91 peak release rates to the biosphere are a consequence of having 90 % of 
realisations with no release, but the conclusions regarding the relative importance of the 
input parameters on the spread of values of Nb-91 peak release rate to the biosphere are 
valid. 
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Table 5-3 and Table 5-4 show that the 10 % of realisations with highest Nb-91 peak 
release rate to the biosphere approximately coincide with the realisations with some 
releases to the biosphere. The parameters that take specific values in the 10 % of 
realisations with highest Nb-91 peak release rate to the biosphere are roughly the same 
parameters that control the spread of values of Nb-91 peak release rate to the biosphere, 
with very similar relative importance.  

Table 12-5 shows that the 10 % of realisations with highest values of the Nb-91 peak 
release rate to the biosphere are characterised mainly by the fast transport of niobium 
through the geosphere and, to a lesser extent, the fast transport of niobium through the 
buffer (high Da(Nb) in buffer).  
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Table 12-5. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Nb-91 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation -0.117  -0.116  -0.125  -0.139  
Small hole diameter 0.177 0.036 0.093 0.027 0.274 0.068 0.062 0.050 
De in the small hole 0.174 0.021 0.100  0.242  0.063  
Time to loss of hole resistance   -0.316 -0.049   -0.490 -0.088 
Length of canister failed         
Waste         
IRF(Nb) in the crud         
Fuel alteration rate         
Zirconium alloys alteration rate 0.052  0.035  0.090  0.071  
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.083  -0.058  -0.077  -0.038  
Solubility (Nb) 0.282 0.045 0.280 0.041 0.414 0.085 0.376 0.083 
Hole Buffer         
De (cations/neutral) 0.567 0.061 0.545 0.054 0.586 0.113 0.558 0.102 
Kd (Nb)  -0.655 -0.086 -0.596 -0.082 -0.704 -0.156 -0.600 -0.155 
Solubility correction factor (Nb)         
Da(Nb) in buffer 0.865 0.104 0.807 0.097 0.870 0.191 0.794 0.182 
Groundwater-buffer interface         
Solubility correction factor (Nb)         
Tunnel backfill          
De (cations/neutral)         
Kd (Nb)          
Solubility correction factor (Nb)         
Tunnel length         
Near field flows         
QF 0.106 0.044 0.104 0.045 0.155 0.085 0.144 0.081 
QDZ 0.097  0.093  0.106  0.088  
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.133  -0.139  -0.249  -0.267 
WL/Q for DZ-path   -0.219  -0.230  -0.421  -0.428 
WL/Q for TDZ-path         
Peclet number  -0.237  -0.245  -0.448  -0.459 
Unaltered rock         
Porosity         
De   -0.263  -0.271  -0.495  -0.501 
Maximum penetration depth         
Kd (Nb)  -0.283  -0.291  -0.535  -0.546 
R2 0.936 0.288 0.887 0.307 -- -- -- -- 
Threshold of significance 0.028 0.029 0.023 0.029 0.062 0.060 0.060 0.056 
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12.6 Results for Nb-92 

Nb-92 is a long lived (T1/2=3.47·107a) activation product present in small amounts in 
the UO2 matrix and zirconium alloys. In the Monte Carlo simulations niobium has 
limited solubility (that is quite high in some realisations) and high sorption on buffer, 
backfill and unaltered rock.  

A simplified PSA has been done for the Nb-92 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-6 and discussed in the next sections. 

12.6.1 Peak release rate from the near field  

In the hole forever case the parameter with the greatest effect on the spread of values of 
Nb-92 peak release rate from the near field is, by far, Solubility(Nb) inside canister, 
followed by the parameters controlling the transport through the small hole (Small hole 
diameter and De in  the small hole). Kd(Nb) in buffer and near field flows QF and QDZ 
have a smaller, but still significant, influence. Mass of buffer in cavity has a very small 
effect on the spread of values of Nb-92 peak release rate from the near field. 

In the growing hole case Solubility(Nb) inside canister is, by far, the most important 
parameter, and Solubility correction factor (Nb) in the buffer is important also. Niobium 
solubility in the buffer is the product of these two parameters and its RCC/SRRC is 
0.710 (not shown in Table 12-6), greater than the RCC/SRRC of Solubility(Nb) inside 
canister. This means that what really controls the Nb-92 peak release rate from the near 
field is niobium solubility in the buffer, because it is smaller than inside the canister. 
Solubility correction factors (Nb) in the groundwater-buffer interface and the backfill 
have no effect on Nb-92 peak release rate from the near field, and therefore niobium 
solubility at these two locations in the near field is not important, although it is smaller 
than Solubility(Nb) inside canister.  

In the hole forever case only Solubility(Nb) inside canister is important, because 
transport through the small hole ensures a great difference of concentrations (a factor 
100 or more) between canister interior and buffer.  

In the growing hole case, apart from the parameters related to niobium solubility, near 
field flows QF and QDZ have an important effect on the spread of values of Nb-92 peak 
release rate from the near field. The parameters controlling diffusion through the buffer 
(De(cations/neutral) in buffer and Kd(Nb) in buffer) have a slightly smaller importance. 

The parameters that take specific values in the 10% of realisations with highest Nb-92 
peak release rate from the near field are the same that control the spread of values of 
Nb-92 peak release rate from the near field, with similar rankings of importance.  

12.6.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameters with the greatest 
effect on the spread of values of Nb-92 peak release rate to the biosphere are Kd(Nb) 
and De in unaltered rock (with equal RCCs/SRRCs). Peclet number and WL/Q for DZ-
path are the next most important parameters, followed by WL/Q for F-path. All the near 
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field parameters have RCCs/SRRCs much smaller than WL/Q for F-path. The near field 
parameters that control Nb-92 peak release rates from the near field (section 12.6.1) 
have only a small effect on the peak release rates to the biosphere. 

The spread of values of Nb-92 peak release rate to the biosphere is controlled nearly 
completely by niobium transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with only geosphere 
parameters is 0.752 (hole forever) or 0.778 (growing hole), a similar regression with 
only near field parameters has an R2 equal to 0.029 (hole forever) or 0.018 (growing 
hole).  

The parameters that take specific values in the 10 % of realisations with highest Nb-92 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Nb-92 peak release rate to the biosphere, although the relative importance change 
significantly. While geosphere parameters nearly completely control the spread of 
values of Nb-92 peak release rate to the biosphere, in the highest 10 % of realisations the 
near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) values of the 
modified Mann-Whitney statistic correspond to Kd(Nb) in unaltered rock, De in 
unaltered rock and WL/Q for DZ-path. The fourth most important parameter is 
Solubility(Nb) inside the canister. There is a group of parameters of secondary 
importance: geosphere parameters WL/Q for F-path and Peclet number and near field 
parameters Kd(Nb) in buffer, QF, QDZ, Small hole diameter and De in the small hole (the 
last two only in the hole forever case).  

Table 12-6 shows that the 10 % of realisations with highest values of the Nb-92 peak 
release rate to the biosphere are characterised by the fast transport of niobium through 
the geosphere, and high niobium solubility inside canister or in the buffer (only in the 
growing hole case). 
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Table 12-6. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Nb-92 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.386 0.079   0.468 0.220   
De in the small hole 0.323 0.039   0.403 0.166   
Time to loss of hole resistance         
Length of canister failed   -0.089    -0.238  
Waste         
IRF(Nb) in the crud         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.053    -0.181    
Solubility (Nb) 0.749 0.104 0.693 0.083 0.776 0.405 0.548 0.337 
Hole Buffer         
De (cations/neutral)   0.148    0.157 0.061 
Kd (Nb) in buffer -0.192 -0.041 -0.278 -0.037 -0.252 -0.108 -0.537 -0.104 
Solubility correction factor (Nb)   0.142    0.098 0.060 
Da(Nb) in buffer 0.144 0.027 0.298 0.034 0.196 0.071 0.475 0.116 
Groundwater-buffer interface         
Solubility correction factor (Nb)         
Tunnel backfill          
De (cations/neutral)        -0.061 
Kd (Nb) in backfill         
Solubility correction factor (Nb)         
Tunnel length  -0.034  -0.036     
Near field flows         
QF 0.196 0.077 0.328 0.081 0.227 0.121 0.509 0.157 
QDZ 0.183 0.044 0.292 0.048 0.213 0.114 0.350 0.127 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.213  -0.217  -0.237  -0.269 
WL/Q for DZ-path   -0.348  -0.356  -0.424  -0.438 
WL/Q for TDZ-path  -0.034  -0.038     
Peclet number  -0.346  -0.347  -0.196  -0.157 
Unaltered rock         
Porosity         
De   -0.476  -0.485  -0.487  -0.523 
Maximum penetration depth         
Kd (Nb)  -0.488  -0.497  -0.522  -0.543 
R2 0.926 0.781 0.800 0.796 -- -- -- -- 
Threshold of significance 0.041 0.023 0.035 0.023 0.047 0.050 0.055 0.050 
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12.7 Results for Nb-93m  

Nb-93 m is a short lived (T1/2=16.1a) daughter of Mo-93 and Zr-93. In the Monte Carlo 
calculations niobium has limited solubility and significant sorption on buffer, backfill 
and unaltered rock. Due to its short life, Nb-93m releases from the near field and to the 
biosphere are controlled mainly by the transport of its parents Mo-93 and Zr-93.  

Table 12-7 shows that Nb-93m peak release rate from the near field is produced by the 
chain Mo-93→Nb-93 m in 75 % or 54 % of the realisations. The chain Zr-93→Nb-93 
m produces the Nb-93 m peak release rate from the near field in the remaining 25 % or 
46 % of realisations. In the highest 10 % of realisations Nb-93m peak release rate from 
the near field is always produced by the chain Mo-93→Nb-93 m.   

Table 12-7 shows that Nb-93 m peak release rate to the biosphere is produced by the 
chain Mo-93→Nb-93 m in 97 % or 92 % of the realisations. The chain Zr-93→Nb-
93 m controls the Nb-93 m peak release rate to the biosphere only in 1 % or 7 % of the 
realisations. In the 10 % of realisations with the highest values of Nb-93 m peak release 
to the biosphere, in the hole forever case all the realisations are controlled by the chain 
Mo-93→Nb-93 m and in the growing hole 99 % the realisations are controlled by the 
chain Mo-93→Nb-93 m and in only 1 % of the realisations by the chain Zr-93→Nb-
93 m.   

Due to the very different half-lives of Mo-93 and Zr-93, the peak release rates of Nb-
93 m produced by both chains take place at very different instant and in each realisation 
the total Nb-93m peak release rate is caused by a single chain.  

 
Table 12-7. Percentage of realisations in which the Nb-93m created by decay of Mo-93 
or by decay of Zr-93 produce 100% of the Nb-93m peak release rate.  

 
Mo-93 
decay 

Zr-93 
decay 

Percentage of 
null realisations 

100% of realisations 
Hole forever case    
Peak release rate from the near field 74.7 25.3 0.0 
Peak release rate to the biosphere 96.9 0.7 2.3 
Growing hole case    
Peak release rate from the near field 53.5 46.4 0.0 
Peak release rate to the biosphere 91.7 6.4 1.9 

Highest 10% of realisations 
Hole forever case    
Peak release rate from the near field 100.0 0.0  
Peak release rate to the biosphere 100.0 0.0  
Growing hole case    
Peak release rate from the near field 100.0 0.0  
Peak release rate to the biosphere 99.2 0.8  

 

A simplified PSA has been done for the Nb-93 m peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-8 and discussed in the next sections. 
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12.7.1 Peak release rate from the near field  

In the hole forever case the parameter with the greatest effect on the spread of values of 
Nb-93m peak release rate from the near field is, by far, Solubility(Mo) inside canister, 
followed by the parameters controlling the transport through the small hole (Small hole 
diameter and De in the small hole). There are three parameters of secondary 
importance: QF, QDZ and Kd(Nb) in buffer. Finally, Solubility(Zr) inside canister and 
Kd(Zr) in buffer have a very small importance. 

In the growing hole case Solubility(Mo) inside canister is, by far, the parameter with the 
greatest effect on the spread of values of Nb-93 m peak release rate from the near field. 
Solubility correction factors (Mo) in the buffer and the groundwater-buffer interface are 
the next two most important parameters, and Solubility correction factor (Mo) in 
backfill has no effect. Molybdenum solubility in the buffer is the product of 
Solubility(Mo) inside canister times the Solubility correction factor (Mo) in the buffer, 
and its RCC/SRRC is 0.583 (not shown in Table 12-8), greater than the 0.499 for 
Solubility(Mo) inside canister. This means that what really controls Nb-93 m peak 
release rate from the near field is molybdenum solubility in buffer, because it is smaller 
than inside the canister, that in some realisations molybdenum precipitates in the 
damaged rock around the deposition hole and molybdenum solubility in backfill has no 
effect on Nb-93 m peak release rate from the near field. 

It is noteworthy the great negative value of the RCC/SRRC of Solubility correction 
factor (Mo) in groundwater-buffer interface with Nb-93 m peak release rate from the 
near field while it has a positive RCC/SRRC with Mo-93 peak release rate from the near 
field (section 12.4.1). When molybdenum solubility in the groundwater-buffer interface 
is smaller than in the buffer, molybdenum can precipitate in the damaged rock around 
the deposition hole and Mo-93 releases from the near field decrease. The precipitated 
Mo-93 decays to Nb-93 m, which is released immediately from the near field (no 
sorption is considered in the damaged rock) dissolved in the equivalent flows QF and 
QDZ, leading to very high release rates of Nb-93 m. As a summary, decreasing the 
Solubility correction factor (Mo) in groundwater-buffer interface leads to a decrease of 
Mo-93 peak release rate from the near field (as observed in Table 12-4) and an increase 
of Nb-93 m peak release rate from the near field. 

In the hole forever case only molybdenum solubility inside the canister is important (no 
Solubility (Mo) correction factors are relevant) because transport through the small hole 
ensures a great difference of concentrations (a factor 100 or more) between canister 
interior and buffer, and therefore the smaller solubility limit in the buffer or the 
groundwater-buffer interface is not reached.  

In the growing hole case, apart from the parameters related to molybdenum solubility at 
different near field locations, Time to loss of hole resistance and De(cations/neutral) in 
buffer are the two other parameters with an important effect on the spread of values of 
Nb-93 m peak release rate from the near field. Five other near field parameters have a 
much smaller, but still significant, effect: Solubility(Zr) inside canister, Kd(Nb) in 
buffer, Kd(Zr) in buffer, QF and QDZ. 

The great RCCs/SRRCs of the parameters related to molybdenum solubility and the 
small RCCs/SRRCs of the parameters related to zirconium transport in the near field 
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seem to contradict the results in Table 12-7, where the chain Zr-93→Nb-93m produces 
the total Nb-93m peak release rate from the near field in in 25 % or 46 % of the 
realisations while the chain Mo-93 →Nb-93m produces the total Nb-93m peak release 
rate from the near field in the remaining 75 % or 54 % of the realisations. The very high 
RCCs/SRRCs of Solubility (Mo) inside canister are a consequence of the much wider 
range of values assigned to this parameter compared with Solubility (Zr) inside canister 
(Figure 3-6): nine vs. two orders of magnitude.  

The parameters that take specific values in the 10 % of realisations with highest Nb-93 
m peak release rate from the near field are roughly the same that control the spread of 
values of Nb-93 m peak release rate from the near field minus those parameters related 
to zirconium transport. This result is consistent with data in Table 12-7. 

12.7.2 Peak release rate to the biosphere  

In the hole forever case the parameter with the greatest effect on the spread of values of 
Nb-93m peak release rate to the biosphere is Solubility(Mo) inside canister, followed by 
three geosphere parameters: Kd(Mo) and De in unaltered rock and WL/Q for DZ-path. 
There are several parameters of secondary importance, related to the transport though 
the small hole in the canister (Small hole diameter and De in the small hole), the 
transport in the near field (Kd(Mo) in buffer, QF and QDZ) or the transport through the 
geosphere (WL/Q for F-path, Peclet number and Kd(Nb) in unaltered rock). 

In the growing hole case the parameter with the greatest effect on the spread of values 
of Nb-93m peak release rate to the biosphere is Solubility(Mo) inside canister, with the 
Solubility correction factors (Mo) in the buffer and the groundwater-buffer interface 
being important parameters also, both with positive RCCs/SRRCs. 

The Solubility correction factor (Mo) in groundwater-buffer interface is positively 
correlated with Nb-93 m peak release rate to the biosphere, while it is negatively 
correlated with Nb-93 m peak release rate from the near field. As discussed in section 
12.7.1, increasing the Solubility correction factor (Mo) in the groundwater-buffer 
interface leads to a decrease in Nb-93m peak release rate from the near field and an 
increase in Mo-93 peak release rate from the near field. Due to its short life, the Nb-93 
m released from the near field decays completely in the geosphere, and Nb-93 m 
releases to the biosphere increases if the release rate of Mo-93 from the near field 
increases.  

In the growing hole case, apart from the parameters related to molybdenum solubility at 
different locations of the near field, there are three geosphere parameters with a strong 
effect on the spread of values of Nb-93 m peak release rate to the biosphere: Kd(Mo) 
and De in unaltered rock and WL/Q for DZ-path. Time to loss of hole resistance is the 
next most important parameter. There are five parameters of smaller importance: near 
field flows QF and QDZ, and geosphere parameters WL/Q for F-path, Peclet number and 
Kd(Nb) in unaltered rock. 

The parameters that take specific values in the 10 % of realisations with highest Nb-93 
m peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Nb-93m peak release rate to the biosphere, although the relative 
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importance is very different. While both near field and geosphere parameters have a 
similar effect on the spread of values of Nb-93 m peak release rate to the biosphere, in 
the highest 10 % of realisations the near field parameters have a much greater 
importance (especially those related to molybdenum solubility). 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistic corresponds to molybdenum solubility inside the 
canister, or in the buffer and the groundwater-buffer interface (only in the growing hole 
case). The next most important parameter is De in unaltered rock, with Time to loss of 
hole resistance having a similar importance in the growing hole case. There is a group 
of parameters of secondary importance: geosphere parameters WL/Q for DZ-path, WL/Q 
for F-path, Kd(Mo) in unaltered rock and Kd(Nb) in unaltered rock, and near field 
parameters QF, QDZ, Small hole diameter, De in the small hole and Kd(Mo) in buffer 
(the last three only in the hole forever case). It is observed that zirconium related 
parameters do not take specific values, which is an expected result since in the highest 
10 % of realisations Nb-93 m peak release rate from the biosphere is controlled by the 
chain Mo-93 →Nb-93 m in all (or more than 99 % of) the realisations (Table 12-7).  

Table 12-6 shows that 10 % of realisations with highest values of the Nb-93 m peak 
release rate to the biosphere are characterised mainly by the high molybdenum 
solubility inside the canister and in the buffer or groundwater-buffer interface (only in 
the growing hole case) and the fast transport of molybdenum through the geosphere.  

12.7.3 Comments  

Both in the hole forever and growing hole cases it has been found that: 

- Kd(Nb) in buffer has a significant effect on Nb-93m peak release rate from the near 
field (but not on Nb-93 m peak release rate to the biosphere) and 

- Kd(Nb) in unaltered rock has a significant effect on Nb-93m peak release rate to the 
biosphere. 

Although Nb-93 m releases from the near field and to the biosphere are controlled 
mainly by the transport of its parents, niobium transport parameters close to the release 
surfaces (in the last few centimetres of buffer, close to the deposition hole, and the last 
few meters of geosphere, close to the discharge point to the biosphere) have a 
significant effect on Nb-93 m peak release rates. Mo-93 and Zr-93 produce Nb-93 m 
close to the release surface and the fraction of this Nb-93m in dissolution, that is the 
only that can be transported, is approximately inversely proportional to Kd(Nb) in the 
porous medium.  

Of the 41 radionuclides in the spent fuel inventory used in the calculations (Table 3-1), 
only for Nb-93m and Sr-90 the PSA has found that Water travel time (tW) in F-path and 
Water travel time (tW) in DZ-path have a small, but statistically significant effect on 
their peak release rates to the biosphere. For the chain Mo-93→Nb-93 m the 
RCCs/SRRCs of Water travel time (tW) in F-path and Water travel time (tW) in DZ-path 
with Nb-93 m peak release rate to the biosphere take values similar to those in Table 
12-8, while for the chain Zr-93→Nb-93 m the RCCs/SRRCs are below the threshold of 
significance. 
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Additional calculations have found that for Nb-93 m this small influence of the water 
travel times is not an artefact, but a real effect caused by the much higher sorption of the 
daughter (niobium) on unaltered rock compared with its parent (molybdenum), as can 
be seen in Figure 3-15. Since zirconium and niobium have similar Kd’s in unaltered 
rock, the RCCs/SRRCs of the water travel times with Nb-93m peak release rates to the 
biosphere due to chain Zr-93→Nb-93 m are below the threshold of significance. 

 
Table 12-8. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Nb-93 m  peak release rates from the 
near field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation -0.020  -0.023      

Small hole diameter 0.332 0.176   0.305 0.270   

De in the small hole 0.293 0.134   0.276 0.209   

Time to loss of hole resistance   -0.239 -0.217   -0.363 -0.330 

Length of canister failed         

Waste         

IRF(Mo) in the fuel matrix     -0.037    

Fuel alteration rate 0.028        

Zirconium alloys alteration rate         

Metals alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Mo) 0.793 0.490 0.499 0.450 0.930 0.760 0.785 0.732 

Solubility (Zr) 0.053  0.107      

Hole Buffer         

De(cations/neutral)   0.261  -0.052  0.065  

Kd (Mo)   -0.092 -0.032 -0.037  -0.150   

Kd (Nb)  -0.128  -0.115  -0.094    

Kd (Zr)  -0.056  -0.090      

Solubility correction factor (Mo)   0.342 0.062   0.451 0.099 

Solubility correction factor (Nb)         

Da(Mo) in buffer  0.076 0.145 0.042  0.115   

Da(Nb) in buffer 0.102  0.265      

Da(Zr) in buffer   0.257      

Groundwater-buffer interface         

Solubility correction factor (Mo)   -0.331 0.099   -0.372 0.179 

Solubility correction factor (Nb)         

Tunnel backfill          

De(cations/neutral) -0.032 -0.028   -0.043 -0.082  -0.045 

Kd (Mo)  -0.039  -0.031 -0.041    

Solubility correction factor (Mo)         

Solubility correction factor (Nb)         

Tunnel length  -0.028  -0.028     
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Near field flows         

QF 0.182 0.100 0.201 0.112 0.150 0.117 0.170 0.144 

QDZ 0.127 0.070 0.152 0.073 0.104 0.093 0.070 0.080 

QTDF / qTDZ          

Geosphere flow parameters         

Lengths of F-, DZ-, TDZ-paths         

tW in F-path  0.041  0.034  0.057  0.054 

WL/Q path QF   -0.170  -0.180  -0.192  -0.198 

tW in DZ-path  0.065  0.060  0.099  0.113 

WL/Q path QDZ   -0.271  -0.291  -0.252  -0.268 

tW in TDZ-path         

WL/Q path QTDZ   -0.046  -0.039     

Peclet number  -0.097  -0.096     

Unaltered rock         

Porosity  -0.044  -0.040  -0.061  -0.049 

Maximum penetration depth  -0.054  -0.053  -0.047  -0.043 

De   -0.374  -0.388  -0.344  -0.331 

Kd (Mo)  -0.423  -0.402  -0.282  -0.292 

Kd (Nb)  -0.150  -0.150  -0.196  -0.182 

Kd (Zr)    -0.032     

R2 0.899 0.781 0.699 0.757 -- -- -- -- 

Threshold of significance 0.025 0.023 0.035 0.026 0.047 0.044 0.051 0.056 

 

12.8 Results for Nb-94   

Nb-94 is a medium lived (T1/2=20,000a) activation product present in similar amounts 
in the zirconium alloys and the other metal parts of the fuel. In the calculations niobium 
has limited solubility (that is quite high in some realisations), and high sorption on 
buffer, backfill and unaltered rock.  

A simplified PSA has been done for the Nb-94 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-9 and discussed in the next sections. 

12.8.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Nb-94 peak release rate from the near field is, by far, Solubility(Nb) inside canister. The 
parameters controlling the transport through the small hole (Small hole diameter and De 
in the small hole) and the diffusion through the buffer (De(cations/neutral) and Kd(Nb) 
in buffer) are very important also, followed by near field flows QF and QDZ. Finally, 
Zirconium alloys alteration rate and Mass of buffer in cavity have only a small effect on 
the spread of values of Nb-94 peak release rate from the near field.  

In the growing hole case Solubility(Nb) inside canister is, by far, the parameter with the 
greatest effect on the spread of values of Nb-94 peak release rate from the near field, 
with Solubility correction factor (Nb) in the buffer being important also. Niobium 
solubility in the buffer is the product of these two parameters and its RCC/SRRC is 
0.678 (not shown in Table 12-9), greater than the RCC/SRRC of Solubility(Nb) inside 
canister. This means that what really controls the Nb-94 peak release rate from the near 
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field is niobium solubility in the buffer, because it is smaller than inside the canister. 
Solubility correction factors (Nb) in the groundwater-buffer interface and the backfill 
have no effect on Nb-94 peak release rate from the near field, and therefore niobium 
solubility at these two near field locations is not important, although they are smaller 
than Solubility(Nb) inside canister.  

In the hole forever case only Solubility(Nb) inside canister is important, because 
transport through the small hole ensures a great difference of concentrations (a factor 
100 or more) between canister interior and buffer.  

In the growing hole case, apart from the parameters related to niobium solubility at 
different near field locations, the parameters related to diffusion through the buffer 
(Kd(Nb) in buffer and De(cations/neutral) in buffer) have an important effect on the 
spread of values of Nb-94 peak release rate from the near field, followed by near field 
flows QF and QDZ. Due to Nb-94 medium life, Time to loss of hole resistance has some 
effect on Nb-94 peak release rate from the near field too. Finally, Zirconium alloys 
alteration rate and Length of canister failed have only a small effect on the spread of 
values of Nb-94 peak release rate from the near field. 

Due to its medium life and significant sorption on the buffer, Nb-94 peak release rates 
from the near field are affected by Da(Nb) in buffer, that is the parameter that controls 
the speed of niobium diffusion through the buffer. This is confirmed by the relatively 
high RCCs/SRRCs of Da(Nb) in buffer in Table 12-9 (0.453 in the hole forever case 
and 0.563 in the growing hole case), greater than the RCCs/SRRCs for 
De(cations/neutral) and Kd(Nb) in buffer.  

The (small) negative correlation of Zirconium alloys alteration rate with Nb-94 peak 
release rate from the near field is an unexpected result. Nb-94 inventories in the 
zirconium alloys and the other metal parts are similar (Table 3-1), but the inventory of 
stable niobium in the zirconium alloys is about 20 times greater than in the other metal 
parts (Table 3-2). For this reason, a fast alteration of the zirconium alloys produces a 
decrease in the ratio Nb-94 vs. stable niobium inside the canister, and since Nb-94 is 
solubility controlled in most realisations, reduces Nb-94 peak release rate from the near 
field.   

The parameters that take specific values in the 10 % of realisations with highest Nb-94 
peak release rate from the near field are the same that control the spread of values of 
Nb-94 peak release rate from the near field, with similar relative importance. 

12.8.2 Peak release rate to the biosphere  

Both in the hole forever and the growing hole cases the two parameters with the greatest 
effect on the spread of values of Nb-94 peak release rate to the biosphere are De and 
Kd(Nb) in unaltered rock (both with a similar importance).  Peclet number and WL/Q 
for DZ-path are the next most important parameters, followed by WL/Q for F-path with 
RCCs/SRRCs around 0.2. The most important near field parameters are Solubility (Nb) 
inside canister, QF and Small hole diameter, all with RCCs/SRRCs smaller than 0.1 in 
absolute value.  
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The spread of values of Nb-94 peak release rate to the biosphere is controlled nearly 
completely by niobium transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression with the aforementioned five 
geosphere parameters is 0.748 (hole forever) or 0.771 (growing hole), a similar 
regression with only near field parameters has an R2 equal to 0.018 (hole forever) or 
0.013 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Nb-94 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Nb-94 peak release rate to the biosphere. The relative importance of near field 
parameters on the basis of the modified Mann-Whitney statistics is much greater than 
their importance on the basis of the RCCs/SRRCs, but still remains smaller than any of 
the five relevant geosphere parameters. 

Table 12-9 shows that 10 % of realisations with highest values of the Nb-94 peak 
release rate to the biosphere are characterised mainly by the fast transport of niobium 
through the geosphere and, to a lesser extent, high niobium solubility inside the canister 
(hole forever case) or in the buffer (growing hole case) and fast transport of niobium 
through the buffer. 

12.8.3 Comments 

Due to its medium life, Nb-94 is very sensitive to the values of the parameters that 
control the speed of transport through the buffer and the geosphere. The strong sorption 
of niobium on the buffer and unaltered rock leads to a slow transport through both 
barriers, which produces a significant radioactive decay of Nb-94.  

It is noteworthy the great influence of Solubility(Nb) inside canister (or in the buffer) on 
Nb-94 peak release rates from the near field, as well as the small effect of Mass of 
buffer in cavity. This means that Nb-94 transport is controlled by niobium solubility in 
the great majority of realisations. Since Solubility(Nb) inside canister can take very high 
values (Figure 3-6) it has been found that even a very high niobium solubility in the 
order of 10-3 mol/l is useful to limit niobium releases. This is a consequence of the great 
amount of stable niobium considered in the calculations (12.8 kg per canister), six 
hundred times greater than the initial mass of the three radioactive isotopes of niobium 
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Table 12-9. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Nb-94 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.341 0.061  0.026 0.399 0.154  0.043 
De in the small hole 0.298 0.026   0.374 0.092   
Time to loss of hole resistance   -0.136    -0.175 -0.058 
Length of canister failed   -0.038    -0.171  
Waste         
IRF(Nb) in the crud         
Fuel alteration rate         
Zirconium alloys alteration rate -0.096  -0.044  -0.105    
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.075  -0.027  -0.170  -0.065  
Solubility (Nb) 0.633 0.065 0.662 0.057 0.698 0.219 0.655 0.197 
Hole Buffer         
De (cations/neutral) 0.238  0.381  0.248 0.064 0.399 0.087 
Kd (Nb) -0.412 -0.045 -0.421 -0.040 -0.475 -0.128 -0.555 -0.117 
Solubility correction factor (Nb)   0.133    0.142 0.058 
Da(Nb) in buffer 0.453 0.038 0.563 0.039 0.504 0.133 0.663 0.141 
Groundwater-buffer interface         
Solubility correction factor (Nb)         
Tunnel backfill          
De (cations/neutral)      -0.053  -0.042 
Kd (Nb) in backfill         
Solubility correction factor (Nb)         
Tunnel length  -0.030  -0.033     
Near field flows         
QF 0.183 0.069 0.215 0.072 0.222 0.094 0.317 0.109 
QDZ 0.173 0.036 0.210 0.036 0.209 0.061 0.236 0.058 
QTDF/          
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.212  -0.215  -0.273  -0.283 
WL/Q for DZ-path   -0.342  -0.348  -0.444  -0.445 
WL/Q for TDZ-path    -0.029     
Peclet number  -0.374  -0.385  -0.314  -0.307 
Unaltered rock         
Total porosity         
De   -0.468  -0.473  -0.517  -0.533 
Maximum penetration depth         
Kd (Nb)  -0.477  -0.481  -0.560  -0.566 
R2 0.910 0.766 0.891 0.785 -- -- -- -- 
Threshold of significance 0.040 0.025 0.037 0.023 0.056 0.052 0.060 0.048 
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12.9 Results for Ni-59 

Ni-59 is a medium lived (T1/2=76,000a) activation product present mainly in the other 
metal parts of the fuel, with smaller inventories in the zirconium alloys and the UO2 
matrix. In the Monte Carlo simulations nickel has a limited solubility (that can take high 
values in some realisations) and high sorption on buffer, backfill and unaltered rock.  

A simplified PSA has been done for the Ni-59 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-10 and discussed in the next sections. 

12.9.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Ni-59 peak release rate from the near field is, by far, Solubility(Ni) inside canister. The 
parameters controlling the transport through the small hole (Small hole diameter and De 
in the small hole) and Kd(Ni) in buffer are very important also. Near field flows QF and 
QDZ have a smaller, but still significant, effect on the spread of values of Ni-59 peak 
release rate from the near field, while De(cations/neutral) in buffer has only a very 
small effect.  

In the growing hole case the parameter with the greatest effect on the spread of values 
of Ni-59 peak release rate from the near field is Solubility(Ni) inside canister also, being 
even more important than in the hole forever case. Kd(Ni) in buffer is the next most 
important parameter, followed by near field flows QF and QDZ and De(cations/neutral) 
in buffer. 

Solubility(Ni) inside canister has a great influence on the spread of values of Ni-59 peak 
release rate from the near field, while Mass of buffer in cavity has no effect. This means 
that Ni-59 transport is controlled by nickel solubility in all realisations, even when 
Solubility(Ni) inside canister takes values greater than 10-4 mol/l (Figure 3-6). This is a 
consequence of the great amount of stable nickel considered in the calculations (14.4 kg 
per canister), much greater than the masses of the radioactive isotopes of nickel: 151g of 
Ni-59 and 23.9g of Ni-63 per canister at the emplacement instant. 

The parameters that take specific values in the 10 % of realisations with highest Ni-59 
peak release rate from the near field are the same that control the spread of values of Ni-
59 peak release rate from the near field, with the same rankings of importance. 

Table 12-10 shows that the 10 % of realisations with highest Ni-59 peak release rates to 
the biosphere are characterised mainly by very high values of Solubility(Ni) inside 
canister, low values of Kd(Ni) in buffer, and only in the hole forever case high values of 
Small hole diameter and De in the small hole. 

12.9.2 Peak release rate to the biosphere  

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Ni-59 peak release rate to the biosphere is, by far, 
Kd(Ni) in unaltered rock, followed by  De in unaltered rock, WL/Q for DZ-path, Peclet 
number and WL/Q for F-path.  Solubility(Ni) inside canister is the most important near 
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field parameter, with RCCs/SRRCs slightly smaller than WL/Q for F-path. The 
remaining near field parameters that control Ni-59 peak release rate from the near field 
(section 12.9.1) have only a very small effect on the peak release rate to the biosphere. 

The spread of values of Ni-59 peak release rate to the biosphere is controlled nearly 
completely by nickel transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with all geosphere parameters 
is 0.794 (hole forever) or 0.816 (growing hole), a similar regression with all the near 
field parameters has an R2 equal to 0.038 (hole forever) or 0.028 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Ni-59 
peak release rate to the biosphere are the same that control the spread of values of Ni-59 
peak release rate to the biosphere, but the ranking of importance is quite different. The 
relative importance of near field parameters on the basis of the modified Mann-Whitney 
statistics is much greater than on the basis of the RCCs/SRRCs. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Ni) in unaltered rock. The next 
most influential parameter is Solubility(Ni) inside canister, followed by De in unaltered 
rock, WL/Q for DZ-path, Kd(Ni) in buffer and WL/Q for F-path (and Small hole 
diameter and De in the small hole in the hole forever case). 

Table 12-10 shows that the 10% of realisations with highest Ni-59 peak release rate to 
the biosphere are characterised mainly by the fast transport of nickel through the 
geosphere and, to a lesser extent, high values of Solubility(Ni) inside canister and small 
values of Kd(Ni) in buffer. 
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Table 12-10. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Ni-59 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.374 0.074   0.442 0.255   
De in the small hole 0.312 0.050   0.386 0.175   
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Ni) in the fuel matrix         
IRF(Ni) in the crud         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Ni) 0.707 0.130 0.797 0.124 0.753 0.451 0.823 0.476 
Hole Buffer         
De (cations/neutral) 0.033  0.194 0.023   0.235 0.093 
Kd (Ni)  -0.367 -0.067 -0.389 -0.059 -0.427 -0.252 -0.518 -0.246 
Da(Ni) in buffer 0.335 0.058 0.430 0.063 0.390 0.225 0.560 0.255 
Tunnel backfill          
De (cations/neutral)         
Kd (Ni)          
Tunnel length         
Near field flows         
QF 0.204 0.081 0.247 0.083 0.237 0.124 0.305 0.162 
QDZ 0.167 0.045 0.197 0.045 0.167 0.109 0.218 0.115 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.168  -0.170  -0.185  -0.191 
WL/Q for DZ-path   -0.271  -0.276  -0.275  -0.304 
WL/Q for TDZ-path  -0.031  -0.032    -0.044 
Peclet number  -0.225  -0.228  -0.128  -0.104 
Unaltered rock         
Total porosity         
De   -0.337  -0.343  -0.350  -0.359 
Maximum penetration depth      -0.050  -0.049 
Kd (Ni)  -0.726  -0.735  -0.676  -0.702 
R2 0.942 0.832 0.924 0.844 -- -- -- -- 
Threshold of significance 0.029 0.027 0.027 0.028 0.053 0.046 0.053 0.049 
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12.10 Results for Ni-63 

Ni-63 is a short lived (T1/2=101a) activation product present mainly in the other metal 
parts of the fuel, with smaller inventories in the zirconium alloys and the UO2 matrix. In 
the Monte Carlo simulations nickel has a limited solubility (that can take high values in 
some realisations) and high sorption on buffer, backfill and unaltered rock. 

For Ni-63 the hole forever and the growing hole cases are identical due to its short half-
life. The minimum value of Time to loss of hole resistance is 5,000, and after 5,000 
years Ni-63 initial inventory has decreased fifteen orders of magnitude. For this reason, 
Ni-63 peak consequences must take place before the enlargement of the small hole in 
the canister overpack. 

A simplified PSA has been done for the Ni-59 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-11 and discussed in the next sections.  

12.10.1 Peak release rate from the near field 

The parameter with the greatest effect on the spread of values of Ni-63 peak release rate 
from the near field is, by far, Kd(Ni) in buffer, followed by Time to transport path 
creation and De(cations/neutral) in buffer. There is a group of three less important 
parameters (Solubility(Ni) inside canister, Small hole diameter and De in the small hole) 
and near field flows QF and QDZ have only a small effect. 

Due to its short life, Ni-63 peak release rate from the near field is strongly affected by 
the value of Da(Ni) in buffer, that is the parameter that controls the speed of nickel 
diffusion through the buffer. This is confirmed by the high RCC/SRRC of Da(Ni) in 
buffer in Table 12-11 (0.752), greater than the RCCs/SRRCs of Kd(Ni) and 
De(cations/neutral) in buffer, and the scatter plot in Figure 12-4. Depending on the 
value of Da(Ni) in buffer, Ni-59 will have from important to complete disintegration 
during its transport through the buffer. 

Time to transport path creation takes values between 10 and 5,000 years, and in many 
realisations provides a great decrease in the Ni-63 inventory available to be released and 
transported when the transport path is created (e.g., a Time to transport path creation of 
2,000 years produces six orders of magnitude of decrease in Ni-63 inventory). The three 
parameters of secondary importance (Solubility(Ni) inside canister, Small hole diameter 
and De in the small hole) control the release rate of Ni-63 through the small hole into 
the buffer. 

Solubility(Ni) inside canister has a significant influence on the spread of values of Ni-63 
peak release rate from the near field, while Mass of buffer in cavity has no effect. This 
means that Ni-63 transport is controlled by nickel solubility in all realisations, even 
when Solubility(Ni) inside canister takes values greater than 10-4 mol/l (Figure 3-6). The 
same result has been found for Ni-59 (section 12.9.1). 
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Figure 12-4. Scatter plot of Da(Ni) in buffer vs. Ni-63 peak normalised release rates 
from the near field in the hole forever and growing hole cases (overlapped). Only the 
first 3,000 realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Ni-63 
peak release rate from the near field are the same that control the spread of values of Ni-
63 peak release rate from the near field, with a similar ranking of importance.  

Table 12-11 shows that the 10 % of realisations with highest values of the Ni-63 peak 
release rate from the near field are characterised mainly by the very fast transport of 
nickel through the buffer (high values of Da(Ni) in buffer) and, to a lesser extent, small 
Time to transport path creation and high Solubility(Ni) inside canister. 

12.10.2 Peak release rate to the biosphere 

The spread of values of Ni-63 peak release rate to the biosphere is controlled nearly 
completely by nickel transport through the geosphere. 

The parameter with the greatest effect on the spread of values of Ni-63 peak release rate 
to the biosphere is, by far, Kd(Ni) in unaltered rock, followed by  De in unaltered rock, 
Peclet number, WL/Q for DZ-path and WL/Q for F-path. Kd(Ni) in buffer is the most 
important near field parameter, with a RCC/SRRC equal to WL/Q for F-path. Time to 
transport path creation has a smaller effect on the spread of values of Ni-63 peak 
release rate to the biosphere. 

As shown in Table 5-1 to Table 5-4, Ni-63 peak release rate from the near field is zero 
only in 156 of the 10,000 realisations while in 80 % of the realisations there are no 
releases of Ni-63 to the biosphere. The low values of the RCCs/SRRCs and the R2 for 
Ni-63 peak release rate to the biosphere are produced by to the 80 % of realisations with 
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no release to the biosphere of Ni-63, but the conclusions on the relative importance of 
the input parameters on the spread of values of Ni-63 peak release rate to the biosphere 
are valid. 

The parameters that take specific values in the 10 % of realisations with highest Ni-59 
peak release rate to the biosphere are the same that control the spread of values of Ni-59 
peak release rate to the biosphere, with a slightly different ranking of importance. The 
relative importance of near field parameters on the basis of the modified Mann-Whitney 
statistics is greater than on the basis of the RCCs/SRRCs. 

The highest (absolute) value of the modified Mann-Whitney statistic corresponds to 
Kd(Ni) in unaltered rock, followed by  De in unaltered rock and Peclet number. The 
next most important parameters are Kd(Ni) in buffer and WL/Q for DZ-path, followed 
by WL/Q for F-path and Time to transport path creation.  

Table 12-11 shows that the 10% of realisations with highest values of the Ni-63 peak 
release rate to the biosphere are characterised mainly by the fast transport of nickel 
through the geosphere and, to a lesser extent, the fast transport of nickel through the 
buffer (high Da(Ni) in buffer) and a small Time to transport path creation. 

12.10.3 Comments 

Due to its short life, Ni-63 peak release rates from the near field and to the biosphere are 
strongly affected by the speed of transport through the near field (mainly through the 
buffer) and the geosphere. A slow transport provides time for radioactive decay, leading 
to very small release rates, while a fast transport allows for far less decay and much 
higher peak release rates from the near field and to the biosphere. Time to transport 
path creation is a very important parameter also, because it has a great effect on the 
inventory of Ni-63 when the transport path from canister interior to buffer is created. 
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Table 12-11. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Ni-63 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure    

Identical to the 
hole forever 

case 

  

Identical to the 
hole forever 

case 

Time to transport path creation -0.463 -0.091 -0.419 -0.189 

Small hole diameter 0.119  0.174 0.062 

De in the small hole 0.098  0.171  

Time to loss of hole resistance     

Length of canister failed     

Waste     

IRF(Ni) in the fuel matrix     

IRF(Ni) in the crud     

Fuel alteration rate     

Zirconium alloys alteration rate     

Metals alteration rate     

Canister interior     

Cavity water volume     

Mass of buffer in cavity     

Solubility (Ni) 0.187 0.037 0.339 0.095 

Hole Buffer     

De (cations/neutral) 0.316 0.058 0.372 0.117 

Kd (Ni) -0.682 -0.132 -0.809 -0.310 

Da(Ni) in buffer 0.752 0.141 0.874 0.328 

Tunnel backfill      

De (cations/neutral)     

Kd (Ni)     

Tunnel length     

Near field flows     

QF 0.068 0.052 0.085 0.096 

QDZ 0.051 0.023 0.066 0.043 

QTDF     

qTDZ     

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths     

WL/Q for F-path  -0.131  -0.202 

WL/Q for DZ-path   -0.206  -0.318 

WL/Q for TDZ-path     

Peclet number  -0.238  -0.344 

Unaltered rock     

Porosity     

De   -0.259  -0.413 

Maximum penetration depth     

Kd (Ni)  -0.484  -0.694 

R2 0.845 0.451 -- -- 

Threshold of significance 0.026 0.026 0.046 0.071 
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12.11 Results for Pd-107 

Pd-107 is a long lived (T1/2=6.50·106a) fission product present only in the UO2 matrix, 
with a small Instant Release Fraction (IRF). In the Monte Carlo simulations palladium 
has limited solubility, high sorption on buffer and backfill and important sorption on 
unaltered rock. The initial masses of Pd-107 and stable palladium in the spent fuel are 
1.02 and 2.29 kg per canister, respectively.  

A simplified PSA has been done for the Pd-107 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-12 and discussed in the next sections. 

12.11.1 Peak release rate from the near field 

In the hole forever case the two parameters with the greatest effect on the spread of 
values of Pd-107 peak release rate from the near field are, by far, Small hole diameter 
and De in the small hole. The next most important parameter is Kd(Pd) in buffer, 
followed by Solubility(Pd) in canister interior, QF and QDZ, with the three last 
parameters having a similar importance.  

The relatively small importance of Solubility(Pd) in canister interior in the hole forever 
case is a consequence of the narrow range of variation assigned to this parameter, 
roughly one order of magnitude (Table 3-6 and Figure 3-6).  Had a wider PDF covering 
several orders of magnitude been assigned to Solubility(Pd) in canister interior, its 
RCC/SRRC would have been much greater. 

In the growing hole case the two parameters with the greatest effect on the spread of 
values of Pd-107 peak release rate from the near field are, by far, Fuel alteration rate 
and Kd(Pd) in buffer, both with the same importance. Near field flows QF and QDZ have 
a secondary importance, and the rest of near field parameters have only a small effect. 

In the hole forever case the high RCC/SRRC of Solubility(Pd) in canister interior and 
the below the threshold RCC/SRRC of Fuel alteration rate mean that in most 
realisations Pd-107 transport through the near field is solubility controlled. In the 
growing hole case Solubility(Pd) in canister interior has only a small RCC/SRRC and 
Fuel alteration rate is (together with Kd(Pd) in buffer) the parameter with the greatest 
effect on the spread of values of values of Pd-107 peak release rates from the near field. 
The different behaviour observed in the two cases are caused by the much greater mass 
flow of Pd-107 transferred from the interior of the canister to the buffer in the growing 
hole case, which lowers the concentration in dissolution inside the canister below the 
solubility limit of palladium in most realisations.   

The parameters that take specific values in the 10% of realisations with highest Pd-107 
peak release rate from the near field are the same that control the spread of values of Pd-
107 peak release rate from the near field, with similar rankings of importance. 

12.11.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Pd-107 peak release rate to the biosphere is, by far, 
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Kd(Pd) in unaltered rock, followed by  De in unaltered rock, WL/Q for DZ-path, Peclet 
number and WL/Q for F-path. The RCC/SRRC of the most important near field 
parameter is smaller than the RCC/SRRC of WL/Q for F-path. 

The near field parameters that control Pd-107 peak release rate from the near field 
(section 12.11.1) have only a very small effect on the peak release rate to the biosphere. 
While the coefficient of determination (R2) of a multiple linear regression in ranks with 
the geosphere parameters is 0.799 (hole forever) or 0.821 (growing hole), a similar 
regression with all the near field parameters has an R2 equal to 0.041 (hole forever) or 
0.030 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Pd-107 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Pd-107 peak release rate to the biosphere, although the relative importance change. 
While geosphere parameters nearly completely control the spread of values of Pd-107 
peak release rate to the biosphere, in the highest 10 % of realisations the near field 
parameters have a much greater importance. 

In the hole forever case Kd(Pd) in unaltered rock has the highest (absolute) value of the 
modified statistic of the Mann-Whitney test, followed at great distance by Small hole 
diameter and De in the small hole. There are three parameters of secondary importance 
(De in unaltered rock, WL/Q for DZ-path and Kd(Pd) in buffer) and four parameters of 
smaller importance: Solubility(Pd) inside canister, WL/Q for F-path, QF and QDZ.  

In the growing hole case Kd(Pd) in unaltered rock has the highest (absolute) value of 
the modified statistic of the Mann-Whitney test, followed at great distance by Fuel 
alteration rate. There are three parameters of secondary importance (De in unaltered 
rock, WL/Q for DZ-path and Kd(Pd) in buffer) and three parameters of smaller 
importance: WL/Q for F-path, QF and QDZ.  

