A sensitivity and probability analysis of the safety of deep geological repositories situated in crystalline rock
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Abstract

The aim of this paper is to present the sensitivity and probability analysis of a model of the Czech safety concept of deep geological waste repository. To account for various types of uncertainties the values of some model parameters were considered as uncertain. Parameters uncertainties were modelled via probability density functions which were assigned by expert judgment. The sensitivity analysis was performed using a variance based method which decomposes a total variance of a model output into contributions from each parameter. The calculation of the variance decomposition was based on a Monte Carlo simulation with Sobol’ quasi-random sequences. The analysis was performed for a set of critical radionuclides, in particular 14C, 36Cl, 79Se, 129I , 226Ra. The main contributors to the variance of model output were identified. We illustrated developed methodology on an example of two concentrations of critical radionuclides 79Se and 129I. It is shown that, if the model output is properly transformed before performing sensitive analysis, calculated sensitivity coefficient are robust indicators of the importance of uncertain parameters.
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Deep geological waste repositories (DGR) will be designed so as to ensure safety for thousands of years. The safety concept of DGR systems is substantially affected by type of the host rock in which it is constructed. In crystalline rocks that are assumed as the host rock in the Czech Republic the safety of repository can not rely only on the low permeability of the rock matrix as in both salt and clay formations, because possibility of rapid migration of mobile radionuclides in rock fractures should be taken into account. Therefore the safety of repositories in crystalline rocks also relies significantly on the long-term performance of the engineered barriers, namely on the corrosion resistance of canisters, in which will be placed the spent fuel, and on the diffusion transport through bentonite buffer surrounding the canisters.

The required lifetime of the canisters depends on the properties of the other barriers to meet together the main safety requirement of repositories. The number of canisters which will fail in one year is very important because after failure of canisters the most mobile radionuclides, which are located usually in the gap between spent fuel cladding and uranium matrix, will be released immediately, and will migrate rapidly through fractures in crystalline rocks to the environment. From a preliminary safety case prepared recently in the Czech Republic in the framework of update of reference design of Czech DGR concept [1] the following radionuclides turned out to be the most critical for long-term safety of repositories: 14C (which comes not only from spent fuel assemblies, but also from high level decommissioning waste from nuclear power plants), 36Cl, 79Se, 129I, 226Ra and its daughter products (210Po and 210Pb).  

The uncertainties in the values of parameters necessary for the safety case are influenced mainly by lack of data and knowledge, as only limited information based on an experimental study are available. Most of transport calculations of radionuclides in the region of hypothetic DGR in the Czech Republic for preliminary safety case were performed using deterministic approach with so called “best estimated” values of parameters [1-2]. These calculations were performed using own code prepared in the environment of Contaminant Transport module of the GoldSim software [3].  

The aim of this work is to perform and present the sensitivity and probability analysis of a new version of model of the Czech safety concept of a DGR taking into account a limited set of critical radionuclides mentioned above. The repository is, in the model, considered as a connected system of engineered and natural barriers. The fuel matrix consisting of uranium dioxide crystals, in which are incorporated minor actinides and fission products, forms the first barrier. Released radionuclides will diffuse through the layer of compacted bentonite and rock (granite) matrix and will reach flowing water in granite rock fractures. For carbon-14 it is also considered that it releases from decommissioning wastes congruently with their degradation rates.

In this work we focused mainly on conducting safety and uncertainty analyses for parameters which can be affected by design, research and development activities. Among them belong primarily lifetime of disposal canisters and characteristics of bentonite buffer. Parameters uncertainties were modelled via probability density functions which were assigned on the basis of available data by an expert judgment. 

