
116

Figure 7-20 presents the total mean annual doses from the whole repository and for the different 
repository parts, taking into account all released radionuclides. A summary of the peak values is 
presented in Table 7-4.

Table 7-4. Peak values of the mean annual doses and time at which the peak value is 
observed for releases to the landscape from each repository part and from the whole 
repository in the calculation case no barrier function in the far-field (CC13). The value given 
for each repository part is the sum of values obtained for all released radionuclides. The 
radionuclides with the highest contribution to the peak doses are indicated.

Repository part Peak annual dose 
µSv/year

Time of the peak 
years AD

Most contributing 
radionuclide

Silo 5.2 around 5,000 Organic C-14
BMA 6.5 around 5,000 Organic C-14
1BTF 0.2 around 5,000 Inorganic C-14
2BTF 2.1 around 5,000 Inorganic C-14
BLA 0.007 around 2,050 Cs-137
Total SFR 1 14 around 5,000 Organic C-14

Figure 7-20. No barrier function in the far-field (CC13), SFR 1. Mean values of the total annual 
individual dose from radionuclide releases to the landscape from each repository part and from the 
whole repository (Sum).
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8	 Collective dose commitment

Using the approach described in Section 4.5, a complete (integrated over 50,000 years) 
collective dose commitment of about 10.9 manSv was obtained. This value was based on a 
release of C-14 of about 1·1011 Bq in the main scenario during the first thousands years after 
closure /Thomson et al. 2008/. The incomplete, i.e. integrated over 10,000 years, collective 
dose commitment is then about 8 manSv. It should be noted that this value is conditioned to 
the assumptions that the future world population increases to 1010 people and stabilises at that 
level and that the global inventory of stable carbon does not increase from its present value 
/UNSCEAR 2000/. 
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9	 Impact on non-human biota 

The maximum values of concentrations in environmental media, the corresponding 
Environmental Media Concentration Limits (EMCL) and the calculated Risk Quotients (RQs) 
are presented in Tables 9-1, 9-2 and 9-3 for marine water, fresh water and soil (air) respectively. 
Note that the concentrations and EMCL-value of C-14 in terrestrial ecosystems are given in 
units of Bq/m3 in air, and not in Bq/kg DW in soil, as it is the case for other radionuclides. As it 
was mentioned in Section 4.6, the EMCL-values for marine water were used to calculate RQs 
for brackish water. The EMCL-values for marine water are generally lower than those for fresh 
water, except for Cl-36 and Cs-137. 

The results show that all RQs are well below one, both for each individual radionuclide and 
for the sum across all radionuclides. Hence, following the ERICA methodology /Erica 2008, 
Beresford et al. 2007/, it can be concluded that the potential impacts on non-human biota are 
negligible and there is no need for performing more realistic assessments. It should be noted 
that in the ERICA methodology, EMCL-values are not provided for some of the radionuclides 
of interest: Mo‑93, Ag‑108m, Sn‑126, Ho‑166m, Pu‑242 and Am‑243, and were therefore not 
evaluated.

Table 9‑1. Predicted maximum radionuclide concentration in marine water, EMCL-values 
and the Risk Quotients (RQs).

Nuclide Concentration 
Bq/m3

EMCL 
Bq/m3

Risk Quotient  
(RQ)

Co-60 5.07·10–4 7.87 6.44·10–5

C-14-org 1.21·10–1 6.49·103 1.87·10–5

C-14-in 5.83·10–2 6.49·103 8.98·10–6

Ni-59 5.79·10–2 5.88·104 9.85·10–7

Ni-63 3.58·10–2 4.41·104 8.12·10–7

Pu-240 5.62·10–7 9.35·10–1 6.01·10–7

Pu-239 3.77·10–7 9.35·10–1 4.04·10–7

Cs-137 4.85·10–4 2.54·103 1.91·10–7

Nb-94 8.88·10–7 4.67 1.90·10–7

Am-241 9.43·10–8 5.38·10–1 1.75·10–7

Tc-99 7.42·10–5 1.96·103 3.79·10–8

Sr-90 2.41·10–4 1.54·104 1.57·10–8

I-129 6.62·10–5 1.34·104 4.93·10–9

Se-79 2.92·10–5 1.24·104 2.36·10–9

Cs-135 1.54·10–5 1.74·105 8.86·10–11

Np-237 4.06·10–9 1.20·102 3.39·10–11

Cl-36 1.04·10–4 2.36·107 4.39·10–12

H-3 1.24·10–6 3.55·108 3.51·10–15

Sum 9.54·10–5
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Table 9‑2. Predicted maximum radionuclide concentration in fresh water, EMCL-values and 
the Risk Quotients (RQs).

Nuclide Concentration 
Bq/m3

EMCL 
Bq/m3

Risk Quotient  
(RQ)

C-14-org 4.0·102 1.6·104 2.6·10–2

C-14-in 1.9·102 1.6·104 1.2·10–2

Ni-59 4.0·102 5.7·104 7.0·10–3

Nb-94 6.0·10–3 4.4 1.4·10–3

Am-241 6.3·10–4 2.6 2.4·10–4

Pu-240 2.5·10–3 2.3·101 1.1·10–4

Pu-239 1.8·10–3 2.3·101 7.7·10–5

Cs-135 1.0·10–1 5.5·103 1.9·10–5

I-129 5.0·10–1 2.8·104 1.8·10–5

Se-79 2.1·10–1 1.5·104 1.4·10–5

Tc-99 5.7·10–1 5.1·104 1.1·10–5

Np-237 2.7·10–5 3.0 8.9·10–6

Cl-36 8.0·10–1 1.1·105 7.5·10–6

Sum 4.7·10–2

Table 9‑3. Predicted maximum radionuclide concentration in soil, EMCL-values and the Risk 
Quotients (RQs).

Nuclide Concentration* 
Bq/kg DW

EMCL* 
Bq/kg DW

Risk Quotient  
(RQ)

I-129 6.5·10–1 4.3·102 1.5·10–3

Ni-59 1.8·103 1.4·106 1.3·10–3

C-14-org 2.4·10–2 8.3·101 2.9·10–4

C-14-in 1.2·10–2 8.3·101 1.4·10–4

Cl-36 2.0·10–1 1.5·103 1.3·10–4

Se-79 1.8·10–1 5.0·103 3.7·10–5

Pu-239 3.1·10–2 1.1·103 2.9·10–5

Pu-240 2.8·10–2 1.1·103 2.6·10–5

Cs-135 5.0·10–1 1.9·104 2.6·10–5

Tc-99 1.3·10–2 2.1·103 6.0·10–6

Nb-94 4.3·10–2 1.1·104 3.9·10–6

Np-237 4.2·10–4 3.8·102 1.1·10–6

Am-241 5.0·10–4 6.3·102 8.1·10–7

Sum 3.5·10–3

* For C-14 the concentrations and EMCL are given in Bq/m3 in air.



121

10	 Sensitivity and uncertainty analyses

In this chapter results from sensitivity and uncertainty analyses carried out for the main Weichselian 
variant (CC1) are presented. The analyses were carried out by performing probabilistic simula-
tions using Latin Hypercube sampling. The contribution to the variance of the peak doses from 
uncertainties in the dose factors and release rates to the biosphere /Thomson et al. 2008/ was 
estimated using the method described in /Vose 1996/. Further, sensitivity analyses were carried out 
to estimate which model parameters contribute the most to the uncertainties in the dose factors and 
the release rates. The sensitivity studied for the release rates was carried out for the Silo and the 
BMA, which have the highest contribution to the total release rates to the biosphere (see Section 5). 
The Spearman Rank Correlation Coefficients (SRCCs) were used as sensitivity measure, which is 
appropriate for models with monotonic relationships between parameters and outputs, as it is the 
case for most cases studied here. No geosphere related parameters were included in the sensitivity 
analysis. However, as shown by the calculation case where retardation in the geosphere is neglected 
(CC13), the retardation in the geosphere has a marginal effect on the doses.

10.1	 Uncertainty of the dose estimations
Figure 10-1 presents results of probabilistic and deterministic dose estimations for releases to the 
landscape in the Weichselian variant (CC1). This figure shows the uncertainty in dose estimates, 
due to parameter uncertainties. It is shown in this figure that the parameter uncertainties in the 
peak doses are rather low, but become much larger for smaller dose values observed before, and 
especially after, the peak doses. The relatively low parameter uncertainty of the peak doses can 
be explained by the dominant contribution of C-14, for which the dose factors and the biosphere 
release rates have low uncertainty. For the dose values near the peak dose, the mean, the median 
and the deterministic value are very close to each other. At the same time, for dose before and after 
the peak doses the mean is always much higher than the median and the deterministic value. 

Figure 10‑1. Arithmetic mean, median, 5-th and 95-th percentiles of the annual individual dose for 
releases to the landscape from SFR 1 obtained for the Weichselian variant (CC1). Deterministically 
calculated annual rates are also shown.
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10.1.1	 Releases to the landscape

Table 10-1 summarizes statistics of the peak values of annual doses obtained from probabilistic 
simulations for the case of releases to the landscape. The ratio between the 95 and 5 percentiles 
ranges from 1.5 for the BMA to 36 for the 2BTF. For the total peak doses, which are dominated 
by the Silo, this ratio is about 4.

Table 10-2 presents the contribution to the variance in peak dose values from uncertainty in the 
dose factors (DF) and releases to the biosphere (R). The uncertainty in the peak doses is mostly 
determined by uncertainties in predictions for C-14. This is because of the high contribution of this 
radionuclide to the doses. The uncertainty in the release rates has the highest contribution for all 
repository parts, except for the BMA for which the uncertainty of the release rates is very low. 

10.1.2	 Releases to a well
Table 10-3 summarizes statistics of the peak values of annual doses obtained from probabilistic 
simulations for the case of releases to a well. In this case, the ratios between the 95 and 5 
percentiles show a much larger variation, of several orders of magnitude, than for the case with 
releases to the landscape (Section 10.1.1). This is partially explained by a higher uncertainty in the 
dose factors for the well, but also by a larger uncertainty in the release rate at year 4,000, due to 
transient changes in the groundwater fluxes occurring at this time. It should be noted that the dose 
values shown in Table 10-3 are values obtained during the simulations, i.e. a moving average of 
the values was not taken, as it was the case with the values reported in Chapters 5 and 6. 

Table 10-4 presents estimates of the contribution to the variance of the peak dose values from 
uncertainty in the dose factors (DF) and release to the biosphere (R). For the Silo the uncertainty 
in the peak doses is mostly determined by the uncertainties for C-14, but for other repository 
parts other radionuclides, like Mo-93 for the BMA, I-129 for the BMA, 1BTF and 2BTF, as well 
as Pu-239 and Pu-240 for the BLA, have also an important contribution. The uncertainty in the 
release rates and in the dose factors has a similar contribution for the different repository parts. 

Table 10-1. Statistics of the peak values of the annual doses (in µSv/y) obtained for releases 
to the landscape in the main scenario with base variant climate evolution.

5% 50% 95% Mean STD Time peak

Silo 1.9 4.4 7.1 4.5 1.5 Around 5,000
BMA 4.4 5.3 6.5 5.3 6.8·10–1 Around 5,000
BLA 1.3·10–3 9.8·10–3 3.2·10–2 1.2·10–2 1.1·10–2 Around 5,000
1BTF 2.4·10–2 1.1·10–1 8.3·10–1 2.3·10–1 2.7·10–1 Around 5,000
2BTF 1.7·10–1 1.6 6.2 2.4 2.1 Around 5,000

Table 10-2. Percentage contribution from uncertainty in the dose factors (DF) and release 
to the biosphere (R) to the variance in the peak values of the annual doses, obtained for 
releases to the landscape in the Weichselian variant.

Radionuclide Silo BMA 1BTF 2BTF BLA
DF R DF R DF R DF R DF R

C-14 org 10.1 89.9 73.5 2.8 0.4 0.7 7.8
C-14 inorg 0.7 0.5 98.5 1.1 98 0.5 76.8
Ni-59 0.3 0.1 3.9 1.9
Nb-94 1.1 0.2
Tc-99 1.1 0.6
C-135 7.4 15.3 0.1 0.1 1.4 1.2
Pu-239 0.6 0.3
Pu-240 1.7 0.8
Total 10.1 89.9 81 19 0.8 99.2 1.2 98.8 10.2 89.8
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Table 10-3. Statistics of the peak values of the annual doses (in µSv/y) obtained for releases 
to a well in the Weichselian variant.