Table 12-12 shows that the 10 % of realisations with highest values of the Pd-107 peak 
release rate to the biosphere are characterised by having fast transport of palladium 
through the geosphere, low values of Kd(Pd) in buffer and high values of Small hole 
diameter and De in the small hole (hole forever case) or high values of Fuel alteration 
rate (growing hole case),. 
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Table 12-12. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pd-107 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.582 0.114   0.683 0.428   

De in the small hole 0.497 0.089   0.633 0.384   

Time to loss of hole resistance         

Length of canister failed   -0.069      

Waste         

IRF(Pd) in the fuel matrix   0.056    0.076  

Fuel alteration rate   0.555 0.083   0.569 0.448 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.033        

Solubility (Pd) 0.242 0.030 0.051  0.323 0.159 0.220 0.034 

Hole Buffer         

De (cations/neutral)       0.054  

Kd (Pd) -0.328 -0.092 -0.556 -0.099 -0.291 -0.248 -0.487 -0.287 

Da(Pd) in buffer 0.304 0.082 0.529 0.090 0.267 0.225 0.484 0.264 

Tunnel backfill          

De (cations/neutral) -0.079  -0.076  -0.118 -0.085 -0.111 -0.089 

Kd (Pd) -0.046 -0.030 -0.041 -0.031 -0.068  -0.061 -0.047 

Tunnel length  -0.027  -0.026     

Near field flows         

QF 0.240 0.083 0.337 0.091 0.235 0.145 0.496 0.211 

QDZ 0.208 0.050 0.268 0.055 0.208 0.124 0.291 0.193 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.150  -0.153  -0.154  -0.182 

WL/Q for DZ-path   -0.255  -0.261  -0.237  -0.253 

WL/Q for TDZ-path  -0.046  -0.046     

Peclet number  -0.204  -0.204  -0.059  -0.057 

Unaltered rock         

Porosity         

De   -0.352  -0.360  -0.301  -0.331 

Maximum penetration depth  -0.024  -0.025  -0.085  -0.084 

Kd (Pd)  -0.737  -0.745  -0.688  -0.710 

R2 0.862 0.840 0.821 0.850 -- -- -- -- 

Threshold of significance 0.029 0.026 0.027 0.025 0.052 0.057 0.054 0.058 
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12.12 Results for Se-79 

Se-79 is a long lived (T1/2=2.3·105a) fission product present only in the UO2 matrix, 
with a small Instant Release Fraction (IRF). The initial inventories of Se-79 and stable 
selenium are 18.1g and 109.8g per canister, respectively. In the Monte Carlo 
simulations selenium is assumed to be in anionic form, with low solubility and no 
sorption on buffer or backfill, although it has some sorption on unaltered rock. 

Figure 12-5 shows that in the hole forever case Se-79 peak release rate through the 
small hole in the canister overpack is nearly identical to Se-79 peak release rate from 
the near field in most realisations. In many realisations Se-79 peak release rate to the 
biosphere is very similar to Se-79 peak release rate through the small hole in the 
canister overpack also, but in a significant number of realisations Se-79 peak release to 
the biosphere is much smaller than Se-79 peak release rate through the small hole. 

 

Figure 12-5. Scatter plot of Se-79 peak release rate through the small hole in the 
overpack vs. Se-79 peak release rates from the near field and to the biosphere in the 
hole forever case. Only the first 3,000 realisations are represented. 

A simplified PSA has been done for the Se-79 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-13 and discussed in the next sections. 

12.12.1 Peak release rate from the near field 

In the hole forever case Solubility(Se) inside canister is, by far, the parameter with the 
greatest effect on the spread of values of Se-79 peak release rate from the near field. 
The parameters related with transport through the small hole follow in importance 
(Small hole diameter and De in the small hole), and De(anions) in buffer has a smaller 
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effect. These are the only four parameters with RCCs/SRRCs greater (in absolute value) 
than the threshold of significance. A multiple linear regression in ranks with these four 
input parameters has a very high value of the coefficient of determination (R2) of 0.972.  

These four near field parameters are the only uncertain parameters (the thickness of the 
copper overpack l is 5cm in all the realisations) in the expression of the release rate 
through the small hole in the canister overpack for a solubility controlled element 
(SHRRSOL in Equation A-4). This is consistent with the great similarities between Se-79 
peak release rates through the small hole in the canister overpack and from the near 
field observed in Figure 12-5. In fact, the RCC/SRRC of SHRRSOL(Se) with Se-79 peak 
release rate from the near field is 0.998, and a linear regression in ranks of SHRRSOL(Se) 
with Se-79 peak release rate from the near field has an R2 of 0.996.  

 In the growing hole case Solubility(Se) inside the canister is, by far, the parameter with 
the greatest effect on the spread of values of Se-79 peak release rate from the near field. 
The Solubility correction factors (Se) in the buffer and the groundwater-buffer interface 
are important parameters, mainly the first one, while the Solubility correction factor 
(Se) in the backfill is not. Selenium solubility in the buffer and the groundwater-buffer 
interface are the product of Solubility(Se) inside canister times the corresponding 
Solubility correction factor (Se), and their RCCs/SRRCs are 0.795 and 0.709 (not 
shown in Table 12-13), while the RCC/SRRC for Solubility(Se) inside canister is 0.775. 
This means that what really controls the Se-79 peak release rate are the selenium 
solubilities in the buffer or the groundwater-buffer interface (depending on the 
particular realisation), because they are smaller than inside the canister, while Solubility 
(Se) in backfill has no effect on Se-79 peak release rate from the near field. 

It must be noted that Solubility correction factors (Se) in buffer or groundwater-buffer 
interface are important parameters only in the growing hole case. In the hole forever 
case, transport through the small hole ensures that the concentration in the buffer close 
to the hole is much smaller (by a factor 100 or more) than the concentration inside the 
canister. Only if the selenium solubility in the buffer or the groundwater-buffer interface 
were several orders of magnitude smaller than inside the canister it would have some 
effect on Se-79 peak release rate from the near field in the hole forever case. 

In the growing hole case, in addition to the parameters related to selenium solubility, 
there are other parameters that affect the spread of values of Se-79 peak release rate 
from the near field. De(anions) in buffer is, by far, the most important of these 
parameters, followed by near field flows QF and QDZ (both with a similar importance) 
and Porosity (anions) in buffer. Time to loss of hole resistance has only a small effect. 

The parameters that take specific values in the 10 % of realisations with highest Se-79 
peak release rate from the near field are the same that control the spread of values of Se-
79 peak release rate from the near field, with small differences in the ranking of 
importance. 
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12.12.2 Peak release rate to the biosphere 

The spread of values of Se-79 peak release rate to the biosphere is controlled mainly by 
near field parameters, with the parameters related to selenium transport through the 
geosphere playing a secondary role.  

In the hole forever case the parameter with the greatest effect on the spread of values of 
Se-79 peak release rate to the biosphere is, by far, Solubility(Se) inside canister, 
followed by Kd(Se) in unaltered rock. The parameters related to transport through the 
small hole (Small hole diameter and De in the small hole) follow in importance, and 
De(anions) in buffer and De in unaltered rock have a smaller effect. There are four 
other geosphere parameters with a very small effect on the spread of values of Se-79 
peak release rate to the biosphere: WL/Q for DZ-path, WL/Q for F-path, Peclet number 
and Maximum penetration depth in unaltered rock. 

The four near field parameters with a significant effect on the spread of values of Se-79 
peak release rate to the biosphere are the only uncertain parameters (the thickness of the 
copper overpack l is 5cm in all the realisations) in the expression of the release rate 
through the small hole through the canister overpack for a solubility controlled element 
(SHRRSOL in Eq. 16.4). The RCC/SRRC of SHRRSOL(Se) with Se-79 peak release rate 
from the near field is 0.830, and a linear regression in ranks of SHRRSOL(Se) with Se-79 
peak release rate from the near field has a coefficient of determination (R2) of 0.689. 
This is consistent with the great similarities between Se-79 peak release rates through 
the small hole in the canister overpack and to the biosphere observed in Figure 12-5 for 
many realisations. 

In the growing hole case the spread of values of Se-79 peak release rate to the biosphere 
is controlled mainly by the low solubility of selenium in the buffer or the groundwater-
buffer interface (depending of the realisation). This is the same effect discussed in 
section 12.12.1for Se-79 peak release rate from the near field. After the parameters 
related to selenium solubility, the next most influential parameter is Kd(Se) in unaltered 
rock, followed by De(anions) in buffer. There are six parameters with a very small 
effect on the spread of values of Se-79 peak release rate to the biosphere: four 
geosphere parameters (WL/Q for DZ-path, WL/Q for F-path, Peclet number and 
Maximum penetration depth in unaltered rock) and two near field parameters (QF and 
QDZ). 

The parameters that take specific values in the 10 % of realisations with highest Se-79 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Se-79 peak release rate to the biosphere, although the rankings of 
importance change. The relative importance of geosphere parameters on the basis of the 
modified Mann-Whitney statistics is smaller than on the basis of the RCCs/SRRCs.  

Table 12-13 shows that in the hole forever the 10% of realisations with the highest Se-
79 peak release rate to the biosphere are characterised by high values of Solubility(Se) 
inside canister, Small hole diameter and De in the small hole (i.e. high Se-79 release 
rates through the small hole) and, to a lesser extent, fast selenium transport through the 
geosphere. In the growing hole case the 10 % of realisations with highest values of the 
Se-79 peak release rate to the biosphere are characterised by high selenium solubility 
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inside the canister, the buffer and the groundwater-buffer interface and relatively fast 
selenium transport through the geosphere. 

 
Table 12-13. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Se-79 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.403 0.329   0.511 0.472   
De in the small hole 0.283 0.233   0.334 0.314   
Time to loss of hole resistance   0.071      
Length of canister failed         
Waste         
IRF(Se) in the fuel matrix         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Se) 0.845 0.654 0.775 0.649 0.860 0.809 0.840 0.817 
Hole Buffer         
Porosity accessible for anions   -0.107      
De (anions) 0.123 0.109 0.347 0.202 0.210 0.205 0.321 0.291 
Solubility correction factor (Se)   0.233 0.271   0.427 0.421 
Da(Se) in buffer 0.098 0.089 0.351 0.176 0.173 0.179 0.290 0.255 
Groundwater-buffer interface         
Solubility correction factor (Se)   0.071 0.073   0.188 0.157 
Tunnel backfill          
Porosity (anions)         
De (anions)         
Solubility correction factor (Se)         
Tunnel length         
Near field flows         
QF   0.156 0.073   0.159 0.102 
QDZ   0.142 0.075   0.136 0.119 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.067  -0.076  -0.072  -0.040 
WL/Q for DZ-path   -0.080  -0.096  -0.053  -0.039 
WL/Q for TDZ-path         
Peclet number  -0.044  -0.035  -0.050   
Unaltered rock         
Porosity         
De   -0.109  -0.118    -0.051 
Maximum penetration depth  -0.057  -0.055  -0.067  -0.087 
Kd (Se)  -0.410  -0.426  -0.292  -0.275 
R2 0.972 0.798 0.830 0.766 -- -- -- -- 
Threshold of significance 0.036 0.028 0.032 0.027 0.063 0.051 0.051 0.043 
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12.13 Results for Sm-151 

Sm-151 is a short lived (T1/2=90a) fission product present only in UO2 matrix, with no 
Instant Release Fraction, and a small initial inventory (35.8 g per canister). In the Monte 
Carlo simulations samarium has low solubility and presents significant sorption on 
buffer, backfill and unaltered rock.  

Due to its short life, for Sm-151 the hole forever and the growing hole cases are 
identical. In the Monte Carlo simulations the minimum value Time to loss of hole 
resistance is 5,000 years, and after 5,000 years Sm-151 has decayed completely. Any 
consequences due to Sm-151 must take place before the loss of the transport resistance 
of the small hole. 

Table 5-1 to Table 5-4 show that Sm-151 peak normalised release rate from the near 
field is zero (<10-38) in 62 % of the realisations and only in 108 of the 10,000 
realisations there are releases of Sm-151 to the biosphere. 

A simplified PSA has been done for the Sm-151 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-14 and discussed in the next sections. 

12.13.1 Peak release rate from the near field 

The parameter with the greatest influence on the spread of values of Sm-151 peak 
release rate from the near field is, by far, Kd(Sm) in buffer. Time to transport path 
creation and De(cations/neutral) in buffer are the next most important parameters. 
There is a group of four parameters with a smaller effect: Mass of buffer in cavity, Small 
hole diameter, De in the small hole and Fuel alteration rate. 

Due to its short life, Sm-151 peak release rate from the near field is strongly affected by 
the value of Da(Sm) in buffer, which is the parameter that controls the speed of 
samarium diffusion through the buffer. This is confirmed by the high RCC/SRRC of 
Da(Sm) in buffer in Table 12-14 (0.772), greater than the RCCs/SRRCs of Kd(Sm) in 
buffer and De(cations/neutral) in buffer, and the scatter plot in Figure 12-6. Depending 
on the value of Da(Sm) in buffer, Sm-151 will have from relatively high to complete 
disintegration during its transport through the buffer. 

Solubility(Sm) inside canister has no effect on Sm-151 peak release rate from the near 
field, because samarium solubility is not reached. This is a consequence of the very 
small initial inventory of Sm-151 (that decreases rapidly), the slow release from the 
UO2 matrix and the intrusion of buffer into the canister cavity. Due to the high values of 
Kd(Sm) in buffer, sorption on the intruded buffer decreases the concentration of Sm-151 
in the water inside the canister. This explains why Mass of buffer in cavity and Fuel 
alteration rate are identified as parameters with some effect on Sm-151 peak release 
rate from the near field. 

The most influential parameter is Kd(Sm) in buffer, and has a two-fold effect on Sm-151 
releases from the near field: reducing the concentration of Sm-151 in the water inside 
the canister and delaying diffusive transport through the buffer (which increases the 
radioactive decay during transport through the buffer).  
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Figure 12-6. Scatter plot of Da(Sm) in buffer vs. Sm-151 peak normalised release rate 
from the near field in the hole forever and growing hole cases (overlapped). Only the 
first 3,000 realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Sm-151 
peak release rate from the near field are the same that control the spread of values of 
Sm-151 peak release rate from the near field, with only small differences in the rankings 
of importance. 

Table 12-14 shows that the 10 % of realisations with highest values of the Sm-151 peak 
release rate from the near field are characterised by having fast transport of samarium 
through the buffer (very high values of Da(Sm) in buffer), and, to a lesser extent, small 
values of Time to transport path creation. 

12.13.2 Release rate to the biosphere 

The spread of values of Sm-151 peak release rate to the biosphere is controlled by 
samarium transport through the buffer and the geosphere. The two most influential 
parameters are Kd(Sm) in buffer and Kd(Sm) in unaltered rock (with similar 
RCCs/SRRCs), followed by De in unaltered rock, Peclet number, WL/Q for DZ-path 
and De(cations/neutral) in buffer. 

The low values of the RCCs/SRRCs and the R2 for Sm-151 peak release rate to the 
biosphere are a consequence of having 99 % of realisations with no release to the 
biosphere, but the conclusions on the relative importance of the model parameters on 
Sm-151 peak release rate to the biosphere are valid. 

The parameters that take specific values in the 10 % of realisations with highest Sm-151 
peak release rate to the biosphere are roughly the same that control the spread of values 
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of Sm-151 peak release rate to the biosphere, although the rankings of importance 
change. The relative importance of near field parameters on the basis of the modified 
Mann-Whitney statistics is greater than their importance on the basis of the 
RCCs/SRRCs.  

Table 12-14 shows that the 10 % of realisations with highest values of the Sm-151 peak 
release rate to the biosphere case are characterised by fast transport of samarium 
through the buffer and the geosphere and a small Time to transport path creation. 

12.13.3 Comments 

Due to its short life, Sm-151 peak release rates from the near field and to the biosphere 
are strongly affected by Time to transport path creation, Kd(Sm) in buffer and Kd(Sm) 
in unaltered rock. The first parameter controls the inventory of Sm-151 in the waste 
when the small hole through the overpack is created and radionuclide release and 
transport starts. Distribution coefficients in buffer and unaltered rock control how fast 
samarium is transported through the buffer and the geosphere. A slow transport through 
any of these two barriers will make Sm-151 to decay nearly completely during its 
transport, and releases from the near field or to the biosphere will be negligible.  

The inventory used in the Monte Carlo simulations does not include stable samarium. 
The PSA has found that Solubility(Sm) inside canister has no effect on Sm-151 peak 
release rates from the near field and to the biosphere when only one isotope of 
samarium is considered (35.8 g per canister of Sm-151). If stable samarium (whose 
abundance is in the order of 1 kg per canister) were included in the calculations, in some 
realisations samarium solubility could be reached and Solubility(Sm) inside canister 
could have some effect on Sm-151 peak release rates. Sm-151 peak release rates are 
extremely small in all the realisations of the Monte Carlo simulations, and the inclusion 
of stable samarium in the calculations would translate into even smaller Sm-151 peak 
release rates.   
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Table 12-14. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Sm-151 peak release rates from the 
near field and the far field. 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure    

Identical to the 
hole forever 

case 

  

Identical to the 
hole forever 

case 

Time to transport path creation -0.299 -0.035 -0.335 -0.054 

Small hole diameter 0.085  0.112  

De in the small hole 0.064  0.089  

Time to loss of hole resistance     

Length of canister failed     

Waste     

Fuel alteration rate 0.066 0.027 0.114  

Canister interior     

Cavity water volume     

Mass of buffer in cavity -0.103  -0.121  

Solubility (Sm)     

Hole Buffer     

De (cations/neutral) 0.286 0.050 0.383  

Kd (Sm)  -0.702 -0.142 -0.892 -0.101 

Da(Sm) in buffer 0.772 0.148 0.950 0.100 

Tunnel backfill      

De (cations/neutral)     

Kd (Sm)    -0.053  

Tunnel length     

Near field flows     

QF 0.037    

QDZ 0.036  0.054 0.043 

QTDF     

qTDZ     

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths     

WL/Q for F-path  -0.041  -0.057 

WL/Q for DZ-path   -0.058  -0.045 

WL/Q for TDZ-path     

Peclet number  -0.070   

Unaltered rock     

Porosity     

De   -0.074  -0.059 

Maximum penetration depth     

Kd (Sm)  -0.135  -0.062 

R2 0.693 0.058 -- -- 

Threshold of significance 0.033 0.027 0.050 0.054 
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12.14 Results for Sn-126 

Sn-126 is a long lived (T1/2=2.3·105a) fission product present only in the UO2 matrix, 
with a very small Instant Release Fraction (IRF). The initial inventory of Sn-126 and 
stable tin is 171.8 g and 10.68 kg per canister, respectively. About 99 % of the stable tin 
is in the zirconium alloys and only 1 % is in the UO2 matrix.  

In the Monte Carlo simulations tin has low solubility and high sorption on buffer, 
backfill and unaltered rock.  

A simplified PSA has been done for the Sn-126 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 12-15 and discussed in the next sections. 

12.14.1 Peak release rate from the near field 

In the hole forever case the spread of values of Sn-126 peak release rate from the near 
field is controlled mainly by Kd(Sn) in buffer, followed by four parameters of similar 
importance: Solubility(Sn) inside canister, Fuel alteration rate, Small hole diameter and 
De in the small hole. There are two parameters of secondary importance (QF and QDZ), 
and IRF(Sn) and De(cations/neutral) in buffer have only a very small effect.  

In the growing hole case Kd(Sn) in buffer and Solubility(Sn) in canister interior are the 
parameters with the greatest effect on the spread of values of Sn-126 peak release rate 
from the near field, having similar RCCs/SRRCs. Fuel alteration rate is the third most 
relevant parameter, followed by three parameters with similar importance: 
De(cations/neutral) in buffer, QF and QDZ. IRF(Sn) has only a very small effect. 

Both Solubility(Sn) in canister interior and Fuel alteration rate have a significant effect 
on Sn-126 peak release rate from the near field. Although this seems to indicate that in 
many realisations Sn-126 is not controlled by tin solubility, in the Monte Carlo 
simulations tin solubility is reached inside the canister in all the realisations. The 
influence of Fuel alteration rate on Sn-126 peak release rates is a consequence of most 
of stable tin being in the zirconium alloys (Table 3-2). Stable tin in zirconium alloys is 
released quickly in all the realisations, and precipitates inside the canister. The ratio Sn-
126 vs. stable tin in the precipitate (and dissolved in the water inside the canister) 
increases with the amount of Sn-126 released from the UO2 matrix, which is 
proportional to Fuel alteration rate. 

The parameters that take specific values in the 10 % of realisations with highest Sn-126 
peak release rate from the near field are the same that control the spread of values of Sn-
126 peak release rate from the near field, with only small differences in the rankings of 
importance.  

Table 12-15 shows that the 10 % of realisations with the highest Sn-126 peak release 
rate from the near field have high values of Solubility(Sn) inside canister and Fuel 
alteration rate and low values of Kd(Sn) in buffer, and in the hole forever case high 
values of Small hole diameter and De in the small hole also. 
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12.14.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Sn-126 peak release rate to the biosphere is, by far, 
Kd(Sn) in unaltered rock, followed by  De in unaltered rock, WL/Q for DZ-path, Peclet 
number and WL/Q for F-path. Near field parameters have a very small effect on Sn-126 
peak release rate to the biosphere, with Kd(Sn) in buffer and Solubility(Sn) in canister 
interior being the most influential, with much smaller RCCs/SRRCs than WL/Q for F-
path. 

The spread of values of Sn-126 peak release rate to the biosphere is controlled nearly 
completely by tin transport through the geosphere. The coefficient of determination (R2) 
of a multiple linear regression in ranks with the aforementioned five geosphere 
parameters is 0.783 (hole forever) or 0.804 (growing hole), while a similar regression 
with all the near field parameters has an R2 equal to 0.041 (hole forever) or 0.033 
(growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Sn-126 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Sn-126 peak release rate to the biosphere, although the relative 
importance is very different. While geosphere parameters nearly completely control the 
spread of values of Sn-126 peak release rate to the biosphere, in the highest 10 % of 
realisations the near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistic corresponds to Kd(Sn) in unaltered rock. In the two 
cases studied the next most influential parameters are De in unaltered rock, WL/Q for 
DZ-path, Solubility(Sn) inside rock, Kd(Sn) in buffer and Fuel alteration rock. In the 
hole forever case Small hole diameter and De in the small hole are important also. 

Table 12-15 shows that the 10 % of realisations with the highest Sn-126 peak release 
rate to the biosphere are characterised mainly by having fast transport of tin through the 
geosphere, high values of Solubility(Sn) inside canister and Fuel alteration rate and low 
values of Kd(Sn) in buffer, and in the hole forever case high values of Small hole 
diameter and De in the small hole.   
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Table 12-15. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Sn-126 peak release rates from the 
near field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.358 0.079   0.455 0.253   

De in the small hole 0.318 0.047   0.380 0.235   

Time to loss of hole resistance         

Length of canister failed         

Waste         

IRF(Sn) in the fuel matrix 0.045  0.042  0.049  0.047  

Fuel alteration rate 0.313 0.051 0.383 0.054 0.435 0.246 0.528 0.271 

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Sn) 0.430 0.101 0.524 0.105 0.498 0.318 0.639 0.377 

Hole Buffer         

De (cations/neutral) 0.052  0.213 0.026   0.241 0.103 

Kd (Sn)  -0.557 -0.105 -0.549 -0.092 -0.559 -0.326 -0.545 -0.311 

Da(Sn) in buffer 0.539 0.098 0.590 0.093 0.535 0.309 0.594 0.330 

Tunnel backfill          

De (cations/neutral)     -0.058    

Kd (Sn)          

Solubility correction factor (Sn)         

Tunnel length         

Near field flows         

QF 0.193 0.078 0.238 0.082 0.236 0.155 0.318 0.176 

QDZ 0.178 0.052 0.209 0.056 0.187 0.159 0.226 0.160 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.152  -0.154  -0.163  -0.163 

WL/Q for DZ-path   -0.250  -0.255  -0.225  -0.259 

WL/Q for TDZ-path         

Peclet number  -0.213  -0.219  -0.087  -0.076 

Unaltered rock         

Porosity         

De   -0.323  -0.328  -0.312  -0.330 

Maximum penetration depth      -0.054  -0.053 

Kd (Sn)  -0.740  -0.748  -0.685  -0.711 

R2 0.893 0.824 0.870 0.837 -- -- -- -- 

Threshold of significance 0.026 0.037 0.030 0.035 0.051 0.044 0.048 0.043 
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12.15 Results for Sr-90 

Sr-90 is a short lived (T1/2=28.8a) fission product present only in the UO2 matrix, with a 
significant Instant Release Fraction (IRF) inventory. In the Monte Carlo simulations 
strontium has limited (although relatively high) solubility and weak sorption on buffer, 
backfill and unaltered rock.  

Due to its short life, for Sr-90 the hole forever and the growing hole cases are identical. 
The minimum value of Time to loss of hole resistance is 5,000 years, and after 5,000 
years Sr-90 has decayed completely. Any consequences due to Sr-90 must take place 
before the small hole grows.  

A simplified PSA has been done for the Sr-90 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-16 and discussed in the next sections. 

12.15.1 Peak release rate from the near field 

The parameter with the greatest effect on the spread of values of Sr-90 peak release rate 
from the near field is, by far, Time to transport path creation, which takes values 
between 10 and 5,000 years. The value assigned to this parameter has a strong effect on 
the inventory of Sr-90 in the waste when the transport path through the canister 
overpack is created (e.g., a Time to transport path creation of 1,000 years reduces Sr-90 
inventory ten orders of magnitude).  

The next most important parameters are those controlling strontium diffusion through 
the buffer: Kd(Sr) in buffer followed by De(Ra, Sr) in buffer, with the distribution 
coefficient being far more important than the diffusion coefficient. The parameters 
related to transport through the small hole (Small hole diameter and De in the small 
hole) have only a small effect on Sr-90 peak release rate from the near field. 

The parameters that take specific values in the 10 % of realisations with highest Sr-90 
peak release rate from the near field are the same that control the spread of values of Sr-
90 peak release rate from the near field, but there are great differences in the ranking of 
importance. In particular, the importance of Kd(Sr) in buffer in the highest 10 % 
realisations is much greater than for the spread of values of Sr-90 peak release rate from 
the near field, with a modified statistic of the Mann-Whitney test similar to that of Time 
to transport path creation. 

Table 12-16 shows that the 10 % of realisations with the highest Sr-90 peak release rate 
from the near field are characterised mainly by a very short Time to transport path 
creation and very low Kd(Sr) in buffer.  

12.15.2 Release rate to the biosphere 

The spread of values of Sr-90 peak release rate to the biosphere is controlled mainly by 
the transport through the geosphere and the Time to transport path creation. 

The two parameters with the greatest effect on the spread of values of Sr-90 peak 
release rate to the biosphere are, by far, Time to transport path creation and Kd(Sr) in 
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unaltered rock. Then follows a group of four parameters with similar importance: three 
geosphere parameters (De in unaltered rock, Peclet number and WL/Q for DZ-path) and 
Kd(Sr) in buffer. Finally, WL/Q for F-path and De(Ra,Sr) in buffer have a small effect 
on the spread of values of Sr-90 peak release rate to the biosphere. 

The parameters that take specific values in the 10 % of realisations with highest Sr-90 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Sr-90 peak release rate to the biosphere, although the relative importance is different. 
While geosphere parameters have a greater influence on the spread of values of Sr-90 
peak release rate to the biosphere, in the highest 10 % of realisations the near field 
parameters have greater importance than the geosphere parameters. 

Table 12-15 shows that the 10 % of realisations with the highest Sr-90 peak release rate 
to the biosphere are characterised by the fast transport of strontium through the 
geosphere, low Time to transport path creation and low Kd(Sr) in buffer. 

12.15.3 Comments 

Due to its short life, Sr-90 peak release rates from the near field and to the biosphere are 
strongly affected by Time to transport path creation, Kd(Sr) in buffer and Kd(Sr) in 
unaltered rock. The first parameter controls the inventory of Sr-90 when the small hole 
through the overpack is created and radionuclide release and transport starts. 
Distribution coefficients in buffer and unaltered rock control the speed of strontium 
transports through the buffer and the geosphere. A slow transport through any of these 
barriers will make Sr-90 to disintegrate nearly completely during its transport, and 
releases from the near field and to the biosphere will be negligible.  

Of the 41 radionuclides in the spent fuel inventory used in the calculations (Table 3-1), 
only for Nb-93m and Sr-90 the PSA has found that Water travel time (tW) in F-path and 
Water travel time (tW) in DZ-path have a small, but statistically significant effect on 
their peak release rates to the biosphere.  

Table 12-16 shows that Water travel times (tW) in F- and DZ-paths have no effect on the 
spread of values of Sr-90 peak release rate to the biosphere but the highest 10 % of 
realisation correspond to Water travel times (tW) in F- and DZ-paths slightly smaller 
than average. Additional analyses have found that this effect is a consequence of the 
short life of Sr-90 and the very low values of Kd(Sr) in unaltered rock (Figure 3-15). 
This is confirmed by the fact that if either the half-life or Kd(Sr) in unaltered rock is 
multiplied by 10, the resulting values of the modified statistic of the Mann-Whitney test 
of Water travel times (tW) in F- and DZ-paths fall below the threshold of statistical 
significance.   
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Table 12-16. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Sr-90 peak release rates from the near 
field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure    

Identical to the 
hole forever 

case 

  

Identical to the 
hole forever 

case 

Time to transport path creation -0.797 -0.461 -0.693 -0.541 
Small hole diameter 0.088 0.042 0.278 0.113 
De in the small hole 0.081 0.046 0.257 0.117 
Time to loss of hole resistance     
Length of canister failed     
Waste     
IRF(Sr) in the fuel matrix 0.033  0.114 0.047 
Fuel alteration rate     
Canister interior     
Cavity water volume -0.041  -0.112  
Mass of buffer in cavity -0.062  -0.100 -0.081 
Solubility (Sr)     
Hole Buffer     
Porosity accessible for anions     
De (Ra,Sr) 0.143 0.081 0.082 0.116 
Kd (Sr)  -0.392 -0.179 -0.679 -0.429 
Solubility correction factor (Sr)     
Da (Sr) in buffer 0.388 0.184 0.572 0.408 
Tunnel backfill      
De (Ra,Sr)     
Kd (Sr)      
Solubility correction factor (Sr)     
Tunnel length     
Near field flows     
QF 0.048 0.047 0.143 0.060 
QDZ 0.036 0.018 0.096 0.072 
QTDF     
qTDZ     
Geosphere flow parameters     
Lengths of F-, DZ-, TDZ-paths     
tw in F-path    -0.063 
WL/Q for F-path  -0.107  -0.149 
tw in DZ-path    -0.081 
WL/Q for DZ-path   -0.195  -0.260 
tW in TDZ-path     
WL/Q for TDZ-path  -0.035   
Peclet number  -0.202  -0.249 
Unaltered rock     
Porosity  -0.046  -0.107 
De   -0.253  -0.341 
Maximum penetration depth     
Kd (Sr)  -0.500  -0.462 
R2 0.834 0.665 -- -- 
Threshold of significance 0.028 0.028 0.053 0.044 
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12.16 Results for Tc-99 

Tc-99 is a long lived (T1/2=2.11·105a) fission product present only in the UO2 matrix, 
with a small Instant Release Fraction (IRF). The initial inventory of Tc-99 is 2.6kg per 
canister. In the Monte Carlo simulations technetium has low solubility and high sorption 
on buffer, backfill, and the unaltered rock. 

A simplified PSA has been done for the Tc-99 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-17 and discussed in the next sections. 

12.16.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Tc-99 peak release rate from the near field is, by far, Kd(Tc) in buffer, followed by the 
parameters that control the transport through the small hole: Small hole diameter and De 
in the small hole. There are three parameters of secondary importance: Solubility(Tc) 
inside canister, QF and QDZ. De(cations/neutral) in buffer has a smaller, but still 
significant, effect on the spread of values of Tc-99 peak release rate from the near field. 

In the growing hole case the parameter with the greatest effect on the spread of values 
of Tc-99 peak release rate from the near field is, by far, Kd(Tc) in buffer, followed by 
four parameters of similar importance: De(cations/neutral) in buffer, Solubility(Tc) 
inside canister  and near field equivalent flows QF and QDZ. Fuel alteration rate has a 
very small effect on the spread of values of Tc-99 peak release rate from the near field.  

Da(Tc) in buffer is the parameter that controls the speed of technetium diffusion through 
the buffer. There exists a significant correlation between Da(Tc) in buffer and the Tc-99 
peak release rate from the near field (Figure 12-7). In the hole forever case the 
RCC/SRRC of Kd(Tc) in buffer is greater than the RCC/SRRC of Da(Tc) in buffer, 
while in the growing hole case the RCC/SRRC of Da(Tc) in buffer is greater. 

Solubility(Tc) inside canister has relatively small RCCs/SRRCs and Fuel alteration rate 
has a much smaller RCC/SRRC only in the growing hole case. This means that in the 
hole forever case the solubility limit of technetium is reached in all (or at least the great 
majority) of the realisations. In the growing hole case technetium solubility is not 
reached in a small (but significant) fraction of the realisations. The relatively small 
RCCs/SRRCs of Solubility(Tc) inside canister are a consequence of the narrow PDF 
adopted for this parameter (Table 3-6 and Figure 3-6).    

The parameters that take specific values in the 10 % of realisations with highest Tc-99 
peak release rate from the near field are the same that control the spread of values of Tc-
99 peak release rate from the near field, with small differences in the rankings of 
importance. 

 



 

 

368

 

Figure 12-7. Scatter plot of Da(Tc) in buffer vs. Tc-99 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

12.16.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Tc-99 peak release rate to the biosphere is, by far, 
Kd(Tc) in unaltered rock, followed by  De in unaltered rock, Peclet number, WL/Q for 
DZ-path and WL/Q for F-path. Near field parameters have a very small effect on Tc-99 
peak release rate to the biosphere, being Kd(Tc) in buffer and QF the most influential, 
with RCCs/SRRCs much smaller those of WL/Q for F-path. 

The spread of values of Tc-99 peak release rate to the biosphere is controlled nearly 
completely by the transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the five aforementioned 
geosphere parameters is 0.747 (hole forever) or 0.773 (growing hole), a similar 
regression with only near field parameters has an R2 equal to 0.020 (hole forever) or 
0.017 (growing hole) in the two cases analysed. 

The parameters that take specific values in the 10 % of realisations with highest Tc-99 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Tc-99 peak release rate to the biosphere, although the relative importance is very 
different. While geosphere parameters nearly completely control the spread of values of 
Tc-99 peak release rate to the biosphere, in the highest 10 % of realisations the near 
field parameters have a greater importance. 
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Both in the hole forever and growing hole cases the highest (absolute) values of the 
modified Mann-Whitney statistics correspond to Kd(Tc) in unaltered rock and De in 
unaltered rock, followed by WL/Q for DZ-path. There is a group of parameters of 
secondary importance: Kd(Tc) in buffer, WL/Q for F-path and Peclet number. The 
remaining near field parameters have a smaller effect. 

Table 12-17 shows that the 10 % of realisations with the highest Tc-99 peak release rate 
to the biosphere are characterised mainly by the fast transport of technetium through the 
geosphere and fast transport through the buffer (small values of Kd(Tc) in buffer).  
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Table 12-17. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Tc-99 peak release rates from the near 
field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.430 0.043   0.583 0.143   
De in the small hole 0.371 0.028   0.484 0.158   
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Tc) in the fuel matrix         
Fuel alteration rate   0.034      
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Tc) 0.212 0.026 0.259 0.027 0.318 0.110 0.404 0.107 
Hole Buffer         
De (cations/neutral) 0.139 0.031 0.360 0.046 0.095  0.402 0.103 
Kd (Tc)  -0.656 -0.092 -0.734 -0.082 -0.635 -0.321 -0.733 -0.286 
Da (Tc) in buffer 0.641 0.096 0.820 0.094 0.611 0.293 0.819 0.301 
Tunnel backfill          
De (cations/neutral)        -0.058 
Kd (Tc)          
Tunnel length         
Near field flows         
QF 0.224 0.074 0.301 0.074 0.288 0.121 0.440 0.142 
QDZ 0.201 0.040 0.256 0.042 0.211 0.079 0.281 0.072 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.209  -0.210  -0.256  -0.266 
WL/Q for DZ-path   -0.333  -0.338  -0.418  -0.417 
WL/Q for TDZ-path         
Peclet number  -0.355  -0.365  -0.251  -0.222 
Unaltered rock         
Porosity         
De  -0.437  -0.443  -0.516  -0.534 
Maximum penetration depth         
Kd (Tc)  -0.525  -0.534  -0.565  -0.596 
R2 0.908 0.767 0.893 0.790 -- -- -- -- 
Threshold of significance 0.026 0.032 0.030 0.031 0.050 0.055 0.067 0.057 
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12.17 Results for Zr-93 

Zr-93 is a long lived (T1/2=1.5·106a) fission and activation product present in the UO2 
matrix  and  the  zirconium  alloys.  The  inventory  of  Zr-93 in the UO2  matrix is seven 
times greater than in the zirconium alloys, while the inventory of stable zirconium is 
roughly 100 times greater in the zirconium alloys than in the UO2 matrix. In the Monte 
Carlo simulations zirconium has low solubility and strong sorption on buffer, backfill 
and unaltered rock.  

A simplified PSA has been done for the Zr-93 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 12-18 and discussed in the next sections. 

12.17.1 Peak release rates from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Zr-93 peak release rate from the near field is Kd(Zr) in buffer, followed by the 
parameters that control the transport through the small hole (Small hole diameter and 
De in the small hole) and De(cations/neutral) in buffer. There is a group of three 
parameters of secondary importance: Solubility(Zr) inside canister, QF and QDZ. Fuel 
alteration rate has only a small effect on the spread of values of Zr-93 peak release rate 
from the near field. 

In the growing hole case the two parameters with the greatest effect on Zr-93 peak 
release rate from the near field are, by far, those related to zirconium diffusion in the 
buffer: De(cations/neutral) in buffer and Kd(Zr) in buffer. There is a group of three 
parameters of secondary importance: Solubility(Zr) inside canister, QF and QDZ. Fuel 
alteration rate has only a small effect on the spread of values of Zr-93 peak release rate 
from the near field. 

Da(Zr) in buffer is the parameter that controls the speed of zirconium diffusion through 
the buffer. The RCCs/SRRCs of Da(Zr) in buffer with Zr-93 peak release rate from the 
near field take high values (0.645 in the hole forever case and 0.829 in the growing hole 
case in Table 12-18), higher than the RCCs/SRRCs of Kd(Zr) in buffer and 
De(cations/neutral) in buffer. Figure 12-8 illustrates the significant correlation between 
Da(Zr) in buffer and Zr-93 peak release rate from the near field. 

It is noteworthy that Zr-93 peak release rate from the near field is affected both by 
Solubility(Zr) inside canister and Fuel alteration rate. Although the relevance of Fuel 
alteration rate seems to indicate that in some realisations zirconium transport is not 
solubility controlled, in reality all the realisations are affected by Solubility(Zr) inside 
canister. The cause of this result is the much higher ratio Zr-93 vs. stable zirconium in 
the UO2 matrix than in the zirconium alloys. For a given value of Solubility(Zr) inside 
canister, the concentration of Zr-93 in dissolution increases with the Fuel alteration 
rate, because it increases the ratio Zr-93 vs. stable zirconium in dissolution.  
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Figure 12-8. Scatter plot of Da(Zr) in buffer vs. Zr-93 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Zr-93 
peak release rate from the near field are the same that control the spread of values of Zr-
93 peak release rate from the near field, with small differences in the rankings of 
importance. 

12.17.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the two parameters with the greatest 
effect on the spread of values of Zr-93 peak release rate to the biosphere are, by far, 
Kd(Zr) and De in unaltered rock, followed by Peclet number and WL/Q for DZ-path 
(both with a similar importance) and WL/Q for F-path. Near field parameters have a 
very small effect on Zr-93 peak release rate to the biosphere, being Kd(Tc) in buffer, 
De(cations/neutral) in buffer and QF the most influential, with RCCs/SRRCs much 
smaller than those of WL/Q for F-path. 

The spread of values of Zr-93 peak release rate to the biosphere is controlled nearly 
completely by the transport of zirconium through the geosphere. While the coefficient 
of determination (R2) of a multiple linear regression with the five aforementioned 
geosphere parameters is 0.701 (hole forever) or 0.738 (growing hole), while a similar 
regression with only near field parameters has an R2 equal to 0.022 (hole forever) or 
0.021 (growing hole) in the two cases analysed. 

The parameters that take specific values in the 10% of realisations with highest Zr-93 
peak release rate to the biosphere are roughly the same that control the spread of values 
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of Zr-93 peak release rate to the biosphere, although the relative importance is very 
different. While geosphere parameters nearly completely control the spread of values of 
Zr-93 peak release rate to the biosphere, in the highest 10 % of realisations the near 
field parameters have a greater, but still secondary, importance. 

Both in the hole forever and growing hole cases the highest (absolute) values of the 
modified Mann-Whitney statistics correspond to Kd(Zr) and De in unaltered rock, 
followed by WL/Q for DZ-path. There is a group of parameters of secondary 
importance: Peclet number, WL/Q for F-path, Kd(Zr) in buffer, De(cations/neutral) in 
buffer and Small hole diameter (only in the hole forever case). The remaining near field 
parameters have a smaller effect. 

Table 12-18 shows that the 10 % of realisations with the highest Zr-93 peak release rate 
to the biosphere are characterised mainly by the very fast transport of zirconium through 
the geosphere and fast transport of zirconium through the buffer (high values of Da(Zr) 
in buffer). 

 

  



 

 

374

Table 12-18. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Zr-93 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.434 0.045   0.563 0.180   

De in the small hole 0.369 0.031   0.476 0.145   

Time to loss of hole resistance         

Length of canister failed   0.042    0.109  

Waste         

IRF(Zr) in the fuel matrix         

Fuel alteration rate 0.074  0.100  0.123  0.242  

Zirconium alloys alteration rate         

Metals alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Zr) 0.222 0.036 0.277 0.034 0.312 0.101 0.421 0109 

Hole Buffer         

De (cations/neutral) 0.378 0.060 0.608 0.072 0.317 0.184 0.577 0.222 

Kd (Zr)  -0.545 -0.078 -0.552 -0.073 -0.544 -0.229 -0.560 -0.210 

Da (Zr) in buffer 0.645 0.097 0.829 0.103 0.610 0.295 0.789 0.312 

Tunnel backfill          

De (cations/neutral)         

Kd (Zr)          

Tunnel length         

Near field flows         

QF 0.245 0.075 0.306 0.081 0.292 0.128 0.447 0.148 

QDZ 0.196 0.046 0.233 0.048 0.223 0.081 0.260 0.083 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.185  -0.187  -0.199  -0.204 

WL/Q for DZ-path   -0.325  -0.335  -0.416  -0.428 

WL/Q for TDZ-path         

Peclet number  -0.331  -0.348  -0.214  -0.204 

Unaltered rock         

Total porosity         

De   -0.440  -0.450  -0.516  -0.525 

Maximum penetration depth         

Kd (Zr)  -0.508  -0.517  -0.617  -0.626 

R2 0.918 0.723 0.911 0.759 -- -- -- -- 

Threshold of significance 0.029 0.023 0.027 0.022 0.056 0.043 0.045 0.041 
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13 SIMPLIFIED ANALYSIS FOR INDIVIDUAL ACTINIDES AND PROGENY 

13.1 Introduction 

Table 5-1 to Table 5-4 show that all the actinides and progeny present a similar 
behaviour in the Monte Carlo simulations of the hole forever and growing hole cases: 

- the peak normalised release rates from the near field and to the biosphere are very 
small in all the realisations, with the exception of Ra-226 that can take produce 
relatively high peak normalised release rates in some realisations, and. 

- the peak normalised release rates from the near field and to the biosphere of all the 
radionuclides present a great spread, with their values covering many orders of 
magnitude and falling below 10-38 (0 in the tables) in some realisations.  

The Monte Carlo simulations have found that in all the realisations the peak release 
rates from the near field and to the biosphere of all the actinides and progeny are very 
small, with the exception of Ra-226. If Ra-226 is excluded, the rest of actinides and 
progeny produce very small releases from the near field and to the biosphere (Table 
13-1) in all the realisations, especially in the hole forever case.   

Ra-226 can have relatively high peak release rates from the near field and to the 
biosphere because it is the only actinide or daughter whose distribution coefficients 
(Kd´s) in buffer (Figure 3-7), backfill (Figure 3-8) and unaltered rock (Figure 3-15) can 
take very low values. In the realisations with little sorption of radium on the engineered 
and natural barriers, Ra-226 moves quickly through the disposal system and produces 
relatively high normalised release rates from the near field and to the biosphere, 
especially in the growing hole case. In a significant percentage of realisations, Ra-226 
peak release rate to the biosphere is controlled by the Ra-226 created inside the canister 
(by decay of the U-238/U-234/Th-230 released from the waste and precipitated), that 
crosses the buffer-backfill and the geosphere (Table 13-16).  

 
Table 13-1. Maximum values of the peak normalised release rates from the near field 
and to the biosphere of Ra-226 and the rest of actinides and progeny in the Monte 
Carlo simulations (with 10,000 realisations) of the hole forever and growing hole cases.  

Model output 
Maximum value in the 10,000 realisations 

Ra-226 Rest of actinides and progeny 
Hole forever case 
Peak release rate from the near field 2.5·10-5 1.7·10-10 
Peak release rate to the biosphere 3.8·10-6 3.1·10-11 
Growing hole case 
Peak release rate from the near field 7.7·10-2 5.4·10-6 
Peak release rate to the biosphere 1.1·10-2 5.9·10-7 

 

Figure 13-1 shows that, both in the hole forever and growing hole cases: 

- Ra-226 controls the peak normalised release rate from the near field due to actinides 
and progeny in nearly all the realisations, and 
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- Ra-226 controls the peak normalised release rate to the biosphere of actinides and 
progeny in the 20 % of realisations with highest peak normalised release rate to the 
biosphere of actinides and progeny.  

 

Figure 13-1. CDFs for Ra-226 peak normalised release rates from the near field and to 
the biosphere in Monte Carlo simulations with 10,000 realisations. 

A simplified sensitivity analyses of the peak release rates from the near field and to the 
biosphere for each of the 20 actinides and progeny in Table 3-1 and Figure 3-5 has been 
done, and the results are presented in sections 13.2to 13.20. For a given radionuclide, 
four model outputs have been studied: 

- Peak release rate from the near field in the hole forever case, 
- Peak release rate to the biosphere in the hole forever case, 
- Peak release rate from the near field in the growing hole case, and 
- Peak release rate to the biosphere in the hole forever case, 

And for each output, the following sensitivity measures are calculated: 

- Correlations coefficients in ranks (RCCs), that are equivalent to the standardised 
regression coefficients (SRCs) when all the input parameters are independent, and 

- Modified statistic of the Mann-Whitney test, dividing the output sample into two 
subsets: 10 % of highest values vs. the remaining 90 %. 

The RCCs/SRRCs identify the input parameters whose uncertainty have an important 
effect on the spread of values of the model output, and the modified Mann-Whitney 
statistics identify the parameters that take specific values in the 10 % of realisations 
with the highest values of the model output. 
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The coefficients of determination (R2) in the tables always correspond to multiple linear 
regressions in ranks with all the model input parameters, which are independent. The 
apparent diffusion coefficients in the buffer are not included in the regressions.  

Since Ra-226 stands out as the actinide or descendant with the greatest releases from the 
near field and to the biosphere its PSA is more detailed (section 13.12). 

Figure 13-2 presents the evolution of the mass of actinides and progeny in an intact 
canister, both per radionuclide and per chemical element. This information is used in the 
following sections when discussing the results of the sensitivity analyses. 
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Figure 13-2. Evolution of the mass of actinides and progeny in an intact canister. 
Results per radionuclide and per chemical element. 