Model of DGR
The model of one canister with spent nuclear fuel assumes that the greatest portion of fission and activation products will be fixed within the fuel matrix consisting of uranium dioxide crystals. During the time period preceding a failure of a canister, radionuclide inventory in a canister will change only due to the radioactive decay. The rate of a change of a radionuclide mass, 
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here indices k and p denote daughter and parent radionuclides, respectively,  
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[T-1] are decay constants, and 
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[M/mol] are atomic weights. And independent variable, a time t [T], starts from the DGR closure. In the DGR, there will be placed N discrete canisters. The canister lifetime differs according to design, material and failure mode of the canister.
As GoldSim software enables to model a variability in failure times by applying a failure distribution, we used for the description of uncertainty in canister lifetime the left truncated normal distribution, N(t;μ,σ,a), where μ denotes mean canister lifetime, σ is standard deviation of this quantity, and a defines minimal time for which a container will resist. When a container fails, water from the bentonite barrier will penetrate through a canister. The model assumes that after a damage of the canister wall the underground water will fill the free volume of the a canister and the immediate transition of the instant release fraction (IRF) of radionuclides present between spent fuel cladding and fuel matrix, which are instantly available for dissolution, of radionuclides, into the liquid phase occurs. The prevailing fraction of radionuclides that is fixed in the fuel matrix will be released congruently with the dissolution of fuel matrix, τM [T-1].
The bentonite barrier is represented, in the model, by a chain of fifteen cell pathways (CP) which is one of four pathway elements provided by GoldSim. The behavior of CP network is mathematically identical to a network of finite difference nodes describing a coupled system of differential equations [3]. In the case of our model, the basic mass balance equation for a single CP can be written as   
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where the second term on the right-hand side represents the diffusive mass flux between neighboring CPs i and j. In this term, 
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 [L] denote, respectively,  representative cross-sectional area and  length of the diffusive link, 
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[L2/T] is effective diffusion coefficient in the bentonite, 
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 are, respectively, tortuosity and porosity of the bentonite, and finally, 
[image: image11.wmf],

Wij

k

C

 [M/L3] denotes dissolved concentration of k-th radionuclide in the bentonite pore water. To account for the cylindrical geometry of the bentonite barrier, 
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 was calculated as the fraction of the bentonite barrier thickness 
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. CP acts as a mixing cell, a mass of each radionuclide is instantaneously and completely mixed and equilibrated among all CP’s media [3]. In the absence of solubility limits, a concentration 
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where 
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[L3/M] is a distribution coefficient of k-th radionuclide in the bentonite, 
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 [M] is the mass of bentonite in CP i, and 
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[L3] is a volume of water in CP i. If a solubility limit of a k-th radionuclide is applied, solk [M/L3], and if 
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 is set in the reference water to the respective solubility limit.

The host rock is modeled using a chain of three pipe pathways (PP) that represents a network of fractures. PP is another type of pathway elements available within GoldSim that is intended to represent a fluid conduit. A chain of PPs is connected to the bentonite barrier with the help of a specific CP. Parameters of this CP were adopted to represent a thin layer of the host rock. The concentration in the mobile zone of i-th PP,
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where the right-hand side terms represent, consecutively, advection, dispersion, both in the direction of x axes, radioactive decay defined by (1), and finally, diffusion and sorption in the perpendicular direction to the surface of the granite rock surrounding fractures, here denoted by z. 
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[L3/T] denotes a volumetric flow rate of water in i-th PP mobile zone, 
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 [L2] is a cross-sectional area of the mobile PP zone, 
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is retardation factor for the k-th radionuclide . In the second term, 
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[L] is dispersion of PP, and in the fourth term, 
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 [L] is perimeter of the given PP, 
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[L2/T] is effective diffusion coefficient in the host rock, 
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 are, respectively, tortuosity and porosity of the granitic rock, and finally, 
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 is concentration  of the k-th radionuclide in the granite rock.  The change of this concentration is described  by
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where the first two terms accounts for diffusion and sorption, and the third term similarly to (4) for radioactive decay.   
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where 
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[M/L3] is dry density of the granite rock, and 
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 [L3/M] is  distribution coefficient of the k-th radionuclide in the granite. The solution algorithm for PP is based on the Laplace transform. As a consequence, unlike CP, a solubility constraint can not be imposed in PP as it represents a linear system. The model of DGR defines twelve parameters 
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 via four parameters, namely, geosphere influx (GeoIN[M3/T], geosphere residence time (GeoT [T]), geosphere dilution (GeoD) and dispersivity(Geoα [%]) [1]. Input model parameters which were assumed in this study as uncertain are listed in Tab. 1.  
Methods for the probability and the sensitivity analysis
The probability analysis studies the propagation of uncertainties of input parameters through a complex mathematical model. The sensitivity analysis aims to describe how uncertainty of model output can be appointed to portions belonging to uncertainties of individual input parameters [4]. From the practical point of view, we looked for methods allowing to perform both analyses in a single set of simulations. From the computational point of view, we needed
Tab. 1.  Uncertain input parameters. Uncertainties of all parameters except of a parameter 
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	Par.