5% 50% 95% Mean STD Time peak

Silo  5.4·10–3 2.9·10–1 4.1 9.5·10–1 1.6 Around 4,000
BMA 1.3·10–2 6.8·10–1 2.4·101 5.6 1.8·101 Around 4,000
BLA 8.1·10–6 3.9·10–2 1.3 2.6·10–1 7.6·10–1 Around 4,000
1BTF 7.1·10–4 1.5·10–1 6.1 1.4 4.7 Around 4,000
2BTF 6.3·10–3 8.9·10–1 5.4·101 1.1·101 3.4·101 Around 4,000

Table 10-4. Percentage contribution of the uncertainty in the dose factors (DF) and release 
to the biosphere (R) to the variance of the peak values of the annual doses obtained for 
releases to a well in the main scenario with base variant climate evolution.

Radionuclide Silo BMA 1BTF 2BTF BLA
DF R DF R DF R DF R DF R

C-14 org 67.4 30.2 11.1 9.1 0.7 1.3 1.2 2.7
C-14 inorg 2.7 5.9 3.2 8.6
Ni-59 0.8 0.2
Mo-93 20.2 37 5.7 7.1 0.5 0.8
Tc-99 0.7 0.2
Ag-108m 0.4 1.4
I-129 9.0 11.6 31.2 45.3 28.9 53.9
C-135
Pu-239 14.4 11
Pu-240 41 31.5
Total 67.6 32.4 40.7 59.3 40.3 59.7 33.9 66.1 57 43

10.2	 Sensitivity analyses
10.2.1	 Releases from the Silo
In the radionuclide transport calculations performed within the SAR-08 assessment project 
/Thomson et al. 2008/ a number of parameters related to the Silo were treated probabilisti-
cally using Latin Hypercube sampling. More information on how the different parameters 
were implemented and justification of the number of realisations are given in the radionuclide 
calculation report /Thomson et al. 2008/. The parameters considered in the sensitivity analysis 
are presented in Table 10-5, together with the names used to represent the parameters in the 
graphs in the remaining parts of this section.

Table 10‑5. Parameters considered in the sensitivity analysis for the Silo.

Parameter Represents

Kdconcem Distribution coefficient for construction cement.
Kdgravel/sand Distribution coefficient for a mixture of gravel and sand.
Kdsand/bentonite Distribution coefficient for a mixture of sand ad bentonite.
Kdbentonite Distribution coefficient for the bentonite surrounding the Silo.
Uf2000 Uncertainty factor that is introduced for scaling the flow for the  

time period between year 2,000 and 4,000 /Thomson et al. 2008/.
Uf4000 Uncertainty factor that is introduced for scaling the flow for the  

time period from year 4,000 /Thomson et al. 2008/.
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In the following subsections, results of the sensitivity analysis for the Silo are given for C-14, 
Ni-59, Cs-135 and Pu-239. 

Organic C-14

One of the most important risk contributing radionuclides in SAR-08 is C-14, which may appear 
either in organic or inorganic form. Due to its comparatively short half-life and its chemical 
properties, C-14 is of main importance in the early part of the assessment time-period. Hence, 
the maximum release rate of organic C-14 was used in the sensitivity analysis together with 
probabilistic input data for the 960 realisations. As organic C-14 is treated as non-sorbing, only 
the flow uncertainty factors (Uf2000 and Uf4000) are relevant for the result. Figure 10‑2 shows 
Spearman Rank Correlation Coefficients for the maximum release rate of organic C-14.

The maximum release rate of organic C-14 occurs approximately at year 3,000. In Figure 10‑2 
it may be observed that an increase in the uncertainty factor (within the uncertainty interval 
considered) results in an increased flow from the Silo, which is in agreement with the under-
standing of the system. The fact that the flow uncertainty factor for later times, Uf4000, shows to 
be significant in the analysis, although the analysis were carried out for the maximum flow at 
a time much earlier, is attributed to the fact that these two parameters are correlated, which is 
further shown in Figure 10‑3. 

Inorganic C-14

As mentioned above, one of the most important risk contributing radionuclides in SAR‑08 is 
C-14, which may appear either in organic or inorganic form. Due to its comparatively short 
half-life and its chemical properties, C-14 is of main importance in the early part of the assess-
ment time-period. Hence, the maximum release rate of inorganic C-14, which occurs around 
year 4,000, was used as input for the sensitivity analysis together with probabilistic input data 
for the 960 realisations. Inorganic C-14 is, as opposed to organic C-14, assumed to have a small 
sorption capability /Thomson et al. 2008/, which influence the results.

Figure 10‑2. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
organic C-14. The parameters studied are flow uncertainty factors, Uf2000 and Uf4000.
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Figure 10‑4 shows SRCCs for the maximum release rate of organic C-14. It can be seen that 
the solely most important uncertainty contributor is the distribution coefficient for construction 
cement. Less important contributors to the uncertainty are the flow uncertainty factors, Uf. The 
fact that both flow uncertainty factors appear in the analysis is attributed to the fact that both 
flow uncertainty factors are correlated. The way the uncertainties affect the result is in agree-
ment with the understanding of the system, a decreased distribution coefficient (lower Kd) as 
well as an increased flow (higher Uf) through the system, results in higher release rates.

Ni-59

Nickel-59 is one of the important radionuclides in the later part of the assessment time-
period and has an intermediate sorption capacity. As the half-life of Ni-59 is relatively long 
(7.60∙104 years), the inventory of Ni-59 will be substantial throughout the assessment period. 
Hence, the release rate at the time-step prior to the start of the permafrost period at year 25,000 
was chosen as the dependent variable for the sensitivity analysis.

Figure 10‑5 shows SRCCs for Ni-59. The predominant uncertainty contributor is the distribution 
coefficient of the construction cement, Kdconcem, followed by uncertainties in the distribution 
coefficient of sand/bentonite and the flow uncertainty factors (also for Ni-59 these two are 
correlated and have hence the corresponding importance). All results are in agreement with 
the understanding of the system, a decreased distribution coefficient (lower Kd), as well an 
increased flow (higher Uf) through the system, result in higher release rates.

Figure 10‑3. Scatter plot of the flow uncertainty factors Uf4000 (y-axis) versus the flow uncertainty 
factors Uf2000 (x-axis).
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Figure 10‑4. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
inorganic C-14. The parameters studied are the distribution coefficient of the construction cement, 
the gravel/sand and the sand/bentonite (Kdconcem, Kdgravelsand and Kdsandbentonite, respectively) and the flow 
uncertainty factors, Uf2000 and Uf4000.

Figure 10‑5. Spearman Rank Correlation Coefficients for maximum the near field release rate of Ni-59. 
The parameters studied are the distribution coefficient in the construction cement, the gravel/sand, the 
sand/bentonite and the bentonite (Kdconcem, Kdgravelsand, Kdsandbentonite and Kdbentonite, respectively) and the flow 
uncertainty factors, Uf2000 and Uf4000.
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Figure 10‑6. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
Cs-135. The parameters studied are the distribution coefficient in the construction cement, the gravel/
sand, the sand/bentonite and the bentonite (Kdconcem, Kdgravelsand, Kdsandbentonite and Kdbentonite, respectively) 
and the flow uncertainty factors, Uf2000 and Uf4000.
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Cs-135

Caesium-135 is one of the important radionuclides in the later part of the assessment time-
period and has an intermediate sorption capacity. As the half-life of Cs-135 is relatively long 
(2.30∙106 years), the inventory of Cs-135 will be substantial throughout the assessment time-
period. Hence, the release rate at the time-step prior to the start of the permafrost at year 25,000 
was chosen as the dependent variable for the sensitivity analysis. 

Figure 10‑6 shows the SRCCs for Cs-135. The predominant uncertainty contributor is the distri-
bution coefficient of construction cement Kdconcem, followed by uncertainties in the distribution 
coefficient for sand/bentonite and the flow uncertainty factors (also for Cs-135 these two are 
correlated and have hence the corresponding importance). All results are in agreement with the 
understanding of the system, a decreased distribution coefficient (lower Kd) as well an increased 
flow (higher Uf) through the system, result in higher release rates.

Pu-239

Plutonium-239 is, compared with the radionuclides reported above, of less importance for the 
SAR-08 results. It is however relevant to perform a sensitivity analysis for the release rate of 
Pu-239, as it is a strongly sorbing radionuclide and a somewhat different behaviour is to be 
expected. The half-life of Pu-239 is in the intermediate range, but long enough (2.41∙104 years) 
for Pu-239 to be important throughout the whole assessment period. Hence, the release rate at 
the time-step prior to the start of the permafrost period at year 25,000 was chosen as the depend-
ent variable for the sensitivity analysis.
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Figure 10‑7 shows the SRRCs for Pu-239. The predominant uncertainty contributor is the 
distribution coefficient of construction cement, followed by the distribution coefficient of sand/
bentonite and the flow uncertainty factors (also for Pu-239 these two are correlated and have 
hence the corresponding importance). All results are in agreement with the understanding of the 
system, a decreased distribution coefficient (lower Kd), as well an increased flow (higher Uf) 
through the system, result in higher release rates.

It must however be noted, that the coefficient of determination (R2*) for the SRCCs is low, 
suggesting that there might be other important parameters, that are not included in the sensi
tivity analysis and/or that the dependencies between the parameters and the release rates are 
non-monotonic.

10.2.2	 Releases from the BMA
In the radionuclide transport calculations performed within the SAR-08 assessment project 
/Thomson et al. 2008/ a number of parameters related to the BMA were treated probabilisti-
cally using Latin Hypercube sampling. More information on how the different parameters were 
implemented and justification of the number of realisations is given in the radionuclide release 
calculation report /Thomson et al. 2008/. The parameters considered in the sensitivity analysis 
are presented in Table 10‑6, together with the names used to represent the parameters in the 
graphs in the remaining parts of this chapter.

Figure 10‑7. Spearman Rank Correlation coefficients for the maximum near field release rate of 
Pu-239. The parameters studied are the distribution coefficient in the construction cement, the gravel/
sand, the sand/bentonite and the bentonite (Kdconcem, Kdgravelsand, Kdsandbentonite and Kdbentonite, respectively) 
and the flow uncertainty factors, Uf2000 and Uf4000. Note, however, the low R2* value further discussed  
in the text.
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Table 10‑6. Parameters included in the sensitivity analysis for the BMA.

Parameter Represents

Kdconcem Distribution coefficient for construction cement.
Kdgravel/sand Distribution coefficient for a mixture of gravel and sand.
Uf2000 Uncertainty factor that is introduced for scaling the flow for the time period between  

year 2,000 and 4,000 /Thomson et al. 2008/.
Uf4000 Uncertainty factor that is introduced for scaling the flow for the time period from  

year 4,000 /Thomson et al. 2008/.

In the following subsections, results of the sensitivity analysis for the BMA are given for C-14, 
Ni-59, Cs-135 and Pu-239. 

Organic C-14

One of the most important risk contributing radionuclides in SAR-08 is C-14, which may appear 
either in organic or inorganic form. Due to its comparatively short half-life and its chemical 
properties, C-14 is of main importance in the early part of the assessment time-period. Hence, 
the maximum release rate of organic C-14 was used in the sensitivity analysis, together with 
probabilistic input data for the 960 realisations. As organic C-14 is treated as non-sorbing only 
the flow uncertainty factors (Uf2000 and Uf4000) are relevant for the results. Figure 10‑8 shows 
SRCCs for the maximum release rate of organic C-14.

The maximum release rate of organic C-14 occurs approximately at year 3,000. In Figure 10‑8 it 
may be observed that an increase in the uncertainty factor (within the uncertainty interval consid-
ered) results in an increased flow from the BMA, which is in agreement with the understanding of 
the system. The fact that the flow uncertainty factor for later times, Uf4000, shows to be significant, 
although the analysis were carried out for the maximum flow at a time much earlier, is attributed 
to the fact that these two parameters are correlated which is further shown in Figure 10‑3.

Figure 10‑8. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
organic C-14. The parameters studied are flow uncertainty factors, Uf2000 and Uf4000.
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Inorganic C-14

As mentioned above, one of the most important risk contributing radionuclides in SAR‑08 is 
C-14, which may appear either in organic or inorganic form. Due to its comparatively short 
half-life and its chemical properties, C-14 is of main importance in the early part of the assess-
ment time-period. Hence, the maximum release rate of inorganic C-14, which occurs around 
year 4,000, was used as input for the sensitivity analysis together with probabilistic input data 
for the 960 realisations. Inorganic C-14 is, as opposed to organic C-14, assumed to have a small 
sorption capability /Thomson et al. 2008/ which influence the results.