13.2 Results for Am-241 

Am-241 (T1/2=432a) is a short lived actinide with a significant initial inventory (3.03 kg 
per canister) and produced in the repository by the decay chain Cm-245→Pu-241→Am-
241 (Figure 3-5). 
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A simplified PSA has been done for the Am-241 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-2 and discussed in the next sections. 

13.2.1 Peak release rates from the near field 

Both in the hole forever and growing hole cases the input parameter with the greatest 
effect on the spread of values of Am-241 peak release rate from the near field is Kd(Cm) 
in buffer, followed by De(cations/neutral) in buffer. This means that Am-241 releases 
from the near field are controlled mainly by the diffusive transport (with sorption) 
through the buffer of its parent Cm-245.  

Due to Am-241 short life and strong sorption on buffer, the Am-241 released from the 
canister into the buffer disintegrates nearly completely during its transport through the 
buffer and its releases from the near field are extremely small. Am-241 releases from 
the near field are mainly due to Am-241 produced in the buffer by decay of Cm-245, 
that can penetrate deeper into the buffer due to its longer life (T1/2=8,420 a).   

Am-241 peak release rates from the near field are strongly affected by Da(Cm) in 
buffer, that is the parameter that controls the speed of curium diffusion through the 
buffer. This is confirmed by the high values of the RCCs/SRRCs of Da(Cm) in buffer in 
Table 13-2 (0.898 in the hole forever case and 0.937 in the growing hole case) and the 
scatter plot in Figure 13-3. Depending on the value of Da(Cm) in buffer, Cm-245 and 
Am-241 will have from small to nearly complete decay during its transport through the 
buffer.  

In the hole forever case the next most important parameters are those controlling the 
concentration of americium and curium in the water inside the canister (Mass of buffer 
in cavity and Fuel alteration rate), the transport through the small hole (Small hole 
diameter and De in the small hole) and americium transport through the buffer (Kd(Am) 
in buffer). Near field flows QF and QDZ have only a small effect on the spread of values 
of Am-241 peak release rate from the near field. 

In the growing hole case there are three parameters of secondary importance: Mass of 
buffer in cavity, Fuel alteration rate and Kd(Am) in buffer. Near field flows QF and QDZ, 
Time to loss of hole resistance and Length of canister failed have only a small effect on 
the spread of values of Am-241 peak release rate from the near field 

Solubility (Cm) inside canister and Solubility (Am) inside the canister have no effect on 
Am-241 peak release rate from the near field, because these solubility limits are not 
reached. This is a consequence of the relatively high solubility assigned to both 
elements (Figure 3-6), the small masses of americium and curium in the waste, the low 
values of the Fuel alteration rate, the intrusion of a Mass of buffer in cavity and the 
high values of Kd(Am) in buffer and Kd(Cm) in buffer.   

The intrusion of buffer in the cavity has a significant effect on Am-241 peak release 
rate, with Mass of buffer in cavity having relatively high RCCs/SRRCs and Kd(Cm) in 
buffer very high RCCs/SRRCs. Kd(Cm) in buffer have a two-fold effect: reducing the 
concentration in dissolution in the water inside the canister and delaying the transport 
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through the buffer (which increases the radioactive decay during the transport through 
the buffer).  

The parameters that take specific values in the 10 % of realisations with highest Am-241 
peak release rate from the near field are the same that control the spread of values of 
Am-241 peak release rate from the near field, with very similar rankings of importance. 
Table 13-2 shows that the 10 % of realisations with highest Am-241 peak release rate 
from the near field are characterised mainly by the fast transport of curium through the 
buffer (very high values of Da(Cm) in buffer). 

 

Figure 13-3. Scatter plot of Da(Cm) in buffer vs. Am-241 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

13.2.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the spread of values of Am-241 
peak release rate to the biosphere is controlled by five parameters related to transport in 
the geosphere: Kd(Cm) in unaltered rock, Kd(Am) in unaltered rock, De in unaltered 
rock, WL/Q for DZ-path and Peclet number. There are three parameters of secondary 
importance: WL/Q for F-path, De(cations/neutral) in buffer and Kd(Cm) in buffer. The 
rest of parameters with some effect on Am-241 peak release rate from the near field 
have a small effect on Am-241 peak release rate to the biosphere also. 

The spread of values of Am-241 peak release rate to the biosphere is controlled mainly 
by the transport through the geosphere of curium and americium. While the coefficient 
of determination (R2) of a multiple linear regression with the six aforementioned 
geosphere parameters is 0.605 (hole forever) or 0.653 (growing hole), a similar 
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regression with all the near field parameters has an R2 equal to 0.084 (hole forever) or 
0.070 (growing hole). 

It is noteworthy that Kd(Am) in buffer has no influence on Am-241 peak release rate to 
the biosphere, although it has some effect on the spread of values of Am-241 peak 
release rate from the near field. This means that in the majority of the realisation the 
Am-241 released from the near field disintegrates nearly completely during the 
transport through the geosphere and the Am-241 released from the biosphere has been 
produced in the geosphere by decay of Cm-245. 

The parameters that take specific values in the 10 % of realisations with highest Am-
241 peak release rate to the biosphere are quite different from those that control the 
spread of values of Am-241 peak release rate to the biosphere. While geosphere 
parameters nearly completely control the spread of values of Am-241 peak release rate, 
in the highest 10 % of realisations the near field parameters have a much greater effect, 
with Kd(Cm) in buffer being the most important parameter. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Cm) in buffer, followed by the De 
in unaltered rock and Kd(Am) in unaltered rock, WL/Q for DZ-path, De(cations/anions) 
in buffer and Kd(Cm) in unaltered rock. The next two most important parameters are 
geosphere parameters: Peclet number and WL/Q for F-path.  

Table 13-2 shows that the 10 % of realisations with the highest Am-241 peak release 
rates to the biosphere are characterised by fast transport through the buffer of curium 
and fast transport through the geosphere of curium and americium.  

13.2.3 Comments 

Table 13-2 shows that Am-241 peak release rates from the near field are controlled 
nearly completely by curium transport parameters, with a small effect of Kd(Am) in 
buffer. Am-241 peak release rates to the biosphere are strongly affected by curium 
transport parameters, but Kd(Am) in unaltered rock plays an important role also. Due to 
its short life, Am-241 peak release rates are controlled mainly by its longer lived parent 
Cm-245 (T1/2=8,420a). 

Although Cm-245 decays to Pu-241, and then to Am-241, no plutonium related 
parameters have been identified as having any effect on Am-241 peak release rates, due 
to the very short life of Pu-241 (T1/2=14.3a).  
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Table 13-2. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Am-241 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.167 0.047   0.239 0.097   

De in the small hole 0.141 0.039   0.223 0.090   

Time to loss of hole resistance   -0.068 -0.028   -0.096 -0.057 

Length of canister failed   -0.055    -0.125  

Waste         

Fuel alteration rate 0.155 0.046 0.165 0.043 0.229 0.103 0.265 0.098 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.255 -0.066 -0.133 -0.032 -0.365 -0.139 -0.155 -0.043 

Solubility (Cm)         

Solubility (Np)         

Hole Buffer         

De (cations/neutral) 0.516 0.130 0.587 0.132 0.511 0.303 0.588 0.336 

Kd (Cm)  -0.727 -0.221 -0.720 -0.197 -0.786 -0.514 -0.795 -0.500 

Kd (Am)  -0.126  -0.131  -0.187  -0.226  

Da(Cm) in buffer 0.898 0.251 0.937 0.233 0.899 0.592 0.934 0.603 

Tunnel backfill          

De (cations/neutral)    -0.024    -0.048 

Kd (Am)          

Tunnel length         

Near field flows         

QF 0.089 0.085 0.098 0.090 0.093 0.100 0.128 0.120 

QDZ 0.068 0.035 0.072 0.038 0.107 0.072 0.122 0.065 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.187  -0.191  -0.200  -0.202 

WL/Q for DZ-path   -0.310  -0.318  -0.342  -0.353 

WL/Q for TDZ-path         

Peclet number  -0.286  -0.303  -0.208  -0.205 

Unaltered rock         

Porosity         

De   -0.411  -0.422  -0.431  -0.434 

Maximum penetration depth         

Kd (Cm)  -0.397  -0.416  -0.306  -0.292 

Kd (Am)  -0.257  -0.269  -0.388  -0.407 

R2 0.960 0.690 0.947 0.723     

Threshold of significance 0.024 0.029 0.024 0.023 0.051 0.058 0.046 0.044 
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13.3 Results for Am-243 

Am-243 (T1/2=7,370a) is a relatively short lived actinide, that is the head of its 
radioactive series (Figure 3-5). When emplaced, each canister contains 926 g of Am-
243.  

A simplified PSA has been done for the Am-241 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-3 and discussed in the next sections. 

13.3.1 Peak release rates from the near field 

Both in the hole forever and the growing hole cases the two input parameters with the 
greatest effect on the spread of values of Am-243 peak release rate from the near field 
are Kd(Am) in buffer (by far, the most important parameter) and De(cations/neutral) in 
buffer. This means that Am-243 releases from the near field are controlled mainly by 
the diffusive transport (with sorption) of americium through the buffer. 

Due to its relatively short life, Am-243 peak release rates from the near field are 
strongly affected by the value of Da( Am) in buffer, that is the parameter that controls the 
speed of americium diffusion through the buffer. This is confirmed by the high 
RCCs/SRRCs of Da(Am) in buffer in Table 13-3 (0.917 in the hole forever case and 
0.952 in the growing hole case) and the scatter plot in Figure 13-4. Depending on the 
value of Da(Am) in buffer, Am-243 will suffer from very small to nearly complete 
disintegration during its transport through the buffer. 

Figure 13-4 illustrates that the spread of values of Am-243 peak release rate from the 
near field is controlled by a parameter with a RCC/SRRC close to 1: Da(Am) in buffer. 
Changing Da(Am) in buffer values between 3·10-17 and 3·10-14 m2/s produces roughly 
twenty orders of magnitude of change in the values of Am-243 peak release rate from 
the near field. For a fixed value of Da(Am) in buffer the spread in the values of Am-243 
peak release rate from the near field is roughly four to seven orders of magnitude (due 
to the uncertainty in all the model parameters with exception of Da(Am) in buffer), 
much smaller than the spread due to the uncertainty in the value of Da(Am) in buffer.  

In the hole forever case the next most important parameters are those controlling the 
concentration of americium in the water inside the canister (Mass of buffer in cavity and 
Fuel alteration rate) and the transport through the small hole into the buffer (Small hole 
diameter and De in the small hole). Near field flows QF and QDZ have only a small 
effect on the spread of values of Am-243 peak release rate from the near field. 

In the growing hole case the parameters of secondary importance are those affecting the 
concentration of americium in the water inside the canister (Mass of buffer in cavity and 
Fuel alteration rate). Near field flows QF and QDZ, Time to loss of hole resistance and 
Length of canister failed have a smaller effect on the spread of values of Am-243 peak 
release rate from the near field. 

Solubility (Am) inside canister has no effect on Am-243 peak release rate from the near 
field, because americium solubility limit is not reached. This is a consequence of the 
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relatively high solubility assigned to americium (Figure 3-6), the very small release 
rates of Am-243 from the waste in all the realisations (0.9 mg per year as a maximum) 
and the intrusion of buffer into the canister cavity. Due to the high values of Kd(Am) in 
buffer, sorption on the buffer that penetrates into the canister produces a decrease in the 
concentration of Am-243 in dissolution inside the canister. Under these conditions (no 
solubility control), Am-243 releases from the near field are proportional to Fuel 
alteration rate. This explains why Mass of buffer in cavity and Fuel alteration rate are 
identified as parameters of secondary importance.  

The most influential model input parameter is Kd(Am) in buffer, and has a two-fold 
effect on Am-243 releases from the near field: reducing the concentration in dissolution 
in the water inside the canister and delaying the transport through the buffer (which 
increases the radioactive decay during the transport through the buffer). 

 

Figure 13-4. Scatter plot of Da(Am) in buffer vs. Am-243 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Am-
243 peak release rate from the near field are the same that control the spread of values 
of Am-243 peak release rate from the near field, with very similar rankings of 
importance. Table 13-3 shows that the 10 % of realisations with highest Am-243 peak 
release rate from the near field are characterised mainly by the very fast transport of 
americium through the buffer (very high values of Da(Am) in buffer). 
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13.3.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the spread of values of Am-243 
peak release rate to the biosphere is controlled mainly by four parameters related to 
americium transport in the geosphere: Kd(Am) in unaltered rock (by far, the most 
important parameter), De in unaltered rock, WL/Q for DZ-path and Peclet number. 
There are two parameters of secondary importance: WL/Q for F-path and Kd(Am) in 
buffer. The rest of parameters with some effect on Am-243 peak release rate from the 
near field have only a small effect on Am-243 peak release rate to the biosphere. 

The spread of values of Am-243 peak release rate to the biosphere is controlled nearly 
completely by the transport of americium through the geosphere. The coefficient of 
determination (R2) of a multiple linear regression with the five relevant geosphere 
parameters is 0.675 (hole forever) or 0.723 (growing hole), while a similar regression 
with all the near field parameters has an R2 equal to 0.049 (hole forever) or 0.043 
(growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Am-
243 peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Am-243 peak release rate to the biosphere, although the relative 
importance change. While geosphere parameters nearly completely control the spread of 
values of Am-243 peak release rate to the biosphere, in the highest 10 % of realisations 
the near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the input parameter with the highest 
(absolute) value of the modified Mann-Whitney statistics is Kd(Am) in unaltered rock, 
followed by Kd(Am) in buffer. The next most influential parameters are De in unaltered 
rock, WL/Q for DZ-path, De(cations/anions) in buffer, Peclet number and WL/Q for F-
path.  

Table 13-3 shows that 10 % of realisations with highest values of the Am-243 peak 
release rate to the biosphere are characterised by the fast transport of americium through 
the geosphere and the buffer. 

13.3.3 Comments 

Due to its relatively short life, Am-243 is very sensitive to delays in the transport 
through the buffer and the geosphere. Long transport times through the buffer or the 
geosphere (due mainly to high values of Kd(Am) in buffer or Kd(Am) in unaltered rock) 
allow for much radioactive decay during transport and lead to very small Am-243 peak 
release rates from the near field or to the biosphere.  
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Table 13-3. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Am-243 peak release rates from the 
near field and the far field (to the biosphere) 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.148 0.032   0.242 0.091   

De in the small hole 0.142    0.174 0.081   

Time to loss of hole resistance   -0.086 -0.034   -0.085 -0.089 

Length of canister failed   -0.072    -0.119 -0.063 

Waste         

Fuel alteration rate 0.149 0.033 0.157 0.031 0.219 0.098 0.240 0.103 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.225 -0.036 -0.120  -0.317 -0.130 -0.148 -0.055 

Solubility (Am)         

Hole Buffer         

De (cations/neutral) 0.466 0.098 0.524 0.101 0.483 0.294 0.553 0.322 

Kd (Am)  -0.785 -0.171 -0.781 -0.155 -0.834 -0.513 -0.853 -0.489 

Da(Am) in buffer 0.917 0.195 0.952 0.184 0.922 0.593 0.959 0.594 

Tunnel backfill          

De (cations/neutral)         

Kd (Am)          

Tunnel length         

Near field flows         

QF 0.080 0.075 0.086 0.076 0.088 0.118 0.118 0.124 

QDZ 0.057 0.027 0.060 0.033 0.092 0.032 0.087 0.038 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.157  -0.164  -0.174  -0.196 

WL/Q for DZ-path   -0.265  -0.274  -0.316  -0.318 

WL/Q for TDZ-path         

Peclet number  -0.268  -0.280  -0.224  -0.206 

Unaltered rock         

Porosity         

De   -0.340  -0.351  -0.389  -0.385 

Maximum penetration depth         

Kd (Am)  -0.627  -0.648  -0.647  -0.662 

R2 0.958 0.724 0.947 0.767 -- -- -- -- 

Threshold of significance 0.023 0.027 0.025 0.033 0.063 0.044 0.075 0.050 
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13.4 Results for Cm-245 and Cm-246 

Cm-245 (T1/2=8,420 a) and Cm-246 (T1/2=4,710 a) are two relatively short lived 
actinides. Both curium isotopes are the heads of their radioactive series (Figure 3-5). 
The amount of curium in the spent fuel is very small: 32.1g of Cm-245 and 6.3g of Cm-
246 per canister at the emplacement instant. 

Simplified PSAs has been done for Cm-245 and Cm-246 peak release rates from the 
near field and to the biosphere in the hole forever and growing hole cases. The results 
are presented in Table 13-4 and Table 13-5. Since the results obtained for Cm-245 and 
Cm-246 are very similar, they are discussed together in the next sections.  

13.4.1 Peak release rates from the near field 

Both in the hole forever and the growing hole cases the two input parameters with the 
greatest effect on the spread of values of Cm-245 and Cm-246 peak release rates from 
the near field are Kd(Cm) in buffer (by far, the most important parameter) and 
De(cations/neutral) in buffer. This means that curium releases from the near field are 
controlled mainly by its diffusive transport (with sorption) through the buffer. 

Due to their relatively short lives, Cm-245 and Cm-246 peak release rates from the near 
field are strongly affected by the value of Da(Cm) in buffer, that is the parameter that 
controls the speed of curium diffusion through the buffer. This is confirmed by the high 
RCCs/SRRCs of Da(Cm) in buffer in Table 13-4 and Table 13-5 (0.915/0.928 in the 
hole forever case and 0.953/0.950 in the growing hole case for Cm-245/Cm-246) and 
the scatter plot in Figure 13-5 (the equivalent figure for Cm-246 is very similar and has 
not been included). Depending on the value of Da(Cm) in buffer, Cm-245 and Cm-246 
will have from relatively small to nearly complete disintegration during its transport 
through the buffer. 

Figure 13-5 illustrates that the spread of values of Cm-245 peak release rate from the 
near field is controlled by a parameter with a RCC/SRRC close to 1: Da(Cm) in buffer. 
Changing Da(Cm) in buffer values between 3·10-17 and 3·10-14 m2/s produces around 
twenty orders of magnitude of spread in the values of Cm-245 peak release rate from 
the near field. For a fixed value of Da(Cm) in buffer the spread in the values of Cm-245 
peak release rate from the near field is roughly four to six orders of magnitude (due to 
the uncertainty in all the model parameters with exception of Da(Cm) in buffer), much 
smaller than the spread due to the uncertainty in the value of Da(Cm) in buffer.  

In the hole forever case the next most important parameters are those controlling the 
concentration of curium in the water inside the canister (Mass of buffer in cavity and 
Fuel alteration rate) and the transport through the small hole into the buffer (Small hole 
diameter and De in the small hole). Near field flows QF and QDZ have a smaller effect 
on the spread of values of Cm-245 and Cm-246 peak release rates from the near field. 

In the growing hole case the parameters of secondary importance are those affecting the 
concentration of curium in the water inside the canister (Mass of buffer in cavity and 
Fuel alteration rate). Near field flows QF and QDZ, Time to loss of hole resistance and 
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Length of canister failed have a smaller effect on the spread of values of Cm-245 and 
Cm-246 peak release rates from the near field. 

Solubility (Cm) inside canister has no effect on Cm-245 and Cm-246 peak release rates 
from the near field, because curium solubility limit is not reached. This is a 
consequence of the relatively high solubility assigned to curium (Figure 3-6), the small 
inventory of curium in the waste (Figure 13-1), the low values of Fuel alteration rate 
and the intrusion of buffer into the cavity. Due to the high values of Kd(Cm) in buffer, 
sorption on the buffer that penetrates into the canister produces a decrease in the 
concentration of curium in dissolution inside the canister. Under these conditions (no 
solubility control), Cm-245 and Cm-246 releases from the near field are proportional to 
Fuel alteration rate. This explains why Mass of buffer in cavity and Fuel alteration rate 
are identified as parameters of secondary importance.  

The most influential parameter is Kd(Cm) in buffer, and has a two-fold effect on Cm-
245 and Cm-246 releases from the near field: reducing the concentration in dissolution 
in the water inside the canister and delaying the transport through the buffer (which 
increases the radioactive decay during the transport through the buffer). 

 

Figure 13-5. Scatter plot of Da(Cm) in buffer vs. Cm-245 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Cm-
245 or Cm-246 peak release rates from the near field are the same that control the 
spread of values of Cm-245 and Cm-246 peak release rate from the near field, with very 
similar rankings of importance. Table 13-4 and Table 13-5 show that the 10 % of 
realisations with highest Cm-245 or Cm-246 peak release rate from the near field are 
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characterised by having a very fast transport of curium through the buffer (very high 
values of Da(Cm) in buffer). 

13.4.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the spread of values of Cm-245 and 
Cm-246 peak release rates to the biosphere is controlled by four parameters affecting 
curium transport in the geosphere: Kd(Cm) in unaltered rock (by far, the most important 
parameter), De in unaltered rock, WL/Q for DZ-path and Peclet number. There are two 
parameters of secondary importance: WL/Q for F-path and Kd(Cm)in buffer. The rest of 
parameters with some effect on Cm-245 and Cm-246 peak release rates from the near 
field have only a minor effect on Cm-245 and Cm-246 peak release rates to the 
biosphere. 

The spread of values of Cm-245 and Cm-246 peak release rates to the biosphere is 
controlled nearly completely by curium transport through the geosphere. While the 
coefficient of determination (R2) of a multiple linear regression in ranks with the 
aforementioned five geosphere parameters is 0.657/591 (Cm-245/Cm-246 in hole 
forever case) or 0.708/0.662 (Cm-245/Cm-246 in the growing hole case), a similar 
regression with only near field parameters has a R2 equal to 0.055/0.059 (Cm-245/Cm-
246 in the hole forever case) or 0.045/0.046 (Cm-245/Cm-246 in the growing hole 
case). 

The parameters that take specific values in the 10 % of realisations with highest Cm-
245 or Cm-246 peak release rate to the biosphere are roughly the same parameters that 
control the spread of values of Cm-245 or Cm-246 peak release rates to the biosphere, 
although the relative importance is different. While geosphere parameters nearly 
completely control the spread of values of Cm-245 and Cm-246 peak release rates to the 
biosphere, in the highest 10 % of realisations the near field parameters have a much 
greater importance.  

Both in the hole forever and growing hole cases the parameter with the highest 
(absolute) value of the modified Mann-Whitney statistics is Kd(Cm) in unaltered rock, 
followed by Kd(Cm) in buffer. The next most influential parameters are De in unaltered 
rock, WL/Q for DZ-path, De(cations/anions) in buffer, Peclet number and WL/Q for F-
path.  

Table 13-4 and Table 13-5 show that the 10 % of realisations with highest values of the 
Cm-245 or Cm-246 peak release rate to the biosphere are characterised by the fast 
transport of curium through the buffer and the geosphere. 

13.4.3 Comments 

Due to their relatively short lives, Cm-245 and C-246 are very sensitive to delays in the 
transport through the buffer and the geosphere. Long transport times through the buffer 
or the geosphere (due mainly to high values of Kd(Cm) in buffer or Kd(Cm) in unaltered 
rock) allow for much radioactive decay during transport and lead to very small releases 
of Cm-245 and Cm-246 from the near field and to the biosphere. 
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Table 13-4. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cm-245 peak release rates from the 
near field and the far field (to the biosphere)  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.153 0.035   0.229 0.076   

De in the small hole 0.127 0.039   0.186 0.122  0.041 

Time to loss of hole resistance   -0.060 -0.023   -0.081 -0.055 

Length of canister failed   -0.046    -0.119  

Waste         

Fuel alteration rate 0.141 0.043 0.149 0.037 0.213 0.100 0.237 0.112 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.234 -0.058 -0.122 -0.033 -0.332 -0.134 -0.145 -0.054 

Solubility (Cm)         

Hole Buffer         

De (cations/neutral) 0.475 0.111 0.536 0.112 0.460 0.290 0.528 0.315 

Kd (Cm)  -0.782 -0.168 -0.779 -0.149 -0.847 -0.479 -0.863 -0.449 

Da(Cm) in buffer 0.915 0.199 0.953 0.185 0.919 0.559 0.954 0.553 

Tunnel backfill          

De (cations/neutral)  -0.031  -0.030  -0.048  -0.051 

Kd (Cm)          

Tunnel length         

Near field flows         

QF 0.083 0.066 0.092 0.069 0.108 0.083 0.122 0.075 

QDZ 0.064 0.033 0.067 0.037 0.075 0.069 0.109 0.070 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.157  -0.160  -0.161  -0.183 

WL/Q for DZ-path   -0.264  -0.273  -0.303  -0.306 

WL/Q for TDZ-path         

Peclet number  -0.247  -0.264  -0.179  -0.180 

Unaltered rock         

Porosity         

De   -0.348  -0.359  -0.367  -0.392 

Maximum penetration depth         

Kd (Cm)  -0.617  -0.640  -0.656  -0.659 

R2 0.962 0.712 0.950 0.753 -- -- -- -- 

Threshold of significance 0.025 0.026 0.024 0.021 0.040 0.054 0.044 0.046 
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Table 13-5. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cm-246 peak release rates from the 
near field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.141 0.035   0.196 0.065   

De in the small hole 0.116 0.039   0.162 0.110  0.042 

Time to loss of hole resistance   -0.123 -0.038   -0.163 -0.086 

Length of canister failed   -0.033    -0.091  

Waste         

Fuel alteration rate 0.128 0.039 0.131 0.036 0.180 0.084 0.197 0.098 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.216 -0.055 -0.126 -0.031 -0.299 -0.113 -0.137 -0.040 

Solubility (Cm)         

Hole Buffer         

De (cations/neutral) 0.490 0.119 0.540 0.115 0.490 0.290 0.547 0.314 

Kd (Cm)  -0.786 -0.179 -0.773 -0.153 -0.863 -0.473 -0.862 -0.436 

Da(Cm) in buffer 0.928 0.213 0.950 0.190 0.941 0.555 0.960 0.543 

Tunnel backfill          

Tunnel length         

De (cations/neutral)  -0.028  -0.032  -0.056  -0.053 

Kd (Cm)          

Near field flows         

QF 0.077 0.059 0.083 0.062 0.094 0.077 0.096 0.064 

QDZ 0.059 0.030 0.059 0.031 0.066 0.065 0.082 0.063 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.150  -0.158  -0.160  -0.202 

WL/Q for DZ-path   -0.256  -0.267  -0.304  -0.307 

WL/Q for TDZ-path         

Peclet number  -0.236  -0.258  -0.205  -0.195 

Unaltered rock         

Porosity         

De   -0.333  -0.349  -0.375  -0.405 

Maximum penetration depth         

Kd (Cm)  -0.580  -0.614  -0.655  -0.652 

R2 0.964 0.650 0.949 0.708 -- -- -- -- 

Threshold of significance 0.025 0.023 0.023 0.022 0.040 0.044 0.046 0.047 
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13.5 Results for Np-237  

Np-237 (T1/2=2.14·106a) is a long lived actinide, that is produced in the repository by 
the decay chain Cm-245→Pu-241→Am-241→ Np-237 (Figure 3-5). The initial mass of 
Np-237 is 1.82kg per canister, and increases rapidly due to the decay of Pu-241 and 
Am-241 until reaching 5.70kg per canister 5,000 years after canister emplacement, and 
thereafter decreases slowly.   

A simplified PSA has been done for the Np-237 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-6 and discussed in the next sections. 

13.5.1 Peak release rates from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of Np-237 peak release rate from the near field is, by far, Kd(Np) in buffer, followed by 
three parameters of similar importance: De(cations/neutral) in buffer and the parameters 
related to the transport through the small hole in the canister overpack (Small hole 
diameter and De in the small hole). The next most important parameters are 
Solubility(Np) inside canister, QF and QDZ, the three with similar RCCs/SRRCs. 

 

Figure 13-6. Scatter plot of Da(Np) in buffer vs. Np-237 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

In the growing hole case the two parameters with the greatest influence on the spread of 
values of Np-237 peak release rate from the near field are, by far, De(cations/neutral) in 
buffer and Kd(Np) in buffer, both with similar RCCs/SRRCs. The next most important 
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parameters are Solubility(Np) inside canister, QF and QDZ, the three with similar 
RCCs/SRRCs. 

Np-237 peak release rates from the near field are significantly affected by Da(Np) in 
buffer, that is the parameter that controls the speed of neptunium diffusion through the 
buffer. This is confirmed by the high values of the RCCs/SRRCs of Da(Np) in buffer in 
Table 13-6 (0.634 in the hole forever case and 0.828 in the growing hole case) and the 
scatter plot in Figure 13-6.  

Solubility(Np) inside canister has high RCCs/SRRCs while Mass of buffer in cavity and 
Fuel alteration rate have no statistically significant effect on Np-237 peak release rate 
from the near field. This means that neptunium transport is controlled by its low 
solubility in all (or at least the great majority of) the realisations.  

The parameters that take specific values in the 10% of realisations with highest Np-237 
peak release rate from the near field are the same parameters that control the spread of 
values of Np-237 peak release rate from the near field, although the relative importance 
of the different parameters changes. 

Table 13-6 shows that the 10% of realisations with highest Np-237 peak release rate 
from the near field are characterised by having a very fast transport of neptunium 
through the buffer (very high values of Da(Np) in buffer), high Solubility(Np) inside 
canister and high near field flows QF and QDZ. In the hole forever case Small hole 
diameter and De in the small hole take high values also.  

13.5.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the spread of values of Np-237 peak 
release rate to the biosphere is controlled mainly by five geosphere parameters: Kd(Np) 
in unaltered rock and De in unaltered rock are the two most important parameters, 
followed by WL/Q for DZ-path, Peclet number and WL/Q for F-path. Kd(Cm) in 
unaltered rock  has a small effect also. Near field parameters have only a small effect on 
the peak release rate to the biosphere, with RCCs/SRRCs smaller than 0.1 (in absolute 
value). 

The spread of values of Np-237 peak release rate to the biosphere is controlled nearly 
completely by neptunium (and to a lesser extent curium) transport through the 
geosphere. While the coefficient of determination (R2) of a multiple linear regression 
with the six relevant geosphere parameters is 0.730 (hole forever) or 0.754 (growing 
hole), a similar regression with all the near field parameters has an R2 equal to 0.034 
(hole forever) or 0.029 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Np-237 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Np-237 peak release rate to the biosphere, although the relative importance is 
different. While geosphere parameters nearly completely control the spread of values of 
Np-237 peak release rate to the biosphere, in the highest 10 % of realisations the near 
field parameters have a much greater, but still secondary, importance.  
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Both in the hole forever and growing hole cases the highest (absolute) values of the 
modified Mann-Whitney statistic correspond to Kd(Np) in unaltered rock, De in 
unaltered rock and WL/Q for DZ-path. The fourth parameter in importance is Kd(Np) in 
buffer, followed by De(cations/neutral) in buffer, Peclet number and WL/Q for F-path 
(the three with similar RCCs/SRRCs). 

Table 13-6 shows that the 10 % of realisations with highest values of Np-237 peak 
release rate to the biosphere are characterised mainly by the very fast transport of 
neptunium through the geosphere, and to a lesser extent the fast transport of neptunium 
through the buffer.  

13.5.3 Comments 

Although Np-237 is created by the decay chain Cm-245→Pu-241→Am-241→ Np-237, 
the only parent with a small effect on Np-237 peak release rates (and only to the 
biosphere) is Cm-245, due to its longer life (T1/2=8,420a) compared with Pu-241 
(T1/2=14.3a) and Am-241 (T1/2=432a). 

The transport parameters of Np-237 parents have no effect on Np-237 peak release rate 
from the near field, while Kd(Cm) in buffer and Kd(Cm) in unaltered rock have some 
effect on Np-237 peak release rate to the biosphere. These results can be explained 
taking into account that Kd(Np) in buffer is at most 100 times greater than Kd(Cm) in 
buffer (Figure 3-7) in a given realisation, while Kd(Np) in unaltered rock can be 105 
times greater than Kd(Cm) in unaltered rock (Figure 3-15):  

- even in the realisations with the fastest transport of curium and the slowest transport 
of neptunium through the buffer, Np-237 peak release rate is controlled by the Np-
237 that migrates from the canister interior through the buffer, and 

- there are some realisations in which neptunium transport through the geosphere is 
extremely slow and curium transport is much faster. In these realisations the Np-237 
released from the near field suffers a great delay in the geosphere and produces 
negligible releases to the biosphere within the assessment timeframe of 106 years, 
and Np-237 peak release rate to the biosphere is controlled by the Np-237 produced 
by disintegration of Cm-245 close to the discharge point to the biosphere.  
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Table 13-6. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Np-237 peak release rates from the 
near field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.436 0.052   0.555 0.153   

De in the small hole 0.380 0.045   0.492 0.130   

Time to loss of hole resistance         

Length of canister failed   0.029    0.065  

Waste         

Fuel alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Np) 0.222  0.283  0.325 0.104 0.497 0.101 

Hole Buffer         

De (cations/neutral) 0.380 0.075 0.615 0.085 0.310 0.169 0.574 0.229 

Kd (Cm)   -0.059  -0.049     

Kd (Np)  -0.523 -0.093 -0.541 -0.092 -0.527 -0.264 -0.543 -0.251 

Da(Np) in buffer 0.634 0.119 0.828 0.125 0.593 0.300 0.776 0.340 

Tunnel backfill          

De (cations/neutral)         

Kd (Np)          

Tunnel length         

Near field flows         

QF 0.234 0.092 0.293 0.096 0.308 0.135 0.458 0.146 

QDZ 0.197 0.044 0.240 0.046 0.240 0.091 0.291 0.104 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.215  -0.218  -0.228  -0.233 

WL/Q for DZ-path   -0.361  -0.366  -0.411  -0.417 

WL/Q for TDZ-path         

Peclet number  -0.331  -0.339  -0.198  -0.201 

Unaltered rock         

Porosity         

De   -0.469  -0.477  -0.516  -0.521 

Maximum penetration depth         

Kd (Cm)  -0.081  -0.090     

Kd (Np)  -0.466  -0.471  -0.605  -0.602 

R2 0.897 0.763 0.895 0.783 -- -- -- -- 

Threshold of significance 0.029 0.040 0.024 0.041 0.046 0.058 0.048 0.065 
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13.6 Results for Pa-231  

Pa-231 (T1/2=3.28·104a) is a medium lived actinide. Pa-231 is produced in the repository 
by the decay chain Am-243→Pu-239→U-235→Pa-231 (Figure 3-5). The initial 
inventory of Pa-231 is negligible (2mg per canister), increases with time and reaches a 
maximum value of 1.53 g per canister at the end of the assessment timeframe (106a).   

Table 13-7 shows that in 50 % or 40 % of the realisations Pa-231 peak release rate from 
the near field is produced mainly by the Pa-231 created in the buffer-backfill (Pa-
231BB). In 30 % or 40 % of the realisations Pa-231 peak release rate from the near field 
is produced mainly by the Pa-231 present inside the canister (Pa-231C), that has been 
created by decay of the U-235 precipitated in the canister cavity. In the great majority of 
the highest 10 % of realisations, Pa-231 peak release rate from the near field is caused 
by the Pa-231 present inside the canister (Pa-231C).  

Table 13-7 shows that in 84 % of the realisations Pa-231 peak release rate to the 
biosphere is produced mainly by the Pa-231 produced in the geosphere by decay of U-
235 (Pa-231G), and by the Pa-231 present inside the canister (Pa-231G) in only 2 % of 
the realisations. In no realisations Pa-231 peak release rate to the biosphere is controlled 
by the Pa-231 created in the buffer-backfill (Pa-231C). In the highest 10 % of 
realisations the importance of the Pa-231 present inside the canister (Pa-231C) increases, 
but remains small, controlling only 5 % or 10 % of the realisations, while the Pa-231 
created in the geosphere (Pa-231G) controls the Pa-231 peak release rate to the 
biosphere in 89 % or 76 % of the realisations. 

 
Table 13-7. Percentage of realisations in which the Pa-231 created inside the canister 
(Pa-231C), in the buffer-backfill (Pa-231BB) or in the geosphere (Pa-231G) produce 
more than 80 % of the Pa-231 peak release rate.  

 Pa-231C Pa-231BB Pa-231G 
Percentage of 

null realisations 

100% of realisations 

Hole forever case     

Peak release rate from the near field 29.3 51.8 -- 0.3 

Peak release rate to the biosphere 1.6 0.1 83.8 9.9 

Growing hole case     

Peak release rate from the near field 38.8 41.9 -- 0.3 

Peak release rate to the biosphere 2.5 0.1 83.8 7.2 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 88.9 4.4 --  

Peak release rate to the biosphere 4.8 0.0 89.0  

Growing hole case     

Peak release rate from the near field 93.2 2.5 --  

Peak release rate to the biosphere 10.0 0.0 75.6  
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A simplified PSA has been done for the Pa-231 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-8 and discussed in the next sections. 

13.6.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of Pa-231 peak release rate from the near field is Kd(Pa) in buffer, followed by the 
parameters related to the transport through the small hole (Small hole diameter and De 
in the small hole), De(cations/neutral) in buffer and Mass of buffer in cavity. There are 
four parameters of secondary importance: Fuel alteration rate, QF, QDZ and 
Solubility(U) inside canister. Three other parameters have very small RCCs/SRRCs: 
Solubility(Pu) inside canister, Kd(Am) in buffer and Kd(U) in buffer. 

In the growing hole case the two parameters with the greatest influence on the spread of 
values of Pa-231 peak release rate from the near field are, by far, De(cations/neutral) in 
buffer and Kd(Pa) in buffer. There are four parameters of secondary importance: Fuel 
alteration rate, QF, QDZ and Solubility correction factor(U) in buffer. Mass of buffer in 
cavity and Solubility(U) inside canister have a smaller influence (with RCCs/SRRCs 
around 0.1), followed by Length of canister failed and Solubility(Pu) inside canister. 

 

Figure 13-7. Scatter plot of Da(Pa) in buffer vs. Pa-231 peak normalised release rates 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

Pa-231 peak release rates from the near field are strongly affected by the value of 
Da(Pa) in buffer, that is the parameter that controls the speed of protactinium diffusion 
through the buffer. This is confirmed by the high RCCs/SRRCs of Da(Pa) in buffer in 
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Table 13-8 (0.537 in the hole forever case and 0.783 in the growing hole case) and the 
scatter plot in Figure 13-7. Due to its relatively short life, Pa-231 peak release rates 
from the near field are very sensitive to the value of Da(Pa) in buffer.  

The parameters that take specific values in the 10 % of realisations with highest Pa-231 
peak release rate from the near field are roughly the same parameters that control the 
spread of values of Pa-231 peak release rate from the near field, but a clear difference is 
observed: transport parameters of the parents Pu-239 and U-235 do not take specific 
values in the highest 10 % realisations. This result is consistent with Table 13-7 that 
shows that in the great majority of the highest 10 % realisations Pa-231 peak release 
rate from the near field is caused by the Pa-231 present inside the canister (Pa-231C), 
and in these realisations only the transport parameters of protactinium can be relevant.  

Table 13-8 shows that in the 10 % of highest realisations the Pa-231 peak release rate 
from the near field is due to the Pa-231 produced by decay of U-235 inside the canister 
(Pa-231C), that moves through the buffer relatively quickly (high values of the modified 
Mann-Whitney statistic of Da(Pa) in buffer). In the 10 % of highest realisations Fuel 
alteration rate takes high values (which increases the amount of precipitated U-235 the 
produces Pa-231) and the Mass of buffer in cavity takes low values, producing relatively 
high concentrations of protactinium in the water inside the canister. 

13.6.2 Peak release rate to the biosphere 

Due to its relatively short life and strong sorption on unaltered rock, in most realisations 
the Pa-231 released from the near field disintegrates nearly completely during its 
transport through the geosphere. In most realisations the Pa-231 released to the 
biosphere has been created by decay of U-235 in the geosphere, especially close to the 
geosphere-biosphere interface (contribution Pa-231G in Table 13-7).  

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Pa-231 peak release rate to the biosphere is Kd(Pa) in 
unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and Kd(U) in 
unaltered rock. Peclet number and WL/Q for F-path are the next most important 
parameters. Kd(U) in buffer is the most important near field parameter, with 
RCCs/SRRCs similar to WL/Q for F-path. 

The spread of values of Pa-231 peak release rates to the biosphere is controlled mainly 
by the transport through the geosphere of uranium and protactinium. While the 
coefficient of determination (R2) of a multiple linear regression in ranks with the six 
aforementioned geosphere parameters is 0.632 (hole forever) or 0.673 (growing hole), a 
similar regression with all the near field parameters has an R2 equal to 0.085 (hole 
forever) or 0.052 (growing hole). 

The 10 % of realisations with highest values of Pa-231 peak release rate to the 
biosphere are controlled mainly by geosphere parameters, but near field parameters 
have greater influence that on the spread of values of Pa-231 peak release to the 
biosphere, especially in the hole forever case.  
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Table 13-8 shows that the 10% of realisations with the highest Pa-231 peak release rate 
to the biosphere are characterised by the fast transport of protactinium in the geosphere, 
low values of Kd(U) in buffer, high values of Small hole diameter and De in the small 
hole in the hole forever case and high Solubility(U) in buffer in the growing hole case. 

The positive values of the modified statistic of the Mann-Whitney test for Kd(U) in 
unaltered rock means that in the 10% of realisations with the highest values of Pa-231 
peak release rate to the biosphere Kd(U) in unaltered rock takes relatively high values. 
In some realisations with very low Kd(Pa) in unaltered rock, Pa-231 peak release rate to 
the biosphere can increase if Kd(U) in unaltered rock increases: U-235 advances less 
through the geosphere but the concentration of U-235 sorbed on the unaltered rock will 
be greater, leading to a higher production rate of Pa-231 per unit volume of rock, that is 
rapidly transported to the biosphere.  

13.6.3 Comments 

Solubility(Pa) inside canister has practically no effect on Pa-231 peak release rates from 
the near field and to the biosphere, while Fuel alteration rate and Mass of buffer in 
cavity are important parameters. In the great majority of the realisation protactinium 
solubility is not reached, due to the small mass of Pa-231 in the waste (Figure 13-2), the 
intrusion of buffer into the canister cavity and the strong sorption of protactinium on 
buffer (Figure 3-7).     
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Table 13-8. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pa-231 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.397 0.118   0.340 0.284   
De in the small hole 0.363 0.114 0.025  0.358 0.232   
Time to loss of hole resistance   -0.024      
Length of canister failed   -0.065    -0.163  
Waste         
Fuel alteration rate 0.183 0.058 0.208 0.042 0.244 0.120 0.380 0.101 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.297 -0.060 -0.115  -0.390 -0.155 -0.151  
Solubility (Pa)     0.103    
Solubility (Pu) 0.042 0.024 0.067 0.045  0.066  0.102 
Solubility (U) 0.125 0.052 0.115 0.059  0.086  0.125 
Hole Buffer         
De (cations/neutral) 0.300  0.549 0.064 0.473  0.626 0.101 
Kd (Am)  -0.065        
Kd (Pa)  -0.463  -0.538  -0.670 -0.062 -0.699 -0.091 
Kd (U)  0.052 -0.174 0.041 -0.130  -0.288  -0.181 
Solubility correction factor (U)   0.183 0.053    0.135 
Da (Pa) in buffer 0.537  0.783 0.060 0.776  0.892 0.127 
Da (U) in buffer 0.030 0.170 0.115 0.142 0.108 0.271 0.174 0.199 
Groundwater-buffer interface         
Solubility correction factor (U)   -0.050      
Tunnel backfill          
De (cations/neutral)  -0.028  -0.026  -0.075   
Kd (Pa)         
Tunnel length         
Near field flows         
QF 0.212 0.107 0.227 0.118 0.208 0.132 0.226 0.166 
QDZ 0.184 0.074 0.183 0.078 0.133 0.118 0.141 0.135 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.172  -0.179  -0.173  -0.172 
WL/Q for DZ-path   -0.315  -0.328  -0.316  -0.368 
WL/Q for TDZ-path         
Peclet number  -0.197  -0.194  -0.127  -0.103 
Unaltered rock         
Porosity         
De   -0.399  -0.409  -0.380  -0.411 
Maximum penetration depth         
Kd (Pa)  -0.468  -0.494  -0.656  -0.701 
Kd (U)  -0.294  -0.290  0.055  0.106 
R2 0.819 0.717 0.793 0.724 -- -- -- -- 
Threshold of significance 0.023 0.026 0.022 0.037 0.051 0.058 0.052 0.056 
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13.7 Results for Pu-238 

Pu-238 is a short lived (T1/2=87.7a) actinide. Since Pu-238 is not produced by decay of 
any other actinide in the repository, its initial inventory (833 g per canister) decays 
rapidly and becomes negligible after a few thousands of years. 

In the Monte Carlo simulations the minimum value of Time to loss of hole resistance is 
5,000 years, and after 5,000 years Pu-238 has decayed nearly completely. For this 
reason, any consequences due to Pu-238 always take place before the enlargement of 
the small hole, and Pu-238 peak releases rates in the hole forever and the growing hole 
cases are identical in all the realisations. 

Table 5-1 to Table 5-4 show that Pu-238 peak release rate from the near field is zero 
(<10-38) in 68 % of the realisations and only in 38 of the 10,000 realisations there are 
releases of Pu-238 to the biosphere.  

A simplified PSA has been done for the Pu-238 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-9 and discussed in the next sections. 

13.7.1 Peak release rates from the near field 

The two parameters with the greatest effect on the spread of values of Pu-238 peak 
release rate from the near field are those controlling diffusion through the buffer: 
Kd(Pu) in buffer and De(cations/neutral) in buffer. 

Due to its short life, Pu-238 peak release rate from the near field is very sensitive to the 
value of Da(Pu) in buffer, that is the parameter that controls the speed of plutonium 
diffusion through the buffer. The RCC/SRRC of Da(Pu) in buffer is 0.703 (Table 13-9), 
clearly higher than the RCCs/SRRCs for Kd(Pu) in buffer and De(cations/neutral) in 
buffer. Depending on the value of Da(Pu) in buffer, Pu-238 will have from very high to 
complete disintegration during its transport through the buffer. 

Due to Pu-238 short life Time to transport path creation is the third most important 
parameter. In the Monte Carlo simulations Time to transport path creation takes values 
between 10 and 5,000 years, and hence the Pu-238 inventory when the transport path 
through the canister overpack is created can be from roughly equal to the initial 
inventory to seventeen orders of magnitude smaller than the initial inventory.   

Solubility(Pu) inside canister, Small hole diameter and De in the small hole have a 
much smaller effect on Pu-238 peak release rate from the near field than the three main 
near field parameters. Finally, QF, QDZ and Mass of buffer in cavity have only a very 
small effect.  

The parameters that take specific values in the 10 % of realisations with highest Pu-238 
peak release rate from the near field are the same that control the spread of values of Pu-
238 peak release rate from the near field, although the relative importance of the 
parameters related to plutonium diffusion through the buffer is greater in the 10 % of 
highest realisations. The very high value of the modified statistic of the Mann-Whitney 
test for Da(Pu) in buffer (0.933) means that 10 % of realisations with highest Am-243 
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peak release rate from the near field are roughly the 10 % of realisations with the 
highest Da(Pu) in buffer. 

13.7.2 Peak release rate to the biosphere 

The spread of values of Pu-238 peak release rate to the biosphere is controlled both by 
near field and geosphere parameters. The parameters identified as controlling the spread 
of values of Pu-238 peak release rate to the biosphere are the same than for other 
strongly sorbed radionuclides: geosphere parameters Kd(Pu) and De in unaltered rock, 
WL/Q for DZ-path and Peclet number and near field parameters Kd(Pu) in buffer and 
De(cations/neutral) in buffer.  

The low values of the RCCs/SRRCs and R2 for Pu-238 peak release rate to the 
biosphere are a consequence of having 99.6% of realisations with no release of Pu-238 
to the biosphere, but the conclusions on the relative importance of the input parameters 
on Pu-238 peak release rate to the biosphere are valid. 

The Mann-Whitney test (10 % of highest values of Pu-238 peak release rate to the 
biosphere vs. remaining 90 %) does not provide any statistically significant results 
because there are only 38 realisations with some releases of Pu-238 to the biosphere. In 
the 10 % of highest values of the output variable there are 962 realisations with zero 
releases and 38 realisations with some releases, and hence the 10 % of highest 
realisations are very similar to the remaining 90 % of realisations (all with zero 
releases).  