	Nuclide
	Units

	MIN

	MAX

	Par.

	Nuclide
	Units

	MIN

	MAX


	μ
		a

	2E+04 C
	2E+05

	GDe,k
	14C

	m2s-1
	1E-16

	1E-13 C

	σ
		a

	5E+03 C
	7E+04

		36Cl

	m2s-1
	8E-15

	1E-12 C

	a

		a

	1E+03 C
	1E+04

		79Se

	m2s-1
	1E-14

	1E-12 C

	τM
		a-1
	1E-09

	1E-07 C
		129I

	m2s-1
	7E-15

	6E-12 C
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		m

	3E-01 C
	7E-01

		226Ra

	m2s-1
	1E-15

	1E-13 C

	BDe,k
	14C

	m2s-1
	8E-13

	5E-10 C
		234,238U
	m2s-1
	1E-15

	1E-13 C

		36Cl

	m2s-1
	7E-14

	1E-10 C
	GKd,k
	14C

	m3.kg-1
	1E-05

	1E-03 C

		79Se

	m2s-1
	1E-14

	5E-10 C
		36Cl

	m3.kg-1
	1E-09

	5E-07 C

		129I

	m2s-1
	8E-13

	1E-10 C
		79Se

	m3.kg-1
	1E-09

	1E-1 C

		226Ra

	m2s-1
	1E-11

	5E-10 C
		129I

	m3.kg-1
	1E-09

	5E-07 C

		234,238U
	m2s-1
	1E-11

	5E-10 C
		226Ra

	m3.kg-1
	1E-03

	1E-01 C

	BKd,k
	14C

	m3.kg-1
	0
	0
		234,238U
	m3.kg-1
	1E-01

	1E+01 C

		36Cl

	m3.kg-1
	1E-09 C
	5E-07

	GeoIN
		m3a-1
	1E-02 C
	1E+02


		79Se

	m3.kg-1
	1E-09 C
	0.015

	GeoT
		a

	3E+02

	2E+04 C

		129I

	m3.kg-1
	1E-09 C
	5E-07

	GeoD
			3E+02

	3E+04 C

		226Ra

	m3.kg-1
	1E-04 C
	1E-02

	Geoα
		%

	1E-01

	1E+1 C

		234,238U
	m3.kg-1
	1E+00 C
	1E+02

					
	Gsolk
	14C
	mol.l-1
	1E-10

	1E-06 C
					
		79Se
	mol.l-1
	1E-09

	1E-06 C
					

	
	


methods suitable for even highly nonlinear and non-monotic systems; the behavior expected in the DGR model with respect to some input parameters. Variance-based sensitivity analysis satisfies these requirements [5]. The analysis provides quantitative sensitivity measures which are based on the Hoeffding decomposition scheme of a function of K input parameters, 
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 [6]. The first order sensitivity coefficient,
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where  
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measures the total effect of parameter 
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, i.e. first and higher order effects of parameter 
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Coefficients 
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 of uncertain parameters, each column of which is composed of 
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quasi-random values of one of K input uncertain parameters, each row thus represents a possible combination of all uncertain input parameters. We used the Sobol’s quasi-random generator to build these matrices. 
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 [6]. Model simulations were repeated 
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. The obtained model outputs were subsequently used to calculate sensitivity coefficients 
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 matrices. We calculated some of basic measures of descriptive statistics, e.g. mean, variance, and quartiles.    