Figure 10‑9 shows SRCCs for the maximum release rate of inorganic C-14. The solely most 
important uncertainty contributor is the distribution coefficient of construction cement. Less 
important (insignificant) uncertainties have the distribution coefficient of sand/gravel and the 
flow uncertainty factors, Uf. The reason why both flow uncertainty factors show a contribution 
to the uncertainty is that both flow uncertainty factors are correlated. The way the uncertainties 
affect the result is in agreement with the understanding of the system, a decreased distribution 
coefficient (lower Kd), as well as an increased flow (higher Uf) through the system, result in 
higher release rates.

Ni-59

Nickel-59 is one of the important radionuclides in the later part of the assessment time-
period and has an intermediate sorption capacity. As the half-life of Ni-59 is relatively long 
(7.60∙104 years), the inventory of Ni-59 will be substantial throughout the assessment period. 
Hence, the release rate at the time-step prior to the start of the permafrost period at year 25,000 
was chosen as the dependent variable for the sensitivity analysis. 

Figure 10‑9. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
inorganic C-14. The parameters studied are the distribution coefficient of the construction cement and 
the gravel/sand (Kdconcem, and Kdgravelsand, respectively) and the flow uncertainty factors, Uf2000 and Uf4000.
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Figure 10‑10 shows the SRCCs for Ni-59. The predominant uncertainty contributor is the 
distribution coefficient of construction cement, Kdconcem, followed by uncertainties in the 
distribution coefficients of sand/bentonite and the flow uncertainty factors (also for Ni-59 these 
two are correlated and have hence the corresponding importance). All results are in agreement 
with the understanding of the system, a decreased distribution coefficient (lower Kd), as well an 
increased flow (higher Uf) through the system, result in higher release rates.

Cs-135

Caesium-135 is one of the important radionuclides in the later part of the assessment time-
period and has an intermediate sorption capacity. As the half-life of Cs-135 is relatively long 
(2.30∙106 years), the inventory of Cs-135 will be substantial throughout the assessment time-
period. Hence, the release rate at the time-step prior to the start of the permafrost period at year 
25,000 was chosen as the dependent variable for the sensitivity analysis. 

While the used linear sensitivity model showed to be adequate for the radionuclides reported 
earlier in the current chapter, the analysis yields both small R2*-values and unrealistic results. 
The reason for this can be seen in Figure 10‑11 and Figure 10‑12 where the distribution 
coefficients of the construction cement and the sand/gravel mixture are presented together with 
the flux from the near field. It may be seen, especially in Figure 10‑11, that the response is not 
monotonic, but there are additional contributing factors.

Figure 10‑10. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
Ni-59. The parameters studied are the distribution coefficient of the construction cement and the gravel/
sand (Kdconcem, and Kdgravelsand, respectively) and the flow uncertainty factors, Uf2000 and Uf4000.
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Figure 10‑11. Scatter plot of the distribution coefficient of the construction cement, Kdconcem versus the 
near field release rates and for Cs-135.

Figure 10‑12. Scatter plot of the distribution coefficient of the gravel/sand mixture cement, Kdgravel/sand 
versus the near field release rates for Cs-135.
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Pu-239

Plutonium-239 is, compared to the radionuclides reported in the earlier subsections, of less 
importance for the SAR-08 results. It is however still relevant to perform a sensitivity analysis 
of the release rate of Pu-239, as it is a strongly sorbing radionuclide. The half-life of Pu-239 
is in the intermediate range, but is long enough (2.41∙104 years) for Pu-239 to be important 
throughout the assessment period. The release rate at the time-step prior to the start of the per-
mafrost period at year 25,000 was chosen as the dependent variable for the sensitivity analysis. 
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Figure 10‑13 shows the SRCCs for Pu-239. The predominant uncertainty contributor is the dis-
tribution coefficient of the construction cement, with the gravel/sand distribution coefficients at 
second place, followed by the flow uncertainty factors (also for Pu-239 these two are correlated 
and have hence the corresponding importance). All results are in agreement with the understand-
ing of the system, a decreased distribution coefficient (lower Kd) results in higher release rates, 
as well as an increased flow (higher Uf) through the system.

It must however be noted that the R2* value for the ranked correlation coefficient is low, suggest-
ing that there might be other important parameters that are not included in the analysis. 

10.2.3	 Dose Factors for releases to the landscape
The results of the sensitivity analyses for the dose factors for releases to the landscape are 
presented in Figure 10-14 and 10-15 for C-14 and Cs-135, respectively. These radionuclides 
were selected for the analysis, as they have the highest contribution to the uncertainty of the 
dose estimates (see Section 10.1.1). The results are presented for landscape configuration where 
the receptor of releases is a lake, as the peak doses are associated to this case. 

For C-14, the parameters with the highest effect on the uncertainty of the dose factors are the 
Dissolved Inorganic Carbon (DIC) content and the Net Primary Production (NPP). In the case 
of Cs-135 the bioaccumulation factor for fish have a dominant effect on the uncertainty of the 
dose factors. 

Figure 10‑13. Spearman Rank Correlation Coefficients for the maximum near field release rate of 
Pu-239. The parameters studied are the distribution coefficient of the construction cement and the 
gravel/sand (Kdconcem, and Kdgravelsand, respectively) and the flow uncertainty factors, Uf2000 and Uf4000.
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Figure 10-14. Spearman Rank Correlation Coefficients of the total annual doses per unit release rate of C-14 
obtained for the case of releases to a lake. The parameters shown are: DIC – dissolved inorganic carbon, 
NPP – net primary production, runoff – average runoff in the area, pty – food production in the lake. 

Figure 10-15. Spearman Rank Correlation Coefficients of the total annual doses per unit release rate 
of Cs-135 obtained for the case of releases to a lake. The parameters shown are: BF – bioaccumulation 
factor, Kd_lake – distribution coefficient in lakes, v_sinking – sedimentation velocity. 
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Figure 10-16. Spearman Rank Correlation Coefficients of the total annual doses per unit release rate of 
C-14 obtained for the case of releases to a well. The parameters shown are: well capacity, v10 – wind 
speed at 10 m, h – mixing height, Volume irr – irrigation volume, NPP- net primary production. 
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10.2.4	 Dose Factors for releases to a well
The results of the sensitivity analyses carried out for the dose factors for releases to a well 
are presented in Figures 10-16, 10-17 and 10-18 for C-14, I-129 and Pu-239 respectively. 
These radionuclides were selected for the analysis as they have the highest contribution to the 
uncertainty of the dose estimates (see Section 10.1.2). 

For the three studied radionuclides the uncertainty of the well capacity has a dominant effect on 
the uncertainty of the dose factors. 
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Figure 10-18. Spearman Rank Correlation Coefficients of the total annual doses per unit release rate of 
Pu-239 obtained for the case of releases to a well. The parameters shown are: well capacity, CCveg – 
carbon content of vegetables, StoCap – water storage capacity of vegetables.

Figure 10-17. Spearman Rank Correlation Coefficients of the total annual doses per unit release rate 
of I-129 obtained for the case of releases to a well. The parameters shown are: well capacity, CCveg – 
carbon content of vegetables, CRveg[I-129] concentration ratio of I-129 from soil to vegetables. 
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11	 Conclusions

This report presents estimations of annual doses to the most exposed groups from potential 
radionuclide releases from the SFR 1 repository for a number of calculation cases, selected 
using a systematic approach for identifying relevant scenarios for the safety analysis. The 
dose estimates can be used for demonstrating that the long term safety of the repository is in 
compliance with the regulatory requirements. In particular, the mean values of the annual doses 
can be used to estimate the expected risks to the most exposed individuals, which can then be 
compared with the regulatory risk criteria. In doing this, other aspects need to be considered, 
such as the probability of the different scenarios. Also, it is important to take into consideration 
that the doses have been calculated for the potentially most exposed group, consisting of only 
a few people that make maximal use of the potentially affected area of the landscape. It is 
assumed that the members of the most exposed group spend all time in the most affected area 
and that all food and water that they consume comes from this area.

The dose calculations were carried out for a period of 100,000 years, which was sufficient to 
observe peak doses in all scenarios considered. Releases to the landscape and to a well were 
considered. The peaks of the mean annual doses from releases to the landscape are associated 
with C-14 releases to a future lake around year 5,000 AD. In the case of releases to a well, the 
peak annual doses were obtained around year 4,000 AD, when an increase of groundwater 
discharges occurs in connection with the ongoing shoreline displacement. The peaks for the well 
are also dominated by C-14, although a few other radionuclides also contribute. This pattern 
of the peak doses was observed for calculation cases of the main scenario and less probable 
scenarios. Moreover, the predicted doses, including peak dose values, for calculation cases of 
the less probable scenarios were very close to the predictions for calculation cases of the main 
scenario.

Predicted doses during the first 1,000 years after the repository closure did not exceed 
0.05 µSv/y. Low release rates are predicted for this period, when the recipient for the releases is 
the sea, and doses per unit release rate are low, as compare to the case with releases to a lake or 
a mire. Doses from short-lived radionuclides were very low, as these can only be released during 
the sea period, when doses per unit release rate are lower due to larger dilution. The doses 
for actinides were also low, due to effective retention in the engineered barriers and their low 
inventory. In general, total mean annual individual doses were low during the whole simulation 
period, with values below 14 µSv/y for the main and less probable scenarios. The collective 
incomplete dose commitment from releases during the first 1,000 years after repository closure 
was estimated at 8 manSv. 

The assessment of the impact on non-human biota showed that the potential impact is negligible 
for all radionuclides and ecosystems of relevance. 

Uncertainty analyses were carried out using probabilistic methods. These analyses showed 
that the parameter uncertainty in the peak doses from releases to the landscape are low due to 
the dominant role of C-14, for which the dose factors and the biosphere release rates have low 
uncertainty. The uncertainty in the release rates to the biosphere has the highest contribution to 
the overall uncertainty of the peak dose estimates. This is true for all repository parts, except for 
the BMA for which the uncertainty of the release rates is very low. The uncertainty of the peak 
dose estimates for releases to a well was higher, which can be explained by a higher uncertainty 
in the dose factors for the well and in the release rates to the biosphere at year 4,000 AD, when 
the peak doses to releases to a well are observed. The higher uncertainty of the release rates at 
year 4,000 AD can be explained by transient changes in the groundwater fluxes occurring at this 
time. 
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Sensitivity studies were carried out to identify the near field and biosphere parameters that have 
the highest contribution to the uncertainty of the peak dose estimates. Geopshere parameters 
were not included in the sensitivity studies. However, a calculation case where retardation in the 
geosphere was neglected showed that retardation in the geosphere has a marginal effect on the 
doses. The parameters with the highest contribution to the uncertainties in estimates of release 
rates from the near field are the flow uncertainty factors for non-sorbing radionuclides and the 
distribution coefficients in the construction cement for sorbing radionuclides. The biosphere 
parameters with the highest effect on the uncertainty of the peak dose estimates for releases 
to the landscape are the dissolved inorganic carbon content and the net primary production in 
lakes. In the case of releases to a well, the biosphere parameter with the highest and dominant 
effect on the uncertainty of dose estimates is the well capacity. 
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Appendix A

Model descriptions 
Aquatic model
Transfer of radionuclides between aquatic objects
Fluxes between coastal objects
The following expressions are used for calculating the fluxes of radionuclides between water 
compartments of coastal objects. 

The water and suspended matter from objects 11 (SAFE-basin), 2 and 4 to object 3 
(Öregrundsgrepen) and from object 3 to object 1 (Baltic sea) are described by water retention 
times according to 

TCi = 
i

i RETTIME
TC 1= 	 (A.1)

RETTIMEi = Water retention time in the compartments 11, 2, 4 and 3 [year]  
(i = Object number)

The water flow to the objects 11, 2 and 4 from object 3 and from object 1 to object 3 is related 
to the volume ratio of the two compartments as follows:

 

MI

MIMI
I RETTIMEDA

DATC 1

33

⋅
⋅
⋅

= 	 (A.2)

where

AMI = Area of Object I [m2]

A3 = Area of Object 3 [m2]

DMI = Mean water depth in the Object I [m]

D3 = Mean water depth in Object 3 [m]

RETTIMEMI = Water retention time in the Object I [years]

Fluxes of water and suspended matter from a lake 
The outflows of water from lakes are determined by the annual rate of runoff, size of the catch-
ment area and lake volume according to the following expression: 

TC ⋅
⋅

⋅=
MeanDLakearea

RunoffCatchmTC 	 (A.3)

where

Catchm = Catchment area [m2]

Runoff = Annual runoff [m3/(m2, year)]

Lake area = Area of lake [m2]

MeanD = Mean depth of lake [m]
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The suspended matter follows the water and therefore the same transfer coefficients are used. 
Particulate matter as a whole may have a longer turnover time because of settling and resuspen-
sion, which is accounted for by the exchange of material between suspended and surficial 
sediments.