  



 

 

403

Table 13-9. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pu-238 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure    

Identical to the 
hole forever 

case 

  

Identical to the 
hole forever 

case 

Time to transport path creation -0.324 -0.028 -0.370  

Small hole diameter 0.091  0.131  

De in the small hole 0.084  0.103  

Time to loss of hole resistance     

Length of canister failed     

Waste     

Fuel alteration rate     

Canister interior     

Cavity water volume     

Mass of buffer in cavity -0.037    

Solubility (Pu) 0.104  0.147  

Hole Buffer     

De (cations/neutral) 0.430 0.047 0.595  

Kd (Pu)  -0.538 -0.075 -0.781  

Da(Pu) in buffer 0.703 0.085 0.933  

Tunnel backfill      

De (cations/neutral)     

Kd (Pu)      

Tunnel length     

Near field flows     

QF 0.051  0.075  

QDZ 0.031    

QTDF     

qTDZ     

Geosphere flow parameters     

tW in F-, DZ-, TDZ-paths     

Lengths of F-, DZ-, TDZ-paths     

WL/Q for F-path     

WL/Q for DZ-path   -0.058   

WL/Q for TDZ-path     

Peclet number  -0.043   

Unaltered rock     

Porosity     

De   -0.057   

Maximum penetration depth     

Kd (Pu)  -0.085   

R2 0.610 0.024 --  

Threshold of significance 0.032 0.029 0.053  
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13.8 Results for Pu-239  

Pu-239 is a medium lived (T1/2=2.41·104 a) actinide, with a significant initial inventory 
(12.4 kg per canister) and produced in the repository by the decay chain Am-243→Pu-
239 (Figure 3-5). The initial inventory of Am-243 is 926 g per canister. 

Table 13-10 shows that in the hole forever case Pu-239 peak release rate from the near 
field is controlled by the Pu-239 created in the buffer-backfill by decay of Am-243 (Pu-
239BB) in 60 % of the realisations, and by the Pu-239 present inside the canister (Pu-
239C) in 20 % the realisations. In the growing hole case the two contributions have a 
similar importance, each controlling 35 % of the realisations. The highest 10 % of 
realisations of the hole forever case are controlled mainly by Pu-239BB (in 73 % of the 
realisations), while the highest 10 % of realisations of the growing hole case are 
controlled mainly by Pu-239C (in 52 % of the realisations)  

Table 13-10 shows that each of the three contributions considered (Pu-239C, Pu-239BB 
and the Pu-239 created in the geosphere (Pu-239G)) control the Pu-239 peak release rate 
to the biosphere in 10 % to 25 % of the realisations. In the highest 10 % realisations 
only a small fraction of realisations are controlled by the Pu-239 created in the 
geosphere (Pu-2396G), Pu-239BB controls 50 % of the realisations in the hole forever 
case and Pu-239C controls 40 % of the realisations in the growing hole case.  

 
Table 13-10. Percentage of realisations in which the Pu-239 created inside the canister 
(Pu-239C), in the buffer-backfill (Pu-239BB) or in the geosphere (Pu-239G) produce 
more than 80 % of the Pu-239 peak release rate.  

 Pu-239C Pu-239BB Pu-239G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 18.5 57.2 -- 0.5 

Peak release rate to the biosphere 9.7 20.8 21.0 31.4 

Growing hole case     

Peak release rate from the near field 35.3 36.0 -- 0.5 

Peak release rate to the biosphere 18.9 10.8 24.1 25.5 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 11.3 73.2 --  

Peak release rate to the biosphere 16.5 48.3 5.4  

Growing hole case     

Peak release rate from the near field 51.5 25.0 --  

Peak release rate to the biosphere 38.8 19.7 3.3  

 

A simplified PSA has been done for the Pu-239 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-11 and discussed in the next sections. 
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13.8.1 Peak release rates from the near field 

Both in the hole forever and the growing hole cases Kd(Pu) in buffer and 
De(cations/neutral) in buffer are, by far, the two input parameters with the greatest 
effect on the spread of values of Pu-239 peak release rate from the near field.  

Due to its medium life and strong sorption on buffer, Pu-239 peak release rates from the 
near field are strongly affected by the value of Da(Pu) in buffer, that is the parameter 
that controls the speed of plutonium diffusion through the buffer. This is confirmed by 
the high RCCs/SRRCs of Da(Pu) in buffer (0.803 in the hole forever case and 0.902 in 
the growing hole case) and the scatter plot in Figure 13-8. Depending on the value of 
Da(Pu) in buffer, Pu-239 will have from relatively small to nearly complete decay 
during its transport through the buffer. 

 

Figure 13-8. Scatter plot of Da(Pu) in buffer vs. Pu-239 peak normalised release rates 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

In the hole forever case there are four parameters of secondary importance for the 
spread of values of Pu-239 peak release rate from the near field: Mass of buffer in 
cavity, Small hole diameter, De in the small hole and Kd(Am) in buffer. Four other 
parameters have a smaller importance: Fuel alteration rate, Solubility(Pu) inside 
canister, QF and QDZ. 

In the growing hole case the third parameter in importance is Solubility(Pu) inside 
canister. There are five parameters of smaller importance (QF, Kd(Am) in buffer, QDZ, 
Fuel alteration rate and Mass of buffer in cavity) and two parameters with only a very 
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small effect on Pu-239 peak release rate from the near field: Time to loss of hole 
resistance and Length of canister failed. 

Both Solubility (Pu) inside canister and the pair Mass of buffer in cavity and Fuel 
alteration rate have significant effect on the spread of values of Pu-239 peak release 
rate from the near field. Table 13-12 shows that Solubility (Pu) inside canister has high 
RCCs/SRCCs with the Pu-239 peak release rate from the near field produced by the Pu-
239 present inside the canister (Pu-239C). Mass of buffer in cavity and Fuel alteration 
rate have high RCCs/SRCCs with the Pu-239 peak release rate from the near field due 
to the Pu-239 created in the buffer-backfill (Pu-239BB).  

Table 13-12 shows that Kd(Pu) in buffer is, by far, the parameter with the greatest effect 
on the spread of values of Pu-239 peak release rates from the near field due to Pu-239C 
and Pu-239BB. It is noteworthy that the RCCs/SRRCs of Kd(Pu) in buffer are much 
greater than the RCCs/SRRCs of Kd(Am) in buffer with the Pu-239 peak release rate 
from the near field due to contribution Pu-239BB.  

The parameters that take specific values in the 10 % of realisations with highest Pu-239 
peak release rate from the near field are the same that control the spread of values of Pu-
239 peak release rate, with similar relative importance. 

Table 13-11 shows that the 10 % of realisations with the highest Pu-239 peak release 
rate from the near field are characterised mainly by having a fast transport of plutonium 
through the buffer (very high values of Da(Pu) in the buffer).  

13.8.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the two parameters with the greatest 
effect on the spread of values of Pu-239 peak release rates to the biosphere are related to 
plutonium diffusion into the unaltered rock: Kd(Pu) in unaltered rock (by far, the most 
important) and De in unaltered rock. The next two most influential parameters are 
WL/Q for DZ-path and Peclet number, followed by WL/Q for F-path and Kd(Am) in 
unaltered rock. The RCCs/SRRCs of most influential near field parameters are around 
0.1, much smaller (in absolute value) than the RCCs/SRRCs of Kd(Am) in unaltered 
rock. 

The spread of values of Pu-239 peak release rate to the biosphere is controlled near 
completely by the transport through the geosphere of plutonium (and to a lesser extent 
americium). The coefficient of determination (R2) of a multiple linear regression in 
ranks with the six aforementioned geosphere parameters is 0.692 (hole forever) or 0.718 
(growing hole), while a similar regression with only near field parameters has an R2 
equal to 0.051 (hole forever) or 0.041 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Pu-239 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Pu-239 peak release rate to the biosphere, although the relative importance changes. 
While geosphere parameters nearly completely control the spread of values of Pu-239 
peak release rate to the biosphere, in the highest 10 % of realisations the near field 
parameters have a much greater importance. 



 

 

407

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Pu) in unaltered rock and De in 
unaltered rock. The next most influential parameters are Kd(Pu) in buffer, 
De(cations/anions) in buffer and WL/Q for DZ-path, the three with a similar 
importance. 

The highest 10 % of realisations are characterised by very small values of Kd(Pu) in 
unaltered rock and De in unaltered rock, but the value of Kd(Am) in unaltered rock has 
no effect (although this parameter is the sixth most important parameter for the spread 
of values of Pu-239 peak release rates to the biosphere).   

Table 13-11 shows that the 10% of realisations with highest values of the Pu-239 peak 
release rate to the biosphere are characterised by having fast transport of plutonium (and 
to a lesser extent americium) through the buffer and very fast transport of plutonium 
through the geosphere. 

13.8.3 Comments 

Due to its medium life and strong sorption on buffer and unaltered rock, Pu-239 peak 
release rates from the near field and to the biosphere are strongly affected by Kd(Pu) in 
buffer, De(cations/neutral) in buffer, Kd(Pu) in unaltered rock and De in unaltered 
rock. Distribution and diffusion coefficients in buffer and unaltered rock control how 
fast plutonium is transported through the buffer and the geosphere. A very slow 
transport through any of these two barriers will make Pu-239 to decay nearly 
completely during its transport and releases from the near field and to the biosphere will 
be negligible.  
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Table 13-11. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pu-239 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.236 0.055   0.342 0.134   

De in the small hole 0.214 0.053   0.303 0.130   

Time to loss of hole resistance   -0.057 -0.032   -0.069 -0.058 

Length of canister failed   -0.056    -0.053  

Waste         

Fuel alteration rate 0.143 0.038 0.091 0.029 0.252 0.073 0.144  

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.256 -0.052 -0.086  -0.364 -0.159 -0.072  

Solubility (Pu) 0.104  0.197 0.025 0.122 0.042 0.396 0.096 

Hole Buffer         

De (cations/neutral) 0.519 0.113 0.625 0.121 0.491 0.295 0.611 0.342 

Kd (Am) -0.202 -0.109 -0.126 -0.089 -0.261 -0.137 -0.115 -0.056 

Kd (Pu)  -0.605 -0.105 -0.637 -0.101 -0.608 -0.353 -0.708 -0.365 

Da(Am) in buffer 0.481 0.158 0.484 0.146 0.495 0.287 0.449 0.247 

Da(Pu) in buffer 0.803 0.150 0.902 0.152 0.768 0.468 0.895 0.511 

Tunnel backfill          

De (cations/neutral)         

Kd (Pu)          

Tunnel length         

Near field flows         

QF 0.121 0.066 0.138 0.071 0.165 0.085 0.235 0.095 

QDZ 0.097 0.034 0.109 0.034 0.123 0.064 0.142 0.070 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.176  -0.180  -0.177  -0.171 

WL/Q for DZ-path   -0.293  -0.300  -0.318  -0.320 

WL/Q for TDZ-path         

Peclet number  -0.264  -0.270  -0.158  -0.158 

Unaltered rock         

Porosity         

De   -0.393  -0.398  -0.409  -0.414 

Maximum penetration depth         

Kd (Am)  -0.173  -0.183     

Kd (Pu)  -0.567  -0.575  -0.662  -0.697 

R2 0.899 0.744 0.904 0.759 -- -- -- -- 

Threshold of significance 0.033 0.023 0.031 0.021 0.058 0.042 0.051 0.055 
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Table 13-12. RCCs/SRRCs for Pu-239 peak release rate from the near field. Results for 
the total Pu-239, the Pu-239 present inside the canister (Pu-239C) and the Pu-239 
produced in the buffer-backfill (Pu-239BB).  

Near field parameters 
Hole forever case Growing hole case 

Pu-239C Pu-239BB 
Pu-239 

total 
Pu-239C Pu-239BB 

Pu-239 
total 

Canister failure        

Time to transport path creation       

Small hole diameter 0.223 0.225 0.236    

De in the small hole 0.190 0.208 0.214    

Time to loss of hole resistance     -0.118 -0.057 

Length of canister failed     -0.095 -0.056 

Waste       

Fuel alteration rate  0.207 0.143 -0.041 0.214 0.091 

Canister interior       

Cavity water volume       

Mass of buffer in cavity  -0.343 -0.256  -0.175 -0.086 

Solubility (Pu) 0.304  0.104 0.336  0.197 

Hole Buffer       

De (cations/neutral) 0.507 0.503 0.519 0.598 0.604 0.625 

Kd (Am) in buffer  -0.269 -0.202  -0.233 -0.126 

Kd (Pu) in buffer -0.694 -0.559 -0.605 -0.661 -0.589 -0.637 

Tunnel backfill        

De (cations/neutral)       

Kd (Pu) in backfill       

Tunnel length       

Near field flows       

QF 0.120 0.115 0.121 0.127 0.135 0.138 

QDZ 0.102 0.091 0.097 0.104 0.104 0.109 

QTDF       

qTDZ       

R2 0.942 0.914 0.899 0.936 0.894 0.904 

Threshold of significance 0.032 0.032 0.033 0.030 0.030 0.031 

13.9 Results for Pu-240 

Pu-240 is a relatively short lived (T1/2=6.56·103a) actinide with a significant initial 
inventory (6.95 kg per canister).  Pu-240 is not produced in the repository by decay of 
any other radionuclide (Figure 3-5), and hence its inventory decreases rapidly with time.  

A simplified PSA has been done for the Pu-240 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-13 and discussed in the next sections. 

13.9.1 Peak release rates from the near field 

Both in the hole forever and the growing hole cases Kd(Pu) in buffer and 
De(cations/neutral) in buffer are the two input parameters with the greatest effect on the 
spread of values of Pu-240 peak release rate from the near field. This means that Pu-240 
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releases from the near field are controlled mainly by plutonium diffusive transport (with 
sorption) through the buffer. Solubility(Pu) inside canister is the third most important 
parameter in the hole forever and growing hole cases, being far less influential than the 
two main parameters. 

Due to its relatively short life and strong sorption on buffer, Pu-240 peak release rates 
from the near field are strongly affected by the value of Da(Pu) in buffer, that is the 
parameter that controls the speed of plutonium diffusion through the buffer. This is 
confirmed by the very high RCCs/SRRCs of Da(Pu) in buffer in Table 13-13 (0.925 in 
the hole forever case and 0.927 in the growing hole case) and the scatter plot in Figure 
13-9. Depending on the value of Da(Pu) in buffer, Pu-240 will have from relatively 
small to nearly complete decay during its transport through the buffer. 

Figure 13-9 illustrates that the spread of values of Pu-240 peak release rate from the 
near field is controlled by a parameter with a RCC/SRRC close to 1: Da(Pu) in buffer. 
Changing Da(Pu) in buffer values between 3·10-17 and 3·10-14 m2/s produces about 
sixteen orders of magnitude of spread in the values of Pu-240 peak release rate from the 
near field. For a fixed value of Da(Pu) in buffer the spread in the values of Pu-240 peak 
release rate from the near field is roughly three to five orders of magnitude (that is due 
to the uncertainty in all the model parameters with exception of Da(Pu) in buffer), much 
smaller than the spread due to the uncertainty in the value of Da(Pu) in buffer.  

In the hole forever case the next most important parameters are those controlling the 
transport through the small hole into the buffer (Small hole diameter and De in the small 
hole), followed by near field equivalent flows QF and QDZ. 

In the growing hole case the next most important parameters are Time to loss of hole 
resistance and near field equivalent flows QF and QDZ. The relatively short life of Pu-
240 makes it sensitive to changes in the Time to loss of hole resistance, that takes values 
between 5,000 and 50,000 years in the Monte Carlo simulation. 

Solubility (Pu) inside canister is the third parameter in importance, while Mass of buffer 
in cavity and Fuel alteration rate have no effect on Pu-240 peak release rate from the 
near field. This means that in all (or at least the great majority of) the realisations Pu-
240 transport is controlled by the low solubility of plutonium inside the canister.   
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Figure 13-9. Scatter plot of Da(Pu) in buffer vs. Pu-240 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

The parameters that take specific values in the 10 % of realisations with highest Pu-240 
peak release rate from the near field are the same that control the spread of values of Pu-
240 peak release rate from the near field, with very similar rankings of importance. Both 
in the hole forever and the growing hole cases the 10 % of realisations with highest Pu-
240 peak release rate from the near field are characterised by very fast transport through 
the buffer (very high values of Da(Pu) in buffer), and to a lesser extent by high values 
of Solubility(Pu) inside canister.  

13.9.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Pu-240 peak release rate to the biosphere is, by far, 
Kd(Pu) in unaltered rock, followed by De in unaltered rock. The next most influential 
parameters are Peclet number and WL/Q for DZ-path. WL/Q for F-path has a smaller 
effect, with an RCC/SRRC similar to Kd(Pu) in buffer, that is the most influential near 
field parameter. The rest of near field parameters have only a small effect on the spread 
of values of Pu-240 peak release rate to the biosphere. 

The spread of values of Pu-240 peak release rate to the biosphere is controlled nearly 
completely by plutonium transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the aforementioned 5 
geosphere parameters is 0.647 (hole forever) or 0.693 (growing hole), a similar 
regression with only near field parameters has a R2 equal to 0.034 (hole forever) or 
0.030 (growing hole). 
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The parameters that take specific values in the 10 % of realisations with highest Pu-240 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Pu-240 peak release rate to the biosphere, although the relative 
importance is different. While geosphere parameters nearly completely control the 
spread of values of Pu-240 peak release rate to the biosphere, in the highest 10 % of 
realisations the near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Pu) in unaltered rock, followed at 
some distance by Kd(Pu) in buffer and De in unaltered rock, both with a similar 
importance. The next most influential parameters are WL/Q for DZ-path and 
De(cations/anions) in buffer. Two other geosphere parameters (Peclet number and 
WL/Q for F-path) have a smaller effect, followed by Solubility(Pu) inside canister.  

Table 13-13 shows that the 10 % of realisations with highest values of the Pu-240 peak 
release rate to the biosphere are characterised by the very fast transport of plutonium 
through the geosphere, and the fast transport of plutonium through the buffer. 

13.9.3 Comments 

Solubility (Pu) inside canister is an important parameter (especially for the Pu-240 peak 
release rates from the near field) while Mass of buffer in cavity and Fuel alteration rate 
have no effect on Pu-240 peak release rates from the near field and to the biosphere. 
This means that in all (or at least the great majority of) the realisations Pu-240 transport 
is controlled by the low solubility of plutonium inside the canister.   

Due to its relatively short life and strong sorption on buffer and unaltered rock, Pu-240 
peak release rates from the near field and to the biosphere are strongly affected by 
Kd(Pu) in buffer, De(cations/neutral) in buffer, Kd(Pu) in unaltered rock and De in 
unaltered rock. Distribution and diffusion coefficients in buffer and unaltered rock 
control how fast plutonium is transported through the buffer and the geosphere. A slow 
transport through any of these two barriers will make Pu-240 to decay nearly 
completely during its transport and releases from the near field and to the biosphere will 
be negligible.  
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Table 13-13. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pu-240 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.165 0.034   0.263 0.071   

De in the small hole 0.144 0.030   0.195 0.071   

Time to loss of hole resistance   -0.092 -0.035   -0.141 -0.069 

Length of canister failed         

Waste         

Fuel alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Pu) 0.225 0.032 0.270 0.037 0.368 0.112 0.428 0.145 

Hole Buffer         

De (cations/neutral) 0.560 0.089 0.614 0.093 0.580 0.309 0.626 0.328 

Kd (Pu)  -0.725 -0.146 -0.678 -0.132 -0.778 -0.427 -0.754 -0.398 

Da(Pu) in buffer 0.925 0.166 0.927 0.158 0.922 0.533 0.929 0.526 

Tunnel backfill          

De (cations/neutral)         

Kd (Pu)          

Tunnel length         

Near field flows         

QF 0.092 0.042 0.094 0.041 0.127 0.068 0.139 0.075 

QDZ 0.077  0.075  0.086 0.054 0.087 0.051 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.143  -0.150  -0.171  -0.183 

WL/Q for DZ-path   -0.237  -0.249  -0.313  -0.315 

WL/Q for TDZ-path         

Peclet number  -0.244  -0.260  -0.204  -0.185 

Unaltered rock         

Porosity         

De   -0.326  -0.336  -0.410  -0.421 

Maximum penetration depth         

Kd (Pu)  -0.636  -0.654  -0.700  -0.701 

R2 0.952 0.681 0.933 0.723 -- -- -- -- 

Threshold of significance 0.032 0.021 0.028 0.023 0.055 0.048 0.053 0.046 
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13.10 Results for Pu-241 

Pu-241 (T1/2=14.3a) is a short lived actinide, produced in the repository by the decay 
chain Cm-245→Pu-241. The significant initial amount of Pu-241 (912 g per canister) 
has no influence on Pu-241 releases from the near field and to the biosphere, because it 
rapidly decays to negligible levels.   

A simplified PSA has been done for the Pu-240 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-14. 

Due to its short life and strong sorption, Pu-241 can’t move far in the buffer or the 
geosphere before decaying completely, and Pu-241 releases from the near field and to 
the biosphere are controlled by the transport of its longer lived parent Cm-245 
(T1/2=8,420 a). For this reason the RCCs/SRRCs and the values of the modified Mann-
Whitney statistic for Pu-241 peak release rates (Table 13-14) are very similar to those of 
Cm-245 peak release rates (Table 13-4). 

Important parameters for Pu-241 peak release rates are the same than for Cm-245 peak 
release rates, and the only plutonium specific parameters of some importance are 
Kd(Pu) in buffer for Pu-241 peak release rates from the near field and Kd(Pu) in 
unaltered rock fro Pu-241 peak release rates to the biosphere. Plutonium distribution 
coefficients are far less important than the equivalent distribution coefficients for 
curium. 

Due to its short life, the Pu-241 released from the near field or to the biosphere has been 
created by decay of Cm-245 in the last few centimetres of buffer close to the deposition 
hole wall or in the unaltered rock adjacent to the last few metres of the fracture, just 
before discharging to the biosphere. Cm-245 decays in these regions and produces Pu-
241, and the concentration of Pu-241 in dissolution is inversely proportional to the 
distribution coefficients for plutonium. Since only dissolved Pu-241 is released from the 
near field or to the biosphere, Pu-241 peak release rate from the near field is negatively 
correlated (RCC/SRRC<0) with Kd(Pu) in buffer and Pu-241 peak release rate to the 
biosphere is  negatively correlated with Kd(Pu) in unaltered rock.   
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Table 13-14. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pu-241 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.164 0.040   0.243 0.079   

De in the small hole 0.138 0.040   0.210 0.102   

Time to loss of hole resistance   -0.064 -0.026   -0.089 -0.068 

Length of canister failed   -0.053    -0.120  

Waste         

Fuel alteration rate 0.150 0.040 0.160 0.037 0.221 0.101 0.275 0.096 

Canister interior         

Cavity water volume         

Mass of buffer in cavity -0.252 -0.061 -0.131 -0.031 -0.369 -0.123 -0.148 -0.041 

Solubility (Pu)         

Hole Buffer         

De (cations/neutral) 0.512 0.121 0.583 0.119 0.502 0.295 0.578 0.316 

Kd (Cm)  -0.738 -0.185 -0.730 -0.161 -0.798 -0.483 -0.805 -0.457 

Kd (Pu)  -0.094  -0.102  -0.145  -0.168  

Da(Cm) in buffer 0.905 0.218 0.943 0.199 0.903 0.565 0.936 0.560 

Da(Pu) in buffer 0.404 0.087 0.457 0.088 0.432 0.197 0.499 0.211 

Tunnel backfill          

De (cations/neutral)  -0.029  -0.032     

Kd (Pu)          

Tunnel length         

Near field flows         

QF 0.089 0.070 0.099 0.071 0.105 0.085 0.146 0.089 

QDZ 0.069 0.034 0.072 0.033 0.089 0.045 0.118 0.038 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.170  -0.173  -0.186  -0.203 

WL/Q for DZ-path   -0.286  -0.296  -0.333  -0.335 

WL/Q for TDZ-path         

Peclet number  -0.273  -0.290  -0.198  -0.197 

Unaltered rock         

Porosity         

De   -0.378  -0.389  -0.416  -0.418 

Maximum penetration depth         

Kd (Cm)  -0.533  -0.561  -0.514  -0.526 

Kd (Pu)  -0.113  -0.111  -0.230  -0.251 

R2 0.960 0.689 0.948 0.730 -- -- -- -- 

Threshold of significance 0.021 0.020 0.023 0.020 0.057 0.048 0.049 0.045 
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13.11 Results for Pu-242 

Pu-242 is a long lived (T1/2=3.75·105a) actinide, with a significant initial inventory (2.85 
kg per canister) and produced (in very small amounts) in the repository by the decay 
chain Cm-246→Pu-242 (Figure 3-5).  

A simplified PSA has been done for the Pu-242 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-15. 

13.11.1 Peak release rates from the near field 

In the hole forever case Kd(Pu) in buffer and Solubility(Pu) inside canister are the two 
parameters with the greatest effect on the spread of values of Pu-242 peak release rate 
from the near field, followed by a group of three parameters of similar importance: 
Small hole diameter, De in the small hole and De(cations/neutral) in buffer. Near field 
equivalent flows QF and QDZ have a secondary importance. 

In the growing hole case the three parameters with the greatest effect on the spread of 
values of Pu-242 peak release rate from the near field there are Kd(Pu) in buffer, 
Solubility(Pu) inside canister and De(cations/neutral) in buffer, the three with similar 
RCCs/SRRCs. Near field equivalent flows QF and QDZ have a secondary importance. 

 

Figure 13-10. Scatter plot of Da(Pu) in buffer vs. Pu-242 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 
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The two input parameters related to plutonium diffusion in the buffer (Kd(Pu) in buffer 
and De(cations/neutral) in buffer) have an important effect on Pu-242 peak release rates 
from the near field. Table 13-15 shows that Da(Pu) in buffer, that is the parameter that 
controls the speed of plutonium diffusion through the buffer, has higher RCCs/SRRCs 
(0.604 in the hole forever case and 0.719 in the growing hole case) than any of the two 
input parameters related to plutonium diffusion in the buffer. The significant correlation 
between Da(Pu) in buffer and Pu-242 peak release rate from the near field can be seen 
in Figure 13-10.  

Solubility (Pu) inside canister is the third parameter in importance, while Mass of buffer 
in cavity and Fuel alteration rate have no effect on Pu-242 peak release rate from the 
near field. This means that in all (or at least the great majority of) the realisations Pu-
242 transport is controlled by the low solubility of plutonium inside the canister.   

The parameters that take specific values in the 10% of realisations with highest values 
of Pu-242 peak release rate from the near field are the same that control the spread of 
values of Pu-242 peak release rate from the near field, with very similar rankings of 
importance.  

Table 13-15 shows that the 10 % of highest realisations are characterised mainly by 
high values of Solubility(Pu) inside canister and fast transport through the buffer 
(relatively high values of Da(Pu) in buffer).   

13.11.2 Peak release rates to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
influence on the spread of values of Pu-242 peak release rate to the biosphere is, by far, 
Kd(Pu) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect and Kd(Cm) in unaltered rock has 
very small RCCs/SRRCs. 

The near field parameters that control Pu-242 peak release rate from the near field 
(section 13.11.1) have only a small effect on Pu-242 peak release rate to the biosphere. 
The RCCs/SRRCs of the most influential near field parameter (Kd(Pu) in buffer) is 
smaller than the RCCs/SRRCs for the fifth most important geosphere parameter (WL/Q 
for F-path). 

The spread of values of Pu-242 peak release rate to the biosphere is controlled nearly 
completely by plutonium transport through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the six relevant 
geosphere parameters is 0.765 (hole forever) or 0.782 (growing hole), a similar 
regression with only near field parameters has an R2 equal to 0.036 (hole forever) or 
0.031 (growing hole). 

The parameters that take specific values in the 10 % of realisations with highest Pu-242 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of Pu-242 peak release rate to the biosphere, although the relative 
importance is different. While geosphere parameters nearly completely control the 
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spread of values of Pu-242 peak release rate to the biosphere, in the highest 10% of 
realisations the near field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Pu) in unaltered rock (by far, the 
most influential parameter) and De in unaltered rock, with Kd(Pu) in buffer ranking 
third. The next most important parameters are WL/Q for DZ-path and Solubility(Pu) 
inside canister, both with a similar importance.  

Table 13-15 shows that the 10 % of realisations with highest values of the Pu-242 peak 
release rate to the biosphere are characterised by the very fast transport of plutonium 
through the geosphere, fast transport of plutonium through the buffer and high 
Solubility(Pu) inside canister. 

13.11.3 Comments 

Pu-242 peak release rates from the near field and to the biosphere are controlled by 
plutonium parameters, and only Kd(Cm) in unaltered rock has a small effect on Pu-242 
peak release rates to the biosphere. The reason of this influence is that in some 
realisations Kd(Cm) in unaltered rock is much smaller than Kd(Pu) in unaltered rock 
(both parameters are sampled independently from the CDFs in Figure 3-15) and hence 
transport through the geosphere of curium is much faster than plutonium transport. In 
these realisations the Pu-242 released from the near field is so delayed by the geosphere 
that its releases to the biosphere during the assessment timeframe (106 a) are negligible. 
By the contrary, the Cm-246 transports through the geosphere much faster, and Pu-242 
releases to the biosphere are controlled by the Pu-242 produced by decay of Cm-246 in 
the geosphere, close to the interface with the biosphere.  
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Table 13-15. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Pu-242 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          

Time to transport path creation         

Small hole diameter 0.365 0.066   0.440 0.216   

De in the small hole 0.302 0.057   0.389 0.201   

Time to loss of hole resistance         

Length of canister failed         

Waste         

Fuel alteration rate         

Canister interior         

Cavity water volume         

Mass of buffer in cavity         

Solubility (Pu) 0.480 0.061 0.549 0.068 0.652 0.306 0.758 0.312 

Hole Buffer         

De (cations/neutral) 0.308 0.071 0.474 0.088 0.245 0.185 0.446 0.288 

Kd (Pu) in buffer -0.537 -0.119 -0.537 -0.111 -0.519 -0.357 -0.532 -0.342 

Da(Pu) in buffer 0.604 0.133 0.719 0.138 0.560 0.391 0.696 0.456 

Tunnel backfill          

De (cations/neutral)         

Kd (Pu) in backfill         

Tunnel length         

Near field flows         

QF 0.187 0.063 0.222 0.066 0.262 0.092 0.320 0.106 

QDZ 0.161 0.037 0.185 0.040 0.183 0.090 0.212 0.112 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths         

Lengths of F-, DZ-, TDZ-paths         

WL/Q for F-path  -0.163  -0.166  -0.184  -0.177 

WL/Q for DZ-path   -0.274  -0.281  -0.309  -0.314 

WL/Q for TDZ-path         

Peclet number  -0.250  -0.255  -0.116  -0.089 

Unaltered rock         

Porosity         

De   -0.364  -0.368  -0.370  -0.393 

Maximum penetration depth         

Kd (Cm)  -0.045  -0.053     

Kd (Pu)  -0.683  -0.687  -0.680  -0.705 

R2 0.899 0.801 0.898 0.812 -- -- -- -- 

Threshold of significance 0.029 0.020 0.028 0.021 0.054 0.052 0.060 0.044 

 

  



 

 

420

13.12 Results for Ra-226   

Ra-226 is a short lived (T1/2=1,600a) actinide with a negligible initial inventory in the 
fuel. Ra-226 is created by the decay chain Cm-248→Pu-242→U-238→U-234→Th-
230→Ra-226 (Figure 3-5). The maximum inventory of Ra-226 is 4.99g per canister 
200,000 years after the canister emplacement (Figure 13-2). 

Radium has extremely low solubility in many realisations (Figure 3-6), and its sorption 
on buffer, backfill and unaltered rock is much smaller than the rest of actinides and 
daughters (Figure 3-7, Figure 3-8 and Figure 3-15). 

Table 13-16 shows that Ra-226 peak release rate from the near field is controlled by the 
Ra-226 created in the buffer-backfill (Ra-226BB) in 40 % or 50 % of the realisations, 
and by the Ra-226 created inside the canister (Ra-226C) in 20 % or 25 % of the 
realisations. In the highest 10 % of realisations the Ra-226 created inside the canister 
(Ra-226C) has a greater effect on Ra-226 peak release rate to the biosphere, and controls 
more realisations than the Ra-226 created in the buffer-backfill (Ra-226BB): about 47 % 
vs. 30 %.  

Table 13-16 shows that Ra-226 peak release rate to the biosphere is controlled by the 
Ra-226 created in the geosphere (Ra-226G) in nearly 40 % of the realisations, by the Ra-
226 created in the buffer backfill (Ra-226BB) in about 25 % of the realisations and by 
the Ra-226 present inside the canister (Ra-226C) in 10 % or 14 % of the realisations. In 
the highest 10 % of realisations the Ra-226 created in the geosphere (Ra-226G) never is 
the dominant contribution, the Ra-226 created inside the canister (Ra-226C) controls 
about 33 % of the realisations and the Ra-226 created in the buffer-backfill (Ra-226BB) 
controls about 36 % of the realisations.  

 
Table 13-16. Percentage of realisations in which the Ra-226 produced inside the 
canister (Ra-226C), in the buffer-backfill (Ra-226BB) or in the geosphere (Ra-226G) 
produce more than 80 % of the Ra-226 peak total release rate.  

 Ra-226C Ra-226BB Ra-226G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 20.6 43.5 -- 0.0 

Peak release rate to the biosphere 11.5 22.1 38.0 5.5 

Growing hole case     

Peak release rate from the near field 28.7 51.9 -- 0.0 

Peak release rate to the biosphere 14.5 25.7 37.2 4.1 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 46.5 30.1 --  

Peak release rate to the biosphere 32.5 35.1 0.0  

Growing hole case     

Peak release rate from the near field 48.7 30.5 --  

Peak release rate to the biosphere 34.6 37.6 0.0  
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A simplified PSA has been done for Ra-226 peak release rates from the near field and to 
the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-17 and discussed in the next sections. 

In order to facilitate the interpretation of the results of the PSA, three additional tables 
have been created (Table 13-18, Table 13-19 and Table 13-20) that present separately 
the RCCs/SRRCs of all the input parameters with the Ra-226 peak release rates due to 
each of the three previous contributions (Ra-226C, Ra-226BB and Ra-226G).  

13.12.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest effect on the spread of values of 
Ra-226 peak release rate from the near field is, by far, Kd(Ra) in buffer followed by the 
two parameters related to the transport through the small hole in the canister overpack 
(Small hole diameter and De in the small hole). There are four parameters of secondary 
importance: Solubility(Ra) inside canister, Solubility(Th) inside canister, QF and QDZ. 
Mass of buffer in cavity, Fuel alteration rate, De(Sr,Ra) in buffer, De(Sr,Ra) in backfill, 
Kd(Ra) in buffer and Kd(Th) in buffer have only a small effect on the spread of values 
of Ra-226 peak release rate from the near field. 

In the growing hole case the parameter with the greatest effect on the spread of values 
of Ra-226 peak release rate from the near field is, by far, Solubility(Ra) inside canister 
followed by Kd(Ra) in buffer. Near field flows QF and QDZ have a secondary 
importance, followed by Fuel alteration rate and De(Sr,Ra) in buffer. De(Sr,Ra) in 
backfill has a very small effect on the spread of values of Ra-226 peak release rate from 
the near field. 

Table 13-18 shows that Solubility(Ra) inside canister has high RCCs/SRRCs with the 
peak release rate from the near field of Ra-226 created inside the canister (Ra-226C), 
both in the hole forever and growing hole cases. In the growing hole case Solubility(Ra) 
inside canister has a high RCC/SRRC with the peak release rate from the near field of 
Ra-226 created in the buffer-backfill (Ra-226BB), which is an unexpected result: 

- In the growing hole case the Ra-226 produced in the canister cavity diffuses into the 
buffer and produces relatively high concentrations of Ra-226 in the buffer 
porewater. Significant amounts of Th-230 pass to the buffer also, where decay to 
Ra-226 that precipitates due to the very low values assigned to Solubility(Ra) inside 
canister (that is equal to the solubility in the buffer) and the presence of Ra-226 
transported from the canister cavity. As a consequence, the transport of the Ra-226 
created in the buffer (Ra-226BB) is controlled by Solubility(Ra) inside canister also. 

- In the hole forever case the small hole in the canister overpack produces a great 
difference (a factor 100 or more) between Ra-226 concentration inside and outside 
the canister. The mass of Th-230 passing to the buffer is much smaller than in the 
growing hole case and the Ra-226 produced in the buffer (Ra-226BB) does not 
precipitate. 
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Table 13-18 shows that Kd(Ra) in buffer has very high RCCs/SRRCs with the peak 
release rates from the near field of the total Ra-226, Ra-226C and Ra-226BB Although 
Ra-226BB is produced by the Th-230 that enters into the buffer, the effect of Kd(Th) in 
buffer on the spread of values of the peak release rate of Ra-226BB is much smaller than 
the effect of Kd(Ra) in buffer.  

The parameters that take specific values in the 10 % of realisations with highest Ra-226 
peak release rate from the near field are the same that control the spread of values of 
Ra-226 peak release rate from the near field, with similar rankings of importance.  

Table 13-17 shows that the highest 10 % of realisations are characterised by high values 
of Solubility(Ra) inside canister and low values of Kd(Ra) in buffer, as well as high 
values of Small hole diameter and De in the small hole in the hole forever case. 

13.12.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of Ra-226 peak release rate to the biosphere is, by far, 
Kd(Ra) in unaltered rock, followed by De in unaltered rock. The next most important 
parameters are WL/Q for DZ-path, Peclet number and WL/Q for F-path, followed by 
Kd(U) in unaltered rock. The most important near field parameters have RCCs/SRRCs 
similar to the Kd(U) in unaltered rock in the hole forever case and smaller in the 
growing hole case. 

The spread of values of Ra-226 peak release rate to the biosphere is controlled mainly 
by the transport through the geosphere of radium, and near field parameters have only a 
small effect. While the coefficient of determination (R2) of a multiple linear regression 
in ranks with the geosphere parameters is 0.762 (hole forever) or 0.783 (growing hole), 
a similar regression with all the near field parameters has an R2 equal to 0.048 (hole 
forever) or 0.027 (growing hole). 

Table 13-19 and Table 13-20 show that Kd(Ra) in unaltered rock has very high 
RCCs/SRRCs with the peak release rates to the biosphere of the total Ra-226, Ra-226C, 
Ra-226BB and Ra-226G. The RCCs/SRRCs of Kd(U) in unaltered rock with the peak 
release rates to the biosphere of the total Ra-226 and Ra-226G are relatively high, and 
those of Kd(Th) in unaltered rock are very small. Due to its relatively short life and 
strong sorption on unaltered rock, in all the realisations Th-230 will move only along a 
short distance through the geosphere before decaying. What really controls the spread of 
values of the total Ra-226 and Ra-226G peak release rates to the biosphere is the speed 
of radium transport in the geosphere (controlled by Kd(Ra) in unaltered rock), and to a 
lesser extent, the speed of uranium transport in the geosphere (controlled by Kd(U) in 
unaltered rock). Obviously the spread of values of the Ra-226C and Ra-226BB peak 
release rates to the biosphere is controlled only by the speed of radium transport in the 
geosphere (controlled by Kd(Ra) in unaltered rock).   

The parameters that take specific values in the 10 % of realisations with highest Ra-226 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Ra-226 peak release rate to the biosphere, although the relative importance is 
different. Six geosphere parameters control nearly completely the spread of values of 
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Ra-226 peak release rate to the biosphere, but in the highest 10 % realisations the near 
field parameters have a much greater importance. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Ra) in unaltered rock (by far, the 
most influential parameter), followed by Kd(Ra) in buffer in the hole forever case or 
Solubility(Ra) inside canister in the growing hole case and De in unaltered rock. There 
are several more parameters of smaller (and similar) importance in the highest 10 % of 
realisations: WL/Q for DZ-path, WL/Q for F-path and several near field parameters: 
Small hole diameter, De in small hole, Solubility(Ra) inside canister in the hole forever 
case and Kd(Ra) in buffer in the growing hole case. 

Although Kd(U) in unaltered rock has some effect on the spread of values of Ra-226 
peak release rate to the biosphere, in the highest 10 % of realisations this input 
parameter does not take any specific values. This is consistent with Table 13-16, where 
it is shown the Ra-226 created in the geosphere (Ra-226G) does not control the Ra-226 
peak release rate to the biosphere in any of the highest 10 % of realisations. Obviously, 
the transport through the geosphere of the Ra-226 created inside the canister (Ra-226C) 
and the Ra-226 created in the buffer-backfill (Ra-226BB) can only be affected by the 
geosphere transport parameters of radium.  

13.12.3 Comments 

The PSA for Ra-226 has found that the parameters with the greatest effect on Ra-226 
peak release rates from the near field and to the geosphere are Solubility(Ra) inside 
canister, Kd(Ra) in buffer and Kd(Ra) in unaltered rock. Transport parameters of its 
parents U-234 and Th-230 have only a secondary importance. 

Due to its short life (T1/2=1,600a) Ra-226 peak release rates from the near field and to 
the biosphere were expected to be controlled by the transport of its longer lived parents 
U-234 and Th-230, but the very small minimum values of Kd(Ra) on buffer, backfill 
and unaltered rock (Figure 3-7, Figure 3-8 and Figure 3-15) make that in many 
realisations Ra-226 peak release rates from the near field and to the biosphere are 
produced by radium that migrates directly from the canister interior to the geosphere or 
to the biosphere. In particular in the 10 % of realisations with highest Ra-226 peak 
release rates, Ra-226 peak releases are controlled by the Ra-226 created inside the 
canister (Ra-226C) in roughly 40 % of the realisations.   
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Table 13-17. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Ra-226 peak release rates from the 
near field and the far field (to the biosphere). 

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.423 0.115   0.515 0.261   
De in the small hole 0.347 0.089   0.411 0.225   
Time to loss of hole resistance         
Length of canister failed         
Waste         
Fuel alteration rate 0.076  0.147  0.089 0.059 0.280 0.068 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.092    -0.081    
Solubility (Ra) 0.286 0.050 0.630 0.088 0.433 0.203 0.783 0.402 
Solubility (Th) 0.175 0.034   0.209 0.102   
Hole Buffer         
De (cations/neutral)         
De (Ra,Sr) -0.064  0.154 0.035 -0.128 -0.073 0.103 0.071 
Kd (Ra) -0.566 -0.103 -0.459 -0.074 -0.512 -0.360 -0.471 -0.252 
Kd (Th) -0.044    -0.061    
Kd (U)  0.025 -0.032   0.050 0.058 0.063 0.062 
Solubility correction factor (U)         
Da(Ra) in buffer 0.400 0.083 0.457 0.080 0.315 0.233 0.438 0.250 
Tunnel backfill          
De (cations/neutral)         
De (Sr,Ra) -0.067 -0.021 -0.044  -0.119  -0.115  
Kd (Ra) -0.057 -0.036  -0.029 -0.068 -0.081   
Solubility corr. factors (U)/(Ra)         
Tunnel length  -0.030  -0.031     
Near field flows         
QF 0.211 0.076 0.274 0.082 0.208 0.121 0.297 0.143 
QDZ 0.174 0.059 0.230 0.062 0.204 0.133 0.229 0.160 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.158  -0.160  -0.185  -0.198 
WL/Q for DZ-path   -0.251  -0.260  -0.254  -0.265 
WL/Q for TDZ-path  -0.060  -0.055     
Peclet number  -0.185  -0.184  -0.113  -0.096 
Unaltered rock         
Porosity         
De   -0.350  -0.354  -0.337  -0.355 
Maximum penetration depth        -0.068 
Kd(Ra)  -0.705  -0.716  -0.719  -0.731 
Kd(Th)  -0.038  -0.039     
Kd(U)  -0.125  -0.118     
R2 0.836 0.811 0.783 0.812 -- -- -- -- 
Threshold of significance 0.031 0.025 0.031 0.027 0.061 0.058 0.053 0.057 
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Table 13-18. RCCs/SRRCs for Ra-226 peak release rate from the near field. Results for 
the Ra-226 produced inside the canister (Ra-226C), produced in the buffer-backfill (Ra-
226BB) and Total Ra-226. 

Parameters 
Hole forever case Growing hole case 

Ra-226C Ra-226BB Total Ra-226C Ra-226BB Total 
Canister failure        

Time to transport path creation       

Small hole diameter 0.344 0.440 0.423    

De in the small hole 0.289 0.357 0.347    

Time to loss of hole resistance    0.032   

Length of canister failed    -0.083 0.127  

Waste       

Fuel alteration rate  0.113 0.076 0.228 0.094 0.147 

Canister interior       

Cavity water volume       

Mass of buffer in cavity  -0.151 -0.092 0.099 -0.105  

Solubility (Ra) 0.614  0.286 0.554 0.541 0.630 

Solubility (Th)  0.284 0.175 -0.078 0.122  

Hole Buffer       

De (cations/neutral)    -0.059 0.102  

De (Ra,Sr) -0.028 -0.077 -0.064 0.218 0.078 0.154 

Kd (Ra) -0.491 -0.562 -0.566 -0.476 -0.492 -0.459 

Kd (Th)  -0.071 -0.044  -0.029  

Kd (U)    0.025    

Solubility correction factor (U)       

Tunnel backfill        

De (cations/neutral)       

De (Sr,Ra) -0.054 -0.068 -0.067 -0.042 -0.052 -0.044 

Kd (Ra) in backfill -0.044 -0.064 -0.057  -0.030  

Solubility correction factor (U)       

Solubility correction factor (Ra)       

Tunnel length       

Near field flows       

QF 0.181 0.217 0.211 0.235 0.286 0.274 

QDZ 0.154 0.175 0.174 0.202 0.237 0.230 

QTDF    0.026    

qTDZ       

R2 0.882 0.851 0.836 0.758 0.745 0.783 

Threshold of significance 0.035 0.024 0.031 0.030 0.033 0.031 
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Table 13-19. RCCs/SRRCs for Ra-226 peak release rates to the biosphere in the hole 
forever case. Results for the Ra-226 produced inside the canister (Ra-226C), in the 
buffer-backfill (Ra-226BB) or in the geosphere (Ra-226G) and Total Ra-226. 

Parameters Ra-226C Ra-226BB Ra-226G Total 
Canister failure      
Time to transport path creation     
Small hole diameter 0.083 0.088 0.132 0.115 
De in the small hole 0.060 0.062 0.110 0.089 
Time to loss of hole resistance     
Length of canister failed     
Waste     
Fuel alteration rate     
Canister interior     
Cavity water volume     
Mass of buffer in cavity     
Solubility (Ra) 0.125   0.050 
Solubility (Th)  0.049  0.034 
Solubility (U)   0.082  
Hole Buffer     
De (cations/neutral)   0.029  
De (Ra,Sr)     
Kd (Ra) -0.113 -0.110  -0.103 
Kd (Th)   -0.036  
Kd (U)    -0.135 -0.032 
Solubility correction factor (U)     
Tunnel backfill      
De (cations/neutral)   -0.025  
De (Sr,Ra)    -0.021 
Kd (Ra) in backfill -0.033 -0.036  -0.036 
Solubility correction factor (U)     
Solubility correction factor (Ra)     
Tunnel length -0.030 -0.027  -0.030 
Near field flows     
QF 0.044 0.046 0.102 0.076 
QDZ 0.043 0.042 0.070 0.059 
QTDF / qTDZ     
Geosphere flow parameters     
tW in F-, DZ-, TDZ-paths     
Lengths of F-, DZ-, TDZ-paths     
WL/Q for F-path -0.134 -0.137 -0.174 -0.158 
WL/Q for DZ-path  -0.207 -0.214 -0.288 -0.251 
WL/Q for TDZ-path -0.082 -0.081  -0.060 
Peclet number -0.208 -0.208 -0.181 -0.185 
Unaltered rock     
Porosity     
De  -0.316 -0.323 -0.363 -0.350 
Maximum penetration depth   -0.031  
Kd(U)   -0.185 -0.125 
Kd(Th)   -0.052 -0.038 
Kd(Ra) -0.777 -0.783 -0.612 -0.705 
R2 0.859 0.864 0.763 0.811 
Threshold of significance 0.024 0.026 0.027 0.025 
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Table 13-20. RCCs/SRRCs for Ra-226 peak release rates to the biosphere in the 
growing hole case. Results for the Ra-226 produced inside the canister (Ra-226C), in 
the buffer-backfill (Ra-226BB), in the geosphere (Ra-226G) and Total Ra-226. 