Results 

As mentioned in the introduction, we focused on conducting probability and uncertainty analyses of selected parameters of engineered barriers. Unfortunately, it is not possible to neglect in such study an influence of uncertainties in geosphere parameters (Tab.1). We therefore performed two parallel analyses with two different geosphere parameters settings. The first  setting, pessimistic, was defined by maximum value of geosphere influx and solubility limit, and by minimal values of geosphere residence time, geosphere dilution, dispersivity and 
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. The second setting, optimistic, was determined by minimal value of geosphere influx and solubility limit, and maximal values for remaining parameters. Each analysis was comprised by 
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model simulations.
As noted above, the migration of radionuclides from the DGR towards biosphere can be split into three parts: release from the source term to the water filling after a failure of the canister walls the free volume of the canister, diffusion through the bentonite barrier, and migration through the host rock. Detailed studies of each of these three parts can be found e.g. in [7,8,9,10]. To illustrate a variety in radionuclide migrations we compared in Fig. 1. concentrations of three radionuclides, namely 129I (upper panel),  226Ra and 238U (lower panel) in five different positions of migration pathway. Model simulation was performed using parameters values denoted in Tab. 1 by upper index C. In this simulation major part of canisters failed within the time interval (2000, 30000) [a]. Expected IRF of 129I is relatively high (4%) causing an abrupt increase in the inner layer of bentonite barrier (
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, red line) after failure of the first containers. Concentration gradient between 
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 and subsequent CPs rapidly transported this amount of 129I away from the first CP representing diffusion transport. This is the cause of the fast decrease of 
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until the failure of next containers. This explains a saw like shape of  
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 on the time interval (1000, 5000)[a]. Value of 
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 decreases after failure of major part of containers, 129I is then released only congruently with the dissolution of the fuel matrix. On this time interval, concentration gradient between inner and outer layer of bentonite barrier is very small, the same holds also for the gradient between outer bentonite layer and concentration in CP representing granite layer (
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). A difference between concentrations calculated at the end of the first (
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) and the last pipe (
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) is caused mainly by geosphere dilution.  A delay between minimal values of 
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 (green line) and 
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(black line) shown in Fig.1 A is mainly set by residence time GeoT. 226Ra is the fourth term of (4n+2) decay chain. As a consequence concentration profiles of 226Ra are determined not only by values of own parameters by also by parameter values of its ancestors. This was the reason why we involved in our analysis of 226Ra migration also parameters of 234U and 238U.  Dash-doted line shows concentration profiles of the first member of this chain, i.e. 238U. 
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Fig. 1. Comparison of radionuclides concentrations in five different positions of migration pathway.  
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 correspond, respectively, to concentrations in inner and outer layer of bentonite barrier, respectively. 
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 denotes concentration in CP representing granite layer,   
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 are concentration  at the end of the first and the last pipe, respectively.   A concentration profiles of 129I, B concentration profiles of 226Ra (solid colored lines), 238U (dash-doted lines).