Transfer of radionuclides within aquatic objects
The conceptual model for turnover of radionuclides in the aquatic objects is shown in 
Figure A-1 /SKB 2004/. 

Transfer of radionuclides from water in surface sediment (5) to lake water (1)
 

advV
DS

TC )2ln(
1,5 =

	 (A.4)

where 

DS = Depth of upper sediment 

Vadv = Velocity of water flow from upper sediment to the water body [m/year]

Figure A-1. Structure of the model system for the aquatics objects 
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Interaction of elements between pore water (5) and upper sediment (3)
Interaction of elements between pore water and upper sediment is a time-dependent process. 
A parameter is therefore introduced described as the half-time to reach sorption equilibrium 
(here called Tk).

From pore water to the solid phase:

⋅
⋅⋅

=
ε

ρ

k

d

T
KnTC )2(

3,5
�

	 (A.5)

and from solid phase to pore water: 

 

kT
nTC )2(

5,3
�= 	 (A.6)

where

Kd = Distribution coefficient, ratio of element concentrations in the solid and the dissolved 
phase [m3/kg], see Table in Appendix B

Ρ = Bulk density of sediment [kg/m3]

ε = Porosity of sediment [–]

Tk = Half-time to reach sorption equilibrium [year]

Interaction of elements between water(1) and suspended matter (2)
The interaction of elements between water and suspended matter is based on that a steady-state 
condition is reached, but not instantaneous between the radionuclides dissolved in water and the 
fraction sorbed to the particulate matter. Therefore, the transfer from water to suspended matter 
is described by a transfer rate of sorption that is proportional to the concentration of suspended 
matter and the nuclide sorption affinity, described by a distribution coefficient. The process is 
time-dependent and therefore a parameter for the half-time to reach sorption equilibrium (here 
called Tk) has been used: 

di
k

KSusp
T
nTC ⋅⋅= )2(

2,1
�

	 (A.7)

and a simple rate of desorption from suspended matter to water:

 

kT
nTC 2

1,2
�= 	 (A.8)

where

Tk = Half-time to reach sorption equilibrium [year]

Suspi = Suspended matter in object i [kg/m3] 

Kd = Distribution coefficient, ratio of element concentrations in the solid and the dissolved 
phase [m3/kg], see Table in Appendix B
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Sedimentation and resuspension processes
A fraction of the suspended matter is assumed to reach the upper sediment through sedimenta-
tion (gross sedimentation). This transfer rate is described by the ratio of the mean settling 
velocity and the mean water depth:

 

i

SINK

D
VTC =3,2 	 (A.9)

where

VSINK = Particle settling velocity [m/year]

Di = Mean water depth [m] in object t i 

Part of uppers sediment is resuspended, described by the following expression:

 )1(2,3 Frac
DS
GRTC −⋅= 	 (A.10)

or transferred to deeper sediment :

Frac
DS
GRTC ⋅=4,3 	 (A.11)

where

GR = Annual sedimentation rate [m/year] 

DS = Depth of upper sediment [m]

Frac = Fraction of accumulation bottom [–]

Mire model
The mire is described by two compartment, see Figure A-2 /Karlsson et al. 2001/

The turnover of radionuclides in the system is described by the following expression. 

From dissolved to particulate form:
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	  (A.12)

and from particulate to dissolved fraction by:

kT
TC )2ln(= 	 (A.13)

Figure A-2. Structure of the model for the mire objects.
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where

Kd = Diswtribution coefficient, ratio of element concentrations in the solid and the dissolved 
phase [m3/kg], see Table in Appendix B

Dp = Depth of peat in mire [m]

εp = Porosity of peat [m3/m3]

Tk = Half-time to reach sorption equilibrium [year]

ρp = Density of the peat [kg/m3]

The transfer coefficient for the horizontal flow is based on water balance and becomes:

MareaD
CatchmRTC
pp ⋅⋅

⋅
ε

 = 	 (A.14)

where

R = Runoff [m3/(m2·year)]

Catchm = Catchment area [m2]

Marea = Area of mire [m2]

Dp = Depth of peat in mire [m]

εp = Porosity of peat [m3/m3]

Irrigation model 
Water from wells located in the drainage area of the repository was also used for irrigation of 
vegetables, in addition to the water consumption. Radionuclides transferred to soil by irrigation 
water will build concentrations, at levels determined by element properties and environmental 
conditions /Karlsson et al. 2001, Avila 2006a/.

The transfer rate describing the loss of radionuclide from upper soil is obtained by /Karlsson 
et al. 2001/:

 

pttstst D
BioT

RETD
RTC

ρεε ⋅−
+

⋅⋅
=

)1(
	 (A.15)

where
 

ε
ερ )1(1 t

pdKRET −⋅⋅+= 	 (A.16)

and

R = Runoff [m3/(m2 year)]

εt = Porosity of topsoil [–] 

Dts = Depth of topsoil [m]

BioT = Transport due to bioturbation [kg/(m2 year)]

ρp = Density of soil particles [kg/m3] 

Kd = Distribution factor, concentration of an element on solids relative to dissolved [m3/kg]
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Retention of radionuclides on surfaces of vegetation was expresses as /Bergström and Barkefors 
2004/:

 
fw

i
sv C

YieldN
KretStoCapLAITIRR

C ⋅
⋅

⋅⋅⋅
= 	 (A.17)

where

Csv = Concentration of radionuclide in surfaces of vegetation [Bq//kg FW] 

TIRR = Annual total irrigation rate per area [m/(m2, year)]

LAI = Leaf area index [m2/m2]	

StoCap = Water storage on vegetation surface per LAI [m3/m2]

Kreti = Element dependent retention factor on surfaces of vegetation [–]

N = Number of irrigation occasions per year 

Yield = Yield values of vegetables [kg FW/m2] 

Cfw = Concentration of radionuclide (i) in well water [Bq/m3]
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Appendix B

Nuclide and element specific data 

Table B-1. Nuclide specific parameters; half-lives /Firestone et al. 1999/, dose coefficients 
for adults (ingestion and inhalation from /EUR 1996/ and external exposure coefficients from 
/Avila and Bergström 2006/.

Nuclide Type of  
dominating decay

Half-life 
Year

External exposure 
(Sv/h)/(Bq/m3)

Ingestion 
Sv/Bq

Inhalation 
Sv/Bq

H-3 β 12 1.8E–11 2.6E–10
C-14 β 5,730 1.9E–17 5.8E–10

2.9E–11*

5.8E–9

Cl-36 β 301,000 2.1E–19 9.3E–10 7.3E–9
Co-60 β, γ 5.3 – 3.4E–9 3.1E–8
Ni-59 β 76,000 3.0E–13 6.3E–11 4.4E–10
Ni-63 β 100.1 – 1.5E–10 1.3E–9
Se-79 β 1,130,000 – 2.9E–9 6.8E–9
Sr-90 β 29 2.9E–19 2.8E–8 1.6E–7
Zr-93 β 1,530,000 1.2E–17 1.1E–9 2.5E–8
Nb-94 β, γ 20,000 1.8E–13 1.7E–9 4.9E–8
Mo-93 EC 4,000 8.0E–18 3.1E–9 2.3E–9
Tc-99 β 211,000 2.1E–18 6.4E–10 1.3E–8
Ag-108m γ 418 1.8E–16 2.3E–9 3.7E–8
Sn-126 β, γ 100,000 6.2E–19 4.7E–9 2.8E–8
I-129 β 15,700,000 1.6E–17 1.1E–7 3.6E–8
Cs-135 β 2,300,000 1.3E–13 2.0E–9 8.6E–9
Cs-137 β, γ 30 1.4E–13 1.3E–8 3.9E–8
Ho-166m γ 1,200 5.6E–16 2.0E–9 1.2E–7
Np-237 α 2,144,000 1.8E–15 1.1E–7 5.0E–5
Pu-238 α 88 2.2E–18 2.3E–7 1.1E–4
Pu-239 α 24,110 5.1E–18 2.5E–7 1.2E–4
Pu-240 α 6,563 2.2E–18 2.5E–7 1.2E–4
Pu-242 α 372,300 1.9E–18 2.4E–7 1.1E–4
Am-241 α 432 2.8E–17 2.0E–7 9.6E–5
Am-243 α 7,370 2.9E–15 2.0E–7 9.6E–5

* Used for exposure from drinking water.
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Table B-2. Values of bioaccumulation factors for elements in brackish water expressed in 
Bq per kg carbon in fish relative to Bq per m3 water1), nominal values and ranges used in the 
probabilistic calculations. The distribution is also given (T = triangular, LT = logtriangular) 
/Karlsson et al 2002/.

Element Distribution Min Nominal value Max

H T 3.65E–03 7.25E–03 1.45E–02
Cl LT 7.25E–04 7.25E–03 7.25E–02
Co LT 2.17E–01 2.17E+00 3.60E+00
Ni LT 2.17E–01 2.17E+00 3.60E+00
Se T 1.45E+01 2.90E+01 5.80E+01
Sr LT 7.20E–03 2.17E–01 7.16E+00
Mo LT 7.25E–03 7.25E–02 3.63E–01
Zr LT 7.25E–02 7.25E–01 1.50E+00
 Nb LT 7.25E–03 7.25E–01 3.63E+00
Tc LT 7.25E–03 2.17E–01 6.50E–01
Ag T 7.24E–01 3.62E+00 7.24E+00
Sn LT 7.25E–01 7.25E+00 7.25E+01
I T 7.23E–02 2.17E–01 6.53E–01
Cs T 7.50E–01 1.45E+00 3.63E+00
Ho LT 2.17E–02 2.17E–01 2.17E+00
Np2) LT 7.24E–02 3.62E–01 2.17E+02**
Pu LT 3.61E–02 2.17E–01 3.62E–01
Am LT 4.20E–02 4.20E–01 8.40E–01

1) Calculated from fresh weight by assuming a carbon content of 0.13%, based on an average value in fish 
according to /Jordbruksverket 2007/. 
2) Increased range compared to /Karlsson et al. 2002/.

Table B-3. Element specific distribution coefficients Kd [m3/kg] for suspended matter 
in coastal water, nominal values and ranges used in the probabilistic calculations. The 
distribution is also given (T = triangular, LT = logtriangular) /Karlsson et al. 2001/.

Element Distribution Min Nominal value Max

H LT 1E–04 1E–03 1E–02
Cl LT 1E–04 1E–03 1E–02
Co LT 1E+01 1E+02 1E+03
Ni LT 1E+00 1E+01 1E+02
Se LT 5E–01 5E+00 5E+01
Sr LT 1E–02 1E–01 1E+00
Mo LT 1E–04 1E–03 1E–02
Zr LT 5E+00 5E+01 5E+02
Nb LT 1E+00 1E+01 1E+02
Tc LT 1E–02 1E–01 1E+00
Ag LT 1E–01 1E+00 1E+01
Sb LT 1E–01 1E+00 1E+01
Sn LT 5E+00 5E+01 5E+02
I1) LT 3E–02 3E–01 3E+00
Cs LT 1E+00 1E+01 1E+02
Ho LT 1E–02 1E–01 1E+00
Np LT 1E+00 1E+01 1E+02
Pu LT 1E+01 1E+02 1E+03
Am LT 1E+00 1E+01 1E+02

1) Ranges used correspond to a factor of 10 up and down from the nominal value and not the range given  
in /Karlsson et al. 2002/.  
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Table B-4. Values of distribution coefficients [m3/kg] for elements in peat soil (also used for 
elements in sediments), nominal values and ranges used in the probabilistic calculations. 
The distribution is also given (LT = logtriangular, LN = lognormal).