Parameters Ra-226C Ra-226BB Ra-226G Total 
Canister failure      
Time to transport path creation     
Small hole diameter     
De in the small hole     
Time to loss of hole resistance     
Length of canister failed     
Waste     
Fuel alteration rate 0.038    
Canister interior     
Cavity water volume     
Mass of buffer in cavity     
Solubility (Ra) 0.098 0.080  0.088 
Solubility (Th)     
Solubility (U)   0.069 0.025 
Hole Buffer     
De (cations/neutral) -0.029  0.087  
De (Ra,Sr) 0.054 0.027  0.035 
Kd (Ra) -0.092 -0.084  -0.074 
Kd (Th)   -0.058  
Kd (U)    -0.077  
Solubility correction factor (U)   0.065 0.026 
Tunnel backfill      
De (cations/neutral)     
De (Sr,Ra)    -0.029 
Kd (Ra) in backfill -0.026 -0.028  -0.031 
Solubility correction factor (U)     
Solubility correction factor (Ra)     
Tunnel length -0.028 -0.026   
Near field flows     
QF 0.050 0.053 0.108 0.082 
QDZ 0.045 0.047 0.072 0.062 
QTDF / qTDZ     
Geosphere flow parameters     
tW in F-, DZ-, TDZ-paths     
Lengths of F-, DZ-, TDZ-paths     
WL/Q for F-path -0.137 -0.138 -0.179 -0.160 
WL/Q for DZ-path  -0.219 -0.221 -0.297 -0.260 
WL/Q for TDZ-path -0.080 -0.079  -0.055 
Peclet number -0.207 -0.209 -0.181 -0.184 
Unaltered rock     
Porosity     
De  -0.324 -0.327 -0.373 -0.354 
Maximum penetration depth   -0.027 -0.025 
Kd(U)   -0.176 -0.118 
Kd(Th)   -0.055 -0.039 
Kd(Ra) -0.784 -0.791 -0.629 -0.716 
R2 0.865 0.871 0.765 0.812 
Threshold of significance 0.029 0.028 0.025 0.027 
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13.13 Results for Th-229 

Th-229 (T1/2=7,340a) is a relatively short lived actinide, with no initial inventory in the 
calculations (Table 3-1). Th-229 is produced in the repository by the decay chain Cm-
245→Pu-241→Am-241→Np-237→U-233→Th-229 (Figure 3-5). 

Table 13-21 shows that Th-229 peak release rate from the near field is controlled by the 
Th-229 created in the buffer-backfill (Th-229BB) in practically all the realisations. The 
contribution of the Th-229 created inside the canister (Th-229C) is negligible because 
Th-229 suffers nearly total disintegration during its transport through the 35cm thick 
buffer in all the realisations, due to its relatively short life and the strong sorption of 
thorium on buffer (Figure 3-7). Th-229 peak release rates from the near field are 
controlled by the Th-229 created in the buffer in the proximity of the deposition hole 
wall.    

Table 13-21 shows that Th-229 peak release rate to the biosphere is controlled by the 
Th-229 created in the geosphere (Th-229G) in practically all the realisations. Due to the 
relatively short life of Th-229 and the significant sorption of thorium on unaltered rock 
(Figure 3-15) the Th-229 released from the near field suffers nearly total disintegration 
during its transport through the geosphere. As a consequence, in practically all the 
realisations Th-229 peak release rate to the biosphere is controlled by the Th-229 
created in the geosphere by decay of U-233, especially close to the interface with the 
biosphere.  

 
Table 13-21. Percentage of realisations in which the Th-229 created inside the canister 
(Th-229C), in the buffer-backfill (Th-229BB) or in the geosphere (Th-229G) produce 
more than 80 % of the Th-229 peak release rate.  

 Th-229C Th-229BB Th-229G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 0.0 99.7 -- 0.3 

Peak release rate to the biosphere 0.0 0.0 85.3 14.5 

Growing hole case     

Peak release rate from the near field 0.0 99.4 -- 0.3 

Peak release rate to the biosphere 0.0 0.1 88.4 11.2 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 0.0 100.0 --  

Peak release rate to the biosphere 0.0 0.0 99.3  

Growing hole case     

Peak release rate from the near field 0.0 99.5 --  

Peak release rate to the biosphere 0.0 0.2 98.0  

 

A simplified PSA has been done for the Th-229 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-22. 
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13.13.1 Peak release rate from the near field  

In the hole forever case the parameters with the greatest influence on the spread of 
values of Th-229 peak release rate from the near field are those related to the transport 
through the small hole (Small hole diameter and De in the small hole). There are four 
parameters of secondary importance: Solubility(Np) inside canister, Kd(Th) in buffer 
and near field equivalent flows QF and QDZ. Finally, De(cations/neutral) in buffer and 
Kd(Np) in buffer have only a small effect on the spread of values of Th-229 peak release 
rate from the near field. 

In the growing hole case the parameter with the greatest influence on the spread of 
values of Th-229 peak release rate from the near field is De(cations/neutral) in buffer, 
followed by Solubility(Np) inside canister, QF, QDZ, Kd(Th) in buffer and Solubility 
corrector factor (U) in buffer. Solubility correction factor (U) in the groundwater-buffer 
interface is the seventh most influential parameter. Finally, Kd(Np) in buffer, Kd(U) in 
buffer and Length of canister failed have only a small effect on the spread of values of 
Th-229 peak release rate from the near field. 

Table 13-21 shows that Th-229 peak release rate from the near field is controlled by the 
Th-229 created in the buffer (component Th-229BB), and for this reason the high 
RCCs/SRRCs of the transport parameters of its parents Np-237 and U-233 were 
expected. Another logical result is the irrelevance of Solubility(Th) inside canister 
because this parameter  has an important effect on the flow of Th-229 entering the 
buffer, but this component (Th-229C in Table 13-21) has practically no influence on Th-
229 peak release rate from the near field. 

It is somehow surprising that the Solubility correction factors (U) in buffer and 
groundwater-buffer interface have high RCCs/SRRCs, but the RCC/SRRC of 
Solubility(U) inside canister is below the threshold of statistical significance.  

Solubility correction factor (U) in buffer has a high positive RCC/SRRC with Th-229 
peak release rate from the near field. A high Solubility correction factor (U) reduces the 
precipitation of U-233 in buffer, U-233 advances faster through the buffer and when 
disintegrates the Th-229 produced is closer to the buffer interface with the damaged 
rock around the deposition, and a greater fraction of this Th-229 is released from the 
near field.  

Solubility correction factor (U) in groundwater-buffer interface has a sizeable negative 
RCC/SRRC with Th-229 peak release rate from the near field. When uranium solubility 
in the groundwater-buffer interface is smaller than in the buffer, uranium can precipitate 
in the damaged rock around the deposition hole. The precipitated U-233 decays to Th-
229, which is released immediately (no sorption is considered in the damaged rock) 
from the near field dissolved in the equivalent flows QF and QDZ, leading to very high 
release rates of Th-229. As a summary, decreasing the Solubility correction factor (U) 
in groundwater-buffer interface leads to an increase of Th-229 peak release rate from 
the near field. 
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The parameters that take specific values in the 10% of realisations with highest Th-229 
peak release rate from the near field are roughly the same that control the spread of 
values of Th-229 peak release rate from the near field, with similar rankings of 
importance.  

13.13.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameters with the greatest 
effect on the spread of values of Th-229 peak release rate to the biosphere are those 
related to the diffusion of uranium in unaltered rock: De in unaltered rock and Kd(U) in 
unaltered rock. The next most important parameters are WL/Q for DZ-path, Peclet 
number, Kd(Th) in unaltered rock and WL/Q for F-path, with all the near field 
parameters having smaller RCCs/SRRCs than WL/Q for F-path. Kd(Np) in unaltered 
rock has only a small effect on the spread of values of Th-229 peak release rate to the 
biosphere. 

The spread of values of Th-229 peak release rate to the biosphere is controlled mainly 
by the transport through the geosphere of uranium, thorium (and to a lesser extent 
neptunium), with near field parameters having a much smaller effect. The coefficient of 
determination (R2) of a multiple linear regression in ranks with the aforementioned 
seven geosphere parameters is 0.693 (hole forever) or 0.712 (growing hole), while a 
similar regression with all the near field parameters has an R2 equal to 0.061 (hole 
forever) or 0.043 (growing hole). 

The near field parameters that have some effect on the spread of values of Th-229 peak 
release rate to the biosphere are related to neptunium and uranium transport in the near 
field (Solubility(Np) inside canister, and Kd(Np) and Kd(U) in buffer). Thorium 
parameters in the near field are not important because the Th-229 released from the near 
field disintegrates nearly completely during its transport through the geosphere and has 
practically no influence on Th-229 peak release rate to the biosphere (Table 13-21).  

The parameters that take specific values in the 10 % of realisations with highest Th-229 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Th-229 peak release rate to the biosphere, although the relative importance is 
different. Six geosphere parameters control nearly completely the spread of values of 
Th-229 peak release rate to the biosphere, but in the highest 10 % of realisations near 
field parameters have a greater importance, especially in the hole forever case. 

Table 13-22 shows that the highest 10 % of realisations are characterised mainly by the 
very fast transport of thorium (and fast transport of uranium) through the geosphere, fast 
transport of uranium in the buffer and high mass flow of Np-237 into the buffer in the 
hole forever case (controlled by Solubility(U) inside canister, Small hole diameter and 
De in the small hole). 

13.13.3 Comments 

Due to its relatively short life and strong sorption of thorium on buffer, backfill and 
unaltered rock, Th-229 peak release rates from the near field and to the biosphere are 
controlled mainly by the transport of its parents Np-237 and U-233. Nevertheless, 
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thorium distribution coefficients in the buffer and unaltered rock have a significant 
influence on Th-229 peak release rated from the near field and to the biosphere, 
respectively. 

The Th-229 released from the near field and to the biosphere is produced mainly by the 
decay of U-233 in the buffer close to the buffer-deposition hole interface or in the 
geosphere close to the interface with the biosphere, respectively. U-233 produces Th-
229 at a given rate in these regions and the fraction of Th-229 in dissolution (that is the 
only that can be transported) in inversely proportional to the Kd(Th) in the medium. The 
time needed by the dissolved Th-229 to cross the distance to the interface increases with 
Kd(Th) in the medium, which increases also Th-229 radioactive decay. For this reason 
Kd(Th) in buffer and Kd(Th) in unaltered rock have a significant effect on (and are 
inversely correlated with) Th-229 peak release rate from the near field and to the 
biosphere, respectively. 
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Table 13-22. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Th-229 peak release rates from the 
near field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.579 0.099   0.640 0.278   
De in the small hole 0.478 0.091   0.546 0.234   
Time to loss of hole resistance         
Length of canister failed   0.051    0.066  
Waste         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Np) 0.289 0.042 0.339 0.049 0.390 0.130 0.326 0.158 
Solubility (Th)         
Hole Buffer         
De (cations/neutral) 0.092 0.039 0.429 0.080 0.115  0.404 0.123 
Kd (Np)  -0.034 -0.044 -0.070 -0.056    -0.056 
Kd (Th)  -0.261  -0.274  -0.317  -0.193  
Kd (U)   -0.146 0.078 -0.110 0.072 -0.372 -0.231 -0.279 
Solubility correction factor (U)   0.246    0.531  
Da(Th) in buffer 0.237 0.023 0.504 0.050 0.285 0.014 0.421 0.093 
Da(U) in buffer 0.007 0.151 0.046 0.129 -0.038 0.359 0.342 0.306 
Groundwater-buffer interface         
Solubility correction factor (U)   -0.150    -0.423  
Tunnel backfill          
De (cations/neutral)      -0.064  -0.051 
Kd (Th)          
Tunnel length         
Near field flows         
QF 0.285 0.103 0.330 0.113 0.339 0.144 0.299 0.165 
QDZ 0.243 0.075 0.275 0.080 0.247 0.120 0.164 0.138 
QTDF / qTDZ          
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.195  -0.200  -0.226  -0.209 
WL/Q for DZ-path   -0.339  -0.351  -0.367  -0.409 
WL/Q for TDZ-path         
Peclet number  -0.244  -0.241  -0.157  -0.161 
Unaltered rock         
Total porosity         
De   -0.434  -0.445  -0.428  -0.458 
Maximum penetration depth         
Kd (Np)  -0.063  -0.071     
Kd (Th)  -0.223  -0.238  -0.502  -0.574 
Kd (U)  -0.488  -0.481  -0.217  -0.187 
R2 0.865 0.754 0.655 0.756 -- -- -- -- 
Threshold of significance 0.028 0.030 0.029 0.029 0.051 0.066 0.052 0.054 
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13.14 Results for Th-230 

Th-230 (T1/2=75,400 a) is a medium lived actinide produced in the repository by the 
decay chain Cm-248→Pu-242→U-238→U-234→Th-230 (Figure 3-5). The initial 
inventory of Th-230 is very small (35mg per canister), increases with time until 
reaching 239g per canister after 2·105 years and then decreases, being 61.6g at the end 
of the assessment timeframe (106 years).  

Table 13-23 shows that Th-230 peak release rate from the near field is controlled by the 
Th-230 present inside the canister (Th-230C) in the majority of the realisations (66 %-
80 %) and by the Th-230 created in the buffer-backfill (Th-230BB) in 7 %-16 % of the 
realisations. In the highest 10 % of realisations Th-230 peak release rate from the near 
field is controlled by the Th-230 present inside the canister (Th-230C) in practically all 
the realisations. 

Table 13-23 shows that Th-230 peak release rate to the biosphere is controlled by the 
Th-230 created in the geosphere (Th-230G) in 75 % of the realisations, and by the Th-
230 present inside the canister (Th-230C) in 5-10 % of the realisations. Due to the 
relatively short life of Th-230 and the significant sorption of thorium on unaltered rock 
(Figure 3-15), in many realisations the Th-230 released from the near field will suffer 
much disintegration during its transport through the geosphere. As a consequence, in 
most realisations (around 74 %) Th-230 peak release rate to the biosphere is controlled 
by the Th-230 created in the geosphere by decay of U-234 (Th-230G). In the highest 
10 % of realisations the Th-230 present inside the canister (Th-230C) has a greater 
importance, controlling 42 % of the realisations in the growing hole case and 16 % in 
the hole forever case.  

 
Table 13-23. Percentage of realisations in which the Th-230 created inside the canister 
(Th-230C), in the buffer-backfill (Th-230BB) or in the geosphere (Th-230G) produces 
more than 80 % of the Th-230 peak release rate.  

 Th-230C Th-230BB Th-230G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 65.8 16.4 -- 0.3 

Peak release rate to the biosphere 5.3 0.0 75.5 12.7 

Growing hole case     

Peak release rate from the near field 79.5 8.1 -- 0.3 

Peak release rate to the biosphere 9.9 0.0 72.5 10.0 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 98.8 0.2 --  

Peak release rate to the biosphere 18.2 0.0 67.1  

Growing hole case     

Peak release rate from the near field 99.7 0.0 --  

Peak release rate to the biosphere 44.1 0.0  38.2  
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A simplified PSA has been done for the Th-230 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-24. 

13.14.1 Peak release rate from the near field 

Both in the hole forever and the growing hole cases the parameters with the greatest 
influence on the spread of values of Th-230 peak release rate from the near field are 
those related to thorium diffusion in the buffer (Kd(Th) in buffer and 
De(cations/neutral) in buffer), being the distribution coefficient the most important. 
This means that the diffusive transport (with sorption) of thorium through the buffer has 
an important effect on Th-230 releases from the near field. 

Th-230 peak release rates from the near field are strongly affected by the value of 
Da(Th) in buffer, that is the parameter that controls the speed of thorium diffusion 
through the buffer. This is confirmed by the relatively high RCCs/SRRCs of Da(Th) in 
buffer in Table 13-24 (0.700 in the hole forever case and 0.871 in the growing hole 
case) and the scatter plot in Figure 13-11. 

 

Figure 13-11. Scatter plot of Da(Th) in buffer vs. Th-230 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

In the hole forever case the next most important parameters are those related to the 
transport through the small hole (Small hole diameter and De in the small hole). There 
are three parameters with a smaller but still significant effect on Th-230 peak release 
rate from the near field: Solubility(Th) inside canister, QF and QDZ. Finally, Mass of 
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buffer in cavity, Solubility(U) inside canister and Fuel alteration rate have a very small 
effect. 

In the growing hole case the next most important parameters are QF, QD, Fuel alteration 
rate and Solubility(Th) inside canister, all with similar RCCs/SRRCs. Length of canister 
failed is the seventh most important parameter, and is negatively correlated with Th-230 
peak release rate. Finally, Mass of buffer in cavity has some effect, but smaller than in 
the hole forever case. 

Mass of buffer in cavity and Fuel alteration rate have some influence on Th-230 peak 
release rate, although smaller than Solubility(Th) inside canister. This means that in a 
significant number of realisations thorium solubility limit is not reached and Th-230 
concentration inside the canister is controlled by the amount of UO2 matrix altered (that 
is precipitated inside the canister and produces Th-230) and the sorption of thorium on 
the buffer that penetrates into the canister. In these realisations Kd(Th) in buffer has a 
two-fold effect on Th-230 releases from the near field: reducing the thorium 
concentration in the water inside the canister and delaying transport through the buffer. 

Table 13-24 shows that Th-230 peak release rates from the near field are little affected 
by the values assigned to the transport parameters of its parents. Only Solubility(U) 
inside canister has a small effect on Th-230 peak release rate from the near field in the 
hole forever case. This is an expected result because Th-230 peak release rates from the 
near field are controlled by the direct transport of Th-230 created inside the canister (by 
decay of U-238/U-234 precipitated after being released from the UO2 matrix) through 
the buffer to the damaged rock around the deposition hole in 66 %-80 % of the 
realisations (component Th-230C in Table 13-23). In 16 %-7 % of the realisations Th-
230 peak release rate from the near field is controlled by the Th-230 created in the 
buffer by decay of U-234 (component Th-230BB in Table 13-23), and only in this 
realisations Solubility(U) inside canister can have some effect. 

 The parameters that take specific values in the 10 % of realisations with highest Th-230 
peak release rate from the near field are roughly the same that control the spread of 
values of Th-230 peak release rate from the near field, with similar rankings of 
importance. The main difference is that in the highest 10 % realisations uranium 
parameters (Solubility(U) inside canister and Kd(U) in buffer) do not take specific 
values, because 99 % of these realisations are controlled by the direct transport through 
the buffer of the Th-230 produced in the canister interior (component Th-230C in Table 
13-23) 

13.14.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameters with the greatest 
effect on the spread of values of Th-230 peak release rate to the biosphere are those 
related to the diffusion in unaltered rock: De, Kd(U) and Kd(Th) in unaltered rock. 
WL/Q for DZ-path, Peclet number and WL/Q for F-path are the next most important 
parameters, with all near field parameters being less important than WL/Q for F-path. 
Kd(Pu) in unaltered rock has only a small effect. 
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Th-230 peak release rates to the biosphere are controlled mainly by the transport 
through the geosphere of thorium and uranium. While the coefficient of determination 
(R2) of a multiple linear regression in ranks with the aforementioned seven geosphere 
parameters is 0.655 (hole forever) or 0.678 (growing hole), a similar regression with all 
the near field parameters has an R2 equal to 0.072 (hole forever) or 0.050 (growing 
hole). 

The near field parameters that have some effect on the spread of values of Th-230 peak 
release rate to the biosphere are mainly related to uranium transport in the near field 
(Solubility(U) inside canister and Kd(U) in buffer) while Th-230 peak release rates from 
the near field are controlled mainly by thorium parameters (Solubility(Th) inside 
canister and Kd(Th) in buffer). The reason is that in 75 % of the realisations the Th-230 
peak release rate to the biosphere is due to the Th-230 produced in the geosphere by 
decay of the U-238/U-234 released from the near field (component Th-230G in Table 
13-23), not to the Th-230 released from the near field. This is a consequence of the 
much higher sorption of thorium on unaltered rock compared with uranium (Figure 
3-15) and the relatively short life of Th-230 (T1/2=75,400a). 

The parameters that take specific values in the 10 % of realisations with highest Th-230 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Th-230 peak release rate to the biosphere, although the relative importance is 
different. Six geosphere parameters control nearly completely the spread of values of 
Th-230 peak release rate to the biosphere, but in the highest 10 % realisations the near 
field parameters have a greater importance and Kd(U) in unaltered rock does not take 
specific values in the 10 % of highest realisations. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Th) in unaltered rock (by far, the 
most influential parameter), followed by De in unaltered rock and WL/Q for DZ-path. 
There are several more parameters of smaller (and similar) importance: WL/Q for F-
path, Peclet number and several near field parameters: Small hole diameter, De in the 
small hole, Solubility(U) inside canister and Kd(U) in buffer in the hole forever case and 
Solubility(U) inside canister, De(cations/neutral), Kd(Th) in buffer and Kd(U) in buffer 
in the growing hole case. 

Although Kd(U) in unaltered rock and Kd(Th) in unaltered rock have a similar 
influence on the spread of values Th-230 peak release rate to the biosphere, in the 10 % 
of realisations with highest Th-230 peak release rate to the biosphere Kd(U) in 
unaltered rock takes only slightly smaller than average values while Kd(Th) in 
unaltered rock takes very small values. It is concluded that the highest 10 % of 
realisations are characterised mainly by the very fast transport of thorium through the 
geosphere. 
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Table 13-24. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Th-230 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.400 0.105   0.458 0.248   
De in the small hole 0.336 0.097   0.409 0.222   
Time to loss of hole resistance         
Length of canister failed   -0.084    -0.100  
Waste         
Fuel alteration rate 0.055  0.177  0.084  0.301 0.048 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.112  -0.080  -0.125  -0.096  
Solubility (Th) 0.207  0.149  0.350  0.301 0.060 
Solubility (U) 0.067 0.083  0.085  0.208  0.154 
Hole Buffer         
De (cations/neutral) 0.435 0.028 0.622 0.073 0.469 0.043 0.619 0.168 
Kd (Th)  -0.557  -0.597  -0.614 -0.082 -0.663 -0.123 
Kd (U)   -0.166  -0.119  -0.287  -0.155 
Solubility correction factor (U)   0.040 0.071    0.110 
Da(Th) in buffer 0.700 0.026 0.871 0.064 0.744 0.084 0.867 0.204 
Da(U) in buffer 0.114 0.168 0.174 0.135 0.105 0.288 0.155 0.199 
Groundwater-buffer interface         
Solubility correction factor (U)         
Tunnel backfill          
De (cations/neutral)         
Kd (Th)         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.209 0.105 0.216 0.113 0.235 0.137 0.284 0.142 
QDZ 0.167 0.075 0.171 0.077 0.190 0.129 0.215 0.151 
QTDF  / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.189  -0.196  -0.223  -0.227 
WL/Q for DZ-path   -0.334  -0.346  -0.387  -0.392 
WL/Q for TDZ-path         
Peclet number  -0.240  -0.240  -0.179  -0.205 
Unaltered rock         
Porosity         
De   -0.428  -0.440  -0.438  -0.472 
Maximum penetration depth         
Kd (Pu)  -0.048  -0.054     
Kd (Th)  -0.319  -0.339  -0.575  -0.632 
Kd (U)  -0.403  -0.389  -0.067   
R2 0.907 0.727 0.888 0.729 -- -- -- -- 
Threshold of significance 0.032 0.027 0.025 0.026 0.061 0.052 0.051 0.047 
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13.15 Results for Th-232 

Th-232 (T1/2=1.40·1010a) is a very long lived actinide with no initial inventory in the 
calculations. Th-232 is produced in the repository by the decay chain Pu-240→U-
236→Th-232 (Figure 3-5) and after 106 years there are 515g of Th-232 per canister. 

Table 13-25 shows that Th-232 peak release rate from the near field is controlled by the 
Th-232 present inside the canister (Th-232C) in most realisations. Only in a few 
realisations Th-232 peak release rate from the near field is controlled by the Th-232 
created in the buffer-backfill by decay of U-236 (Th-232BB). In the highest 10 % 
realisations Th-232 peak release rate from the near field is always controlled by the Th-
232 present inside the canister (Th-232C).  

Table 13-25 shows that Th-232 peak release rate to the biosphere is controlled by the 
Th-232 created in the geosphere (Th-232G) in more than half of the realisations, and by 
the Th-232 present inside the canister (Th-232C) in 15 % or 20 % of the realisations. In 
the highest 10 % realisations the importance of the Th-232 present inside the canister 
(Th-232C) is much greater, especially in the growing hole case.  

 
Table 13-25. Percentage of realisations in which the Th-232 created inside the canister 
(Th-232C), in the buffer-backfill (Th-232BB) or in the geosphere (Th-232G) produces 
more than 80 % of the Th-232 peak release rate.  

 Th-232C Th-232BB Th-232G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 91.5 2.1 -- 0.4 

Peak release rate to the biosphere 14.7 0.0 57.0 20.1 

Growing hole case     

Peak release rate from the near field 95.7 0.9 -- 0.3 

Peak release rate to the biosphere 20.4 0.0 54.7 16.0 

Higher 10% of realisations 

Hole forever case     

Peak release rate from the near field 100.0 0.0 --  

Peak release rate to the biosphere 62.6 0.0 21.3  

Growing hole case     

Peak release rate from the near field 100.0 0.0 --  

Peak release rate to the biosphere 85.3 0.0 4.7  

 

A simplified PSA has been done for the Th-232 peak release rates from the near field 
and to the biosphere in the hole forever and growing hole cases. The results are 
presented in Table 13-26 and discussed in the next sections. 

13.15.1 Peak release rate from the near field  

Both in the hole forever and the growing hole cases the parameters with the greatest 
influence on the spread of values of Th-232 peak release rate from the near field are 
those related to thorium diffusion in the buffer (Kd(Th) in buffer and 
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De(cations/neutral) in buffer), being the distribution coefficient the most important. 
This means that the diffusive transport (with sorption) of thorium through the buffer has 
an important effect on Th-232 releases from the near field. 

Th-232 peak release rate from the near field is strongly affected by the value of Da( Th) 
in buffer, that is the parameter that controls the speed of thorium diffusion through the 
buffer. This is confirmed by the relatively high RCCs/SRRCs of Da(Th) in buffer in 
Table 13-26 (0.651 in the hole forever case and 0.802 in the growing hole case) and the 
scatter plot in Figure 13-12. Due to its very long life, Th-232 decay during the 
assessment timeframe of 106a is negligible, and the effect of Da(Th) in buffer is only to 
delay the releases of Th-232 from the near field. 

 

Figure 13-12. Scatter plot of Da(Th) in buffer vs. Th-232 peak normalised release rate 
from the near field in the hole forever and growing hole cases. Only the first 3,000 
realisations are represented. 

In the hole forever case the next most important parameters are those related to the 
transport through the small hole (Small hole diameter and De in the small hole), with 
Small hole diameter having a RCC/SRRC similar to De(cations/neutral) in buffer. 
Solubility(Th) inside canister has a smaller but still significant effect, followed by near 
field equivalent flows QF and QDZ. Finally, Mass of buffer in cavity and Fuel alteration 
rate have only a small effect on the spread of values of Th-232 peak release rate from 
the near field. 

In the growing hole case there are four parameters of secondary importance (all with 
similar RCCs/SRRCs): Fuel alteration rate, near field flows QF and QDZ and 
Solubility(Th) inside canister. Length of canister failed is the seventh most important 
parameter, and is negatively correlated with Th-232 peak release rate from the near 
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field. Finally, Mass of buffer in cavity has some effect, but smaller than in the hole 
forever case. 

Solubility(Th) inside canister is an important parameter, but Mass of buffer in cavity and 
Fuel alteration rate have a significant influence on Th-232 peak release rates from the 
near field also, especially in the growing hole case. This means that in many realisations 
thorium solubility limit is not reached and Th-232 concentration inside the canister is 
controlled by the amount of UO2 matrix altered (that is mostly precipitated and 
produces Th-232 inside the canister) and the sorption of thorium on the buffer that 
penetrates into the canister. In these realisations Kd(Th) in buffer has a two-fold effect 
on Th-232 releases from the near field: reducing the thorium concentration in the water 
inside the canister and delaying transport through the buffer. 

Th-232 peak release rate from the near field is not affected by the transport parameters 
of its parents, and only thorium transport parameters have been identified as important. 
This is an expected result because in more than 90 % of the realisations Th-232 peak 
release rate from the near field is controlled by the direct transport of Th-232 created 
inside the canister (by decay of Pu-240/U-236 precipitated after being released from the 
UO2 matrix) through the buffer to the damaged rock around the deposition hole 
(component Th-232C in Table 13-25). 

The parameters that take specific values in the 10 % of realisations with highest Th-232 
peak release rate from the near field are the same that control the spread of values of 
Th-232 peak release rate from the near field, with similar relative importance.   

13.15.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameters with the greatest 
effect on the spread of values of Th-232 peak release rate to the biosphere are those 
related to diffusion in unaltered rock: De in unaltered rock, Kd(Th) in unaltered rock 
and Kd(U) in unaltered rock, with the two distribution coefficients having similar 
RCCs/SRRCs. WL/Q for DZ-path, Peclet number and WL/Q for F-path are the next 
most important parameters, and all near field parameters have RCCs/SRRCs much 
smaller than WL/Q for F-path.  

The spread of values of Th-232 peak release rates to the biosphere is controlled mainly 
by the transport through the geosphere of thorium and uranium. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the six aforementioned 
geosphere parameters is 0.672 (hole forever) or 0.696 (growing hole), a similar 
regression with all the near field parameters has an R2 equal to 0.058 (hole forever) or 
0.039 (growing hole). 

Near field parameters that have some effect on the spread of values of Th-232 peak 
release rate to the biosphere are related both to thorium and uranium transport while Th-
232 peak release rates from the near field are controlled mainly by thorium parameters 
(Solubility(Th) inside canister and Kd(Th) in buffer). The reason is that in more than 
half of the realisations the Th-232 peak release rate to the biosphere is due to the Th-232 
created in the geosphere by decay of the U-236 released from the near field (component 
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Th-232G in Table 13-25), while Th-232 released from the near field controls Th-232 
peak release rate to the biosphere in only 15 or 20 % of the realisations. 

The parameters that take specific values in the 10 % of realisations with highest Th-232 
peak release rate to the biosphere are roughly the same that control the spread of values 
of Th-232 peak release rate to the biosphere, although the relative importance is 
different. Six geosphere parameters control nearly completely the spread of values of 
Th-232 peak release rate to the biosphere, but in the highest 10 % realisations the near 
field parameters have a greater importance and Kd(U) in unaltered rock does not take 
specific values in the highest 10 % of realisations. 

Both in the hole forever and growing hole cases the highest (absolute) value of the 
modified Mann-Whitney statistics corresponds to Kd(Th) in unaltered rock (by far, the 
most influential parameter), followed by De in unaltered rock and WL/Q for DZ-path. 
There are several more parameters of smaller (and similar) importance: WL/Q for F-
path, Peclet number and several near field parameters: Small hole diameter, De in small 
hole, and Kd(Th) in buffer in the hole forever case and De(cations/neutral) in buffer and 
Kd(Th) in buffer in the growing hole case. 

Although Kd(U) in unaltered rock and Kd(Th) in unaltered rock have a similar 
influence on the spread of values Th-232 peak release rate to the biosphere, in the 10 % 
of realisations with highest Th-232 peak release rate to the biosphere Kd(U) in 
unaltered rock takes no specific values while Kd(Th) in unaltered rock takes very small 
values.  

Table 13-26 shows that the 10 % of realisations with highest values of the Th-232 peak 
release rate to the biosphere are characterised mainly by the very fast transport through 
the geosphere of thorium, and to a lesser extent, fast transport of thorium through the 
buffer (high Da(Th) in buffer).  
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Table 13-26. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Th-232 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.407 0.098   0.513 0.202   
De in the small hole 0.343 0.086   0.453 0.183   
Time to loss of hole resistance         
Length of canister failed   -0.115    -0.123  
Waste         
Fuel alteration rate 0.074  0.240  0.088 0.060 0.370 0.099 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.130  -0.081  -0.132  -0.080  
Solubility (Th) 0.271  0.196  0.432 0.098 0.418 0.081 
Solubility (U)  0.062  0.063  0.104  0.045 
Hole Buffer         
De (cations/neutral) 0.391 0.037 0.555 0.073 0.349 0.113 0.523 0.201 
Kd (Th)  -0.545 -0.023 -0.577 -0.027 -0.536 -0.180 -0.584 -0.210 
Kd (U)   -0.141  -0.097  -0.137  -0.061 
Solubility correction factor (U)    0.053     
Da(Th) in buffer 0.651 0.044 0.802 0.074 0.613 0.203 0.764 0.290 
Da(U) in buffer 0.104 0.146 0.151 0.115 0.079 0.166 0.131 0.119 
Groundwater-buffer interface         
Solubility correction factor (U)         
Tunnel backfill          
De (cations/neutral)         
Kd (U)          
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.213 0.103 0.258 0.107 0.277 0.117 0.363 0.126 
QDZ 0.175 0.070 0.207 0.071 0.216 0.118 0.235 0.110 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.195  -0.201  -0.208  -0.230 
WL/Q for DZ-path   -0.338  -0.347  -0.419  -0.422 
WL/Q for TDZ-path         
Peclet number  -0.253  -0.259  -0.206  -0.226 
Unaltered rock         
Porosity         
De   -0.433  -0.443  -0.476  -0.495 
Maximum penetration depth         
Kd (Th)  -0.366  -0.384  -0.614  -0.627 
Kd (U)  -0.366  -0.352     
R2 0.905 0.730 0.866 0.734 -- -- -- -- 
Threshold of significance 0.033 0.025 0.027 0.027 0.067 0.054 0.065 0.058 
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13.16 Results for U-233 

U-233 (T1/2=1.59·105a) is a long lived actinide with a very small initial inventory (0.02g 
per canister). U-233 is produced in the repository by the decay chain Cm-245→Pu-
241→Np-237→U-233 (Figure 3-5).  

Table 13-27 shows that in nearly all the realisations U-233 peak release rate from the 
near field is produced mainly by the U-233 created in the buffer-backfill (U-233BB). In 
all the realisations the U-233 present inside the canister (U-233C) has a very small effect 
on U-233 peak release rate from the near field. The mass flow of U-233 entering the 
buffer is very small due to its much smaller abundance compared with other uranium 
isotopes with which must share the solubility limit of uranium inside the canister: e.g., 
after 105 years, the mass of U-233 is only 0.01 % the mass of U-238 (Figure 13-2). As a 
consequence, the great majority of the U-233 released from the near field is created in 
the buffer-backfill by decay of Np-237. 

Table 13-27 shows that  U-233 peak release rate to the biosphere is controlled by the U-
233 created in the buffer-backfill (U-233BB) in about 55 % of the realisations, and by the 
U-233 created in the geosphere (U-233G) in roughly 20 % of the realisations. The 
contribution of the U-233 present inside the canister (U-233C) is negligible.  In the great 
majority of the highest 10 % of realisations, U-233 peak release rate to the biosphere is 
caused by the U-233 produced by decay of Np-237 in the buffer-backfill (U-233BB).   

 
Table 13-27. Percentage of realisations in which the U-233 present inside the canister 
(U-233C), created in the buffer-backfill (U-233BB) or created in the geosphere (U-233G) 
produce more than 80 % of the U-233 peak release rate.  

 U-233C U-233BB U-233G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 0.0 99.3 -- 0.4 

Peak release rate to the biosphere 0.0 56.4 18.0 16.0 

Growing hole case     

Peak release rate from the near field 0.0 99.7 -- 0.3 

Peak release rate to the biosphere 0.0 54.7 21.1 12.4 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 0.0 99.9 --  

Peak release rate to the biosphere 0.0 95.3 0.6  

Growing hole case     

Peak release rate from the near field 0.0 100.0 --  

Peak release rate to the biosphere 0.0 88.1 0.6  

 

A simplified PSA has been done for the U-233 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-28. 
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13.16.1 Peak release rate from the near field  

In the hole forever case the parameter with the greatest influence on the spread of values 
of U-233 peak release rate from the near field is, by far, Kd(U) in buffer, followed by 
the parameters that control the transport through the small hole (Small hole diameter 
and De in the small hole). Solubility(Np) inside canister and near field equivalent flows 
QF and QDZ have a smaller, but still important, effect on the spread of values of U-233 
peak release rate from the near field. Finally, De(cations/neutral) in buffer has only a 
small RCC/SRRC. 

In the growing hole case the parameter with the greatest influence on the spread of 
values of U-233 peak release rate from the near field is, by far, Kd(U) in buffer. 
Solubility(Np) inside canister, De(cations/neutral) in buffer, QF and QDZ, are the next 
most important parameters. There are several additional parameters with only a small 
effect on the spread of values of U-233 peak release rate from the near field: 
Solubility(U) inside canister, Solubility(Pu) inside canister, Kd(Np) in buffer and 
Solubility correction factor(U) in the groundwater-buffer interface.  

Uranium solubility in the buffer, groundwater-buffer interface and backfill is the 
product of Solubility(U) inside canister times the corresponding Solubility correction 
factor(U). Solubility(U) in groundwater-buffer interface has an RCC/SRRC of 0.100 
(not shown in Table 13-28), higher than the RCC/SRRC of Solubility(U) inside 
canister. By the contrary, the solubility of uranium at the two other near field locations 
has RCCs/SRRCs smaller than Solubility(U) inside canister. This means that what 
really has some effect on the peak release rate is uranium solubility in the groundwater-
buffer interface, because a drop of uranium solubility at that location can produce the 
precipitation of U-233 and the rest of uranium isotopes, reducing the concentration in 
the water leaving the near field (equivalent flows QF and QDZ), and hence the releases of 
U-233 from the near field. 

Uranium solubility in the buffer has an important effect on the peak release rate from 
the near field of U-233 created inside the canister (U-233C), but it has no effect on the 
peak release rate from the near field of U-233 created in the buffer-backfill (U-233BB), 
that is the contribution that controls U-233 peak release rate from the near field in all the 
realisations (Table 13-27).  

In the hole forever case Solubility correction factors(U) are not important, because 
transport through the small hole ensures a great difference of uranium concentrations (a 
factor 100 or more) between canister interior and buffer, and hence the lower solubility 
limits in the buffer or the groundwater-buffer interface are not reached, even taking into 
account the production of uranium isotopes in the buffer by decay of their parents. For 
U-233 peak release rate from the near field Solubility(U) inside canister is not important 
either, because it has no effect on the U-233 created in the buffer-backfill (U-233BB), 
that is the contribution that controls U-233 peak release rate from the near field in all the 
realisations (Table 13-27). 

Table 13-27 shows that U-233 peak release rate from the near field is nearly completely 
controlled by the U-233 created in the buffer by decay of Np-237 (component U-233BB 
in Table 13-27). Since transport of Np-237 is solubility controlled in most realisations 
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(section 13.5), the mass flow of Np-237 that enters the buffer (where decays to U-233) 
is proportional to Solubility (Np) inside canister, which explains the high RCCs/SRRCs 
of this parameter with U-233 peak release rate from the near field. 

It must be noted that Kd(Np) in buffer has a negligible (hole forever case) or very small 
(growing hole case) effect on the spread of values of U-233 peak release rate from the 
near field. Although the Np-237 that enters into the buffer controls the U-233 peak 
release rate from the near field, how deep the neptunium has penetrated into the buffer 
when decays to U-233 (that is controlled mainly by Kd(Np) in buffer) has a very small 
effect.  

The parameters that take specific values in the 10 % of realisations with highest U-233 
peak release rate from the near field are the same that control the spread of values of U-
233 peak release rate from the near field, with similar rankings of importance.  

13.16.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of U-233 peak release rate to the biosphere is, by far, 
Kd(U) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect, with RCCs/SRRCs greater than 
Kd(U) in buffer, that is the most influential near field parameter. Finally, Kd(Np) in 
unaltered rock is the only other geosphere parameter with a small effect on the spread 
of values of U-233 peak release rate to the biosphere.  

The spread of values of U-233 peak release rate to the biosphere is controlled nearly 
completely by the transport of uranium through the geosphere. The near field 
parameters that control U-233 peak release rates from the near field (section 13.16.1) 
have only a small effect. While the coefficient of determination (R2) of a multiple linear 
regression in ranks with the six relevant geosphere parameters is 0.781 (hole forever 
case) or 0.803 (growing hole case), a similar regression with only near field parameters 
has an R2 equal to 0.046 (hole forever case) or 0.035 (growing hole case). 

Obviously, U-233 peak release rate to the biosphere due to the U-233 created in the 
buffer-backfill (U-233BB in Table 13-27) is affected only by uranium transport through 
the geosphere: the RCCs/SRRCs of Kd(U) in unaltered rock are around -0.760 in the 
hole forever and growing hole cases. U-233 peak release rate to the biosphere due to the 
U-233 created in the geosphere (U-233G in Table 13-27) is affected both by thorium and 
uranium transport through the geosphere: the RCCs/SRRCs of Kd(Th) and Kd(U) in 
unaltered rock are around -0.157 and -0.760, respectively, in the hole forever and 
growing hole cases. This explains the very small effect of Kd(Th) in unaltered rock on 
the spread of values U-233 peak release rate to the biosphere. 

It has been found that Kd(Np) in unaltered rock has a very small influence on the spread 
of values of U-233 peak release rate to the biosphere. Although the mass flow of Np-
237 that enters into the geosphere has an important effect on the U-233 peak release rate 
to the biosphere, how far has migrated through the geosphere neptunium when decays 
to U-233 (that is controlled mainly by Kd(Np) in unaltered rock) has little effect. 
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In general, the parameters that take specific values in the 10 % of realisations with 
highest U-233 peak release rate to the biosphere are roughly the same parameters that 
control the spread of values of U-233 peak release rate to the biosphere, although their 
relative importance change significantly. The only exception is Solubility(Np) inside 
canister, that has a very small or negligible effect on the spread of values of U-233 peak 
release rate to the biosphere but takes high values in the highest 10 % of realisations. 

While geosphere parameters control nearly completely the spread of values of U-233 
peak release rate to the biosphere, in the highest 10 % of realisations near field 
parameters have a much greater effect: the highest (absolute) value of the modified 
Mann-Whitney statistics corresponds to Kd(U) in unaltered rock while the next most 
important parameter is Kd(U) in buffer, followed by a mix of geosphere and near field 
parameters.   

Table 13-28 shows that the 10 % of realisations with the highest U-233 peak release rate 
to the biosphere are characterised by the fast transport of uranium in the geosphere, low 
Kd(U) in buffer, high Solubility(Np) inside canister and, only in the hole forever case, 
high values of  Small hole diameter and De in the small hole.  
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Table 13-28. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for U-233 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.429 0.080   0.528 0.322   
De in the small hole 0.364 0.080   0.497 0.271   
Time to loss of hole resistance         
Length of canister failed   0.046    0.076 0.048 
Waste         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Np) 0.226  0.328 0.034 0.309 0.147 0.455 0.216 
Solubility (Pu)   -0.064    -0.053  
Solubility (U)   0.080    0.178 0.036 
Hole Buffer         
De (cations/neutral) 0.055 0.038 0.261 0.073   0.266 0.176 
Kd (Np) in buffer  -0.038 -0.058 -0.047   -0.049 -0.071 
Kd (U) in buffer -0.669 -0.130 -0.652 -0.101 -0.664 -0.450 -0.626 -0.378 
Solubility correction factor (U)         
Da(Np) in buffer 0.055 0.056 0.234 0.088 0.005 0.046 0.236 0.185 
Da(U) in buffer 0.654 0.135 0.702 0.117 0.640 0.441 0.676 0.417 
Groundwater-buffer interface         
Solubility correction factor (U)   0.066    0.138  
Tunnel backfill          
De (cations/neutral)      -0.045 -0.040  
Kd (U) in backfill         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.214 0.091 0.336 0.102 0.246 0.124 0.473 0.209 
QDZ 0.187 0.072 0.273 0.078 0.212 0.131 0.302 0.182 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.163  -0.166  -0.181  -0.170 
WL/Q for DZ-path   -0.277  -0.285  -0.250  -0.292 
WL/Q for TDZ-path         
Peclet number  -0.203  -0.200  -0.076  -0.060 
Unaltered rock         
Porosity         
De   -0.360  -0.367  -0.292  -0.327 
Maximum penetration depth      -0.070  -0.071 
Kd (Np)  -0.061  -0.067     
Kd (U)  -0.709  -0.718  -0.708  -0.749 
R2 0.899 0.827 0.809 0.839 -- -- -- -- 
Threshold of significance 0.035 0.027 0.028 0.027 0.058 0.059 0.052 0.053 
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13.17 Results for U-234  

U-234 (T1/2=2.46·105a) is a long lived actinide with a small initial inventory (481g per 
canister). U-234 is produced in the repository by the decay chains Pu-238→U-234 and 
Cm-246→Pu-242→U-238→U-234 (Figure 3-5). 

Table 13-29 shows that in the majority of the realisations U-234 peak release rate from 
the near field is produced by the U-234 present inside the canister (U-234C) while the 
U-234 created in the buffer-backfill (U-234BB) controls the U-234 peak release rate 
from the near field only a few realisations. The U-234 present inside the canister (U-
234C) controls the U-234 peak release rate from the near field is practically all the 
realisations in the highest 10 %.  

Table 13-29 shows that only in a small percentage of realisations U-234 peak release 
rate to the biosphere is controlled by the U-234 present inside the canister (U-234C) or  
created in the geosphere (U-234G). In more than half of the realisations both U-234C and 
U-234G provide a significant contribution to U-234 peak release rate to the biosphere. In 
the majority of the highest 10 % of realisations, U-234 peak release rate to the biosphere 
is controlled by the U-234 present inside the canister (U-234C), while U-234BB and U-
234G control no realisations.  

 
Table 13-29. Percentage of realisations in which the U-234 present inside the canister 
(U-234C), created in the buffer-backfill (U-234BB) or created in the geosphere (U-234G) 
produces more than 80 % of the U-234 peak release rate.  

 U-234C U-234BB U-234G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     

Peak release rate from the near field 77.4 0.5 -- 0.4 

Peak release rate to the biosphere 11.7 0.0 14.7 15.6 

Growing hole case     

Peak release rate from the near field 79.3 3.1  0.3 

Peak release rate to the biosphere 13.5 0.0 18.5 12.4 

Highest 10% of realisations 

Hole forever case     

Peak release rate from the near field 99.2 0.0 0.0  

Peak release rate to the biosphere 62.8 0.0 0.0  

Growing hole case     

Peak release rate from the near field 100.0 0.0 0.0  

Peak release rate to the biosphere 75.8 0.0 0.0  

 

A simplified PSA has been done for the U-234 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-30. 
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13.17.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of U-234 peak release rate from the near field is, by far, Kd(U) in buffer, followed by 
the parameters that control the transport through the small hole (Small hole diameter 
and De in the small hole) and Solubility(U) inside canister (the three with similar 
RCCs/SRRCs). Near field equivalent flows QF and QDZ have a smaller, but still 
significant, effect on the spread of values of U-234 peak release rate from the near field. 

In the growing hole case the parameter with the greatest influence on the spread of 
values of U-234 peak release rate from the near field is, by far, Kd(U) in buffer. 
Solubility(U) inside canister and Solubility correction factor (U) in buffer are the next 
most important parameters. There are three parameters of secondary importance: QF, 
QDZ, and De(cations/neutral) in buffer.  

Uranium solubility in the buffer is the product of Solubility(U) inside canister and 
Solubility correction factor (U) in buffer and its RCC/SRRC is 0.611 (not shown in 
Table 13-32), much higher than the RCC/SRRC of Solubility(U) inside canister. This 
means that what really controls the peak release rate is uranium solubility in the buffer, 
because it is smaller than inside the canister. By the contrary, Solubility correction 
factors (U) in groundwater-buffer interface and backfill have no statistically significant 
effects. 

It must be noted that in the hole forever case only Solubility(U) inside canister is 
important, because transport through the small hole ensures a great difference of 
concentrations (a factor 100 or more) between canister interior and buffer, and hence the 
lower solubility limit in the buffer is not reached. 