Fig. 2 illustrates methodology of probability analysis performed in our study. Panels A (79Se) and B (129I) are devoted to the descriptive statistics of concentrations at the end of last pipe, 
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. Quantiles (solid colored lines) and mean (black dashed line) were calculated separately for each time point. Consequently, displayed time profiles can not be identified with time courses of 
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 corresponding to any individual combination of uncertain parameters (as in Fig. 1). Concentrations of 79Se are widely spread at the beginning (4000, 11000)[a] and constant on the time interval (1E+5,1E+6)[a]. The latter is caused by a restricted solubility limit of granite layer (Gsolk).  Concentrations of 129I are also widely spread on the first part of considered time interval (18000, 100000)[a]. At the later times, the difference between 0.500 th and 0.975 th quantile of 129I concentration becomes rather small. Variance-based sensitivity measures used in our work are not suitable for the cases when values of examined output Y vary over several orders of magnitude, as it occurs on the first time intervals of both examined cases. In such cases it is necessary to transform Y before calculating Si a STi [5]. Because concentration profiles are best presented on a logarithmical scale, one possibility is to transform Y as 
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is due to the value of threshold eps. Such distribution YL is still not favourable for characterizing spread of YL by variance, and hence for characterizing sensitivity by Si and STi. Becker et al. [5] proposed transformation of Y defined as 
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. Panels D and G show histograms of YLT calculated from the same 
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 as for panels C and F.  There is even higher number of YLT with minimal value. Because the safety case is primary focused on the maximal concentration values, we decided to narrow YL by analyzing only a subset of YL values, YLV, which exceeded 0.5 th quantile.  Panels E and H are dedicated to histograms of these subsets. These distributions of YLV appear suitable for variance-based sensitivity analysis.  
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Fig. 2. Probability analysis of concentrations at the end of last pipe, 
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,  of two critical radionuclides. Solid colored lines in A and B denote 0.25th, 0.5th, 0.75th and 0.975th quantiles of 
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, dashed black lines represent mean value of 
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.  Vertical dash-doted lines denote time points at which were constructed histograms shown in subpanels C-H. 
Fig. 3 show Si a STi calculated from 
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 of 129I by using YL (left panel), YLT (middle panel), YLV (right panel).  Si a STi   belonging to 
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 and are not displayed in the middle panel on the time interval (30000, 200000)[a], because calculated values were unreasonably high. Results calculated from other transformations, YL, YLV, suggest that just these two parameters belong to the contributors that caused a widespread of 
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 values on this time interval. The others contributors are two parameters of canister lifetime distribution, namely μ and σ. An impact of these two parameters diminishes after t~1E5[a].
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Fig. 3 Sensitivity analysis of 129I concentrations at the end of the last pipe, 
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. Sensitivity measures were calculated for three transformations of 
[image: image115.wmf]3

F

i

C

. Comparison of S and ST for one transformation (A-B, C-D, E-F) reveals an impact of higher order effects of corresponding parameters. The grey thin rectangular insets in E-F indicates that S a ST on the left-hand side were calculated only for 
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 exceeding 0.5th quantile, and on the right-hand side for 
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Summary

The primary purpose of the work presented in this paper was to perform sensitivity and probability analysis of the recent model of the Czech concept of DGR. To this end we developed methodology for probability and sensitivity analysis allowing to perform both analyses in a single set of Monte Carlo simulations.  According to the conclusions drawn in the sensitivity analysis work package of the European research project PAMINA [11] we used for the sensitivity analysis the variance-based method. We performed two parallel analyses with two different geosphere parameters settings. Each analysis was comprised by 2304 model simulations. The main contributors to the variance of model output were identified. Developed methodology used for probability and sensitivity analysis is illustrated on example of concentrations of two critical radionuclides 79Se and 129I at the end of last pipe. Probability analysis has shown that concentrations of both radinuclides are widely spread at the beginning of considered time interval. Concentrations of 79Se become constant on the time interval (1E+5,1E+6)[a]. Spread of 129I concentrations become also much smaller on that time interval. Sensitivity analysis identified four main contributors that caused a widespread of 129I concentrations at the beginning and two that caused spread of 129I concentrations at end of considered time interval. We confirmed conclusion drawn in [5] that, if the model output is properly transformed before performing sensitive analysis, calculated sensitivity coefficient are robust indicators of the importance of uncertain parameters. We plan to use proposed methodology for developing recent DGR model. 
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