Element Distribution Min Nominal value Max

H LT 1E–04 1E–03 1E–02
Cl1) LN 1E–03 1E–01 1E+00
Co LT 1E–01 1E +00 1E +01
Ni LT 1E–01 1E+00 1E+01

Se2) LT 2E–02 2E–01 2E+00

Sr LT 2E–02 2E–01 2E+00
Mo LT 1E–02 1E–01 1E+00
Zr LT 7E–01 7E+00 7E+01
Nb LT 2E–01 2E+00 2E+01
Tc LT 5E–04 5E–03 5E–02
Ag LT 2E+00 2E+01 2E+02
Sb LT 1E–01 1E+00 1E+01
Sn LT 2E–01 2E+00 2E+01

I3) LT 3E–02 3E–01 3E+00

Cs4) LT 1E–01 1E+00 1E+01
Ho LT 3E–01 3E+00 3E+01
Np LT 5E–01 5E+00 5E+01
Pu LT 5E–01 5E+00 5E+01
Am LT 5E–01 5E+00 5E+01

1) Standard deviation = 10.
2) Value for Se was decreased with a factor of 10 from /Karlsson et al 2002/ according to the information in 
/Cantrell et al. 2003/.
3) Values for I was increased with a factor of 10 from /Karlsson et al. 2002/ to reflect /Johansson 2000/ that I is 
effectively sorbed in organic soils.
4) Values for soil was used, because the values for organic soil in Karlsson et al. 2002 were lower than for 
general soil.    

Table B-5. Values of distribution coefficients [m3/kg] for elements in suspended matter in 
fresh-water, nominal values and ranges used in the probabilistic calculations. The distribu‑
tion is also given (LT = logtriangular) /Karlsson et al. 2002/.

Element Distribution Min Nominal value Max

Cl1) LT 1E–04 1E–03 1E–02
Ni LT 1E+00 1E+01 1E+02
Se LT 5E–01 5E+00 5E+01
Mo LT 1E–04 1E–03 1E–02
Zr1) LT 5E+00 5E+01 5E+02
Nb LT 1E+00 1E+01 1E+02
Tc LT 1E–02 1E–01 1E+00
Ag LT 2E–01 2E+00 2E+01
Sn LT 5E+00 5E+01 5E+02
I2) LT 3E–02 3E–01 3E+00
Cs LT 1E+00 1E+01 1E+02
Ho LT 3E–02 3E–01 3E+00
Np LT 1E+00 1E+01 1E+02
Pu LT 1E+01 1E+02 1E+03
Am1)      LT 1E+00 1E+01 1E+02

1) Values for brackish water /Karlsson et al. 2002/. For Zr lower values for fresh water than for brackish water 
was given in /Karlsson et al. 2002/ why the brackish water value was selected. 
2) Increased range compared to /Karlsson et al. 2002/.
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Table B-6. Values of bioaccumulation factors for elements in fresh water expressed in 
Bq per kg carbon in fish relative to Bq per m3 water, nominal value and ranges used in 
the probabilistic calculations. The distribution is also given (LT = logtriangular).

Elements Distribution Min Nominal value Max

Cl LT 7.3E–02 3.6E–01 7.20E–01
Ni LT 2.2E–01 2.20E+00 2.20E+01
Se LT 7.3E+00 2.90E+01 7.30E+01
Mo LT 7.3E–03 7.3E–02 7.3E–01
Zr LT 2.2E–02 1.4E+00 2.2E+00
Nb LT 7.2E–01 2.2E+00 2.2E+02
Tc LT 2.0E–01 2.0E–01 8.7E+00
Ag LT 7.2E–01 3.6E+00 7.2E+01
Sn LT 2.2E+00 2.2E+01 2.2E+02
I LT 7.3E–02 1.40E+0 3.6E+00
Cs LT 3.6E+01 7.2E+01 1.5E+03
Ho LT 2.2E–02 2.2E–01 2.2E+00
Np LT 7.30E–02 3.6E–01 2.2E+01
Pu LT 2.9E–02 2.0E–01 2.2E+00
Am LT 2.5E–01 7.0E–01 7.30E+00

Table B-7. Values of aggregated transfer factor from agricultural production expressed 
in Bq per kg carbon per Bq per kg dry soil, nominal value, mean value and ranges used 
in the probabilistic calculations. The distribution is also given (LN = Lognormal).

Element Distribution Nominal value Mean value Standard deviation

Cl LN 7.14E+01 1.45E+02 1.71E+02
Ni LN 3.43E–01 7.14E–01 1.77E+00
Se LN 3.70E+01 2.90E+01 4.51E+01
Mo LN 1.45E+00 3.38E+00 7.73E+00
Zr LN 1.60E–03 3.70E–03 8.92E–03
Nb LN 7.80E–03 1.67E–02 3.65E–02
Tc LN 8.65E+00 1.25E+01 5.30E+01
Ag LN 1.32E+00 2.65E+00 6.78E+00
Sn LN 6.44E–01 1.91E+00 6.68E+00
I LN 4.32E–01 1.10E+00 2.39E+00
Cs LN 2.47E–01 5.56E–01 1.36E+00
Ho LN 1.45E–02 4.72E–02 1.96E–01
Np LN 2.50E–02 7.17E–02 2.34E–01
Pu LN 2.00E–04 5.30E–04 1.85E–03
Am LN 4.50E–04 5.30E–04 1.85E–03
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Table B-8. Values of aggregated transfer factor* from forestry products expressed in 
Bq per kg carbon per Bq per kg dry soil, nominal value, mean value and ranges used 
in the probabilistic calculations. The distribution is also given (LN = Lognormal).

Element Distribution Nominal value Mean value Standard deviation

Cl LN 5.13E+02 7.70E+02 6.62E+02
Ni LN 2.53E+00 7.33E+00 8.86E+00
Se LN 3.64E+02 2.65E+02 1.84E+02
Mo LN 1.46E+01 3.02E+01 2.99E+01
Zr LN 1.80E–02 3.76E–02 3.60E–02
Nb LN 9.00E–02 1.89E–01 1.85E–01
Tc LN 1.83E+01 5.27E+01 4.70E+01
Ag LN 9.10E+00 1.68E+01 1.52E+01
Sn LN 1.82E+00 5.54E+00 6.03E+00
I LN 1.13E+01 1.02E+01 1.19E+01
Cs LN 1.96E+02 6.38E+02 1.60E+03
Ho LN 1.80E–02 3.77E–02 3.74E–02
Np LN 1.28E+00 1.37E+00 1.62E+00
Pu LN 3.64E–02 7.94E–02 1.00E–01
Am LN 2.36E–02 2.27E–01 7.40E–01

Table B-9. Values of distribution coefficients [m3/kg] for elements in soil, nominal 
value and ranges. The distribution is also given (LT = logtriangular).

Element Distribution Min Nominal value Max

Cl- LT 0.0001 0.0010 0.01
Ni LT 0.05 0.5 5
Se LT 0.001 0.01 0.1
Zr LT 0.1 1 10
Nb LT 0.05 0.5 5
Mo LT 0.01 0.1 1
Tc LT 0.0005 0.0050 0.05
Ag LT 0.01 0.1 1
Sn LT 0.01 0.1 1
I LT 0.03 0.3 3
Cs LT 0.1 1 10
Ho LT 0.1 1 10
Np LT 0.01 0.1 1
Pu LT 0.5 5 50
Am LT 0.2 2 20
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Table B-10. Values of root-uptake factors for vegetables [Bq/kg FW per Bq/kg dry soil] for 
elements in soil, nominal value and ranges. The distribution is also given (T = triangular,  
LT = logtriangular).

Element Distribution Min Nominal value Max

Cl T 1.0 3.0 10
Ni LT 0.002 0.02 0.2
Se LT 0.1 2.0 3
Zr LT 1.0E–5 1.0E–4 1.0E–3
Nb LT 5.0E–5 5.0E–4 5.0E–3
Mo LT 0.008 0.08 0.8
Tc LT 0.01 2.0 8.0
Ag LT 0.01 0.1 1.0
Sn LT 0.005 0.05 0.5
I LT 0.003 0.03 0.3
Cs LT 0.002 0.02 0.2
Ho LT 0.0003 0.0030 0.03
Np LT 0.0004 0.0040 0.04
Pu- LT 2.0E–6 2.0E–5 2.0E–4
Am LT 7.0E–6 7.0E–5 7.0E–4

Table B-11 Retention factors [–] for element sorbing on surfaces of vegetation, nominal 
value and ranges. The distribution is also given (T = triangular).

Elements Distribution Nominal value Ranges

Anions (Cl, I) T 0.5 0.3–0.7
(Cs) T 1 0.5–1.5
Cations (Ni, Se, Zr, Nb, Mo, Tc, Ag, Sn, Ho, Np, U, Pu, Am) T 2 1.5–2.5
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Appendix C

Derivation of aggregated transfer factors for forests 
This appendix describes the method applied for derivation of the aggregated transfer factors for 
forests, which is an update of the method applied in SR-Can /Avila 2006a/. 

The aggregated transfer factors that were used in SR-Can /Avila 2006a/ for forests considered 
only the consumption of roe deer and moose. The derivation of an aggregated transfer factor 
that accounts for all forest products requires knowledge of the fractional contribution of differ-
ent forest products to the yearly carbon intake. This parameter is unknown and it is difficult to 
estimate, special for exposures in the future. Hence, an alternative approach was here applied, 
where it is assumed that all food products that are produced in the forest are consumed. The 
average radionuclide intake rate by an individual of the group consuming forest food products 
can be then obtained as:

 ∑=
k

j
k

kj
mediaC

j TF
P
pCIRIntake *** 	 (C.1)

where,

IRC is the annual intake of carbon by an individual [kgC/yr],

C j
media is the j-th radionuclide concentration in soil [Bq/kg DW],

TFk j is the transfer factor from soil to the forest food product “k” [Bq/kgC per Bq/kg DW],

pk is the yearly production of the forest food product “k” [kgC/m2/yr],

P is the total production of food in the forest [kgC/m2/yr].

The sum in Equation C.1 is the Aggregated Transfer Factor (TFagg) for forests, which is the ratio 
between the radionuclide concentration in the diet and the radionuclide concentration in the 
environmental media (soil). Hence, the TFagg for forests is defined as the sum of the TFs of the 
different forest food products weighted with their fractional contribution to the total food pro-
duction in the forest. The TFs for roe deer and moose were obtained with the Equations C.2 and 
C.3. Other forest food products included in the calculation were berries and mushrooms. Their 
transfer factors were obtained by dividing the concentration ratios reported in /Avila 2006b/ 
by the carbon content given in Table C-1. The carbon content is given in units of kg C/kg FW, 
whereas the CRs for mushrooms and berries in /Avila 2006b/ are given in units of Bq/kg DW 
per Bq/kg DW. Hence, the TFs for berries and mushrooms should be corrected by dividing by a 
factor equal to ratio of the fresh weight (FW) and dry weight (DW) of mushrooms and berries, 
respectively. In the calculation of TFagg values given in Appendix B this correction factor was 
set to 1. As the moisture content of mushrooms and berries can be rather high (up-to 90%), the 
values of TFagg for forests given in Appendix B are overestimated, around a factor of 10. 

Probability density functions of the TFagg for forests were obtained by performing probabilistic 
simulations and are presented in Appendix B. The values of the productivity of the different 
forest products used in the calculations are presented in Table 3.5 /SKB 2006b/.
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The TFs for roe deer and moose (in Bq/kg C per Bq/kg DW) were calculated with the following 
equations /Avila 2006a/: 
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where,
deerroe

mushf , deerroe
undf , deerroe

leavesf , deerroe
woodf  are the fractions of mushrooms, understorey plants, tree leaves 

and tree wood, respectively, in the roe deer diet [dimensionless],
moose

mushf , rmoose
undf , rmoose

leavesf , moose
woodf  are the fractions of mushrooms, understorey plants, tree leaves and 

tree wood, respectively, in the roe deer diet [dimensionless],

CR j
mush, CR j

und, CR j
leaves, CR j

wood are j-th radionuclide concentration ratios from soil to mushrooms, 
understorey plants, tree leaves and tree wood respectively [Bq/kg DW per Bq/kg DW],

j
gutf is the gut uptake fraction of the j-th radionuclide [unitless],

a j is the multiplier in the allometric relationship for the j-th radionuclide [in appropriate units],

b j is the exponent in the allometric relationship for the j-th radionuclide [unitless],
j

soft
F is the j-th radionuclide fraction in the animal soft tissues [unitless].