The parameters that take specific values in the 10% of realisations with highest U-234 
peak release rate from the near field are the same that control the spread of values of U-
234 peak release rate from the near field, with similar rankings of importance.  

13.17.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of U-234 peak release rate to the biosphere is, by far, 
Kd(U) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect, with an RCC/SRRC similar to 
Kd(U) in buffer, that is the most influential near field parameter. Finally, Kd(Pu) in 
unaltered rock is the only other geosphere parameter with some effect on the spread of 
values of U-234 peak release rate to the biosphere.  

The spread of values of U-234 peak release rate to the biosphere is controlled nearly 
completely by the transport of uranium through the geosphere. The near field 
parameters that control U-234 peak release rates from the near field (section 13.17.1) 
have only a small effect. While the coefficient of determination (R2) of a multiple linear 
regression in ranks with the geosphere parameters is 0.752 (hole forever case) or 0.770 
(growing hole case), a similar regression with only near field parameters has an R2 
equal to 0.062 (hole forever case) or 0.051 (growing hole case). 
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Due to its short life (T1/2=87.7a), Pu-238 releases from the near field are extremely 
small in all the realisations (Table 5-1 and Table 5-2). Additionally, even in the 
realisations with the fastest plutonium transport in the geosphere, Pu-238 disintegrates 
nearly completely in the first few meters of geosphere and the transport of the U-234 is 
controlled by uranium transport parameters in the geosphere. Hence, the small effect of 
Kd(Pu) in unaltered rock on U-234 peak release rate to the biosphere can only be 
produced by the chain Pu-242→U-238→U-234.  

Kd(Pu) in unaltered rock has some effect on U-234 peak release rate to the biosphere, 
because in some realisations Kd(Pu) in unaltered rock is much smaller than Kd(U) in 
unaltered rock (because the CDFs in Figure 3-15 are sampled independently) and Pu-
242 moves through the geosphere much faster than U-238/U-234. In these realisations 
U-234 peak release rate to the biosphere is due to the U-238 first, and U-234 later, 
produced by decay of Pu-242 near the geosphere-biosphere interface.  

The parameters that take specific values in the 10 % of realisations with highest U-234 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of U-234 peak release rate to the biosphere, although their relative 
importance change significantly. While geosphere parameters control nearly completely 
the spread of values of U-234 peak release rate to the biosphere, in the highest 10 % of 
realisations near field parameters have a much greater effect: the highest (absolute) 
value of the modified Mann-Whitney statistics corresponds to Kd(U) in unaltered rock, 
but the three next most important parameters are near field parameters.   

Table 13-30 shows that the 10 % of realisations with highest values of the U-234 peak 
release rate to the biosphere are characterised by having a fast transport of uranium 
through the geosphere, little sorption of uranium on buffer, as well as high Solubility(U) 
inside canister (hole forever case) or Solubility(U) in buffer (growing hole case). The 
previously mentioned realisations with fast transport of plutonium and slow transport of 
uranium in the geosphere are not among the highest 10 % of realisations, and hence 
plutonium parameters do not take specific values in the 10 % realisations with highest 
values of U-234 peak release rate to the biosphere. 
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Table 13-30. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for U-234 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.402 0.086   0.498 0.338   
De in the small hole 0.353 0.092   0.459 0.297   
Time to loss of hole resistance         
Length of canister failed   0.053    0.066  
Waste         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (U) 0.359 0.075 0.471 0.086 0.498 0.284 0.626 0.354 
Hole Buffer         
De (cations/neutral) 0.029 0.026 0.206 0.061   0.219 0.120 
Kd (U) in buffer -0.630 -0.161 -0.584 -0.130 -0.623 -0.445 -0.568 -0.394 
Solubility correction factor (U)   0.389 0.084   0.491 0.310 
Da(U) in buffer 0.608 0.161 0.619 0.142 0.594 0.432 0.606 0.418 
Groundwater-buffer interface         
Solubility correction factor (U)         
Tunnel backfill          
De (cations/neutral) -0.031 -0.022 -0.024  -0.058 -0.051 -0.077  
Kd (U) in backfill         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.205 0.088 0.264 0.099 0.253 0.131 0.339 0.181 
QDZ 0.177 0.076 0.206 0.080 0.178 0.133 0.218 0.158 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.147  -0.150  -0.155  -0.172 
WL/Q for DZ-path   -0.257  -0.263  -0.224  -0.256 
WL/Q for TDZ-path         
Peclet number  -0.189  -0.182  -0.063  -0.069 
Unaltered rock         
Porosity         
De   -0.331  -0.337  -0.260  -0.281 
Maximum penetration depth      -0.065  -0.061 
Kd (Pu)  -0.070  -0.078     
Kd (U)  -0.717  -0.725  -0.668  -0.694 
R2 0.887 0.814 0.872 0.821 -- -- -- -- 
Threshold of significance 0.029 0.023 0.026 0.024 0.044 0.069 0.050 0.057 
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13.18 Results for U-235 

U-235 (T1/2=7.04·108a) is a very long lived actinide with a great initial inventory 
(20.4kg per canister). U-235 is produced in the repository by the decay chain Am-
243→Pu-239→U-235 (Figure 3-5). 

Table 13-31 shows that in one third of the realisations the U-235 peak release rate from 
the near field is controlled by the U-235 present inside the canister (U-235C) and in 
other third of realisations is controlled by the U-235 created by decay of Pu-239 in the 
buffer-backfill (U-235BB). In the highest 10 % of realisations the percentage of 
realisations controlled by U-235BB is greater, especially in the hole forever case. 

Table 13-31  shows that each of the three contributions considered (U-235C, U-235BB 
and the U-235 created in the geosphere (U-235G)) controls the U-235 peak release rate 
to the biosphere in a significant percentage of realisations (from 13 % to 24 %). In the 
highest 10 % of realisations the U-235 peak release rate to the biosphere is caused by U-
235C or U-235BB, with both contributions controlling between 30 % and 40 % of the 
realisations. It is noteworthy that the realisations in which U-235 peak release rate to the 
biosphere is controlled by the U-235 created in the geosphere (U-235G) are not among 
the 10 % of realisations with highest U-235 peak release rate to the biosphere.   

 
Table 13-31. Percentage of realisations in which the U-235 present inside the canister 
(U-235C), created in the buffer-backfill (U-235BB) or created in the geosphere (U-235G) 
produce more than 80 % of the U-235 peak release rate.  

 U-235C U-235BB U-235G 
Percentage of 

null realisations 
100% of realisations 

Hole forever case     
Peak release rate from the near field 37.6 35.3 -- 0.4 
Peak release rate to the biosphere 16.5 23.7 13.0 16.4 
Growing hole case     
Peak release rate from the near field 33.0 37.5 -- 0.3 
Peak release rate to the biosphere 17.0 23.1 14.8 12.7 

Highest 10% of realisations 
Hole forever case     
Peak release rate from the near field 28.1 63.2 --  
Peak release rate to the biosphere 32.6 43.3 0.0  
Growing hole case     
Peak release rate from the near field 35.2 45.6 --  
Peak release rate to the biosphere 42.2 32.7 0.0  

 

A simplified PSA has been done for the U-235 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-32. 
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13.18.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of U-235 peak release rate from the near field is, by far, Kd(U) in buffer, followed by 
the parameters that control the transport through the small hole (Small hole diameter 
and De in the small hole). There are five parameters of secondary importance: Mass of 
buffer in cavity, Solubility(U) inside canister, QF, QDZ and Fuel alteration rate. 
Solubility (Pu) inside canister and Kd(Am) in buffer have a smaller effect on the spread 
of values of U-235 peak release rate from the near field. 

In the growing hole case the parameter with the greatest influence on the spread of 
values of U-235 peak release rate from the near field is, by far, Kd(U) in buffer, 
followed by six parameters of similar importance: Solubility(U) inside canister, 
Solubility correction factor (U) in buffer, QF, QDZ, Solubility(Pu) inside canister and 
De(cations/neutral) in buffer. Time to loss of hole resistance, Fuel alteration rate, Mass 
of buffer in cavity and Kd(Am) in buffer have a smaller effect on the spread of values of 
U-235 peak release rate from the near field. 

Solubility(U) inside canister and Solubility correction factor (U) in buffer are important 
parameters. Uranium solubility in the buffer is the product of these two parameters and 
its RCC/SRRC is 0.409 (not shown in Table 13-32), much higher than the RCC/SRRC 
of Solubility(U) inside canister. This means that what really controls the peak release 
rate is uranium solubility in the buffer, because it is smaller than inside the canister. By 
the contrary, Solubility correction factors (U) in groundwater-buffer interface and 
backfill have negligible effects. 

In the hole forever case only Solubility(U) inside canister is important, because 
transport through the small hole ensures a great difference of concentrations (a factor 
100 or more) between canister interior and buffer, and hence the lower solubility limit 
in the buffer is not reached. 

Table 13-31  shows that U-235 peak release rate from the near field is controlled by the 
U-235C and by the U-235BB in other third of the realisations. Since uranium transport 
from the canister to the buffer is solubility controlled, Solubility (U) inside canister (and 
Solubility correction factor (U) in buffer in the growing hole case) is an important 
parameter in the realisations controlled by U-235C, but have no influence in the 
realisations controlled by U-235BB. Mass of buffer in cavity, Fuel alteration rate and 
Solubility(Pu) inside canister  were identified as important parameters for Pu-239 peak 
release rate from the near field (13.8.1), and hence have a significant effect in the 
realisations in which U-235 peak release rate from the near field is controlled by the U-
235 produced in the buffer-backfill by decay of Pu-239 (U-235BB).  

The parameters that take specific values in the 10 % of realisations with highest U-235 
peak release rate from the near field are the same that control the spread of values of U-
235 peak release rate from the near field, with similar rankings of importance.  
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13.18.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of U-235 peak release rate to the biosphere is, by far, 
Kd(U) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect, with a RCC/SRRC similar to 
Kd(U) in buffer, that is the most influential near field parameter. The only two other 
geosphere parameters with a small effect on the spread of values of U-235 peak release 
rate to the biosphere are Kd(Am) in unaltered rock and Kd(Pu) in unaltered rock.  

The spread of values of U-235 peak release rate to the biosphere is controlled nearly 
completely by the transport of uranium through the geosphere. The coefficient of 
determination (R2) of a multiple linear regression in ranks with the seven relevant 
geosphere parameters is 0.749 (hole forever case) or 0.780 (growing hole case), while a 
similar regression with only near field parameters has an R2 equal to 0.063 (hole forever 
case) or 0.047 (growing hole case). 

The parameters that take specific values in the 10 % of realisations with highest U-235 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of U-235 peak release rate to the biosphere, although their relative 
importance change significantly. 

While geosphere parameters nearly completely control the spread of values of U-235 
peak release rate to the biosphere, in the highest 10 % of realisations near field 
parameters have a much greater effect. Kd(U) in unaltered rock is the parameter with 
the highest (absolute) value of the modified Mann-Whitney statistic, but Kd(U) in buffer 
is the second parameter in importance, and there are other near field parameters whose 
importance is greater (Small hole diameter and De in the small hole in the hole forever 
case) or similar (Solubility(U) inside canister and Solubility correction factor (U) in 
buffer in the growing hole case) to the second most important geosphere parameter: De 
in unaltered rock.  

Table 13-32 shows that the 10 % of realisations with the highest U-235 peak release rate 
to the biosphere are characterised by the very fast transport of uranium in the geosphere, 
low values of Kd(U) in buffer, high values of Small hole diameter and De in the small 
hole in the hole forever case and high Solubility(U) in buffer in the growing hole case. 
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Table 13-32. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for U-235 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.429 0.090   0.487 0.357   
De in the small hole 0.375 0.096   0.461 0.322   
Time to loss of hole resistance   -0.075 -0.024   -0.076 -0.052 
Length of canister failed         
Waste         
Fuel alteration rate 0.129 0.032 0.096  0.228 0.122 0.115 0.067 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.208 -0.058 -0.082  -0.338 -0.194 -0.089 -0.053 
Solubility (Pu) 0.071  0.223 0.034 0.082  0.325 0.162 
Solubility (U) 0.199 0.036 0.297 0.046 0.201 0.142 0.412 0.229 
Hole Buffer         
De (cations/neutral)  0.027 0.214 0.063   0.227 0.131 
Kd (Am) in buffer -0.098 -0.033 -0.047  -0.172 -0.092 -0.057  
Kd (U) in buffer -0.574 -0.155 -0.589 -0.132 -0.574 -0.421 -0.538 -0.394 
Solubility correction factor (U)   0.285 0.060   0.360 0.251 
Da(Am) in buffer 0.086 0.043 0.164 0.051 0.120 0.066 0.176 0.106 
Da(U) in buffer 0.551 0.156 0.626 0.144 0.543 0.400 0.580 0.420 
Groundwater-buffer interface         
Solubility correction factor (U)       0.077  
Tunnel backfill          
De (cations/neutral) -0.033 -0.022 -0.027  -0.052 -0.064 -0.054 -0.056 
Kd (U) in backfill         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.211 0.090 0.323 0.104 0.249 0.143 0.418 0.220 
QDZ 0.182 0.074 0.254 0.083 0.173 0.127 0.258 0.202 
QTDF / qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.145  -0.152  -0.150  -0.168 
WL/Q for DZ-path   -0.254  -0.262  -0.194  -0.230 
WL/Q for TDZ-path         
Peclet number  -0.189  -0.183  -0.064  -0.052 
Unaltered rock         
Porosity         
De   -0.329  -0.333  -0.236  -0.265 
Maximum penetration depth      -0.093  -0.077 
Kd (Am)  -0.028  -0.035     
Kd (Pu)  -0.047  -0.050     
Kd (U)  -0.719  -0.735  -0.659  -0.710 
R2 0.847 0.812 0.805 0.827 -- -- -- -- 
Threshold of significance 0.030 0.027 0.028 0.023 0.051 0.046 0.052 0.049 



 

 

456

13.19 Results for U-236 

U-236 (T1/2=2.14·106 a) is a long lived actinide. In addition to its initial inventory in the 
spent fuel (11.19 kg per canister), U-236 is produced by the decay chain Pu-240→U-
236 (Figure 3-5). The initial mass of Pu-240 in the spent fuel is 6.95 kg per canister.  

A simplified PSA has been done for the U-236 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-33. 

13.19.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of U-236 peak release rate from the near field is, by far, Kd(U) in buffer, followed by 
the parameters that control the transport through the small hole (Small hole diameter 
and De in the small hole) and Solubility(U) inside canister (the three with similar 
RCCs/SRRCs). Near field equivalent flows QF and QDZ have a smaller, but still 
significant, effect on the spread of values of U-236 peak release rate from the near field. 

In the growing hole case Solubility(U) inside canister is the parameter with the greatest 
influence on the spread of values of U-236 peak release rate from the near field, with 
Solubility correction factor (U) in buffer being very important also. Uranium solubility 
in the buffer is the product of these two parameters and its RCC/SRRC is 0.662 (not 
shown in Table 13-33), significantly higher than the RCC/SRRC of Solubility(U) inside 
canister. This means that what really controls the peak release rate is uranium solubility 
in the buffer, because it is smaller than inside the canister. By the contrary, Solubility 
correction factors (U) in groundwater-buffer interface and backfill have no effect. 

It must be noted that in the hole forever case only Solubility(U) inside canister is 
important, because transport through the small hole ensures a great difference of 
concentrations (a factor 100 or more) between canister interior and buffer, and hence the 
lower solubility limit in the buffer is not reached. 

In the growing hole case, in addition to the parameters related to uranium solubility at 
different near field locations, Kd(U) in buffer is the next most important parameter, 
followed by near field equivalent flows QF and QDZ and De(cations/neutral) in buffer. 
Solubility(Pu) inside canister has only a very small effect. 

The parameters that take specific values in the 10 % of realisations with highest U-236 
peak release rate from the near field are the same that control the spread of values of U-
236 peak release rate from the near field, with similar rankings of importance.  

13.19.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
influence on the spread of values of U-236 peak release rates to the biosphere is, by far, 
Kd(U) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect, with a RCC/SRRC similar to 
Kd(U) in buffer, that is the most influential near field parameter.  
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The spread of values of U-236 peak release rate to the biosphere is controlled nearly 
completely by the transport of uranium through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the relevant geosphere 
parameters is 0.763 (hole forever case) or 0.786 (growing hole case), a similar 
regression with only near field parameters has an R2 equal to 0.060 (hole forever case) 
or 0.051 (growing hole case). 

The parameters that take specific values in the 10% of realisations with highest U-236 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of U-236 peak release rate to the biosphere, although their relative 
importance change significantly. 

While geosphere parameters control nearly completely the spread of values of U-236 
peak release rate to the biosphere, in the highest 10 % of realisations near field 
parameters have a much greater effect: the highest (absolute) value of the modified 
Mann-Whitney statistics corresponds to Kd(U) in unaltered rock, but the three next 
most important parameters are near field parameters. 

Table 13-33 shows that the 10 % of realisations with highest values of the U-236 peak 
release rate to the biosphere are characterised by having very fast transport of uranium 
through the geosphere, fast transport of uranium through the buffer and high 
Solubility(U) inside canister (hole forever case) or Solubility(U) in buffer (growing hole 
case).     

13.19.3 Comments 

Only parameters related to uranium transport in the near field and the geosphere have 
influence on U-236 peak release rates from the near field and to the biosphere, with the 
exception of Solubility (Pu) inside canister, that has a very small effect on the spread of 
values of U-236 peak release rate from the near field in the growing hole case.  

Although decay chains Pu-240→U-236 and Cm-246→Pu-242→U-238 are similar, the 
effect of plutonium related parameters on U-236 peak release rates is much smaller than 
their effect on U-238 peak release rates. This is a consequence of the much shorter lifer 
of Pu-240 compared with Pu-242 (6.56·103a vs. 3.75·105a).  
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Table 13-33. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for U-236 peak release rates from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.436 0.083   0.542 0.362   
De in the small hole 0.380 0.089   0.495 0.306   
Time to loss of hole resistance   -0.031      
Length of canister failed   0.052    0.052  
Waste         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Pu)   0.030      
Solubility (U) 0.369 0.074 0.510 0.090 0.517 0.282 0.680 0.381 
Hole Buffer         
De (cations/neutral)   0.189 0.055   0.201 0.119 
Kd (U) in buffer -0.556 -0.160 -0.463 -0.128 -0.510 -0.423 -0.385 -0.349 
Solubility correction factor (U)   0.419 0.087   0.503 0.346 
Da(U) in buffer 0.533 0.159 0.497 0.138 0.479 0.411 0.426 0.374 
Groundwater-buffer interface         
Solubility correction factor (U)       0.091  
Tunnel backfill          
De (cations/neutral) -0.048  -0.032  -0.081 -0.064 -0.064  
Kd (U) in backfill         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.214 0.087 0.297 0.098 0.273 0.134 0.371 0.198 
QDZ 0.185 0.073 0.232 0.078 0.170 0.139 0.245 0.182 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.143  -0.147  -0.154  -0.159 
WL/Q for DZ-path   -0.246  -0.252  -0.216  -0.234 
WL/Q for TDZ-path         
Peclet number  -0.194  -0.189  -0.063  -0.061 
Unaltered rock         
Porosity         
De   -0.321  -0.326  -0.251  -0.259 
Maximum penetration depth      -0.061  -0.061 
Kd (U)  -0.736  -0.747  -0.664  -0.684 
R2 0.862 0.823 0.834 0.837 -- -- -- -- 
Threshold of significance 0.028 0.024 0.027 0.022 0.054 0.061 0.057 0.053 
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13.20 Results for U-238 

U-238 (T1/2=4.47·109a) is a very long lived actinide, with a very great initial inventory 
(1.84· 106 kg per canister). Small additional amounts of U-238 are produced in the 
repository by the decay chain Cm-246→Pu-242→U-238 (Figure 3-5). 

A simplified PSA has been done for the U-238 peak release rates from the near field and 
to the biosphere in the hole forever and growing hole cases. The results are presented in 
Table 13-34. 

13.20.1 Peak release rate from the near field 

In the hole forever case the parameter with the greatest influence on the spread of values 
of U-238 peak release rate from the near field is, by far, Kd(U) in buffer, followed by 
the parameters that control the transport through the small hole (Small hole diameter 
and De in the small hole) and Solubility(U) inside canister (the three with similar 
RCCs/SRRCs). Near field equivalent flows QF and QDZ have a smaller, but still 
significant, effect on the spread of values of U-238 peak release rate from the near field. 

In the growing hole case Solubility(U) inside canister is the parameter with the greatest 
influence on the spread of values of U-238 peak release rate from the near, with 
Solubility correction factor (U) in buffer being very important also. Uranium solubility 
in the buffer is the product of these two parameters and its RCC/SRRC is 0.650 (not 
shown in Table 13-34), much greater than the RCC/SRRC of Solubility(U) inside 
canister. This means that what really controls the peak release rate is uranium solubility 
in the buffer, because it is smaller than inside the canister. By the contrary, Solubility 
correction factors (U) in groundwater-buffer interface and backfill have negligible 
effects. 

It must be noted that in the hole forever case only Solubility(U) inside canister is 
important, because transport through the small hole ensures a great difference of 
concentrations (a factor 100 or more) between canister interior and buffer, and hence the 
lower solubility limit in the buffer is not reached. 

In the growing hole case, in addition to the parameters related to uranium solubility at 
different near field locations, Kd(U) in buffer is the next most important parameter, 
followed by near field equivalent flows QF and QDZ and De(cations/neutral) in buffer. 
Solubility(Pu) inside canister has only a very small effect. 

The parameters that take specific values in the 10% of realisations with highest U-238 
peak release rate from the near field are the same that control the spread of values of U-
238 peak release rate from the near field, with similar rankings of importance.  

13.20.2 Peak release rate to the biosphere 

Both in the hole forever and the growing hole cases the parameter with the greatest 
effect on the spread of values of U-238 peak release rate to the biosphere is, by far, 
Kd(U) in unaltered rock, followed by De in unaltered rock, WL/Q for DZ-path and 
Peclet number. WL/Q for F-path has a smaller effect, with a RCC/SRRC similar to 
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Kd(U) in buffer, that is the most influential near field parameter. Finally, Kd(Pu) in 
unaltered rock has only a small effect.  

The spread of values of U-238 peak release rate to the biosphere is controlled nearly 
completely by the transport of uranium through the geosphere. While the coefficient of 
determination (R2) of a multiple linear regression in ranks with the relevant geosphere 
parameters is 0.749 (hole forever case) or 0.766 (growing hole case), a similar 
regression with only near field parameters has a R2 equal to 0.060 (hole forever case) or 
0.050 (growing hole case). 

Kd(Pu) in unaltered rock has some effect on U-238 peak release rate to the biosphere, 
because in some realisations Kd(Pu) in unaltered rock is much smaller than Kd(U) in 
unaltered rock (both parameters are sampled independently for the CDFs in Figure 
3-15), and Pu-242 moves through the geosphere much faster than U-238. In these 
realisations U-238 peak release rate to the biosphere is produced by the U-238 created 
by decay of Pu-242 near the geosphere-biosphere interface. 

The parameters that take specific values in the 10 % of realisations with highest U-238 
peak release rate to the biosphere are roughly the same parameters that control the 
spread of values of U-238 peak release rate to the biosphere, although their relative 
importance change significantly. 

While geosphere parameters control near completely the spread of values of U-238 peak 
release rate to the biosphere, in the highest 10 % of realisations near field parameters 
have a much greater effect: the highest (absolute) value of the modified Mann-Whitney 
statistics corresponds to Kd(U) in unaltered rock, but the three next most important 
parameters are near field parameters.   

Table 13-34 shows that the 10 % of realisations with highest values of the U-238 peak 
release rate to the biosphere are characterised by having very fast transport of uranium 
through the geosphere, fast transport of uranium through the buffer and high 
Solubility(U) inside canister (hole forever case) or Solubility(U) in buffer (growing hole 
case). The previously mentioned realisations with fast transport of plutonium and slow 
transport of uranium in the geosphere are not among the highest 10 % of realisations, 
and hence Kd(Pu) in unaltered rock does not take any specific value in the highest 10 % 
of realisations. 

  



 

 

461

Table 13-34. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for U-238 peak release rate from the near 
field and the far field (to the biosphere).  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.437 0.089   0.549 0.357   
De in the small hole 0.381 0.095   0.495 0.305   
Time to loss of hole resistance         
Length of canister failed   0.043      
Waste         
Fuel alteration rate         
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Pu)   0.062      
Solubility (U) 0.368 0.074 0.512 0.085 0.517 0.286 0.695 0.383 
Hole Buffer         
De (cations/neutral)  0.026 0.182 0.062   0.181 0.118 
Kd (U) in buffer -0.555 -0.158 -0.444 -0.124 -0.504 -0.421 -0.363 -0.351 
Solubility correction factor (U)   0.399 0.083   0.498 0.327 
Da(U) in buffer 0.532 0.158 0.477 0.136 0.472 0.408 0.402 0.375 
Groundwater-buffer interface         
Solubility correction factor (U)   0.029    0.103  
Tunnel backfill          
De (cations/neutral) -0.049 -0.022 -0.032  -0.080 -0.065 -0.061  
Kd (U) in backfill         
Solubility correction factor (U)         
Tunnel length         
Near field flows         
QF 0.213 0.088 0.313 0.101 0.270 0.133 0.380 0.203 
QDZ 0.186 0.077 0.245 0.082 0.170 0.139 0.242 0.181 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.147  -0.151  -0.152  -0.165 
WL/Q for DZ-path   -0.257  -0.262  -0.214  -0.240 
WL/Q for TDZ-path         
Peclet number  -0.188  -0.181  -0.064  -0.068 
Unaltered rock         
Porosity         
De   -0.332  -0.337  -0.252  -0.262 
Maximum penetration depth      -0.065  -0.062 
Kd (Pu)  -0.077  -0.085     
Kd (U)  -0.714  -0.722  -0.666  -0.687 
R2 0.862 0.811 0.817 0.817 -- -- -- -- 
Threshold of significance 0.028 0.023 0.025 0.025 0.057 0.060 0.057 0.055 
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14 ROBUSTNESS OF THE RESULTS OF THE PSA 

Most of the results presented in this report have been obtained using two Monte Carlo 
simulations with 10,000 realisations (one for the hole forever case and other for the 
growing hole case) using the PDFs summarised in section 3.3. If a different set of 
realisations were used, the values of the sensitivity measures and the figures that present 
the results would change, but if the number of realisations increases the different 
sensitivity measures will tend to some stable values. If different PDFs were assigned to 
the input parameters the sensitivity measures would change also. 

In this chapter additional Monte Carlo simulations and sensitivity analyses have been 
carried out to justify the robustness of the results obtained in the PSA: 

- in sections 14.1 and 14.2 it is confirmed that Monte Carlo simulations with 10,000 
realisations provide stable values for the different sensitivity measures, 

- in section 14.3 it is shown that using independent (uncorrelated) distributions for all 
the input parameters makes the PSA easier and the rankings of importance obtained 
with correlated and uncorrelated parameters are similar (when only the really 
relevant parameters are included), and 

- in section 14.4 it is found that using log-normal or log-uniform PDFs (covering the 
same range of values) for some important input parameters has a limited effect on 
the values of the sensitivity measures and the rankings of importance of the input 
parameters are very similar. 

14.1 Effect of the number of realisations of the Monte Carlo simulations 
on the results of the PSA 

The values of the different sensitivity measures used in the PSA change with the 
number of realisations of the Monte Carlo simulations used. If the number of 
realisations is insufficient the calculated values of the different statistics will be very 
different of the “true” values obtained when the number of realisations tends to infinity.  

This section presents the results obtained with two Monte Carlo simulations with 50,000 
realisations for Cl-36 in the hole forever case to study the effect on the sensitivity 
measures of the number of realisations of the Monte Carlo simulations.  

Figure 14-1 shows the RCCs/SRRCs of some important random input parameters with 
Cl-36 peak release rate to the biosphere in the hole forever case for several sample 
sizes: from 100 to 50,000 realisations. Figure 14-2 shows the values of the modified 
statistic of the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for Cl-36 
peak release rate to the biosphere in the hole forever case for several sample sizes: from 
100 to 50,000 realisations. Two values are obtained for each sample size. For each 
parameter the results are shown as two lines of the same colour and different thickness. 
The four other parameters with significant influence on Cl-36 peak release rate to the 
biosphere (WL/Q for F-path, WL/Q for DZ-path, De in unaltered rock and Maximum 
penetration depth in unaltered rock) have not been included, to avoid cluttering Figure 
14-1 and Figure 14-2.  
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Figure 14-1 and Figure 14-2 show that, as expected, the two curves for each statistic 
converge and become nearly horizontal straight lines when the number of realisations 
increases. Reasonably stable values of the sensitivity measures are obtained with a few 
thousands realisations, and the results obtained with 10,000 realisations are very similar 
to the results with 50,000 realisations.  

For any sensitivity measures the threshold of statistical significance is expected to 
decrease when the sample size increases, i.e. increasing the number of realisations will 
allow increasingly small effects of the input parameters on the model outputs to be 
identified. Figure 14-3 shows the evolution with the sample size of the empirical 
thresholds of statistical significance of the RCCs/SRRCs and the modified statistic of 
the Mann-Whitney test (10 % of highest values vs. remaining 90 %) for Cl-36 peak 
release rate to the biosphere in the hole forever case. Results are shown for several 
sample sizes from 100 to 50,000 realisations. Two sets of values (Case A and Case B) 
are obtained for each sample size, and displayed as two lines of the same colour and 
different thickness. 

The empirical thresholds in Figure 14-3 are obtained using the values of the sensitivity 
measure for all the random input parameters that are known for sure to have no effect on 
the output variable: e.g. since all the input parameters are independent (uncorrelated) 
Solubility (Sn) inside canister obviously can have no effect on Cl-36 peak release rates. 
The highest (absolute) value of the sensitivity measure for the more than one hundred 
random input parameters known a priori to be irrelevant is adopted as the empirical 
threshold of statistical significance. For Cl-36 the exact number of parameters known a 
priori to be irrelevant is 129. 

Figure 14-3 shows that the empirical thresholds roughly follow the “rule of thumb” of 
being proportional to the inverse of the square root of the number of realisations (n). 

n
Threshold

1
  (Equation 14-1) 

As expected, the capability of the sensitivity measures to detect small influences of the 
input parameters on the output variable improves when the sample size increases. A 
factor of four of increase in the number of realisations leads to roughly a factor of two 
of reduction in the threshold of statistical significance. 

The main effect of increasing the sample size of the Monte Carlo simulation from 
10,000 to 40,000 realisations would be to allow increasingly small effects to be 
identified. But with 10,000 realisations very small effects are already identified, and a 
Monte Carlo simulation with 40,000 realisations would take eight days to run using two 
powerful PCs.  
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Figure 14-1. Evolution of the Rank Correlation Coefficients/Standardised Rank 
Regression Coefficients (RCCs/SRRCs) with the sample size. Output variable is Cl-36 
peak release rate to the biosphere in the hole forever case. 

 

Figure 14-2. Evolution of the values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) with the sample size. Output variable is Cl-
36 peak release rate to the biosphere in the hole forever case. 
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Figure 14-3. Evolution of the threshold of statistical significance of the RCCs/SRRCs 
and the modified statistic of the Mann-Whitney test (10 % of highest values vs. 
remaining 90 %) with the sample size. Output variable is Cl-36 peak release rate to the 
biosphere in the hole forever case. 

 
14.2 Validity of the results obtained with Monte Carlo simulations of 

10,000 realisations 

Figure 14-4 shows the cumulative distribution functions (CDFs) of the peak total 
normalised release rates from the near field and to the biosphere in the hole forever and 
the growing hole cases in four Monte Carlo simulations of 1,000 or 10,000 realisations. 
For a given model output there are visible differences between the four CDFs obtained 
with only 1,000 realisations while the four CDFs obtained in the Monte Carlo 
simulations with 10,000 realisations practically overlap.  

Figure 14-4 shows that 10,000 realisations are enough to obtain representative CDFs of 
the peak total normalised release rates. For the main radionuclides the CDFs of the peak 
release rates obtained with 10,000 realisations are also representative (figures not 
included in this report).  

Table 14-1 to Table 14-4 present the RCCs/SRRCs and the values of the modified 
statistic of the Mann-Whitney test (10% of highest values of the output vs. remaining 
90 %) for the peak release rates to the biosphere due to C-14, Cl-36, I-129 and Cs-135 in 
four different Monte Carlo simulations with 10,000 realisations. The Base Case (A) is 
the Monte Carlo simulation used in the PSA. For C-14 and Cl-36 the results for the hole 
forever case are presented while for I-129 and Cs-135 the results correspond to the 
growing hole case.   
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Grey cells Table 14-1 to Table 14-4 identify values slightly below the threshold of 
significance but that probably correspond to a real effect, because the parameter has 
been identified as relevant by other sensitivity measures or in other cases.  

Table 14-1 to Table 14-4 show that the values of the sensitivity measures obtained in 
the different Monte Carlo simulations are very similar (except when they are near the 
threshold of significance): 

- for the most influential parameters the agreement between the four Monte Carlo 
simulations is remarkable: e.g. the RCC/SRRC of Kd(Cs) in unaltered rock with Cs-
135 peak release rate to the biosphere takes values between -0.753 and -0.767 in the 
four Monte Carlo simulations, 

- the four Monte Carlo simulations identify the same sets of parameters with a 
medium to low influence on the model output, with a reasonable spread of values of 
the sensitivity measure for each parameter: e.g., the RCC/SRRC of Cavity water 
volume with I-129 peak release rate to the biosphere takes the following values in 
the four Monte Carlo simulations: -0.067, -0.052, -0.087 and -0.082, all well above 
the threshold of significance that is the order of 0.025, and 

- only for some of the less influential parameters is the value of the sensitivity 
measure is above the threshold of statistical significance in some Monte Carlo 
simulations and below in others (e.g. the RCC/SRRC for Time to transport path 
creation in Table 14-1 vary by a factor 5).     

Table 14-1 shows that for C-14 peak release rate to the biosphere in the hole forever 
case QF has a greater RCC/SRRC than Porosity in unaltered rock in two Monte Carlo 
simulations and smaller in the other two. The strict numerical ranking of importance (on 
the basis of the RCCs/SRRCs) of the input parameters obtained using Monte Carlo 
simulations A or B would be different from the ranking obtained using Monte Carlo 
simulations C or D, and the same would happen for other input parameters and model 
outputs. But this problem has been avoided in this report by creating rankings of 
importance based both on quantitative and qualitative considerations: 

- when there are clear differences in the values of the sensitivity measures (as usually 
happens with the most important model parameters) the input parameters are ranked 
on the basis of the basis of the value of the sensitivity measure, but 

- when several input parameters have similar values of the sensitivity measure are 
identified as a group of parameters of similar importance. 

The similarity between the values of the sensitivity measures obtained with different 
Monte Carlo simulations with 10,000 realisations confirms that this sample size is 
appropriate for the PSA.  

In summary, it has been found that a Monte Carlo simulation with 10,000 realisations 
used in the PSA is appropriate to create the rankings of importance (based on 
quantitative and qualitative considerations) presented in this report. Increasing the 
number of realisations beyond 10,000 would increase the calculation time required by 
GoldSim to perform the Monte Carlo simulation, but the results of the PSA would be 
the same as that obtained with a Monte Carlo simulation with 10,000 realisations. 
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Figure 14-4. CDFs for the peak total normalised release rates from the near field and 
to the biosphere in four Monte Carlo simulations with 1,000 and 10,000 realisations. 
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Table 14-1. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for C-14 peak release rate to the biosphere 
in the hole forever case. Results for 4 Monte Carlo simulations with 10,000 realisations. 

Parameters 

RCCs/SRRCs Modified Mann-Whitney statist. 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Canister failure          
Time to transport path creation -0.025 -0.010 -0.046 -0.025 -0.008 -0.031 -0.054 -0.061 
Small hole diameter 0.325 0.316 0.311 0.333 0.548 0.513 0.544 0.534 
De in the small hole 0.272 0.262 0.267 0.278 0.429 0.430 0.418 0.447 
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(C) in the fuel matrix     -0.019 0.004 0.059 0.017 
IRF(C) in the zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume -0.065 -0.073 -0.068 -0.081 -0.223 -0.238 -0.220 -0.260 
Mass of buffer in cavity -0.041 -0.024 -0.018 -0.038 -0.060 -0.039 -0.028 -0.031 
Solubility (C) 0.695 -0.678 -0.688 -0.667 0.554 0.539 0.550 0.549 
Hole Buffer         
De (cations/neutral)         
Kd (C) -0.148 -0.157 -0.154 -0.172 -0.207 -0.213 -0.220 -0.221 
Tunnel backfill          
De (cations/neutral) -0.046 -0.048 -0.027 -0.029 -0.088 -0.082 -0.081 -0.063 
Kd (C) -0.034 -0.054 -0.022 -0.042 -0.049 -0.049 -0.009 -0.037 
Solubility correction factor (C)         
Tunnel length         
Near field flows         
QF 0.132 0.132 0.138 0.154 0.164 0.155 0.172 0.207 
QDZ 0.117 0.110 0.128 0.108 0.174 0.133 0.165 0.134 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.102 -0.095 -0.103 -0.108 -0.124 -0.115 -0.144 -0.093 
WL/Q for DZ-path  -0.159 -0.153 -0.140 -0.169 -0.170 -0.152 -0.122 -0.153 
WL/Q for TDZ-path         
Peclet number -0.046 -0.019 -0.025 -0.017     
Unaltered rock         
Porosity -0.143 -0.135 -0.134 -0.138 -0.151 -0.146 -0.146 -0.169 
De  -0.152 -0.168 -0.158 -0.162 -0.171 -0.153 -0.125 -0.152 
Maximum penetration depth -0.098 -0.096 -0.123 -0.112 -0.080 -0.107 -0.133 -0.094 
R2 0.816 0.782 0.798 0.808 -- -- -- -- 
Threshold of significance 0.027 0.025 0.029 0.034 0.042 0.044 0.054 0.050 
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Table 14-2. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cl-36 peak release rate to the 
biosphere in the hole forever case. Results for 4 Monte Carlo simulations with 10,000 
realisations. 

Parameters 

RCCs/SRRCs Modified Mann-Whitney statist. 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Canister failure          
Time to transport path creation         
Small hole diameter 0.674 0.658 0.660 0.668 0.696 0.689 0.682 0.696 
De in the small hole 0.461 0.467 0.457 0.475 0.503 0.537 0.525 0.543 
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Cl) in the fuel matrix 0.057 0.058 0.061 0.056 0.055 0.097 0.075 0.049 
Fuel alteration rate         
Zirconium alloys alteration rate         
Canister interior         
Cavity water volume -0.362 -0.377 -0.388 -0.371 -0.438 -0.427 -0.451 -0.415 
Mass of buffer in cavity         
Hole Buffer         
Porosity (anions)         
De (anions)  0.212 0.209 0.204 0.200 0.410 0.393 0.406 0.390 
Tunnel backfill          
Porosity (anions)         
De (anions)          
Tunnel length         
Near field flows         
QF         
QDZ         
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths         
Lengths of F-, DZ-, TDZ-paths         
WL/Q for F-path  -0.061 -0.053 -0.069 -0.049 -0.035 -0.055 -0.091 -0.052 
WL/Q for DZ-path -0.079 -0.068 -0.073 -0.098 -0.107 -0.060 -0.069 -0.108 
WL/Q for TDZ-path  -0.014 -0.037 -0.016 -0.026     
Peclet number         
Unaltered rock         
Porosity -0.051 -0.051 -0.055 -0.059 -0.070 -0.064 -0.081 -0.069 
De  -0.056 -0.062 -0.053 -0.055 -0.049 -0.068 -0.028 -0.040 
Maximum penetration depth -0.101 -0.088 -0.095 -0.094 -0.114 -0.085 -0.103 -0.100 
Kd (Cl) -0.128 -0.141 -0.149 -0.142 -0.099 -0.110 -0.117 -0.151 
R2 0.889 0.883 0.887 0.900 -- -- -- -- 
Threshold of significance 0.029 0.030 0.029 0.032 0.047 0.045 0.049 0.060 
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Table 14-3. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for I-129 peak release rate to the biosphere 
in the growing hole case. Results for 4 Monte Carlo simulations with 10,000 
realisations. 

Parameters 

RCCs/SRRCs Modified Mann-Whitney statist. 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Canister failure          

Time to transport path creation         

Small hole diameter         

De in the small hole         

Time to loss of hole resistance 0.016 0.029 0.032 0.018     

Length of canister failed     -0.061 -0.015 -0.035 -0.049 

Waste         

IRF(I) in the fuel matrix 0.333 0.345 0.345 0.340 0.502 0.501 0.476 0.486 

Fuel alteration rate 0.073 0.077 0.080 0.099 0.045 0.021 0.021 0.073 

Canister interior         

Cavity water volume -0.067 -0.052 -0.087 -0.082 -0.159 -0.152 -0.219 -0.152 

Mass of buffer in cavity         

Hole Buffer         

Porosity (anions) -0.072 -0.049 -0.065 -0.049 -0.154 -0.101 -0.131 -0.142 

De (anions)  0.143 0.124 0.146 0.116 0.353 0.333 0.369 0.323 

Tunnel backfill          

Porosity (anions)         

De (anions)  -0.029 -0.019 -0.035 -0.032 -0.056 -0.045 -0.071 -0.061 

Tunnel length         

Near field flows         

QF 0.065 0.101 0.085 0.086 0.109 0.172 0.167 0.135 

QDZ 0.103 0.084 0.105 0.097 0.204 0.155 0.162 0.168 

QTDF         

qTDZ         

Geosphere flow parameters         

tW in F-, DZ-, TDZ-paths          

Lengths of F-, DZ-, TDZ-paths          

WL/Q for F-path  -0.210 -0.206 -0.192 -0.226 -0.227 -0.266 -0.226 -0.298 

WL/Q for DZ-path -0.314 -0.297 -0.306 -0.330 -0.342 -0.292 -0.306 -0.336 

WL/Q for TDZ-path          

Peclet number         

Unaltered rock         

Porosity -0.193 -0.194 -0.182 -0.174 -0.226 -0.218 -0.235 -0.207 

De  -0.292 -0.286 -0.288 -0.292 -0.278 -0.280 -0.292 -0.310 

Maximum penetration depth -0.229 -0.230 -0.218 -0.221 -0.192 -0.232 -0.151 -0.199 

Kd (I) -0.410 -0.406 -0.414 -0.410 -0.282 -0.292 -0.306 -0.299 

R2 0.648 0.632 0.645 0.659 -- -- -- -- 

Threshold of significance 0.026 0.024 0.024 0.029 0.054 0.049 0.049 0.042 
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Table 14-4. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cs-135 peak release rate to the 
biosphere in the growing hole case. Results for 4 Monte Carlo simulations with 10,000 
realisations. 

Parameters 

RCCs/SRRCs Modified Mann-Whitney statist. 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Base 
case 

A 

Case 
B 

Case 
C 

Case 
D 

Canister failure          
Time to transport path creation         
Small hole diameter         
De in the small hole         
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Cs) in the fuel matrix 0.040 0.028 0.027 0.044 0.135 0.107 0.098 0.125 
Fuel alteration rate 0.097 0.098 0.089 0.083 0.331 0.338 0.366 0.388 
Canister interior         
Cavity water volume     0.003 -0.008 -0.054 0.025 
Mass of buffer in cavity         
Hole Buffer         
De (Cs) -0.036 -0.030 -0.051 -0.051 -0.140 -0.134 -0.122 -0.166 
Kd (Cs)  -0.074 -0.051 -0.080 -0.056 -0.238 -0.229 -0.243 -0.218 
Tunnel backfill          
De (Cs) -0.037 -0.067 -0.028 -0.041 -0.201 -0.216 -0.208 -0.184 
Kd (Cs)  -0.011 -0.010 0.003 -0.032     
Tunnel length -0.029 -0.024 -0.011 -0.018     
Near field flows         
QF 0.108 0.116 0.112 0.115 0.241 0.268 0.249 0.289 
QDZ 0.063 0.062 0.103 0.087 0.247 0.175 0.235 0.212 
QTDF         
qTDZ         
Geosphere flow parameters         
tW in F-, DZ-, TDZ-paths          
Lengths of F-, DZ-, TDZ-paths          
WL/Q for F-path  -0.142 -0.154 -0.150 -0.174 -0.181 -0.169 -0.149 -0.244 
WL/Q for DZ-path -0.262 -0.243 -0.244 -0.258 -0.257 -0.240 -0.236 -0.228 
WL/Q for TDZ-path  -0.026 -0.025 -0.006 -0.009     
Peclet number -0.169 -0.170 -0.172 -0.154     
Unaltered rock         
Porosity         
De  -0.352 -0.322 -0.328 -0.327 -0.298 -0.246 -0.281 -0.268 
Maximum penetration depth -0.026 -0.031 -0.028 -0.036 -0.115 -0.125 -0.101 -0.092 
Kd (Cs) -0.753 -0.763 -0.753 -0.767 -0.701 -0.705 -0.702 -0.711 
R2 0.845 0.835 0.828 0.856 -- -- -- -- 
Threshold of significance 0.029 0.022 0.033 0.024 0.048 0.058 0.042 0.047 
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14.3 Effect of the using uncorrelated or correlated input parameters 

The purpose of a PSA is to identify the parameters whose uncertainty control the 
uncertainty in the model results. Including the correlation between different uncertain 
parameters in the Monte Carlo simulations makes the PSA more complex. If parameters 
A and B are correlated, and parameters A has a strong effect on the model output of 
interest, but parameter B has no effect, the PSA will find that parameter B has also a 
significant effect on the output. Then it would be necessary to distinguish the 
parameters that have a real effect on the model output from those that seem to be 
important due to correlation, but, in reality, have no effect. In order to make the PSA 
simpler, the PDFs assigned to all the input parameters are uncorrelated, as already stated 
in section 3.3. 

This section presents some calculations performed to illustrate the additional 
complexities introduced in the PSA by the use of correlated input parameters, and that 
the rankings of really important parameters obtained using uncorrelated and correlated 
input parameters are similar. 

As stated in sections 3.3.7and 3.3.8 the ConnectFlow file ps_r0_5000.csv provides the 
values of these fourteen input parameters for 5,391 potential deposition hole locations: 

- the near field flows QF, QDZ and QTDF 

- the Darcy velocity in the deposition tunnel qTDZ, 

- the length of deposition tunnel travelled by the radionuclides (Tunnel length), and 

- the Length, Transport resistance (WL/Q) and Water travel time (tW) of the three 
geosphere paths (F-, DZ- and TDZ-paths). 

These fourteen parameters are correlated, e.g. deposition hole locations with high values 
of QF tend also to have high values of QDZ. 

The calculations presented in this section have been done using only the data provided 
by ConnectFlow for the 3,701 potential deposition hole locations for which all the data 
are available, fulfil the rock suitability classification (RSC) criteria and whose three 
near field equivalent flows QF, QDZ and QTDF are greater than zero. This last condition 
ensures that all the geosphere parameters for the F-, DZ- and TDZ-paths are defined.  

Monte Carlo simulations with 10,000 realisations for the hole forever and growing hole 
cases have been performed using uncorrelated or correlated values of the fourteen 
parameters in the ConnectFlow file. In the uncorrelated calculations, for each of the 
fourteen parameters, one of its 3,701 values in the ConnectFlow file is randomly 
sampled, independently of the remaining thirteen parameters. In the correlated 
calculations, in each realisation one of the 3,701 possible deposition hole locations is 
selected, and the (correlated) values of the fourteen parameters for that hole location are 
used.   

It must be noted that the uncorrelated calculations in this section are different from the 
base case used in the PSA. New uncorrelated cases have been created in order to make 
them more directly comparable with the calculations with correlated input parameters. 
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Figure 14-5 shows the CDFs of the Cl-36 peak release rates from the near field and to 
the biosphere using correlated and uncorrelated values of the fourteen parameters 
provided by ConnectFlow. The CDFs with correlated and uncorrelated parameters are 
very similar. This similarity means that the use of uncorrelated PDFs for the flow 
related parameters taken from the ConnectFlow does not produce abnormally high 
results due to unreasonable combinations of parameter values. 

Table 14-5 presents the RCCs/SRRCs and the values of the modified statistic of the 
Mann-Whitney test (10 % of highest values of the output vs. remaining 90 %) for Cl-36 
peak release rate to the biosphere in the growing hole case using uncorrelated or 
correlated values of the 14 input parameters provided by ConnectFlow. The sensitivity 
measures for the 10 parameters provided by the ConnectFlow identified as having no 
statistically significant effect in the uncorrelated are shown in bold letters. It is observed 
that: 

- for the 19 input parameters whose values are not taken from the ConnectFlow file, 
and hence are uncorrelated in the two Monte Carlo simulations compared, the 
sensitivity measures are very similar in the two cases, 

- the model parameters taken from the ConnectFlow file identified as relevant in the 
uncorrelated calculations (QF, QDZ, WL/Q for F-path and WL/Q for DZ-path) have 
quite different RCCs/SRRCs and values of the modified statistics of the Mann-
Whitney test in the uncorrelated and correlated calculations, and 

- the remaining 10 parameters provided by the ConnectFlow, identified as having no 
statistically significant effect in the uncorrelated calculations, in the correlated 
calculations have RCCs/SRRCs and modified statistics of the Mann-Whitney test 
above the threshold of statistical significance. For instance, in the correlated 
calculations tW in DZ-path and tW in F-path are the third and fourth highest values of 
the sensitivity measures with the Cl-36 peak release rate to the biosphere.  

Results in Table 14-5 show that employing correlated input variables in the Monte 
Carlo simulations used in the PSA leads to the identification as relevant of many 
parameters that in reality have no effect. The high values of the sensitivity measures for 
these input parameters are a consequence of their correlation with the parameters that 
have a real influence on the output variable. Identification of the really influential 
parameters requires an additional effort.  Partial Rank Correlation Coefficients (PRCCs) 
could be used, but these sensitivity measures present some limitations (especially when 
there are highly correlated input parameters), as described in section 4.2.1.  

To avoid the problems described in the previous paragraphs and to draw clear 
conclusions regarding which parameters are important and which not, the Monte Carlo 
simulations for the PSA have been carried out using independent (uncorrelated) 
probability density functions (PDFs) for all the uncertain parameters in the model.  
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Table 14-5. RCCs/SRRCs and values of the modified statistic of Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cl-36 peak release rates from the near 
field and to the biosphere in the growing hole case. Comparison of results with 
correlated and uncorrelated values of the 14 parameters provided by ConnectFlow.  

Parameters 

RCCs/SRRCs Modified Mann-Whitney stat. 

Uncorrelated Correlated Uncorrelated Correlated 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter         
De in the small hole         
Time to loss of hole resistance 0.108 0.040 0.108 0.037 0.057    
Length of canister failed -0.054  -0.063  -0.077 -0.056 -0.074  
Waste         
IRF(Cl) in the fuel matrix 0.143 0.093 0.149 0.082 0.158 0.134 0.138 0.122 
Fuel alteration rate         
Zirconium alloys alteration rate 0.279 0.177 0.287 0.160 0.255 0.240 0.280 0.221 
Canister interior         
Cavity water volume -0.317 -0.084 -0.315 -0.057 -0.387 -0.171 -0.434 -0.166 
Mass of buffer in cavity         
Hole Buffer         
Porosity (anions) -0.271 -0.090 -0.279 -0.067 -0.386 -0.185 -0.387 -0.165 
De (anions) 0.675 0.198 0.696 0.160 0.703 0.419 0.695 0.414 
Tunnel backfill          
Porosity (anions)         
De (anions) -0.037 -0.030 -0.034  -0.055 -0.065   
Tunnel length   -0.043 -0.053   -0.063 -0.095 
Near field flows         
QF 0.251 0.051 0.204 0.110 0.393 0.160 0.352 0.206 
QDZ 0.218 0.090 0.108 0.144 0.277 0.188 0.121 0.164 
QTDF   0.076 0.172   0.127 0.239 
qTDZ   0.105 0.164   0.183 0.197 
Geosphere flow parameters         
tW in F-path    -0.055 -0.427   -0.079 -0.497 
WL/Q for F-path  -0.284 -0.066 -0.457  -0.345 -0.107 -0.525 
Length of F-path    -0.030 -0.250    -0.287 
tW in DZ-path    -0.051 -0.441    -0.487 
WL/Q for DZpath  -0.312 -0.059 -0.476  -0.332 -0.075 -0.519 
Length of DZ-path     -0.241    -0.276 
tW in TDZ-path    -0.048 -0.335    -0.378 
WL/Q for TDZ-path   -0.053 -0.341   -0.073 -0.397 
Length of TDZ-path    -0.029 -0.226    -0.268 
Peclet number         
Unaltered rock         
Porosity  -0.223  -0.214  -0.230  -0.216 
De   -0.337  -0.310  -0.322  -0.332 
Maximum penetration depth  -0.260  -0.256  -0.175  -0.181 
Kd (Cl)  -0.340  -0.344  -0.250  -0.256 
Threshold of significance 0.026 0.026 0.026 0.026 0.050 0.051 0.061 0.047 
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Figure 14-5 – CDFs for the Cl-36 peak normalised release rates from the near field 
and to the biosphere in Monte Carlo simulations with 10,000 realisations. Results with 
correlated (orange and light blue lines) and uncorrelated (red and dark blue lines) 
values of the 14 parameters provided by ConnectFlow. 

 

14.4 Effect of the shape of the PDFs assigned to uncertain parameters 
on the results of the PSA 

The results of a Monte Carlo simulation will change if a different PDF is assigned to an 
important parameter, since the values of that parameter used in most realisations are not 
the same. But will be the results of the PSA change if a different PDF is assigned to an 
important parameter?  

For a given parameter, defensible minimum and maximum values can be produced with 
a limited effort, but the definition of a PDF that captures the uncertainty in the 
parameter can be a time consuming process. In addition, whatever the shape of the PDF 
obtained, it will be open to criticism because it can be seen as somehow arbitrary. 

When defining the probability density functions (PDFs) to be used in the PSA, broad 
log-uniform distributions were adopted for most parameters, from a minimum to a 
maximum value [20]. For the Solubilities inside the canister, Kd´s in buffer and Kd´s in 
backfill a large amount of data were available for different groundwater compositions, 
and the information was used to create truncated log-normal distributions for those 
parameters, intended to provide a better representation of the uncertainty in the values 
of those model input parameters.  
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Table 12-15 shows that the spread of values of Sn-126 peak release rates from the near 
field and to the biosphere are strongly affected by Solubility(Sn) inside the canister and 
Kd(Sn) in buffer, with Kd(Sn) in backfill having no statistically significant effect. Table 
12-15 shows that the 10% of realisations with the highest Sn-126 peak release rates 
from the near field or to the biosphere are characterised by very high values 
Solubility(Sn) inside the canister and very low values of Kd(Sn) in buffer, with Kd(Sn) 
in backfill taking no specific values. 

Due to the large effect of Solubility(Sn) inside the canister and Kd(Sn) in buffer on Sn-
126 peak release rates from the near field and to the biosphere, this radionuclide has 
been selected to study the consequences of assigning alternative PDFs to some 
important parameters. To this end, two Monte Carlo simulations with 10,000 
realisations (hole forever and growing hole) have been performed for Sn-126, assigning 
alternative log-uniform distributions to Solubility(Sn) inside the canister,  Kd(Sn) in 
buffer and Kd(Sn) in backfill (Figure 14-6). The extremes of the new log-uniform 
distributions are the same as those of the truncated log-normal distributions used in the 
base case of the PSA. For the rest of parameters the same PDFs are used as in the the 
base case (section 3.3). 

Figure 14-7 illustrates the effect of assigning log-uniform or truncated log-normal PDFs 
to Solubility(Sn) inside the canister,  Kd(Sn) in buffer and Kd(Sn) in backfill. The CDFs 
in the two cases are similar but there are clear differences. The peak release rates with 
the log-uniform distributions are always smaller than those obtained using log-normal 
distributions.  

Table 14-6 and Table 14-7 present the RCCs/SRRCS and the modified statistic of the 
Mann-Whitney test (10 % of highest values vs. remaining 90%) for Sn-126 peak release 
rates from the near field and to the biosphere in the base case and the alternative case in 
which log-uniform PDFs are assigned to Solubility(Sn) inside the canister,  Kd(Sn) in 
buffer and Kd(Sn) in backfill. The following similarities and differences are observed: 

- the values of the statistics for the geosphere parameters remain very similar, because 
Sn-126 peak release rates to the biosphere are controlled by tin transport through the 
geosphere, and changing the PDFs of three near field parameters has little effect, 

- the values of the statistics for Kd(Sn) in buffer increase when a log-uniform is used, 
due to the greater weight of the highest and lowest values of Kd(Sn) in buffer, 

- for Solubility(Sn) inside canister, the RCCs/SRRCs are similar in the two cases, 
while the modified Mann-Whitney statistics are greater when a log-uniform 
distribution is assigned to Solubility(Sn) inside canister, 

- all the statistics for Kd(Sn) in backfill  are below the threshold of statistical 
significance in the two cases, and 

- the statistics for the rest of near field parameters are smaller when log-uniform PDFs 
are assigned to Solubility(Sn) inside the canister,  Kd(Sn) in buffer and Kd(Sn) in 
backfill.  
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Figure 14-6. CDFs of Solubility (Sn) inside canister, Kd (Sn) in buffer and Kd (Sn) in 
backfill used in the base case (log-normal) and in a variant (log-uniform) intended to 
study the effect of the shape of CDFs on PSA results. 
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Table 14-6. RCCs/SRRCs for Sn-126 peak release rates from the near field and the far 
field. Results assigning log-normal or log-uniform PDFs to Solubility(Sn) inside 
canister, Kd(Sn) in buffer and Kd(Sn) in backfill. 

Parameters 

Base case - Log-normal PDFs Log-uniform PDFs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.358 0.079   0.262 0.070   
De in the small hole 0.318 0.047   0.237 0.041   
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Sn) in the fuel matrix 0.045  0.042  0.036  0.031  
Fuel alteration rate 0.313 0.051 0.383 0.054 0.219 0.042 0.265 0.046 
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Sn) 0.430 0.101 0.524 0.105 0.423 0.113 0.499 0.118 
Hole Buffer         
De for other cations and neutral 0.052  0.213 0.026 0.063  0.169 0.032 
Kd (Sn) in buffer -0.557 -0.105 -0.549 -0.092 -0.706 -0.171 -0.681 -0.151 
Tunnel backfill          
De for other cations and neutral         
Kd (Sn) in backfill         
Solubility correction factor (Sn)         
Tunnel length         
Near field flows         
QF 0.193 0.078 0.238 0.082 0.142 0.074 0.171 0.077 
QDZ 0.178 0.052 0.209 0.056 0.138 0.049 0.158 0.051 
QTDF         
qTDZ         
Geosphere flow parameters         
tW paths QF, QDZ, QTDZ         
Lengths paths QF, QDZ, QTDZ         
WL/Q path QF   -0.152  -0.154  -0.149  -0.152 
WL/Q path QDZ   -0.250  -0.255  -0.244  -0.249 
WL/Q path QTDZ          
Peclet number  -0.213  -0.219  -0.212  -0.219 
Unaltered rock         
Porosity         
De   -0.323  -0.328  -0.316  -0.321 
Maximum penetration depth         
Kd (Sn)  -0.740  -0.748  -0.724  -0.733 
R2 0.893 0.824 0.870 0.837 0.895 0.809 0.867 0.822 
Threshold of significance 0.026 0.037 0.030 0.035 0.027 0.037 0.029 0.036 
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Table 14-7. Values of the modified statistic of the Mann-Whitney test (10 % of highest 
values vs. remaining 90 %) for Sn-126 peak release rates from the near field and the far 
field (to the biosphere). Results assigning log-normal or log-uniform PDFs to 
Solubility(Sn) inside canister,  Kd(Sn) in buffer and Kd(Sn) in backfill. 

Parameters 

Base case - Log-normal PDFs Log-uniform PDFs 

Hole forever Growing hole Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Canister failure          
Time to transport path creation         
Small hole diameter 0.455 0.253   0.374 0.208   
De in the small hole 0.380 0.235   0.310 0.183   
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Sn) in the fuel matrix 0.049  0.047    0.043  
Fuel alteration rate 0.435 0.246 0.528 0.271 0.361 0.194 0.419 0.210 
Canister interior         
Cavity water volume         
Mass of buffer in cavity         
Solubility (Sn) 0.498 0.318 0.639 0.377 0.598 0.369 0.727 0.432 
Hole Buffer         
De (cations/neutral)   0.241 0.103   0.172 0.083 
Kd (Sn)  -0.559 -0.326 -0.545 -0.311 -0.640 -0.442 -0.595 -0.398 
Tunnel backfill          
De (cations/neutral) -0.058    -0.065  -0.058  
Kd (Sn)          
Solubility correction factor (Sn)         
Tunnel length         
Near field flows         
QF 0.236 0.155 0.318 0.176 0.180 0.129 0.228 0.151 
QDZ 0.187 0.159 0.226 0.160 0.165 0.128 0.203 0.120 
QTDF         
qTDZ         
Geosphere flow parameters         
tW paths QF, QDZ, QTDZ         
Lengths paths QF, QDZ, QTDZ         
WL/Q path QF   -0.163  -0.163  -0.157  -0.149 
WL/Q path QDZ   -0.225  -0.259  -0.218  -0.240 
WL/Q path QTDZ          
Peclet number  -0.087  -0.076  -0.081  -0.088 
Unaltered rock         
Porosity         
De   -0.312  -0.330  -0.298  -0.310 
Maximum penetration depth  -0.054  -0.053  -0.062  -0.059 
Kd (Sn)  -0.685  -0.711  -0.661  -0.689 
Threshold of significance 0.051 0.044 0.048 0.043 0.056 0.049 0.051 0.055 
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Figure 14-7. CDFs for the Sn-126 peak normalised release rates from the near field 
and to the biosphere in Monte Carlo simulations with 10,000 realisations. Results with 
the log-normal (red and dark blue lines) and log-uniform (orange and light blue lines) 
PDFs in Figure 14-6. 

Although differences are observed, the rankings of importance of the input parameters 
are similar in the two cases. The relatively small effect of the shape of the PDFs of two 
very important parameters (Solubility(Sn) inside the canister and Kd(Sn) in buffer) on 
the results of the PSA for the Sn-126 confirms the limited importance of the shape of 
the PDFs used, which provides robustness to the conclusions of the PSA for this 
radionuclide. 

Similar results are expected for the rest of input parameters and model outputs: i.e., the 
shapes of the PDFs assigned to the input parameters are expected to have a small effect 
on the rankings of importance of the input parameters, and the conclusions of the PSA 
of the Monte Carlo simulations performed with the PDFs in sections 3.3 are valid for 
other (not too different) PDFs that cover the same ranges of values. 
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15 DETAILED ANALYSIS OF THE IMPORTANCE OF SOME INPUT 
PARAMETERS 

15.1 Effect of longitudinal dispersion in the fractures (Peclet number) 

In the Monte Carlo simulations performed, the longitudinal dispersion coefficient (DL) 
of the transport equation in the fractures is the product of the dispersivity (αL) times the 
water velocity (v). In fractured media a significant dispersion can be expected, and 
dispersivity is commonly taken proportional to the distance travelled (L). The inverse of 
the proportionality constant is the Peclet number (Pe):  

Pe

Lv
vD LL   (Equation 15-1) 

Considering longitudinal dispersion in a fractured medium causes the releases to the 
biosphere to start earlier (and finish later) than would be the case if longitudinal 
dispersion is neglected.  

Longitudinal dispersion has different effects for different radionuclides: 

- for long lived radionuclide with little or no sorption on the rock matrix (such as I-
129) the effect on the peak release rates to the biosphere is very small (Figure 15-1), 

- for radionuclides with strong sorption on unaltered rock increasing the longitudinal 
dispersion produces a great increase in the peak release rates to the biosphere, both 
for short and medium lived radionuclides that reach their “true” peak release within 
the assessment timeframe of 106 years (like Pu-239 in Figure 15-2) and long lived 
radionuclides that reach the peak release rate at the end of the calculation period of 
106 years (like Np-237 in Figure 15-3).  

Longitudinal dispersion leads to a shorter travel times for part of the release, decreasing 
the decay during transport 

On the basis of the previous results, it is expected that increasing longitudinal dispersion 
(decreasing Peclet number) will lead to an increase of the peak release rate to the 
biosphere for all the radionuclides with sorption on unaltered rock, and especially for 
short lived radionuclides. Hence, a negative correlation between Peclet number and the 
peak release rate to the biosphere is expected.  

For long lived radionuclides with little or no sorption on unaltered rock it is expected 
that changing the longitudinal dispersion will have a very small effect on their peak 
release rates to the biosphere.  
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Figure 15-1. I-129 normalised release rate to the biosphere in realisation 9,240 of the 
Monte Carlo simulation of the growing hole case for different values of Peclet number. 

 

Figure 15-2. Pu-239 normalised release rate to the biosphere in realisation 7,602 of the 
Monte Carlo simulation of the growing hole case, for different values of Peclet number. 
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Figure 15-3. Np-237 normalised release rate to the biosphere in realisation 6,424 of 
the Monte Carlo simulation of the growing hole case for different values of Peclet 
number. 

The results of the PSA confirm the previous predictions.  Table 15-1 summarises the 
RCCs/SRRCs of Peclet number and the peak total normalised releases to the biosphere 
of each radionuclide and the whole inventory (total). It is observed that the Peclet 
number (that is inversely proportional to the longitudinal dispersion) is: 

- not correlated with the peak release rates to the biosphere of C-14, Cl-36, I-129 and 
the whole inventory (total), and 

- negatively correlated with the peak total release rate to the biosphere for the rest of 
activation and fission products, actinides and progeny, with RCCs/SRRCs being 
nearly identical in the hole forever and growing hole cases and taking high values.  

For all the radionuclides, with the exception of C-14, Cl-36 and I-129, the peak release 
rate to the biosphere increases with longitudinal dispersion and the value assigned to 
Peclet number has a significant effect on their peak release rate to the biosphere. Since 
the three main radionuclides are not affected by Peclet number, the peak total 
normalised release rates to the biosphere are not affected by longitudinal dispersion 
(Peclet number) either.  

For long lived radionuclides with significant sorption on unaltered rock the strong effect 
of Peclet number on the peak release rates to the biosphere is a consequence of the one 
million years assessment timeframe. Increasing the assessment timeframe reduces the 
effect of Peclet number.  
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It is concluded that neglecting longitudinal dispersion in the fractures in the transport 
calculations is a non cautious simplification for most radionuclides, but has a negligible 
effect on the peak total (added over all the radionuclides) normalised release rate to the 
biosphere. 

 

Table 15-1. RCCs/SRRCs of Peclet number and the peak release rates to the biosphere 
in Monte Carlo simulations with 10,000 realisations. 

Radionuclides 
Hole 

forever 
Growing 

hole 
Radionuclides 

Hole 
forever 

Growing 
hole 

Ag-108m -0.154 -0.153 Pu-238 -0.043 -0.043 

Am-241 -0.286 -0.303 Pu-239 -0.264 -0.270 

Am-243 -0.268 -0.280 Pu-240 -0.244 -0.260 

Be-10 -0.208 -0.208 Pu-241 -0.273 -0.290 

C-14 -- -- Pu-242 -0.250 -0.255 

Cl-36 -- -- Ra-226 -0.185 -0.184 

Cm-245 -0.247 -0.264 Se-79 -0.044 -0.035 

Cm-246 -0.236 -0.258 Sm-151 -0.070 -0.070 

Cs-135 -0.185 -0.169 Sn-126 -0.213 -0.219 

Cs-137 -0.243 -0.243 Sr-90 -0.202 -0.202 

I-129 -- -- Tc-99 -0.355 -0.365 

Mo-93 -0.099 -0.089 Th-229 -0.244 -0.241 

Nb-91 -0.237 -0.245 Th-230 -0.240 -0.240 

Nb-92 -0.346 -0.347 Th-232 -0.253 -0.259 

Nb-93m -0.097 -0.096 U-233 -0.203 -0.200 

Nb-94 -0.374 -0.385 U-234 -0.189 -0.182 

Ni-59 -0.225 -0.228 U-235 -0.189 -0.183 

Ni-63 -0.238 -0.238 U-236 -0.194 -0.189 

Np-237 -0.331 -0.339 U-238 -0.188 -0.191 

Pa-231 -0.197 -0.194 Zr-93 -0.331 -0.348 

Pd-107 -0.204 -0.204 Total -- -- 

 

15.2 Effect of the effective diffusion coefficient in the backfill 

Table 15-2 presents the RCCs/SRRCs of De in backfill with the peak normalised release 
rates from the near field and to the biosphere produced by the TDZ-path. Only the 
results for the four main radionuclides are shown.  

    

Table 15-2. RCCs/SRRCs of De in backfill and the peak release rates from the near 
field and the far field (to the biosphere) due to the TDZ-path in the Monte Carlo 
simulations of the hole forever and growing hole cases. 

Radionuclide 
Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

C-14 0.194 0.178 0.236 0.209 

Cl-36 0.150 0.143 0.247 0.196 

Cs-135 0.557 0.300 0.557 0.296 

I-129 0.147 0.139 0.230 0.188 
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Table 15-3. RCCs/SRRCs of De in backfill and the peak release rates from the near 
field and the far field (to the biosphere) in the Monte Carlo simulations of the hole 
forever and growing hole cases. 

Radionuclide 
Hole forever Growing hole 

Near 
Field 

Far 
Field 

Near 
Field 

Far 
Field 

Ag-108m -- -- -- -- 

Am-241 -- -- -- -- 

Am-243 -- -- -- -- 

Be-10 -- -- -- -- 

C-14 -0.048 -0.046 -- -0.033 

Cl-36 -- -- -0.034 -0.031 

Cm-245 -- -0.031 -- -0.030 

Cm-246 -- -0.028 -- -0.032 

Cs-135 -0.180 -- -0.128 -0.037 

Cs-137 -- -- -- -- 

I-129 -- -- -0.031 -0.029 

Mo-93 -0.040 -0.031 -- -- 

Nb-91 -- -- -- -- 

Nb-92 -- -- -- -- 

Nb-93m -0.032 -0.028 -- -- 

Nb-94 -- -- -- -- 

Ni-59 -- -- -- -- 

Ni-63 -- -- -- -- 

Np-237 -- -- -- -- 

Pa-231 -- -0.028 -- -0.026 

Pd-107 -0.079 -- -0.076 -- 

Pu-238 -- -- -- -- 

Pu-239 -- -- -- -- 

Pu-240 -- -- -- -- 

Pu-241 -- -0.029 -- -0.032 

Pu-242 -- -- -- -- 

Ra-226 -0.067 -0.021 -0.044 -- 

Se-79 -- -- -- -- 

Sm-151 -- -- -- -- 

Sn-126 -- -- -- -- 

Sr-90 -- -- -- -- 

Tc-99 -- -- -- -- 

Th-229 -- -- -- -- 

Th-230 -- -- -- -- 

Th-232 -- -- -- -- 

U-233 -- -- -- -- 

U-234 -0.031 -0.022 -0.024 -- 

U-235 -0.033 -0.022 -0.027 -- 

U-236 -0.048 -- -0.032 -- 

U-238 -0.049 -0.022 -0.032 -- 

Zr-93 -- -- -- -- 

Total -0.038 -0.041 -- -0.036 
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Table 15-3 summarises the RCCs/SRRCs of De in backfill with the peak total (added 
over the three release paths) release rates from the near field and to the biosphere. For 
most radionuclides the RCCs/SRRCs are smaller than the threshold of statistical 
significance. When statistically significant, the RCCs/SRRCs are always negative, and 
for most radionuclides take very small values. Only the RCCs/SRRCs of De(Cs) in 
backfill with Cs-135 peak release rates from the near field in the hole forever and 
growing hole cases are greater than 0.1 (in absolute value). 

Table 15-2  shows that De in backfill has a strong effect on the peak release rates from 
the near field and to the biosphere produced by the TDZ-path. As expected, De in 
backfill is positively correlated with the peak release rates from the near field and to the 
biosphere produced by the TDZ-path. On the other hand, De in backfill has only a small 
influence on the peak total (added over the three release paths) release rates from the 
near field and to the biosphere. When it does have some effect, De in backfill is always 
negatively correlated with the peak total release rates from the near field and to the 
biosphere.   

For all the radionuclides, the TDZ-path has a very small or negligible effect on the peak 
total (added over the three release paths) release rates from the near field and to the 
biosphere. This is confirmed by the very low values (below the threshold of statistical 
significance for most radionuclides) of the sensitivity statistics of QTDF and WL/Q for 
TDZ-path with the peak total release rates from the near field and to the biosphere.  

In reality, the main function of the deposition tunnel in the repository system is to serve 
as a temporary sink for a fraction of the inventory, that otherwise would be released 
much earlier via the F- and DZ-paths. A high value of De in backfill increases the 
transfer of solutes from the buffer to the tunnel backfill, which reduces the amount of 
solute available to be released through the F-and DZ-paths. The solutes that enter the 
tunnel backfill first must diffuse through 2.5m of buffer above the canister and several 
meters of backfill before passing to a fracture that intersects the deposition tunnel 
(TDZ-path). For this reason, releases from the near field and to the biosphere due to the 
TDZ-path start much later than the releases due to the F- and DZ-paths. Peak release 
rates due to the TDZ-path are also reached much latter.   

The greater the amount of solute that passes to the tunnel backfill (that increases with 
the value of De in backfill) the smaller the peak release rates from the near field and to 
the biosphere, because they are controlled in nearly all the realisations by the releases 
due to the F- and DZ-paths. Calculations in section 16.4show that not including the 
deposition tunnel in the transport model produces, in most realisations, an increase in 
the peak release rates from the near field and to the biosphere. These results explain the 
negative RCCs/SRRCs of De in backfill with the peak release rates from the near field 
and to the biosphere. 

15.3 Effect of the size of the enlarged hole 

In the Monte Carlo simulation for the growing hole case the enlarged defect in the 
canister (created when the transport resistance of the small hole is lost) is assumed to be 
located in the upper lateral surface of the canister and to have a ring shape. With this 
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assumption the surface of the enlarged defect is proportional to the Length of canister 
failed, which is the input parameter used in the model. 

The sensitivity analysis has found that Length of canister failed has some effect on the 
peak release rates from the near field for many radionuclides, but only for four 
radionuclides there is even a small effect on their peak release rates to the biosphere. 

Table 15-4 summarises the RCCs/SRRCs of Length of canister failed with the peak 
release rates from the near field and to the biosphere for all the radionuclides. 
RCCs/SRRCs are negative for most radionuclides, (i.e., their peak release rates tend to 
decrease when the Length of canister failed increases), and only for Zr-93, Np-237, Th-
229 and four uranium isotopes the RCCs/SRRCs are positive.    

 
Table 15-4. RCCs/SRRCs of Length of canister failed and the peak release rates from 
the near field and the far field (to the biosphere) in the Monte Carlo simulation for the 
growing hole case. 

Radionuclides 
Near 
field  

Far    
field 

Radionuclides 
Near 
field  

Far    
field 

Ag-108m -0.185 -0.100 Pu-238 -- -- 

Am-241 -0.055 -- Pu-239 -0.056 -- 

Am-243 -0.072 -- Pu-240 -- -- 

Be-10 -0.224 -0.027 Pu-241 -0.053 -- 

C-14 -0.066 -0.033 Pu-242 -- -- 

Cl-36 -0.058 -0.026 Ra-226 -- -- 

Cm-245 -0.046 -- Se-79 -- -- 

Cm-246 -0.033 -- Sm-151 -- -- 

Cs-135 -0.145 -- Sn-126 -- -- 

Cs-137 -- -- Sr-90 -- -- 

I-129 -0.044 -- Tc-99 -- -- 

Mo-93 -- -- Th-229 0.051 -- 

Nb-91 -- -- Th-230 -0.084 -- 

Nb-92 -0.089 -- Th-232 -0.115 -- 

Nb-93m -- -- U-233 0.046 -- 

Nb-94 -0.038  U-234 0.053 -- 

Ni-59 -- -- U-235 -- -- 

Ni-63 -- -- U-236 0.052 -- 

Np-237 0.029 -- U-238 0.043 -- 

Pa-231 -0.065 -- Zr-93 0.042 -- 

Pd-107 -0.069 -- Total -0.076 -0.033 

 

To explain the results in Table 15-4 some calculations have been carried out with the 
parameter values used in the deterministic Reference Case of TURVA-2012 and 
assuming that the transport resistance of the small hole is lost 11,000 years after the 
start of the calculation (section 3.3). Different values are assigned to the size of the 
enlarged hole, changing the values of the Length of canister failed. The magnitudes 
represented are the “relative peak release rates from the near field”, calculated by 
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dividing the peak release rates obtained for different values of the Length of canister 
failed by the peak release rate for Length of canister failed equal to 0.114m. The results 
are shown in Figure 15-4 where it is observed that: 

- for solubility controlled radionuclides (U-234 and inorganic C-14) increasing the 
Length of canister failed produces an initial increase in the peak release rate from 
the near field, but for values greater than 0.5m results become insensitive to this 
parameter, 

- for highly soluble cations and neutral species (Be-10, Cs-135 and organic C-14) 
increasing the Length of canister failed produces a significant decrease in the peak 
release from the near field, 

- for highly soluble anions (Cl-36 and I-129) the peak release rate from the near field 
initially increases with the Length of canister failed, but if the value of this 
parameter increases beyond about 0.7m, the peak release rate decreases. 

 

 

Figure 15-4 – Effect of the length of canister failed on the peak release rates of selected 
radionuclides from the near field. Deterministic case with the parameter values of the 
Reference Case in the tables of section 3.3 and loss of the transport resistance of the 
small hole after 11,000 years. 

For highly soluble cations and neutral species, the Length of canister failed is negatively 
correlated with the peak release rate from the near field. A greater Length of canister 
increases the amount of buffer accessed by the solute inside the canister when the 
transport resistance of the small hole is lost. This reduces the solute concentration in the 
buffer porewater and the diffusive release to the damaged rock around the deposition 
hole.   
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For solubility controlled species, the Length of canister failed is positively correlated 
with the peak release rate from the near field. A greater Length of canister failed 
increases the surface (with a concentration is equal to the element solubility) from 
which the solute diffuses into the buffer. But since releases from the near field are 
mainly controlled by the water flows leaving the damaged rock around the deposition 
hole (QF and QDZ), increasing the size of the source by a factor of forty produces less 
than a factor of two of increase in the peak release rate from the near field (for U-234 in 
Figure 15-4). 

Figure 15-4 shows the non-monotonic effect of Length of canister failed on Cl-36 and I-
129 peak release rates from the near field with the parameter values used in the 
Reference Case. The non-monotonic behaviour of Cl-36 and I-129 is a consequence of 
the small values of De(anions) in buffer and Porosity(anions) in buffer (7.8·10-12 m2/s 
and 0.08). If these two parameters are assigned the same values than for cations (1.3·10-

10 m2/s and 0.43) the Cl-36 and I-129 peak release rates from the near field decrease 
monotonically with the increase of Length of canister failed. For other sets of parameter 
values different behaviours would be obtained. The negative values of the 
RCCs/SRRCs of the Length of canister failed with Cl-36 and I-129 peak release rates 
from the near field mean that, in general, peak release rates tend to decrease when 
Length of canister failed increases.     

15.4 Importance of the water travel times (tW) in the geosphere paths 

The PSA has found that the water travel times (tW) in the F-, DZ- and TDZ-paths have 
no effect on the output variables studied, with the exception of the peak release rates to 
the biosphere of Nb-93m and Sr-90. For these radionuclides, the RCCs/SRRCs and/or 
modified statistic of the Mann-Whitney test (10% of highest values vs. remaining 90%) 
for parameters tW in F-path and tW in DZ-path are greater than the threshold of statistical 
significance, although the values are very small.   

This negligible effect of tW on the many model results studied is rather counter-intuitive, 
because the analytical solution for the release rate from the geosphere for a delta 
injection of solute (Equation A-6) is a function of WL/Q, tW, Peclet number and the four 
parameters related to the diffusive transport into the unaltered rock adjacent to the 
fractures: Porosity, De, Maximum penetration depth and Kd in unaltered rock. Six of 
the seven parameters in the analytical solution are identified as having an important 
effect on the peak release rates to the biosphere of most radionuclides, but the Water 
travel time (tW) has some effect only in two instances.   

To clarify this result, additional Monte Carlo simulations with 10,000 realisations of the 
hole forever case have been carried out using Water travel times ten (10·tW), one 
hundred (100·tW) or one thousand times (1000·tW) greater than in the Base Case (Figure 
3-12). The RCCs/SRRCs and the values of the modified statistic of the Mann-Whitney 
test (10 % of highest values vs. remaining 90 %) for C-14 and Cs-135 peak release rates 
to the biosphere in these three new Monte Carlo simulations (and the Base Case) are 
shown in Table 15-5 (C-14) and Table 15-6 (Cs-135). 
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Table 15-5. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for C-14 peak release rate to the biosphere 
in the hole forever case. Results in the Base Case (tW) and using water travel times ten 
(10·tW), one hundred (102·tW) or one thousand (103·tW) times greater. 

Parameters 
RCCs/SRRCs Modified Mann-Whitney stat. 

Base 
case 

10·tW 102·tW 103·tW 
Base 
case 

10·tW 102·tW  103·tW 

Canister failure          
Time to transport path creation         
Small hole diameter 0.325 0.326 0.315 0.204 0.548 0.537 0.494 0.348 
De in the small hole 0.272 0.272 0.257 0.164 0.429 0.436 0.388 0.255 
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(C) in the fuel matrix         
IRF(C) in the zirconium alloys         
IRF(C) in the other metals         
Fuel alteration rate         
Zirconium alloys alteration rate         
Metals alteration rate         
Canister interior         
Cavity water volume -0.065 -0.065 -0.062 -0.039 -0.223 -0.227 -0.217 -0.147 
Mass of buffer in cavity -0.041 -0.041 -0.040 -0.030 -0.060 -0.062 -0.081 -0.062 
Solubility (C) 0.695 0.696 0.670 0.423 0.554 0.554 0.560 0.514 
Hole Buffer         
De (cations/neutral)         
Kd (C) -0.148 -0.147 -0.137 -0.077 -0.207 -0.203 -0.189 -0.142 
Tunnel backfill          
De (cations/neutral) -0.046 -0.046 -0.041 -0.020 -0.088 -0.085 -0.115 -0.059 
Kd (C) -0.034 -0.035 -0.040 -0.065 -0.049 -0.055 -0.073  
Solubility correction factor (C)         
Tunnel length    -0.041     
Near field flows         
QF 0.132 0.131 0.133 0.117 0.164 0.156 0.159 0.109 
QDZ 0.117 0.117 0.114 0.071 0.174 0.173 0.149 0.114 
QTDF    0.024 0.032    
qTDZ         
Geosphere flow parameters         
Lengths of F-, DZ-, TDZ-paths         
tW in F-path   -0.122 -0.273   -0.161 -0.279 
WL/Q for F-path -0.102 -0.100 -0.089 -0.052 -0.124 -0.115 -0.095 -0.066 
tW in DZ-path   -0.168 -0.405   -0.225 -0.407 
WL/Q for DZ-path  -0.159 -0.156 -0.136 -0.058 -0.170 -0.174 -0.156 -0.091 
tW in TDZ-path    -0.116    -0.055 
WL/Q for TDZ-path -0.024 -0.025 -0.031 -0.037     
Peclet number -0.046 -0.051 -0.108 -0.380   -0.095 -0.311 
Unaltered rock         
Porosity -0.143 -0.140 -0.124 -0.071 -0.151 -0.148 -0.106 -0.056 
De  -0.152 -0.150 -0.135 -0.073 -0.171 -0.183 -0.152 -0.093 
Maximum penetration depth -0.098 -0.095 -0.082 -0.036 -0.080 -0.075 -0.058  
R2 0.816 0.815 0.795  -- -- -- -- 
Threshold of significance 0.027 0.027 0.029 0.029 0.042 0.047 0.060 0.062 
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Table 15-6. RCCs/SRRCs and values of the modified statistic of the Mann-Whitney test 
(10 % of highest values vs. remaining 90 %) for Cs-135 peak release rate to the 
biosphere in the hole forever case. Results in the Base Case (tW) and using water travel 
times ten (10·tW), one hundred (102·tW) or one thousand (103·tW) times greater. 

Parameters 
RCCs/SRRCs Modified Mann-Whitney stat. 

Base 
case 

10·tW 102·tW 103·tW 
Base 
case 

10·tW 102·tW  103·tW 

Canister failure          
Time to transport path creation         
Small hole diameter 0.110 0.110 0.107 0.087 0.307 0.307 0.306 0.291 
De in the small hole 0.086 0.086 0.085 0.071 0.277 0.277 0.272 0.257 
Time to loss of hole resistance         
Length of canister failed         
Waste         
IRF(Cs) in the fuel matrix 0.033 0.033 0.032 0.025 0.083 0.083 0.089 0.093 
Fuel alteration rate 0.075 0.075 0.073 0.055 0.226 0.226 0.224 0.196 
Canister interior         
Cavity water volume         
Mass of buffer in cavity -0.123 -0.123 -0.121 -0.098 -0.403 -0.403 -0.399 -0.368 
Hole Buffer         
De (Cs) -0.037 -0.037 -0.036 -0.033 -0.136 -0.138 -0.136 -0.127 
Kd (Cs)  -0.131 -0.131 -0.129 -0.109 -0.294 -0.294 -0.297 -0.283 
Tunnel backfill          
De (Cs)     -0.154 -0.154 -0.152 -0.141 
Kd (Cs)          
Tunnel length         
Near field flows         
QF 0.089 0.089 0.088 0.079 0.157 0.157 0.148 0.135 
QDZ 0.046 0.046 0.044 0.031 0.144 0.144 0.144 0.133 
QTDF         
qTDZ         
Geosphere flow parameters         
Lengths of F-, DZ-, TDZ-paths          
tW in F-path     -0.050    -0.082 
WL/Q for F-path  -0.130 -0.130 -0.127 -0.091 -0.139 -0.139 -0.137 -0.107 
tW in DZ-path     -0.085    -0.104 
WL/Q for DZ-path -0.247 -0.246 -0.239 -0.163 -0.200 -0.200 -0.199 -0.159 
tW in TDZ-path          
WL/Q for TDZ-path    -0.028 -0.028     
Peclet number -0.185 -0.185 -0.189 -0.226 -0.062 -0.062 -0.062 -0.084 
Unaltered rock         
Porosity         
De  -0.345 -0.346 -0.347 -0.360 -0.271 -0.271 -0.273 -0.289 
Maximum penetration depth     -0.071 -0.071 -0.079 -0.068 
Kd (Cs) -0.716 -0.716 -0.723 -0.755 -0.618 -0.618 -0.628 -0.674 
R2 0.815    -- -- -- -- 
Threshold of significance 0.028 0.027 0.028 0.026 0.053 0.053 0.052 0.051 
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When the values of the Water travel times are increased, tW in F-path and tW in DZ-path 
become influential parameters, especially for C-14 peak release rate to the biosphere. In 
fact, in calculation case 1000·tW, the parameter with the second highest values of the 
RCC/SRRC and the modified statistic for the Mann-Whitney test is tW in DZ-path, after 
Solubility(C) inside canister. 

It is concluded that the negligible effect of the Water travel times on model outputs is a 
consequence of the small values assigned to these parameters in the Monte Carlo 
simulations (Figure 3-12). Water travel times will become relevant parameters only if 
they are assigned values significantly higher than those in Figure 3-12. 

15.5 Effect of the fracture aperture 

Transport resistance (WL/Q), Water travel time (tW) and Fracture aperture (2b) are 
interrelated parameters that satisfy the following relation: 2b=tW/(WL/Q). In the Monte 
Carlo simulations used in the PSA the input parameters sampled are the Transport 
resistances and Water travel times for the F-, DZ- and TDZ-paths, and the resulting 
fracture apertures are calculated. The cumulative distribution functions of the Fracture 
aperture (2b) for the F-, DZ- and TDZ-paths in the Monte Carlo simulations are shown 
in Figure 15-5. 

 

Figure 15-5 – Cumulative distribution functions (CDFs) of the Fracture aperture (2b) 
for F-, DZ- and TDZ-paths. Values calculated from the WL/Q and tW in each of the 
10,000 realisations. 

The PSA has found that if Water travel times (tW) for the F-, DZ- and TDZ-paths are 
assigned the PDFs in Figure 3-12 the uncertainty in these input parameters has no 
statistically significant effect on the model results. It can be concluded that if water 
travel times take values between 10 and 2,000 years their values have no effect on the 
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model results, and only Transport resistances (WL/Q) have a significant effect on peak 
release rates to the biosphere. 

From the results obtained it is expected that if the sampled random input parameters are 
the Transport resistances (WL/Q) with the PDFs in Figure 3-11 and the Fracture 
apertures (2b) with the PDFs in Figure 15-5, the Fracture apertures (2b) will be 
completely irrelevant parameters. To confirm this prediction, a Monte Carlo simulation 
with 10,000 realisation has been carried out for the growing hole case using Fracture 
apertures (2b) (with three independent truncated log-normal PDFs as shown in Figure 
15-5) as independent input parameters instead of Water travel times (tW). 

The Monte Carlo simulation has shown that the Fracture apertures (2b) generally have 
no effect on the model results, with the only exceptions being Nb-93m and Sr-90 peak 
release rates to the biosphere, for which Fracture aperture (2b) in F-path and Fracture 
aperture (2b) in DZ-path have a small influence. These small effects of the Fracture 
apertures (2b) are similar to the small effects of the tW in F-path and tW in DZ-path on 
the peak release rates from the near field of Nb-93m (section 12.7) and Sr-90 (section 
12.15). 

If Fracture apertures (2b) for the F-, DZ- and TDZ-paths are assigned the PDFs in 
Figure 15-5 the uncertainty in these input parameters has no statistically significant 
effect on the model results. It can be concluded that, if fracture apertures take values 
between 0.004 and 10mm, their values have no effect on the model results, and only 
Transport resistances (WL/Q) have a significant effect on peak release rates to the 
biosphere. 
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16 ADDITIONAL PROBABILISTIC CALCULATIONS TO ANALYSE OTHER 
UNCERTAINTIES AND ALTERNATIVE MODELS 

The models developed for the Monte Carlo simulations used in the Probabilistic 
Sensitivity Analysis (PSA), slightly modified, are also used: 

- to study key uncertainties in the evolution of the repository system that are not 
covered by the PSA because they correspond to different model assumptions, still 
under the assumption that radionuclide releases are due to an initial penetrating 
defect in the copper overpack of one canister, and 

- to obtain a better understanding of the modelled system, including the effects of 
alternative model choices. 

In particular the following effects are studied: 

- the hydraulic significance of the damaged zone around the deposition hole (section 
16.1); 

- the hydraulic significance of the damaged rock below the deposition tunnel (section 
16.2); 

- the model representation of the small hole and the enlarged defect in the canister 
(section 16.3); and 

- the model representation of radionuclide transport along the deposition tunnels 
(section 16.4). 

16.1 Effect of the hydraulic significance of the damaged rock around the 
deposition hole 

In the Reference Case of TURVA-2012 and in the Monte Carlo simulations used in the 
PSA, a hydraulically significant damaged rock zone is assumed to exist around the 
deposition hole. This damaged rock affects both groundwater flow and the release of 
radionuclides from the repository near field to the geosphere. The volume of water in 
the damaged rock between the fracture intersected by the deposition hole and the top of 
the hole is assumed to be well mixed (homogeneous radionuclide concentration). The 
hydraulic properties of the damaged rock are, however, uncertain. Thus, a further flow 
and transport model variant is considered in which there is no damaged rock of 
hydrogeological significance around the deposition hole. 

In this model variant, radionuclide transfer between the buffer and flowing water in 
fractures intersecting the deposition hole takes place by diffusion only. Radionuclide 
transfer, controlled by the effective flow rate QF, is quantified in this case using the 
concept of the boundary layer (film) resistance under the assumption that there is no 
hydraulically significant rock damage.  

ConnectFlow data files contain the results provided by the hydrogeological DFN 
(discrete fracture network) model for 5,391 potential deposition hole locations. 
ConnectFlow provides the following near field parameters: equivalent flows QF, QDZ 
and QTDF, Darcy velocity in the tunnel (qTDZ) and Tunnel length. 
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ConnectFlow files with and without rock damage around the deposition hole are 
available for the boundary conditions corresponding to 2,000 AD (ps_r0_2000.csv and 
ps_r0_2000_no_spall.csv, respectively) and have been used to analyse the effect of 
damaged rock around the deposition hole. 

For a given deposition hole location the near field effective flows QF, QDZ and QTDF are 
different with and without rock damage around the deposition holes. As illustrated in 
Figure 16-1, for most deposition hole locations the values of QF are smaller when rock 
damage around the deposition hole is omitted, although for a few hole locations QF is 
greater than in the case that considers rock damage. QDZ and QTDZ are similar, on 
average, in both cases.  

Two Monte Carlo simulations with 5,000 realisations have been performed using the 
model with hydraulically significant rock damage around the deposition hole and a 
modified model without such rock damage. In each realisation a deposition hole 
location is selected at random, and the values of the model parameters QF, QDZ, QTDF, 
qTDZ and Tunnel length for that hole location are sampled from the corresponding 
ConnectFlow file. The values of the rest of parameters are sampled from the PDFs used 
in the Monte Carlo simulations for the PSA (section 3.3), and for a given realisation are 
the same in both Monte Carlo simulations. Only release rates from the near field have 
been calculated.  

Figure 16-2 to Figure 16-5 show the peak normalised release rates from the near field 
with and without hydraulically significant rock damage around the deposition hole for 
the main radionuclides and the whole inventory (total) in the 5,000 realisations of the 
Monte Carlo simulations. The scatter plot for I-129 is not included because it is very 
similar to that for Cl-36 (Figure 16-4), both I-129 and Cl-36 being long-lived non 
sorbed radionuclides. 

In the hole forever case, the peak release rates from the near field of non sorbed 
radionuclides (Cl-36 and I-129) are little affected by the rock damage around the 
deposition hole. This is an expected result because Cl-36 and I-129 peak release rates 
from the near field are very similar to their peak release rates through the small hole in 
the canister overpack in all the realisations (Figure 7-6 and Figure 8-6), which are not 
affected by the values of QF or QDZ.  

In the growing hole case, the non sorbed radionuclides (Cl-36 and I-129) are affected by 
the rock damage, and, in the great majority of the realisations, peak release rates without 
rock damage are smaller than with rock damage. These results are consistent with the 
PSA finding that near field flows QF and QDZ have no effect on Cl-36 and I-129 peak 
release rates from the near field in the hole forever case, but have an important effect in 
the growing hole case. 

For radionuclides with sorption on buffer and backfill the damaged rock around the hole 
has a significant effect both in the hole forever and growing hole cases. In most 
realisations, omitting the rock damage leads to a marked decrease of the peak release 
rates of these species (especially for C-14), but there are many realisations in which 
neglecting the rock damage increases the peak release rate (especially for Cs-135). 
Although rock damage leads generally to an increase in the near field flow QF, which 
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tends to increase peak near field release rates, it also products effects that tend to reduce 
releases. In particular, rather than migrating directly from the hole through the buffer to 
the fracture, radionuclides are first mixed with the water in the damaged zone, which 
extends from the fracture that intersects the deposition hole vertically upwards to the 
tunnel. From there they can pass to the fracture that intersects the hole (F-path) or to the 
EDZ of the tunnel floor (DZ-paths). They can also migrate back into the buffer in the 
upper part of the deposition hole, which retards releases to the geosphere, especially in 
the case of sorbing radionuclides. 

Table 16-1 shows the percentages of the 5,000 realisations in which peak release rates 
are greater without hydraulically significant damaged rock around the deposition than 
with such damaged rock. The results show that assuming hydraulically significant 
damaged rock around the deposition hole in the model leads, in general, to higher peak 
release rates from the near field, although the exact effect depends on the full set of 
parameter values used.    