The values of the parameters in Equations C.2 and C.3 were taken from /Avila 2006b/ with the 
exception of the fraction of radionuclides in soft-tissues, which were taken from /Coughtrey and 
Thorne 1983/. The carbon content in a forest product (Table C-1) was estimated using the following 
equation, relating the protein, carbohydrates and fat content with the carbon content in food /Altman 
and Ditmer 1964, Dyson 1978, Rouwenhorst et al. 1991/:

CCk = 0.53·Proteinsk + 0.44·Carbohydratesk + 0.66·Lipidsk 	 (C.4)

where,

CCk is the carbon content in the food product “k” [kgC/kg FW],

Proteinsk is the protein content in the food product “k” [kg /kg FW],

Carbohydratesk is the carbohydrate content in the food product “k” [kg /kg FW],

Lipidsk is the lipid content in the food product “k” [kg /kg FW].

The coefficients in Equation C.4 are the carbon content (in kg C/kg) of proteins, carbohydrates and 
lipids, respectively. The values of the content of proteins, carbohydrates and lipid in forest products 
were taken from the database of the Swedish Food Administration /Livsmedelsverket 2005/.

Table C-1. Carbon content (kg C/kg FW) in different forest product calculated with Equation C.4. 

Forest product Carbon content (kg C per kg FW)

Meat 0.165
Berries 0.053
Mushrooms 0.013
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Appendix D

Dose Factors
This Appendix presents the Dose Factors that were calculated as described in Section 4.1, 4.2 
and 4.3.

Table D-1. Dose Factors (Sv/y per Bq/y) for the coast ecosystem. Mean value, standard 
deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

H-3 5.51E–22 1.82E–22 3.03E–22 5.24E–22 8.96E–22
C-14 1.72E–16 5.00E–16 4.89E–17 1.05E–16 3.58E–16
Cl-36 3.77E–20 3.83E–20 5.13E–21 2.51E–20 1.21E–19
Co-60 1.71E–17 9.73E–18 4.44E–18 1.57E–17 3.58E–17
Ni-59 3.27E–19 1.86E–19 8.27E–20 2.95E–19 6.65E–19
Ni-63 7.74E–19 4.38E–19 2.06E–19 7.03E–19 1.60E–18
Se-79 3.62E–16 1.20E–16 1.98E–16 3.46E–16 5.91E–16
Sr-90 5.76E–17 9.30E–17 1.97E–18 2.23E–17 2.51E–16
Mo-93 8.94E–19 7.51E–19 1.55E–19 6.81E–19 2.43E–18
Nb-94 3.31E–18 3.66E–18 1.36E–19 1.94E–18 1.13E–17
Tc-99 3.53E–19 3.05E–19 4.01E–20 2.65E–19 9.76E–19
Ag-108m 3.27E–17 1.29E–17 1.36E–17 3.17E–17 5.52E–17
Sb-125 5.99E–18 6.09E–18 8.07E–19 3.87E–18 1.82E–17
Sn-126 1.92E–16 1.95E–16 2.51E–17 1.22E–16 6.11E–16
I-129 1.27E–16 5.45E–17 5.22E–17 1.20E–16 2.25E–16
Cs-135 1.43E–17 5.21E–18 7.33E–18 1.37E–17 2.36E–17
Cs-137 9.20E–17 3.37E–17 4.72E–17 8.73E–17 1.55E–16
Ho-166m 2.45E–18 2.52E–18 3.30E–19 1.59E–18 7.94E–18
Np-237 3.38E–15 7.85E–15 6.23E–17 5.26E–16 1.83E–14
Pu-239 1.46E–16 7.17E–17 4.91E–17 1.36E–16 2.72E–16
Pu-240 1.45E–16 7.13E–17 5.05E–17 1.36E–16 2.76E–16
Pu-242 1.38E–16 6.57E–17 4.78E–17 1.29E–16 2.60E–16
Am-241 2.17E–16 1.31E–16 5.41E–17 1.91E–16 4.56E–16
Am-242m 2.07E–16 1.25E–16 5.06E–17 1.80E–16 4.40E–16
Zr-93 2.10E–18 1.28E–18 5.04E–19 1.84E–18 4.46E–18
Am-243 2.17E–16 1.30E–16 5.39E–17 1.94E–16 4.66E–16
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Table D-2. Dose Factors (Sv/y per Bq/y) for the lake existing between year 5,000 and 7,000. 
Mean value, standard deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

C-14 1.74E–13 2.17E–14 1.43E–13 1.72E–13 2.12E–13
Cl-36 9.16E–15 4.15E–15 3.43E–15 8.68E–15 1.71E–14
Ni-59 4.64E–15 4.99E–15 5.29E–16 2.88E–15 1.55E–14
Se-79 2.88E–12 1.23E–12 1.09E–12 2.75E–12 5.04E–12
Mo-93 1.17E–14 1.11E–14 2.07E–15 7.93E–15 3.66E–14
Nb-94 5.80E–13 1.01E–12 3.32E–14 2.13E–13 2.54E–12
Tc-99 2.34E–14 2.51E–14 5.08E–15 1.34E–14 7.56E–14
Ag-108m 1.91E–13 9.47E–14 6.60E–14 1.78E–13 3.70E–13
I-129 3.45E–12 2.47E–12 5.66E–13 2.86E–12 8.25E–12
Cs-135 9.97E–12 1.08E–11 1.58E–12 5.73E–12 3.29E–11
Np-237 4.23E–12 7.06E–12 2.71E–13 1.72E–12 1.76E–11
Pu-239 7.56E–13 1.00E–12 4.44E–14 3.87E–13 2.74E–12
Pu-240 7.49E–13 1.06E–12 4.09E–14 3.99E–13 2.74E–12
Pu-242 7.27E–13 9.93E–13 4.84E–14 3.81E–13 2.76E–12
Am-241 6.08E–12 5.81E–12 1.07E–12 4.00E–12 1.86E–11
Zr-93 8.52E–15 9.76E–15 4.33E–16 4.89E–15 2.99E–14
Sn-126 1.38E–12 2.32E–12 2.71E–14 5.51E–13 5.77E–12
Ho-166m 8.48E–14 1.53E–13 3.59E–15 2.58E–14 3.92E–13
Am-243 6.09E–12 5.42E–12 1.14E–12 4.27E–12 1.78E–11

Table D-3. Dose Factors (Sv/y per Bq/y) for lakes existing during periods with talik. Mean 
value, standard deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

C-14 1.02E–14 9.29E–15 4.46E–15 7.67E–15 2.19E–14
Cl-36 8.85E–17 4.01E–17 3.31E–17 8.38E–17 1.65E–16
Ni-59 6.43E–17 6.29E–17 8.91E–18 4.36E–17 1.99E–16
Se-79 3.28E–14 1.27E–14 1.40E–14 3.14E–14 5.59E–14
Mo-93 1.13E–16 1.08E–16 2.00E–17 7.66E–17 3.54E–16
Nb-94 8.29E–15 1.32E–14 6.58E–16 3.01E–15 3.67E–14
Tc-99 2.26E–16 2.43E–16 4.91E–17 1.29E–16 7.30E–16
Ag-108m 2.15E–15 9.94E–16 7.96E–16 2.03E–15 3.97E–15
I-129 3.38E–14 2.43E–14 5.57E–15 2.80E–14 8.39E–14
Cs-135 1.36E–13 1.31E–13 3.21E–14 8.45E–14 4.35E–13
Np-237 6.01E–14 9.04E–14 4.89E–15 2.47E–14 2.41E–13
Pu-239 2.49E–14 2.35E–14 4.33E–15 1.66E–14 7.50E–14
Pu-240 2.51E–14 2.42E–14 4.22E–15 1.68E–14 7.83E–14
Pu-242 2.41E–14 2.31E–14 3.94E–15 1.57E–14 7.20E–14
Am-241 8.77E–14 7.02E–14 2.39E–14 6.34E–14 2.47E–13
Zr-93 2.06E–16 1.68E–16 2.10E–17 1.55E–16 5.27E–16
Sn-126 3.22E–14 4.26E–14 1.06E–15 1.57E–14 1.23E–13
Ho-166m 8.37E–16 1.51E–15 3.49E–17 2.54E–16 3.80E–15
Am-243 8.77E–14 7.01E–14 2.37E–14 6.33E–14 2.42E–13
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Table D-4. Dose Factors (Sv/y per Bq/y) for the forest ecosystem. Mean value, standard 
deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

C-14 7.62E–16 1.14E–15 1.99E–16 4.85E–16 2.04E–15
Cl-36 1.46E–12 3.49E–12 3.65E–14 3.45E–13 6.16E–12
Ni-59 2.32E–14 4.34E–14 1.05E–15 9.63E–15 8.52E–14
Se-79 7.46E–12 9.25E–12 6.22E–13 4.14E–12 2.37E–11
Mo-93 4.54E–13 7.50E–13 2.45E–14 2.12E–13 1.74E–12
Nb-94 6.36E–13 5.33E–13 9.87E–14 4.64E–13 1.78E–12
Tc-99 8.50E–15 1.16E–14 8.16E–16 4.72E–15 3.01E–14
Ag-108m 1.02E–12 9.17E–13 3.21E–13 7.82E–13 2.38E–12
I-129 1.67E–11 3.00E–11 8.58E–13 6.65E–12 6.91E–11
Cs-135 5.81E–11 1.43E–10 9.37E–13 1.56E–11 2.39E–10
Np-237 2.98E–11 4.69E–11 1.90E–12 1.48E–11 1.06E–10
Pu-239 3.58E–12 5.03E–12 3.07E–13 1.98E–12 1.28E–11
Pu-240 2.65E–12 3.65E–12 2.59E–13 1.47E–12 8.89E–12
Pu-242 4.10E–12 6.77E–12 2.98E–13 2.05E–12 1.33E–11
Am-241 9.71E–13 3.09E–12 4.46E–14 2.91E–13 3.48E–12
Zr-93 1.02E–14 1.39E–14 9.05E–16 6.21E–15 3.05E–14
Sn-126 2.48E–12 4.25E–12 1.19E–13 1.11E–12 9.00E–12
Ho-166m 3.00E–13 1.09E–13 1.16E–13 3.04E–13 4.69E–13
Am-243 5.70E–12 1.94E–11 2.03E–13 1.59E–12 2.23E–11

Table D-5. Dose Factors (Sv/y per Bq/y) for an agricultural ecosystem. Mean value, standard 
deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

C-14 6.22E–16 9.76E–16 1.57E–16 3.96E–16 1.62E–15
Cl-36 3.11E–13 1.15E–12 5.15E–15 5.78E–14 1.27E–12
Ni-59 2.23E–15 6.76E–15 3.42E–17 5.10E–16 9.09E–15
Se-79 8.21E–13 1.76E–12 3.03E–14 2.92E–13 3.38E–12
Mo-93 5.45E–14 1.89E–13 8.51E–16 1.32E–14 2.02E–13
Nb-94 6.12E–13 5.12E–13 9.47E–14 4.46E–13 1.72E–12
Tc-99 2.03E–15 9.25E–15 1.65E–17 3.71E–16 7.72E–15
Ag-108m 2.90E–13 3.71E–13 1.41E–13 2.08E–13 6.72E–13
I-129 1.61E–12 4.06E–12 3.49E–14 4.70E–13 6.88E–12
Cs-135 6.19E–14 2.02E–13 7.64E–16 1.37E–14 2.50E–13
Np-237 1.77E–12 5.95E–12 6.49E–14 5.07E–13 6.49E–12
Pu-239 3.07E–13 2.38E–13 4.97E–14 2.44E–13 8.02E–13
Pu-240 2.21E–13 1.50E–13 4.61E–14 1.82E–13 5.04E–13
Pu-242 3.36E–13 3.26E–13 4.57E–14 2.50E–13 8.90E–13
Am-241 3.36E–14 2.13E–14 1.40E–14 3.05E–14 5.87E–14
Zr-93 1.03E–15 1.97E–15 4.72E–17 4.00E–16 3.64E–15
Sn-126 7.92E–13 2.78E–12 1.02E–14 1.63E–13 3.03E–12
Ho-166m 3.00E–13 1.09E–13 1.17E–13 3.04E–13 4.70E–13
Am-243 2.17E–13 2.27E–13 4.50E–14 1.76E–13 5.18E–13
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Table D-6. Dose Factors (Sv/y per Bq/y) for a well used for drinking and irrigation. Mean 
value, standard deviation and percentiles are presented.

Nuclide Mean Std 5% 50% 95%

C-14 9.14E–15 1.08E–14 3.46E–16 4.29E–15 3.48E–14
Cl-36 5.94E–13 8.39E–13 1.86E–14 2.54E–13 2.29E–12
Ni-59 4.53E–14 6.67E–14 1.42E–15 1.88E–14 1.61E–13
Se-79 3.10E–12 5.43E–12 8.03E–14 1.12E–12 1.15E–11
Zr-93 6.85E–13 9.56E–13 2.33E–14 2.95E–13 2.50E–12
Nb-94 1.70E–12 2.24E–12 5.16E–14 7.50E–13 6.59E–12
Mo-93 2.50E–12 3.54E–12 7.74E–14 1.03E–12 9.32E–12
Tc-99 5.06E–13 7.97E–13 1.51E–14 2.07E–13 1.82E–12
Ag-108m 2.27E–12 3.35E–12 7.33E–14 9.72E–13 8.47E–12
Sn-126 4.27E–12 7.32E–12 1.22E–13 1.63E–12 1.57E–11
I-129 5.64E–11 7.67E–11 1.91E–12 2.52E–11 2.00E–10
Cs-135 1.16E–12 1.67E–12 3.72E–14 4.97E–13 4.18E–12
Ho-166m 2.10E–12 2.68E–12 7.27E–14 9.46E–13 7.74E–12
U-238 2.81E–11 3.87E–11 9.65E–13 1.21E–11 1.06E–10
Np-237 6.99E–11 9.81E–11 2.35E–12 2.89E–11 2.58E–10
Pu-239 1.56E–10 2.16E–10 5.37E–12 6.69E–11 5.73E–10
Pu-240 1.55E–10 2.12E–10 5.37E–12 6.54E–11 5.70E–10
Am-241 1.25E–10 1.75E–10 4.15E–12 5.36E–11 4.64E–10

Table D-7. Dose Factors (Sv/y per Bq/y) obtained for the case of unit releases to the 
landscape during 2,500 years – used for calculations of annual doses due to released from 
the Silo caused by earthquakes.

Radionuclide Ecosystem
Coast Small lake Agricultural land Large lake

Ag-108m 2.5E–17 2.7E–13 2.2E–13 2.8E–15
Am-241 2.6E–16 3.9E–12 2.8E–14 4.8E–14
Am-243 2.6E–16 4.1E–12 9.5E–14 4.8E–14
C-14 9.1E–17 1.7E–13 3.1E–16 8.3E–15
Cl-36 2.1E–20 1.2E–14 2.4E–14 1.1E–16
Co-60 2.2E–17 0.0E+00 0.0E+00 0.0E+00
Cs-135 8.9E–18 4.1E–12 1.6E–14 4.8E–14
Cs-137 5.7E–17 0.0E+00 0.0E+00 0.0E+00
H-3 3.9E–22 0.0E+00 0.0E+00 0.0E+00
Ho-166m 1.3E–18 1.5E–14 2.9E–13 1.5E–16
I-129 7.3E–17 5.5E–12 4.9E–13 5.3E–14
Mo-93 6.9E–19 8.3E–15 1.5E–14 8.1E–17
Nb-94 3.8E–18 1.0E–13 3.7E–13 1.2E–15
Ni-59 4.2E–19 3.9E–15 6.9E–16 4.6E–17
Ni-63 9.9E–19 0.0E+00 0.0E+00 0.0E+00
Np-237 1.2E–16 1.1E–12 2.5E–13 1.3E–14
Pu-239 1.6E–16 5.9E–13 1.2E–13 1.8E–14
Pu-240 1.6E–16 5.8E–13 1.1E–13 1.8E–14
Pu-242 1.6E–16 5.7E–13 1.1E–13 1.7E–14
Se-79 2.6E–16 2.7E–12 7.4E–13 2.8E–14
Sn-126 1.0E–16 1.7E–12 1.6E–13 3.3E–14
Sr-90 1.8E–17 0.0E+00 0.0E+00 0.0E+00
Tc-99 4.2E–19 4.9E–15 1.1E–15 4.8E–17
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Table D-8. Dose Factors (Sv/y per Bq/y) obtained for the case of unit releases to the 
landscape during 300 years – used for calculations of annual doses due to released from 
the BMA caused by earthquakes.

Radionuclide Ecosystem
Coast Small lake Agricultural land Large lake

Ag-108m 2.5E–17 2.7E–13 8.9E–14 2.8E–15
Am-241 2.6E–16 3.9E–12 1.2E–14 4.8E–14
Am-243 2.6E–16 4.0E–12 1.6E–14 4.8E–14
C-14 9.1E–17 1.7E–13 3.1E–16 8.3E–15
Cl-36 2.1E–20 1.2E–14 2.4E–14 1.1E–16
Co-60 2.2E–17 0.0E+00 0.0E+00 0.0E+00
Cs-135 8.9E–18 4.0E–12 4.8E–15 4.8E–14
Cs-137 5.7E–17 0.0E+00 0.0E+00 0.0E+00
H-3 3.9E–22 0.0E+00 0.0E+00 0.0E+00
Ho-166m 1.3E–18 1.5E–14 7.8E–14 1.5E–16
I-129 7.3E–17 5.5E–12 3.3E–13 5.3E–14
Mo-93 6.9E–19 8.3E–15 1.5E–14 8.1E–17
Nb-94 3.8E–18 1.0E–13 7.7E–14 1.2E–15
Ni-59 4.2E–19 3.8E–15 2.1E–16 4.6E–17
Ni-63 9.9E–19 0.0E+00 0.0E+00 0.0E+00
Np-237 1.2E–16 1.1E–12 3.8E–14 1.3E–14
Pu-239 1.6E–16 5.3E–13 1.8E–14 1.8E–14
Pu-240 1.6E–16 5.3E–13 1.8E–14 1.8E–14
Pu-242 1.6E–16 5.1E–13 1.6E–14 1.7E–14
Se-79 2.6E–16 2.7E–12 6.0E–13 2.8E–14
Sn-126 1.0E–16 1.5E–12 3.3E–14 3.3E–14
Sr-90 1.8E–17 0.0E+00 0.0E+00 0.0E+00
Tc-99 4.2E–19 4.9E–15 1.1E–15 4.8E–17
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Appendix E

Supporting studies for the dose assessments
This appendix describes three studies that were carried out in support to the dose assessment 
approaches that were applied in the SAR08 safety assessment:

1.	 Comparison of the exposure from different landscape objects.

2.	 Comparison between releases to water and sediments in aquatic objects.

3.	 Comparison of the accumulation of radionuclides in lakes and mires.

The first study was carried out for all relevant radionuclides. The second and third studies were 
carried out for a selection of radionuclides with contrasting sorption properties.

E1	 Comparison of the exposure from different landscape objects

For each landscape configuration, described in Chapter 3, a study was carried out to identify 
in which landscape object the highest concentrations and doses are obtained. Probabilistic 
simulations were carried out with each of the landscape models with a constant release rate of 
1 Bq/y during 20,000 years. The mean values of the concentrations in the environmental media, 
obtained for the different landscape objects were compared. The environmental media that were 
used in the comparisons were: 

•	 Sea water for the landscape configuration in the first 3,000 years after closure, when all 
landscape objects are sea basins (Table E1-1).

•	 Fresh water for the landscape configuration that prevails from 3,000 years to 5,000 years 
after closure, when objects 11 and 4 are lakes and other objects are sea basins (Table E1-2).

•	 Soil for the landscape configuration that prevails starting from 7,000 years after closure, 
when objects 11, 4 and 2 are mires and other objects are sea basins (Table E1-3).

The results (see Tables E1-1, E1-2 and E1-3) indicate that the highest concentrations, and 
doses, in all studied cases are obtained for object 11, which receives all direct releases from the 
geosphere during the whole simulation period. 
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Table E1-1. Radionuclide concentrations in sea water (in Bq/m3) at the end of the simulation 
period (20,000 years) in each of the landscape objects. The values were obtained from simula‑
tions with the landscape model used in the first 3,000 years after closure, when all landscape 
objects are sea basins. A constant input rate of 1 Bq/y during 20,000 years was used. 

Radionuclide Object 11 Object 4 Object 2 Object 3 Object 1

H-3 2,7E–11 1,1E–11 1,1E–11 1,1E–11 4,6E–13
Cl-36 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Co-60 2,7E–11 1,1E–11 1,1E–11 1,1E–11 2,3E–13
Ni-59 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Ni-63 2,8E–11 1,2E–11 1,2E–11 1,2E–11 8,8E–13
Se-79 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Sr-90 2,7E–11 1,2E–11 1,2E–11 1,2E–11 6,8E–13
Mo-93 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Nb-94 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Tc-99 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Ag-108m 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Sb-125 2,7E–11 1,1E–11 1,1E–11 1,1E–11 1,6E–13
Sn-126 2,8E–11 1,2E–11 1,2E–11 1,2E–11 9,5E–13
I-129 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Cs-135 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Cs-137 2,7E–11 1,2E–11 1,2E–11 1,2E–11 6,7E–13
Ho-166m 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Np-237 2,8E–11 1,2E–11 1,2E–11 1,2E–11 1,0E–12
Pu-239 2,8E–11 1,2E–11 1,2E–11 1,2E–11 8,7E–13
Pu-240 2,8E–11 1,2E–11 1,2E–11 1,2E–11 8,7E–13
Pu-242 2,8E–11 1,2E–11 1,2E–11 1,2E–11 8,7E–13
Am-241 2,8E–11 1,2E–11 1,2E–11 1,2E–11 9,9E–13
Am-242m 2,8E–11 1,2E–11 1,2E–11 1,2E–11 9,2E–13
Zr-93 2,8E–11 1,2E–11 1,2E–11 1,2E–11 9,5E–13

Table E1-2. Radionuclide concentrations in lake water (in Bq/m3) at the end of the simulation 
period (20,000 years) in lake objects 11 and 4. The values were obtained from simulations with 
the landscape model used from 2,000 years to 4,000 years after closure when objects 11 and 4 
are lakes and other objects are sea basins. A constant input rate of 1 Bq/y during 20,000 years 
was used.

Radionuclide Object 11 Object 4

Cl-36 1,6E–07 3,4E–08
Ni-59 1,1E–07 2,1E–08
Se-79 1,3E–07 2,7E–08
Mo-93 1,6E–07 3,4E–08
Nb-94 1,0E–07 2,0E–08
Tc-99 1,6E–07 3,4E–08
Ag-108m 1,3E–07 2,8E–08
I-129 1,5E–07 3,3E–08
Cs-135 1,1E–07 2,0E–08
Np-237 1,0E–07 2,0E–08
Pu-239 4,2E–08 5,5E–09
Pu-240 4,1E–08 5,5E–09
Pu-242 4,2E–08 5,6E–09
Am-241 1,0E–07 1,9E–08
Zr-93 5,9E–08 9,0E–09
Sn-126 5,9E–08 8,9E–09
Ho-166m 1,5E–07 3,3E–08
Am-243 1,0E–07 1,9E–08
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Table E1-3. Radionuclide concentrations in soil (in Bq/kg DW) at the end of the simulation period 
(20,000 years) in mire objects 11, 4 and 2. The values were obtained from simulations with the 
landscape model used from 7,000 years after closure when object s 11, 4 and 2 are mires and 
other objects are sea basins. A constant input rate of 1 Bq/y during 20,000 years was used.

Radionuclide Object 11 Object 4 Object 2

Cl-36 1,8E–08 4,0E–09 3,0E–09
Ni-59 4,4E–07 9,5E–08 7,1E–08
Se-79 9,0E–08 2,0E–08 1,5E–08
Mo-93 4,3E–08 9,4E–09 7,0E–09
Nb-94 7,6E–07 1,6E–07 1,2E–07
Tc-99 2,4E–09 5,3E–10 3,9E–10
Ag-108m 2,0E–07 1,0E–08 5,7E–09
I-129 1,4E–07 2,9E–08 2,2E–08
Cs-135 4,5E–07 9,7E–08 7,3E–08
Np-237 1,8E–06 3,8E–07 2,8E–07
Pu-239 1,5E–06 3,1E–07 2,3E–07
Pu-240 1,1E–06 2,1E–07 1,5E–07
Pu-242 1,8E–06 3,7E–07 2,8E–07
Am-241 1,8E–07 2,0E–08 1,3E–08
Zr-93 2,3E–06 4,7E–07 3,5E–07
Sn-126 8,4E–07 1,8E–07 1,3E–07
Ho-166m 3,5E–07 5,8E–08 4,1E–08
Am-243 1,1E–06 2,2E–07 1,6E–07

E2	 Comparison between releases to water and sediments 
In this study a comparison of predicted radionuclide concentrations in lake water was made 
between two cases: 

•	 In the first case a constant release rate of 1Bq/y was directed to the water of a lake with proper-
ties like object 11, during 20,000 years,

•	 In the second case a constant release rate of 1 Bq/y was directed to the water in the top sedi-
ment of the same lake during 20,000 years. 