  
Table 16-1. Percentages of realisations in which the near field peak release rates 
increase when no hydraulically significant rock damage around the deposition hole is 
considered. 

 C-14 Cl-36 Cs-135 I-129 Total 
Realisations with some increase 

Hole forever 13.3 17.1 20.6 16.6 15.8 

Growing hole 6.5 2.7 12.9 2.7 4.9 

Realisations with increase > 10% 

Hole forever 10.9 2.3 17.3 0.3 7.2 

Growing hole 5.4 2.1 11.1 2.2 4.1 
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Figure 16-1. Equivalent near field flows for all deposition hole locations with and 
without hydraulically significant rock damage around the deposition hole (data from 
groundwater flow modelling cases ps_r0_2000 and ps_r0_2000_no_spall). 
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Figure 16-2. Scatter plot of the peak total normalised release rate from the near field 
with and without the assumption of hydraulically significant rock damage around the 
deposition hole. 

 

Figure 16-3. Scatter plot of C-14 peak normalised release rate from the near field with 
and without the assumption of hydraulically significant rock damage around the 
deposition hole. 
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Figure 16-4. Scatter plot of Cl-36 peak normalised release rate from the near field with 
and without the assumption of hydraulically significant rock damage around the 
deposition hole. 

 

Figure 16-5. Scatter plot of Cs-135 peak normalised release rate from the near field 
with and without the assumption of hydraulically significant rock damage around the 
deposition hole. 
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16.2 Effect of the hydraulic significance of the tunnel excavation 
damaged zone (EDZ) 

In the groundwater flow modelling the tunnel excavation damaged zone (EDZ) is 
represented as a transmissive structure located below the tunnel. In the majority of the 
groundwater flow calculation cases (including ps_r0_5000.csv, which is used in the 
Monte Carlo simulations for the PSA) and in many of the deterministic cases for 
TURVA-2012, the tunnel EDZ is assumed to be discontinuous, i.e. broken into discrete 
sections with gaps in between. The properties of the EDZ are, however, subject to 
uncertainty, and in order to clarify the effect of EDZ properties on radionuclide releases 
from the near field Monte Carlo simulations for the hole forever and growing hole cases 
have been performed using four different groundwater flow cases: 

- case ps_r0_2000, which assumes a discontinuous EDZ below the tunnel. This is the 
Central Case for the calculations presented in this section; 

- case ps_r0_cont_edz_2000, which assumes that there is a continuous EDZ below the 
tunnel, with otherwise the same properties of the discontinuous EDZ of the Central 
Case; 

- case ps_r0_no_edz_2000, which assumes that there is no EDZ below the tunnel 
(however, there is hydraulically significant rock damage around the deposition hole 
as in the Central Case); and 

- case ps_r0_condx10_2000, which assumes that the geometry of the tunnel EDZ and 
the damaged rock around the deposition hole are the same as in the Central Case, 
but their hydraulic conductivities are increased by a factor of ten. 

In the four groundwater flow cases there is hydraulically significant rock damage 
around the deposition hole. The groundwater in this region of damaged rock is assumed 
to be perfectly mixed and therefore the concentration in the effective flow through the 
fracture that intersects the deposition hole (QF) is equal to the concentration in the 
effective flow through the tunnel EDZ (QDZ). As a consequence, if there is hydraulically 
significant rock damage around the deposition hole the really relevant parameter for the 
releases from the near field is the sum QF+QDZ.  

Figure 16-6 shows the cumulative distribution functions (CDFs) of QF+QDZ for the 
5391 potential deposition hole locations in the four groundwater flow cases above. The 
key near field parameter QF+QDZ is significantly reduced in the case without tunnel 
EDZ compared with the other groundwater cases, slightly increased in the case with 
continuous tunnel EDZ and increased very significantly in the case in which the 
conductivity of the tunnel EDZ and the deposition hole damaged zone is ten times 
higher. Table 16-2 shows that, on average, the assumption of continuous tunnel EDZ 
produces only a factor of 1.43 of increase in the values of QF+QDZ, compared with the 
Central Case (discontinuous tunnel EDZ), while increasing the conductivity of the 
tunnel EDZ and the damaged rock around the deposition hole by a factor of ten 
produces, on average, a factor of 6.04 of increase in the values of QF+QDZ. 

Figure 16-6 shows that, in all the cases other than case ps_r0_condx10_2000, the 
highest values of QF+QDZ are quite similar, which indicates that the assumption of 
either no tunnel EDZ or of a continuous tunnel EDZ would not have a significant effect 
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on the releases of radionuclides for the least favourable deposition holes (those with 
highest values of the effective flow QF+QDZ). 

On the other hand, the assumption of a ten times higher conductivity for the tunnel EDZ 
and the deposition hole damaged rock leads to values of QF+QDZ that exceed those in 
the Central Case by around one order of magnitude. This is a larger effect than 
expected, since, in the Central Case, the tunnel EDZ is discontinuous and there should 
be a hydraulic choke to flow along the EDZ. To bridge each gap in the EDZ, the flow 
often has to leak through 0.5m of tunnel backfill with a relatively low hydraulic 
conductivity of 10-10 m·s-1. Natural fractures and the deposition hole damaged zone can. 
in some instances, bridge some of the gap. However, the expected behaviour was that 
QF+QDZ should be relatively insensitive to the hydraulic conductivity of the tunnel EDZ 
and the deposition hole damaged zone, and this is not observed in the results. Upon 
investigation, it was found that this discrepancy is due to insufficient spatial 
discretisation in the groundwater flow model. As reported in an appendix to [24], the 
calculated results for QF+QDZ  may have been overestimated for the Central Case, and 
significantly overestimated for the case with ten times higher hydraulic conductivity in 
the tunnel EDZ and the deposition tunnel damaged zone. The values of QF+QDZ 
provided by ConnectFlow files are cautious with respect to radionuclide release and 
transport along the F- and DZ-paths, and are used in the following analysis of 
radionuclide releases from the near field. 
 

 

Figure 16-6. Cumulative distribution functions (CDFs) of the near field equivalent flow 
QF+QDZ in the central case (ps_r02000), and cases ps_r0_cont_edz_2000 (continuous 
tunnel EDZ), ps_r0_no_edz_2000 (no tunnel EDZ) and ps_r0_condx10_2000 
(conductivity of tunnel EDZ and deposition hole damaged zone x 10). 
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Figure 16-7. Scatter plot of the peak total normalised release rates from the near field 
with near field flow parameters sampled from the Central Case groundwater flow 
modelling results file (ps_r0_2000) and from the results file for ps_r0_no_edz_2000 (no 
tunnel EDZ). 

 

Figure 16-8. Scatter plot of the peak total normalised release rates from the near field 
with near field flow parameters sampled from the Central Case groundwater flow 
modelling results file (ps_r0_2000) and from the results file for ps_r0_cont_edz_2000 
(continuous tunnel EDZ). 
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Figure 16-9. Scatter plot of the peak total normalised release rates from the near field 
with near field flow parameters sampled from the Central Case groundwater flow 
modelling results file (ps_r0_2000) and from the results file for ps_r0_condx10_2000 
(conductivity of tunnel EDZ and deposition hole damaged rock x 10). 

Figure 16-7 to Figure 16-9 show the peak normalised release rates from the near field 
calculated with three alternative assumptions regarding tunnel EDZ properties vs. the 
Central Case in Monte Carlo simulations with 5,391 realisations, one for each potential 
deposition hole location. For a given realisation, all the random input parameters take 
the same values in the four Monte Carlo simulations, with the exception of the near 
field flows, which are sampled from the respective ConnectFlow results file. In 
realisation 1 the near field flow data for deposition hole 1 is used, in realisation 2 data 
for hole 2 is used, and so on. 

Figure 16-7 to Figure 16-9 show that the differences in QF+QDZ between the various 
cases are reflected in the peak total normalised release rates from the near field: 

- Peak total normalised release rates without deposition tunnel EDZ are smaller than 
those obtained in the Central Case.  

- A continuous tunnel EDZ produces, in general, slightly greater peak release rates 
than in the Central Case, although, for many deposition hole locations, the peak 
normalised release rate with a continuous tunnel EDZ is smaller than with a 
discontinuous tunnel EDZ (Central Case). Table 16-2 shows that, on average, the 
assumption of continuous tunnel EDZ produces only a factor of 1.12 (1.22) of 
increase in the values of the peak total normalised release rate from the near field 
the hole forever (growing hole) case compared with the Central Case (discontinuous 
tunnel EDZ).  
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- Finally, when the hydraulic conductivities of the tunnel EDZ and the damaged zone 
around the deposition hole are increased by a factor of ten, the significant increase 
in QF+QDZ  values (Figure 16-6) produces a clear increase of the peak total 
normalised release rate from the near field in most realisations. Table 16-2 shows 
that, on average, a factor of ten of increase in the hydraulic conductivities of the 
tunnel EDZ and the damaged zone around the deposition hole produces only a factor 
of 2.23 (3.20) of increase in the values of the peak total normalised release rate from 
the near field in the hole forever (growing hole) case compared with the Central 
Case.  

Table 16-2 shows that in the two variant cases for tunnel EDZ that produce an increase 
in QF+QDZ (continuous tunnel EDZ and conductivity of tunnel EDZ and deposition 
tunnel damaged rock x 10) the average increase in the peak total normalised release rate 
from the near field is much smaller than the average increase in the values of QF+QDZ 
,especially in the hole forever case.  

As discussed in a previous paragraph of this section “the calculated results for QF+QDZ 

may have been overestimated for the Central Case, and significantly overestimated for 
the case with ten times higher hydraulic conductivity in the tunnel EDZ and the 
deposition tunnel damaged zone”. If groundwater flow modelling with increased 
discretisation is used, a factor of ten of increase in the conductivity of tunnel EDZ and 
deposition hole damaged rock is expected to produce an average increase in QF+QDZ 
(compared with the Central Case) significantly smaller than the factor of 6.04 in Table 
16-2. In a similar way, the average increase in the peak total normalised release rate 
from the near field is expected to be well below the factor of 2.23 (hole forever) or 3.20 
(growing hole) in Table 16-2.  

 
Table 16-2. Geometric mean (averaged over the 5,391 deposition hole locations) of the 
ratio of the value of a given magnitude in a variant case for tunnel EDZ divided by the 
value in the Central Case (discontinuous tunnel EDZ). 

Variant cases for tunnel EDZ QF+QDZ 
Peak total normalised release rate from 

the near field 

Hole forever Growing hole 
Continuous tunnel EDZ 1.43 1.12 1.22 

Conductivity of tunnel EDZ and 
deposition tunnel damaged zone x 10 

6.04 2.23 3.20 

 

16.3 Effect of model representation of the canister defect (small hole and 
enlarged defect) 

Since the canister weld is on the upper surface of the canister (not on the side wall), any 
initial penetrating defect is most likely located on the upper surface, and the same 
applies to a possible enlarged defect. In the Reference Case of TURVA-2012 and in the 
Monte Carlo simulations used in the PSA, both the small hole and the enlarged defect 
are located in the upper part of the side wall of the canister. The effect of the location of 
the defect (canister upper surface vs. canister side wall) has been studied in a variant 
with the small hole in the outermost part of the lid, close to the side wall of the canister, 
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and when the transport resistance of the small hole is lost, the resulting enlarged hole 
covers the whole upper surface of the canister (0.866 m2). 

Monte Carlo simulations with 1,000 realisations have been carried out for three cases: 

- the initial small hole is located towards the outer edge of the canister upper surface 
and remains unchanged during the million year assessment timeframe;  

- the initial small hole is located towards the outer edge of the canister upper surface 
and, when the transport resistance of the defect is lost, the resulting enlarged defect 
covers the whole upper surface of the canister (0.866m2); and 

- the initial defect is located in the side of the canister, and when the small hole grows 
the resulting enlarged defect is a represented by a ring in the upper lateral surface of 
the canister, with the same area an area as in the second case above (0.866 m2). 

Apart from the location of the defect, the first case is identical to the hole forever case 
used in the PSA. Thus, the results of the first case have been compared with the first 
1,000 realisations of the Monte Carlo simulation for the hole forever case to analyse the 
effects of the location (side vs. upper surface) of a defect in the canister whose size does 
not increase with time. Comparison of the results in the second and third cases provides 
information on the importance of the location of the enlarged defect in the canister. 

Figure 16-10 shows that in the hole forever case the location of the small hole (canister 
side vs. upper surface) has a negligible effect on the peak total normalised release rates 
from the near field and to the biosphere in the 1,000 realisations represented. The 
differences for the main radionuclides are very small; only for actinides and progeny 
clear differences (although smaller than a factor of two) are observed in many 
realisations. Figure 16-11 presents the peak total normalised release rate from the near 
field and to the biosphere for the whole inventory (total) and all the actinides and 
progeny in the growing hole case for two different locations of the enlarged defect 
(upper canister side vs. upper surface, i.e. the second and third cases, above). The figure 
shows that the location of the enlarged hole has only a small effect on the peak total 
normalised release rates (a factor 2 at most), but has a greater effect on the peak 
normalised release rates due to actinides and progeny in many realisations.  

Although, in a few realisations, the peak release rates are slightly greater when the small 
hole or the enlarged defect are in the upper surface of the canister, Figure 16-10 and 
Figure 16-11 show that locating the initial defect and the enlarged hole in the upper part 
of the canister side is a cautious assumption for most possible combinations of values of 
the model parameters (realisations).  
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Figure 16-10. Scatter plots of the peak normalised release rates due to the whole 
inventory (total; upper graph) and to actinides and progeny (lower graph) in the hole 
forever case when the small hole is in the canister side or in the canister upper surface. 
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Figure 16-11. Scatter plots of the peak normalised release rates due to the whole 
inventory (total) and to actinides and progeny assuming total failure of the canister 
upper surface (0.866 m2) or a hole of the same size in the canister side wall. 
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16.4 Effect of neglecting transport through the deposition tunnel 

The transport models used in the Reference Case of TURVA-2012 and in the Monte 
Carlo simulations for the PSA include transport through the deposition tunnel. 
Radionuclides diffuse vertically from the top of the deposition hole and enter the 
deposition tunnel, where they are transported by diffusion and advection until reaching 
a water conducting fracture that intersects the deposition tunnel. Radionuclides pass to 
the water flowing through that fracture (with an equivalent flow QTDF) and are then 
transported along geosphere TDZ-path and eventually reach the biosphere. 

Including the deposition tunnel in the calculations adds a third release path from the 
near field and to the biosphere, but the transport distance through the 2.5 meters of 
buffer above the canister and several meters of the tunnel is much longer than through 
the buffer (35cm). Transport along this path thus takes longer than radial transport 
through the buffer.  

In the current reference backfill design (Keto, 2011) [19] it is foreseen that three 
different materials will be used: the tunnel floor will consist of granules of Milos 
bentonite with a medium dry density, the centre of the tunnel will be filled with 
compacted Friedland clay blocks with a high density and finer grained pellets of Milos 
bentonite with lower density will be used to fill the remaining void spaces in the wall 
and the roof. There are few data available on the transport and retention properties of 
these materials, and the retention and transport properties of the tunnel backfill are both 
heterogeneous and uncertain. 

The PSA carried out for the hole forever and the growing hole cases has provided useful 
information regarding the importance of the tunnel related parameters on model results: 

- De in backfill is the only transport parameter of the backfill that has some effect on 
the peak release rates from the near field for many radionuclides, 

- Porosity(anions) in backfill and Solubility correction factors in backfill have no 
statistically significant effect on any of the model outputs studies, 

- Kd in backfill and Tunnel length have a very small effect on the peak release rates 
from the near field of a few radionuclides, 

- QF and QDZ are always far more important than the near field flow parameters 
related to the deposition tunnel (qTDZ and QTDF). Only the peak release rates from the 
near field of a few radionuclides are slightly affected by QTDF, and qTDZ has never 
been identified as having a statistically significant effect on any model output, and  

- the transport path through the geosphere related to the tunnel (TDZ-path) is always 
far less important that the F- and DZ-paths. WL/Q in the TDZ-path is seldom 
identified as relevant, and if so the value of the sensitivity measure is very small.   

From the results of the PSA, it is expected that a simplified transport model that only 
represents the deposition hole will give results very similar to those obtained with the 
complete model (that represents the hole and the tunnel) used generally in this study. To 
further investigate this point, two Monte Carlo simulations with 3,000 realisations have 
been performed with the tunnel omitted from the models, one for the hole forever case 
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and other for the growing hole case. The results have been compared with those 
obtained with the complete models in Figure 16-12 to Figure 16-14. 

In only 60 realisations (out of 3,000) of the hole forever case and in only 41 realisations 
of the growing hole case is the peak total normalised release rate from the near field less 
when the transport model does not include the deposition tunnel. In these realisations: 

- QTDF  is the only non zero near field flow (QF=QDZ=0), or 

- QF and QDZ are much smaller than QTDF and Tunnel length is just a few meters. 

In 449 realisations (out of 3,000) of the hole forever case and 207 realisations of the 
growing hole case the peak total normalised release rate to the biosphere decreases if the 
transport model does not include the deposition tunnel, although only in 75 and 118 
realisations, respectively, is this decrease greater than 10 %. In many of these 
realisations, transport through the geosphere path associated to the tunnel (TDZ-path) is 
faster than through the other two paths (F- and DZ-paths) and hence, in the complete 
model that includes both the deposition hole and the tunnel, the releases through the 
TDZ-path contribute to the peak total normalised release rate to the biosphere, but this 
contribution disappears if the deposition tunnel is not included in the model. 

In the realisations with the highest peak release rates from the near field or to the 
biosphere, omitting the deposition tunnel from the model would be a cautious 
simplification: peak release rates remain unchanged or increase compared with the 
complete model that includes both the hole and the tunnel.  
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Figure 16-12. Peak total normalised release rates from the near field (upper graph) 
and to the biosphere (lower graph). Results with the complete model (hole and tunnel) 
and a model that only represents the deposition hole in Monte Carlo simulations with 
3,000 realisations. 
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Figure 16-13. I-129 peak total normalised release rates from the near field (upper 
graph) and to the biosphere (lower graph). Results with the complete model (hole and 
tunnel) and a model that only represents the deposition hole in Monte Carlo simulations 
with 3,000 realisations. 
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Figure 16-14. Cs-135 peak normalised release rates from the near field (upper graph) 
and to the biosphere (lower graph). Results with the complete model (hole and tunnel) 
and a model that only represents the deposition hole in Monte Carlo simulations with 
3,000 realisations. 
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17 CONCLUSIONS 

The PSA has identified the input parameters whose uncertainty controls the uncertainty 
in the model outputs: mainly total and radionuclide specific peak normalised release 
rates from the near and to the biosphere in the hole forever and growing hole cases.  

This chapter summarises the main findings of the PSA. It must be kept in mind that the 
following conclusions have been obtained for a given set of ranges of values and PDFs 
for the different model parameters. The conclusions would probably remain valid if 
PDFs of (not too) different shapes were used. The conclusions are, however, valid only 
for the ranges of values explored and any extrapolation outside those ranges must be 
made with care.  

17.1 General conclusions 

The Monte Carlo simulations performed have shown that the uncertainty and variability 
of the input parameters (quantified by the PDFs in section 3.3) produces a great 
uncertainty in model results. For Cl-36 and I-129 the spread in the peak release rates 
from the near field and to the biosphere is around three or four orders of magnitude, 
while, for radionuclides with significant sorption on buffer and on the rock matrix the 
spread of the values of the peak release rates is much greater.  

If the initial defect in the canister overpack remains unchanged during the one million 
years assessment timeframe (hole forever case), in all the realisations (combinations of 
values of uncertain parameters) the total normalised release rates from the near field and 
to the biosphere are well below the regulatory activity release constraints in Table 3-18. 

If the initial defect in the canister overpack, after some time, enlarges and a much larger 
hole in the canister surface is formed (growing hole case) the peak release rates of all 
the radionuclides (and total) are much greater than in the hole forever case. For all the 
radionuclides, with the exception of C-14, the peak release rates remain well below the 
regulatory activity release constraints in Table 3-18 in all the realisations. Only in a few 
extreme realisations (characterised by the rapid growth of the initial defect in the 
canister, fast transport through the buffer, high near field flows QF and QDZ and fast 
transport in the geosphere) is the C-14 peak release rate to the biosphere close to the 
regulatory activity release constraint given in Table 3-18. 

Total normalised release rates from the near field and to the biosphere are controlled 
mainly by C-14, Cl-36 and I-129, three radionuclides that present weak or no sorption 
on buffer, backfill and rock matrix in most realisations. C-14 (in non-sorbing, organic 
form) is the dominant radionuclide in the realisations with highest peak total normalised 
release rates. The radionuclides that have significant sorption on the engineered (buffer 
and backfill) and natural barriers (unaltered rock) produce much smaller normalised 
releases from the near field and to the biosphere. 

In the hole forever case, the transport through the defect in the canister overpack limits 
the mass flow of radionuclides entering the buffer to very low values. The parameters 
related to the transport through the defect in the canister overpack (Small hole diameter 
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and De in the small hole) have an important effect on the peak release rates from the 
near field and to the biosphere for many radionuclides as well as for the summed 
inventory.   

The tunnel above the deposition hole provides an additional release path from the near 
field to the biosphere (TDZ-path), but, in most realisations, the peak total (summed over 
the F-, DZ- and TDZ-paths) release rates from the near field increase if the deposition 
tunnel is omitted in the model. The main effect of the deposition tunnel is that the 
backfill acts as a temporary sink for a fraction of the radionuclides that enter the buffer, 
reducing the peak release rates via the F- and DZ-paths (that control the total releases). 

For radionuclides with significant sorption on the rock matrix, releases to the biosphere 
are controlled mainly by geosphere parameters, with Kd and De in unaltered rock being 
the most influential parameters, followed by WL/Q for DZ-path, WL/Q for F-path and 
Peclet number. For radionuclides with little or no sorption on the rock matrix,  releases 
to the biosphere are less affected by the transport through the geosphere.  

17.2 Conclusions for input parameters 

The following conclusions are presented using the structure of Table 3-19, dividing the 
uncertain input parameters into seven groups on the basis of the part of the disposal 
system involved. 

17.2.1 Canister failure parameters 

In the Monte Carlo simulations Time to transport path creation takes values between 10 
and 5,000 years, and is a very important parameter for short lived radionuclides like Sr-
90 (T1/2=28.8 a), Cs-137 (T1/2=30.1 a) and Ag-108m (T1/2=438 a) while it has no effect 
on longer lived radionuclides.  

In the hole forever case, the transport resistance of the defect in the canister overpack 
has a strong effect on the releases from the near field, and hence Small hole diameter 
and De in the small hole are identified as very important parameters for the peak release 
rate from the near field of all the radionuclides. For radionuclides with weak or no 
sorption on unaltered rock these parameters also have a significant effect on the peak 
release rate to the biosphere. For radionuclides with strong sorption on the rock matrix 
the importance of Small hole diameter and De in the small hole on the spread of values 
of the peak total normalised release rate to the biosphere is small, but the highest 10% 
of realisations usually correspond to high values of these two parameters. 

In the growing hole case the loss of the transport resistance of the small hole produces a 
large and sudden increase in the release rates into the buffer, that after some time is 
observed in the release rates from the near field and to the biosphere. For most 
radionuclides, the peak release rates from the near field and to the biosphere are 
obtained after the loss of the transport resistance of the small hole and Small hole 
diameter and De in the small hole have no effect on the peak release rates.   

Placing the initial defect in the canister in the upper surface of the canister (where the 
canister weld is located), or in the upper lateral surface of the canister, has little effect 
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on the peak release rates from the near field. The location of the enlarged defect in the 
canister (upper surface vs. upper lateral surface of the canister) has a greater, but still 
small, effect on the peak release rates from the near field. In the two cases, the peak 
release rates calculated with the initial and the enlarged defects in the upper surface of 
the canister are smaller than those obtained when the defects are in the upper lateral 
surface of the canister. This confirms that placing the defect in the canister in the upper 
lateral surface of the canister (as in the Reference Case of TURVA-2012) is a cautious 
assumption.   

In the Monte Carlo simulation for the growing hole case, Time to loss of hole resistance 
takes values between 5,000 and 50,000 years, and is a very important parameter for 
medium lived radionuclides such as C-14 (T1/2=5,700 a) and Mo-93 (T1/2=4,000 a), 
while, for longer lived radionuclides, its effect is much smaller and even negligible.  

In the growing hole case the size of the enlarged defect in the canister (quantified by 
input parameter Length of canister failed) has a significant effect on the peak release 
rate from the near field only for a few radionuclides (Ag-108m, Be-10 and Cs-135), 
with a much smaller effect on their peak release rates to the biosphere. For solubility 
controlled elements the peak release rates from the near field increase slightly with the 
size of the enlarged defect in the canister, while, for the rest of the radionuclides (and 
the whole inventory) the peak release rates from the near field tend to decrease as 
Length of canister failed increases. As a consequence, it is not evident on the basis of 
these results how to select a cautious value for the size of the enlarged hole in the 
canister in a deterministic case. 

17.2.2 Waste parameters 

The Instant Release Fractions (IRFs) in the fuel matrix have a significant influence on 
the peak release rates from the near field and to the biosphere only for I-129, Cl-36 and 
Cs-135. This effect is much greater in the growing hole case that in the hole forever 
case.  

When selecting the PDFs for the IRFs of C-14 in the fuel matrix, the zirconium alloys 
and the other metal parts [20], broad Log-uniform distributions from 0.01 to 0.5 (or 1) 
were adopted due to the great uncertainty in the value of these parameters. The PSA has 
found that the IRFs of carbon are not important parameters for C-14 peak release rates 
from the near field and to the biosphere, and thus it is not necessary to determine them 
with any more precision. This is a consequence of the rapid release of the C-14 
inventory in the other metals (62 % of the total C-14 inventory) in all the realisations, 
with complete release in 100 to 104 years.  

The model includes IRFs for the Mo, Nb, Ni and Zr in the zirconium alloys and other 
metal parts in order to identify any possible effects of the crud inventory. IRFs in crud 
have no influence on the peak release rates of Mo-93, Nb-91, Nb-92, Nb-93m, Ni-94, 
Ni-59, Ni-63 and Zr-93, and hence it is concluded that including the crud inventory in 
the safety assessment has no effect on the results. 



 

 

520

Since most of the radionuclide inventory is in the UO2 matrix, Fuel alteration rate has a 
strong effect on the peak release rates from the near field and to the biosphere of many 
radionuclides whose transport is not solubility controlled. 

Zirconium alloys alteration rate is an important parameter only for Cl-36 peak release 
rates from the near field and to the biosphere in the growing hole case, and has only a 
small influence on Nb-91 and Nb-94 peak release rates from the near field, both in the 
hole forever and growing hole cases.    

Metals alteration rate (that takes values between 10-4 and 10-2 a-1 in the Monte Carlo 
simulations) has no effect on the peak release rates from the near field and to the 
biosphere of the radionuclides present in the other metals (Ag-108m, C-14, Mo-93, Ni-
94, Ni-59 or Ni-63). Releasing the inventories of Ag-108m, Mo-93, Ni-94, Ni-59 and 
Ni-63 initially present in the other metal parts in 100 or 10,000 years has no meaningful 
effect on their peak release rates, because transport is controlled by their low solubility. 
Only if organic speciation is assumed for carbon is the C-14 peak release rate from the 
near field in the hole forever case slightly affected by the Metals alteration rate (Table 
6-5 and Table 6-6).       

17.2.3 Canister parameters and solubility limits 

The radionuclides released from the different fuel components pass to the water inside 
the canister, where they dissolve or precipitate, depending on their solubility limits.  

The intrusion of buffer into the canister decreases the dissolved concentration inside the 
canister of the radionuclides with strong sorption on the buffer, reducing the releases to 
the buffer if the solubility limit is not reached. For radionuclides with strong sorption on 
buffer that are not solubility controlled, Mass of buffer in cavity has a significant effect 
on their peak release rates from the near field and to the biosphere. This effect is much 
greater in the hole forever case than in the growing hole case. 

For radionuclides that do not sorb on the buffer, the concentration in the water inside 
the canister is inversely proportional to Cavity water volume, and this parameter has an 
important effect on the peak release rates from the near field and to the biosphere of the 
three main radionuclides: C-14, Cl-36 and I-129.  

In the Monte Carlo simulations some elements (mainly Mo, Nb, Se, Sr and U) can have 
a smaller solubility limit in the buffer, at the groundwater-buffer interface or in the 
backfill than inside the canister.  

In the hole forever case, solubilities outside the canister have never been identified as 
having any effect on the peak release rate from the near field or to the biosphere. On the 
other hand, in the growing hole case, having smaller solubilites in the buffer porewater 
or at the groundwater-buffer interface compared with inside the canister has a 
significant effect on the releases from the near field and to the biosphere of the 
radionuclide affected, while having lower solubilities in the backfill has no effect.  

Transport through the small hole ensures a large difference of concentrations (a factor 
100 or more) between canister interior and the buffer close to the small hole. As a 



 

 

521

consequence, if solubility in the buffer or any other location outside the canister is 
smaller than inside the canister, but the difference is smaller than a factor of about one 
hundred, the solubility limits outside the canister will not be reached and only the 
solubility limit inside the canister can have some effect. When the small hole grows, 
concentrations inside the canister and in the adjacent buffer can be very similar and 
hence the lower solubility limits in the buffer porewater can be reached and control the 
diffusive transport through the buffer. 

17.2.4 Buffer parameters 

In the hole forever case Porosity(anions) in buffer has no effect on the peak release rates 
of anions from the near field and to the biosphere. In the growing hole case 
Porosity(anions) in buffer has a significant effect on Cl-36 and I-129 peak release rates 
from the near field, and a smaller effect on their peak release rates to the biosphere, and 
some effect Se-79 peak release rate from the near field.  

De(anions) in buffer is an important parameter for the peak release rates of all the 
anions (Cl-36, I-129 and Se-79) from the near field and to the biosphere, having a 
particularly large effect on the peak release rates from the near field in the growing hole 
case.   

De(cations/neutral) in buffer is an important parameter for the peak release rates of 
many radionuclides from the near field, with a much smaller influence on peak release 
rates to the biosphere. In general, the influence of De(cations/neutral) in buffer on the 
peak release rate from the near field is significantly greater in the growing hole case 
than in the hole forever case. 

De(Cs) in buffer has a significant effect on Cs-137 peak release rates from the near field 
and a smaller effect for Cs-135, although the effects are clearly smaller than those of the 
Kd(Cs) in buffer. De(Ra, Sr) in buffer has some effect on Ra-226 and Sr-90 peak release 
rates from the near field and to the biosphere. 

In general, for the species that sorb on the buffer the effective diffusion coefficients 
have a smaller influence on the peak release rates than the corresponding Kd´s in buffer. 

For radionuclides with strong sorption on buffer, Kd in buffer is usually the most 
important parameter for the peak release rate from the near field, both in the hole 
forever and growing hole cases. The influence of Kd in buffer on the peak release rates 
to the biosphere is much smaller because radionuclides with strong sorption on buffer 
usually also sorb strongly on the rock matrix, and their peak release rates to the 
biosphere are controlled mainly by geosphere parameters.  

Since the model includes the intrusion of buffer into the cavity, for radionuclides with 
strong sorption on buffer, Kd in buffer has a two-fold effect: delaying the transport 
through the buffer and reducing the concentration in dissolution in the water inside the 
canister. As a consequence, the importance of Kd in buffer is greater if buffer intrusion 
is assumed than if it assumed that none of the buffer material penetrates into the cavity.  
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Element specific apparent diffusion coefficients (Da(X) in buffer) are not model input 
parameters, but a combination of two uncertain parameters: De(anions) and 
Porosity(anions) in buffer in the case of anions and De(X) and Kd(X) in buffer for the 
rest of elements (section 3.4). The apparent diffusion coefficients in buffer have been 
included in the PSA to identify which of the different parameters that can be used to 
describe the diffusion in the buffer is the most influential.  

Da(X) in buffer controls the speed of the diffusion through the buffer, and has a great 
effect on the peak release rates of radionuclides that undergo significant radioactive 
decay during their transport through the buffer, such as Cs-137 and Am-241. The tables 
in this report provide detailed information on the relative importance of De, Da and 
Porosity(anions) or Kd(non anions) in buffer for each chemical element in the 
inventory.  

17.2.5 Tunnel backfill parameters 

Porosity(anions) in backfill has no effect on the peak release rates of the anionic species 
(Cl-36, I-129 and Se-79) from the near field and to the biosphere.  

For many radionuclides, De in backfill has some influence on the peak release rates 
from the near field both in the hole forever and growing hole cases, with the greatest 
effect being observed for Cs-135. The effect of De in backfill on the peak release rates 
to the biosphere, if any, is always very small. 

Although many radionuclides sorb similarly on the buffer and on the backfill, only for a 
few of them does Kd in backfill have some effect on their peak release rates from the 
near field or to the biosphere, with the values of the sensitivity measures being very 
small. 

When identified as relevant, De and Kd in backfill are always negatively correlated with 
the corresponding peak release rate, i.e., decreasing the value of De or Kd in backfill 
produces a (small) increase in the peak release rate. The negative correlation of Kd in 
backfill was expected, but the negative correlation of De in backfill is somewhat 
counter-intuitive. The explanation is that increasing De in backfill favours the transport 
through the tunnel, increases the release rate from the top of deposition hole into the 
tunnel and reduces the release rate from the canister hole, through the 35 cm of buffer, 
to the damaged rock around the deposition hole and out of the near field via the F- and 
DZ-paths (that control the releases from the near field). This must be taken into account 
when selecting cautious values of De in backfill for deterministic calculations, because 
the highest consequences are expected to be obtained with the lowest values of De in 
backfill, not with the highest values.   

Tunnel length has no statistically significant effect on the peak release rates from the 
near field, althougn, for a few radionuclides, it has a very small effect on the peak 
release rate to the biosphere.   

The main effect of the tunnel backfill main effect is to act as a temporary sink for a 
fraction of the radionuclides that otherwise would be released earlier from the near field. 
This positive effect (because it reduces the peak release rates) of the tunnel as a sink 
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outweighs the negative effect of introducing an additional release path from the near 
field and to the biosphere (TDZ-path). Section 16.4shows that neglecting the transport 
through the tunnel produces a (generally small) increase in the peak release rates from 
the near field and to the biosphere in practically all the realisations.  

17.2.6 Near field flows 

For most radionuclides the near field equivalent flows QF and QDZ have an important 
effect on the peak release rates from the near field, with some exceptions: 

- in the small hole case, radionuclides with no sorption on buffer (such as Cl-36, I-129 
and Se-79) reach a steady state in which the solute release rate from the small hole 
into the buffer is roughly equal to the release rate from the near field, with near field 
flows playing no role, and 

- for radionuclides with strong sorption on buffer and relatively short lives, such as 
Am-243 and Cm-245, peak release rates from the near field are nearly completely 
controlled by the diffusive transport through the buffer (and, in particular, by the 
apparent diffusion coefficient in the buffer) and near field effective flows have only 
a small effect both in the hole forever and the growing hole cases.  

Near field equivalent flows QF and QDZ also have a significant effect on the peak release 
rates to the biosphere. For radionuclides with little sorption on the rock matrix the effect 
of the geosphere on the peak release rates to the biosphere is small, and near field 
equivalent flows QF and QDZ have a similar importance for the peak release rates from 
the near field and to the biosphere. For radionuclides with strong sorption on the rock 
matrix, transport through the geosphere controls the peak release rates to the biosphere, 
and the influence of near field equivalent flows QF and QDZ on the peak release rates to 
the biosphere is much smaller than their influence on the peak release rates from the 
near field.  

Near field effective flows QF and QDZ have a greater effect on the peak release rates 
from the near field and to the biosphere in the growing hole case than in the hole forever 
case. QF has always a greater influence on peak release rates from the near field or to 
the biosphere than QDZ, but the difference usually is small. This is probably due to the 
greater weight assigned to the higher flow values in the CDF for QF compared with the 
CDF for QDZ (Figure 3-9). 

The inclusion in the model of a region of damaged rock around the deposition hole, 
where groundwater is assumed to be perfectly mixed, means that the solute 
concentrations in near field flows QF and QDZ are identical at any instant. As a 
consequence, the sum QF + QDZ has a much greater effect on the peak release rates from 
the near field than QF or QDZ. 

Only for a few radionuclides has QTDF some effect on the peak release rates from the 
near field and to the biosphere, but the values of the sensitivity measures are always 
very small, close to the threshold of significance. This result confirms the very small 
effect of the TDZ-path on the peak total (summed over the F-, DZ- and TDZ-paths) 
normalised release rates from the near field and to the biosphere. 
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Darcy velocity in the tunnel (qTDZ) has never been identified as having any influence on 
model results, and hence it can be concluded that radionuclide transport through the 
backfill is diffusion controlled.  

17.2.7 Geosphere flow parameters 

Of the ten geosphere flow parameters, only WL/Q for DZ-path, Peclet number and 
WL/Q for F-path (usually in this order) have a significant effect on the peak release 
rates to the biosphere.  

The PSA has never identified Lengths of the F-, DZ- and TDZ-paths as having any 
effect on the peak release rates to the biosphere. This is an expected result because, in 
the transport model used in the Monte Carlo simulations, the longitudinal dispersion 
coefficient is defined as proportional to the water velocity and the path length (using the 
Peclet number). With this assumption, the analytical solution for the release rate to the 
biosphere for a delta injection of solute into the 1D pathway (section A.2) is 
independent of the path length.  

The aforementioned analytical solution depends on only three geosphere flow 
parameters (tW, WL/Q and Peclet number) and on several parameters of the rock matrix. 
As a consequence, in theory both tW and WL/Q in F-, DZ- and TDZ-paths could have 
some effect on radionuclide peak release rates to the biosphere. However, the PSA has 
found that tW in F-, DZ- and TDZ-paths have no effect for most radionuclides, with the 
exception of some small effects identified for Sr-90 and Nb-93m. The negligible effect 
of tW in F-, DZ- and TDZ-paths in the Monte Carlo simulations is a consequence of the 
small values assigned to these parameters (Figure 3-12).  

If the random input parameters used in the calculations were the WL/Q in F-, DZ- and 
TDZ-paths (with the CDFs in Figure 3-11) and the Fracture apertures (2b) in F-, DZ- 
and TDZ-paths (with the truncated log-normal PDF in Figure 15-5), the fracture 
apertures would have no effect on the peak release rates from the near field for most 
radionuclides, with a few exceptions in which would have a very small effect.  

For most radionuclides, WL/Q for DZ-path and WL/Q for F-path are identified as 
having a significant influence on their peak release rates to the biosphere, with WL/Q 
for DZ-path being always more influential than WL/Q for F-path. In general, the 
importance of the transport resistance is greater for radionuclides with significant 
sorption on the rock matrix. 

WL/Q for TDZ-path is seldom identified as a relevant parameter, and, even where 
relevant, always gives very small values of the sensitivity measure used. The very small 
effect of WL/Q for TDZ-path on the peak release rates to the biosphere means that the 
releases due to the TDZ-path have practically no effect on the peak total release rates to 
the biosphere, which are controlled completely by the F- and DZ-paths.  

For the three main radionuclides (C-14, Cl-36 and I-129) and for the whole inventory 
(total), Peclet number has no statistically significant effect on their peak normalised 
release rates to the biosphere. This is a consequence of the fast transport through the 
geosphere of these three radionuclides. For the rest of radionuclides, that sorb 
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significantly on the rock matrix and are hence transported more slowly through the 
geosphere, Peclet number is one of the parameters with the highest influence on the 
peak release rate to the biosphere, usually ranking fourth in importance after Kd in 
unaltered rock, De in unaltered rock and WL/Q for DZ-path.  

When relevant, Peclet number is always negatively correlated with the peak normalised 
release rates to the biosphere (i.e. increasing longitudinal dispersion tends to produce an 
increase of the peak release rates). Neglecting longitudinal dispersion would be a non-
cautious simplification for most radionuclides, although the effect on the peak release 
rates to the biosphere summed over all the radionuclides is minor.  

17.2.8 Rock matrix parameters 

For radionuclides with significant sorption on the rock matrix the parameters with the 
greatest influence on the peak release rate to the biosphere are those related to the 
diffusion into the rock matrix (Kd and De in unaltered rock), while Porosity and 
Maximum penetration depth in unaltered rock have no effect. In general, Kd in 
unaltered rock is the dominant parameter because its PDF covers a wider range of 
values than the PDF for De in unaltered rock. 

For radionuclides that do not sorb on the rock matrix (such as C-14) the parameters 
related to the rock matrix with the greatest influence on the peak release rate to the 
biosphere are Porosity and De in unaltered rock, with Maximum penetration depth in 
unaltered rock having a smaller importance. 

In the Monte Carlo simulations the Maximum penetration depth in the unaltered rock 
takes values between 0.1 and 10 m. The Maximum penetration depth is an important 
parameter for radionuclides with no sorption (C-14) or very weak sorption (Cl-36 and I-
129) on the rock matrix. On the other hand, for those elements with high values of Kd in 
unaltered rock in all the realisations, such as Cm, Am, Np and Pu, the Maximum 
penetration depth has no effect on their peak releases rates to the biosphere. For these 
radionuclides, allowing diffusion into a maximum of 10 m of rock matrix produces 
roughly the same results as 0.1 m, because they do not penetrate beyond a few 
centimetres into the rock matrix during the assessment timeframe of 106 years. 

For Ra-226 the Maximum penetration depth in the unaltered rock is not an important 
parameter although Kd(Ra) in unaltered rock takes very small values in many 
realisations. This is a consequence of relatively short life of Ra-226 (T1/2=1,600a) that 
makes it to decay before it can penetrate 10 cm into the rock matrix.    

In the Monte Carlo simulations the input parameters used to model diffusion in rock 
matrix are De, Kd and Porosity of unaltered rock. Porosity (θ) and Kd in unaltered rock 
enter into the equation governing matrix diffusion via a capacity factor (CF), defined as 
CF=θ+ρDRY·Kd, where ρDRY is the dry density of the rock matrix. The parameters that 
control matrix are De and CF. For a non sorbed species CF=θ, while for sorbed species 
(Kd>10-4 m3/kg) CF≈ρDRY·Kd. Hence, the porosity can have no effect for sorbed 
species. 
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Since the peak total normalised release rates to the biosphere are controlled by 
radionuclides with little (Cl-36 and I-129) or no sorption (C-14) on the rock matrix, 
only Porosity, De and Maximum penetration depth in unaltered rock have a significant 
effect on the peak total normalised release rates to the biosphere.  
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APPENDIX A. ANALYTICAL SOLUTIONS 

This chapter presents some analytical solutions that have been used in the interpretation 
of the results of the PSA. 

A.1 Transport through the defect in the canister overpack 

In the Monte Carlo simulations the transport through the small hole in the overpack is 
modelled assuming steady state conditions, and the mass flow rate through the small 
hole, entering the buffer, (J) is: 
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  ( Equation A-1) 

where l is the thickness of the copper overpack (constant value of 5cm), d is the 
diameter of the small hole, DeW and Debuffer are the effective diffusion coefficient in the 
material filling the small hole and the buffer respectively, Cinside the solute concentration 
in the water inside the canister and Cbuffer is the solute concentration in water in the 
buffer in contact with the small hole. 

In the calculations performed, it has been found that the concentration in the buffer 
close to the small hole (Cbuffer) is always much smaller than the concentration inside the 
canister. This empirical observation makes valid the following simplification: Cinside-
Cbuffer ≈ Cinside.  

The concentration in the water inside the canister is inversely proportional to Cavity 
water volume when Kd in buffer is zero, and to Cavity water volume + Kd in buffer * 
Mass of buffer in cavity=∆ if there is sorption on the buffer material. The resulting 
expression of the mass flow rate through the small hole (J) is 
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 ( Equation A-2) 

where A is the activity of the radionuclide inside the canister at a given instant and 
SHTP is the element specific Small Hole Transport Parameter. 

The denominator in Equation A-2 is formed by to terms, one related to the diffusion in 
the small hole (TH) and other related to the diffusion in the buffer (TB). The ratio TB/TH 
is different for anions (1.1·103 to 47), caesium (1.5·10-5 to 0.7), radium and strontium 
(3.6·10-6 to 0.7) and the rest of cations and neutral species (1.7·10-4 to 0.7). Only for 
anions can TB take similar or greater values than TH in a significant fraction of the 
realisations, and hence only for anions can De in buffer have some effect on the solute 
mass flow entering the buffer. For caesium, radium, strontium and the rest of cations 
and neutral species, the SHTP is given by Equation A-3. 
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  ( Equation A-3) 

Figure A-1 shows the cumulative distribution functions (CDFs) of the values of the 
SHTP for anions and cations with different values of Kd in buffer with the PDFs used in 
the Monte Carlo simulations (section 3.3). SHTPanions is greater than 10-5 only in 
roughly 6% of the realisations. 

 

Figure A-1.CDFs of the Small Hole Transport Parameter for anions and 
cations/neutral species with different values of Kd in buffer. 

 

The equation of the evolution with time of the activity in the canister interior (A) is  

)()()(
)(

tRRWastetASHTP
dt

tdA
   ( Equation A-4) 

where RRWaste is the activity release rate from the waste, that is a function of the IRF 
and the Alteration rates of the fuel components that contain the radionuclide, and, at 
early times, of Time to transport path creation.     

As a consequence, at any instant, the mass flow rate through the small hole (entering the 
buffer) is a function of λ, SHTP, IRF, the relevant Alteration rates of the fuel 
components and Time to transport path creation, and hence the peak release rate 
through the small hole is a function of the same parameters. De in buffer is the only 
parameter external to the waste and the canister that can have some effect on the 
releases through the small hole.    
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Due to the low values of SHTPanions (Figure A-1), when the transport resistance of the 
small hole is lost, the great majority of the inventory of a given anion released from the 
waste up to that instant still remains inside the canister cavity. The loss of the transport 
resistance of the small hole takes place between 5,000 and 50,000 years after the 
formation of the transport path through the canister, depending on the realisation. If a 
given amount of a stable anion is released from the waste, 50,000 years later, 60% of 
the inventory released will remain inside the canister cavity for a SHTPanions value of 10-

5 a-1. If SHTPanions is equal to 10-6 a-1, after 50,000 years 95% of the released inventory 
will remain inside the canister. For anions (Cl-36, I-129 and Se-79) in the great majority 
of realisations the inventory in the canister cavity (not immobilised in the fuel) when the 
small hole enlarges is roughly equal to the inventory released from the waste up to that 
instant.   

If transport through the near field is fast, the solute peak release rate from the near field 
is expected to be very similar to the peak release rate through the small hole. If transport 
through the near field and the geosphere are fast, the peak release rate to the biosphere 
is also expected to be similar to the peak release rate through the small hole. 

In the Monte Carlo simulation for the hole forever case, it has been found that in most 
realisations Cl-36 and I-129 peak release rates from the near field and to the biosphere 
are very similar to the peak release rates through the small hole in the canister overpack 
(Figure 7-6 and Figure 8-6). As a consequence, for Cl-36 and I-129, the parameters that 
control the release rate through the small hole are also expected to have a great 
influence on the peak release rates from the near field and to the biosphere. 

For a solubility controlled element the expression of the mass flow rate through the 
small hole (Equation 17.2) takes a different form 
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where CSOL is the solubility limit inside the canister. 

A.2 Transport in the geosphere 

If a delta injection of a mass M0 of a radioactive solute is injected into a fracture of 
length L and solutes can diffuse into a porous medium (of thickness B) adjacent to the 
fracture, the Laplace transform of the solute release rate (RR) at the end of the fracture 
is  
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where: 
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v      water velocity in the fracture (m/s) 

DL     longitudinal dispersion coefficient (m2/s) 

De   effective diffusion coefficient in unaltered rock (m2/s) 

Dp   diffusion coefficient in unaltered rock porewater (m2/s) 

R    retardation factor in the unaltered rock (-) 

θ     porosity of the unaltered rock (-)  

b     fracture half-aperture (m) 

λ     radioactive decay constant (s-1) 

and p is the variable of Laplace. 

If the longitudinal dispersion coefficient is assumed to be proportional to the water 
velocity in the fracture and the path length (DL=v·L/Pe, where Pe is the Peclet number): 
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Introducing the transport resistance WL/Q=L/(v·2b) and the water travel time tW=L/v 
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