Values of the radionuclide concentrations in the lake water at the end of the simulation period 
(20,000 years) for the two studied cases are presented in Table E2-1. The highest values of the 
concentrations in water of all studied radionuclides are obtained for the first study case with direct 
releases to the lake water.

Table E2-1. Radionuclide concentration in the lake water (Bq/m3) for the two cases considered 
in the study. The Kd peat and Kd lake are the distribution coefficients for the sediments and 
suspended matter, respectively.

Nuclide Kd peat Kd lake Release to water Release to  
top sediment

I-129 0,3     0,3 2,03E–07 1,19E–07
Ni-59 1   10 1,96E–07 7,50E–08
Se-79 0,2     5 2,03E–07 1,35E–07
Cl-36 0,01   0,001 2,03E–07 1,98E–07
Mo-93 0,1   0,001 2,03E–07 1,60E–07
Cs-135 1   10 1,97E–07 7,11E–08
Am-241 5   10 1,90E–07 3,30E–08
Pu-239 5 100 1,31E–07 3,29E–08
Tc-99 0,005     0,1 2,03E–07 2,00E–07
Nb-94 2   10 1,94E–07 5,79E–08
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E3	 Comparison of the accumulation in lakes and mires
In this study, the retention of radionuclides in mires and in lake sediments was compared for 
two cases:

•	 In the first case a constant release of 1 Bq/y was directed to a mire, with properties like 
object 11, during 20,000 years,

•	 In the second case a constant release of 1 Bq/y was directed to the water in the top sediment 
of a lake during 2,000 years and to a mire during the following 18,000 years. The properties 
of the lake and the mire were taken as for object 11. 

Table E3-1 presents values of the radionuclide inventory in the mire at the end of the whole 
simulation period (20,000 years). The results are presented for a selection of radionuclides 
with contrasting Kd values. It can be seen from this table, that for all studied radionuclides, 
the inventories were higher in the second case than in the first. This indicates that there is a 
higher retention in the lake sediments than in the mire, from 1.4 to 9.2 times higher. At the 
same time, the difference between the retention in lake sediments and mires increases as the 
distribution coefficient (Kd) decreases and is highest for Tc-99 which has a very low Kd value 
(0.005 m3/kg). This is explained by differences in the conceptual models used for the lake and 
the mire (see Appendix A). In the lake model the sediment growth is taken into account, whereas 
is the mire model the growth of the mire is not considered. A radionuclide that is retained in the 
top sediment of the lake can be transferred to the deep sediment, where it is retained (see Figure 
A-1 in Appendix A). This is not the case for the mire, where there is transfer in both directions 
between the water and the solid/organic compartments (Figure A-2 in Appendix A).

For all studied radionuclides equilibrium in the radionuclide inventories in the mire was 
observed within the simulation period of 20,000 years (see Figure E3-1). This means that if 
inventories at the end of the simulation period are used for calculating the concentrations and 
the doses, this will not lead to underestimations of the doses. 

Figure E3-1. Total inventory in the mire as a function of time resulting from a constant releases rate of 
1 Bq/y during 20,000 years.
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Table E3-1. Radionuclide inventories at the end of the simulation period (20,000 years) for 
the two studied cases: Case 1 with a constant release rate of 1 Bq/y during 20,000 years to 
a mire and Case 2 with a constant releases rate of 1 Bq/y during 2,000 years to a lake and 
during 18,000 years to a mire.

Nuclide Kd Case 1 
Mire

Case 2 
Lake – Mire

Ratio  
Case 2/Case 1

I-129 0,3 2,8E+02 1,1E+03 3,9
Ni-59 1 9,1E+02 2,1E+03 2,3
Se-79 0,2 1,8E+02 9,0E+02 4,9
Cl-36 0,01 9,7E+00 8,4E+01 8,6
Mo-93 0,1 9,1E+01 4,8E+02 5,3
Cs-135 1 9,2E+02 2,1E+03 2,3
Am-241 5 5,5E+02 9,9E+02 1,8
Pu-239 5 4,0E+03 5,6E+03 1,4
Tc-99 0,005 5,1E+00 4,7E+01 9,2
Nb-94 2 1,7E+03 2,9E+03 1,7
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Appendix F

Detailed results for the calculation case earthquake
This appendix presents detailed results of the doses and risk calculations that were carried out 
using the methods described in Section 4.3. 

Table F-1. Peak values of the maximum annual doses (Sv/y) resulting from damages of the 
Silo associated with earthquakes. Values for each radionuclide and for the sum across all 
radionuclides are given. The approximate time (in years post closure) at which the peak 
dose is observed is also indicated.

Radionuclide Time 
Years

Peak value 
Sv/y

Ag-108m 3,000 6.9E–08
Am-241 3,000 6.3E–06
Am-243 3,000 1.0E–06
C-14 3,000 2.2E–04
Cl-36 5,000 1.0E–08
Co-60 0 7.4E–07
Cs-135 3,000 6.6E–06
Cs-137 0 2.5E–06
H-3 0 5.4E–15
Ho-166m 5,000 4.5E–08
I-129 3,000 1.8E–06
Mo-93 5,000 7.4E–09
Nb-94 5,000 2.0E–06
Ni-59 3,000 1.1E–05
Ni-63 0 3.5E–07
Np-237 4,782 1.0E–07
Pu-239 3,000 1.9E–06
Pu-240 3,000 3.0E–06
Pu-242 3,000 1.8E–08
Se-79 3,000 1.1E–06
Sn-126 3,000 8.4E–08
Sr-90 0 7.9E–08
Tc-99 3,000 7.0E–07
Total 3,000 2.6E–04
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Table F-2. Peak values of the maximum annual doses (Sv/y) resulting from damages of the 
BMA associated with earthquakes. Values for each radionuclide and for the sum across all 
radionuclides are given. The approximate time (in years post closure) at which the peak 
dose is observed is also indicated.

Radionuclide Time 
Years

Peak value 
Sv/y

Ag-108m 3,000 2.6E–08
Am-241 3,000 7.3E–07
Am-243 3,000 2.3E–06
C-14 3,000 3.9E–05
Cl-36 5,000 1.7E–08
Co-60 0 5.1E–07
Cs-135 3,000 1.2E–05
Cs-137 0 3.9E–06
H-3 0 4.9E–15
Ho-166m 5,000 2.3E–08
I-129 3,000 3.1E–06
Mo-93 3,000 5.2E–09
Nb-94 3,000 1.1E–06
Ni-59 3,000 2.6E–05
Ni-63 0 8.5E–07
Np-237 3,465 9.8E–08
Pu-239 3,000 3.2E–06
Pu-240 3,000 5.1E–06
Pu-242 3,000 3.9E–08
Se-79 3,000 1.9E–06
Sn-126 3,000 1.4E–07
Sr-90 0 1.0E–07
Tc-99 3,000 5.6E–08
Total 3,000 9.5E–05
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Table F-3. Peak values of the annual risk (1/y) resulting from damages of the Silo associated 
with earthquakes of magnitude 5. Values for each radionuclide and for the sum across all 
radionuclides are given. The time (in years post closure) at which the peak risk is observed 
is also indicated.

Radionuclide Time 
Years

Peak value 
1/y

Ag-108m 3,000 1.8E–09
Am-241 3,000 1.4E–07
Am-243 3,000 2.0E–09
C-14 3,000 4.4E–07
Cl-36 5,000 1.7E–11
Co-60 262 3.9E–12
Cs-135 3,000 1.1E–08
Cs-137 1,494 7.6E–11
H-3 614 6.7E–20
Ho-166m 5,000 1.7E–10
I-129 3,000 3.0E–09
Mo-93 5,000 1.5E–11
Nb-94 5,000 3.5E–09
Ni-59 3,000 1.9E–08
Ni-63 2,490 3.5E–11
Np-237 4,293 1.7E–10
Pu-239 3,000 3.4E–09
Pu-240 3,000 5.9E–09
Pu-242 3,000 3.0E–11
Se-79 3,000 1.9E–09
Sn-126 3,000 1.4E–10
Sr-90 1,444 2.3E–12
Tc-99 3,000 1.2E–09
Total 3,000 6.4E–07
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Table F-4. Peak values of the annual risk (1/y) resulting from damages of the Silo associated 
with earthquakes of magnitude 6. Values for each radionuclide and for the sum across all 
radionuclides are given. The time (in years post closure) at which the peak risk is observed is 
also indicated.

Radionuclide Time 
Years

Peak value 
1/y

Ag-108m 3,000 2.8E–10
Am-241 3,000 2.3E–08
Am-243 3,000 3.1E–10
C-14 3,000 7.1E–08
Cl-36 5,000 2.8E–12
Co-60 265 6.2E–13
Cs-135 3,000 1.8E–09
Cs-137 1,500 1.2E–11
H-3 618 1.1E–20
Ho-166m 5,000 2.7E–11
I-129 3,000 4.8E–10
Mo-93 5,000 2.5E–12
Nb-94 5,000 5.7E–10
Ni-59 3,000 3.1E–09
Ni-63 2,490 5.5E–12
Np-237 5,000 2.8E–11
Pu-239 3,000 5.5E–10
Pu-240 3,000 9.5E–10
Pu-242 3,000 4.8E–12
Se-79 3,000 3.0E–10
Sn-126 3,000 2.3E–11
Sr-90 1,429 3.6E–13
Tc-99 3,000 1.9E–10
Total 3,000 1.0E–07
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Table F-5. Peak values of the annual risk (1/y) resulting from damages of the BMA associ‑
ated with earthquakes of magnitude 5. Values for each radionuclide and for the sum across 
all radionuclides are given. The time (in years post closure) at which the peak risk is 
observed is also indicated.

Radionuclide Time 
Years

Peak value 
1/y

Ag-108m 3,000 9.6E–12
Am-241 3,000 1.9E–10
Am-243 3,000 4.7E–10
C-14 3,000 8.3E–09
Cl-36 5,000 3.4E–12
Co-60 265 2.7E–12
Cs-135 3,000 2.5E–09
Cs-137 300 1.1E–10
H-3 300 6.0E–20
Ho-166m 5,000 5.0E–12
I-129 3,000 6.3E–10
Mo-93 3,000 1.2E–12
Nb-94 3,000 2.2E–10
Ni-59 3,000 5.2E–09
Ni-63 300 7.4E–11
Np-237 3,000 2.0E–11
Pu-239 3,000 6.5E–10
Pu-240 3,000 1.0E–09
Pu-242 3,000 7.8E–12
Se-79 3,000 3.8E–10
Sn-126 3,000 2.7E–11
Sr-90 300 2.9E–12
Tc-99 3,000 1.1E–11
Total 3,000 2.0E–08
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Table F-6. Peak values of the annual risk (1/y) resulting from damages of the BMA associ‑
ated with earthquakes of magnitude 6. Values for each radionuclide and for the sum across 
all radionuclides are given. The time (in years post closure) at which the peak risk is 
observed is also indicated.

Radionuclide Time 
Years

Peak value 
1/y

Ag-108m 3,000 1.6E–12
Am-241 3,000 3.1E–11
Am-243 3,000 7.7E–11
C-14 3,000 1.3E–09
Cl-36 5,000 5.6E–13
Co-60 262 4.2E–13
Cs-135 3,000 4.1E–10
Cs-137 300 1.8E–11
H-3 300 9.5E–21
Ho-166m 5,000 8.3E–13
I-129 3,000 1.0E–10
Mo-93 3,000 2.0E–13
Nb-94 3,000 3.6E–11
Ni-59 3,000 8.5E–10
Ni-63 300 1.2E–11
Np-237 3,000 3.2E–12
Pu-239 3,000 1.1E–10
Pu-240 3,000 1.7E–10
Pu-242 3,000 1.3E–12
Se-79 3,000 6.1E–11
Sn-126 3,000 4.4E–12
Sr-90 300 4.7E–13
Tc-99 3,000 1.8E–12
Total 3,000 3.2E–09




