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Introduction 

This document is specific to the 
human radiological assessment 
requirements of the Near-surface 
Guidance on Requirements for 
Authorisation (NS-GRA) after the 
period of authorisation of the FCC 
Lillyhall facility {R6}. Assessments 
relating to the period of 
authorisation {R5}; associated with 
human intrusion {R7}; and, of dose 
rates to non-human biota (NHB) 
{R9} are reported separately [FCC 
2018a; FCC 2018b; and, FCC 
2018c]. 
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Executive Summary 

This document is specific to the human radiological assessment requirements of the Near-surface 
Guidance on Requirements for Authorisation (NS-GRA) after the period of authorisation of the FCC 
Lillyhall facility – Requirement 6 {R6}. 

Based on the activity concentration of abstracted groundwater (see Section 3 of the main report 
[FCC 2018d]) and the model radionuclide inventory (see Section 2.12 of the main report [FCC 
2018d]) annual effective dose to a variety of human receptors (representative persons) have been 
assessed. The scenarios considered are based on those discussed with the Environment Agency 
Nuclear Waste Assessment Team, Nuclear Regulations Group (North) on 6th September 2018. 
These include ‘expected to occur’ and ‘not certain to occur’ scenarios. 

The assessment has used two precautionary modelling approaches and associated data 
assumptions to give upper bounding (worst-case) estimates of annual effective dose, with 
subsequent uncertainty analysis where predicted doses are at or more than 20 μSv.  

Doses predicted are compared with the annual risk and annual effective dose guidance levels of 
1E-06 and 0.02 mSv (20 μSv) associated with leachate migration into groundwater and bathtubbing. 
Note, this last dose criterion is equivalent to demonstrating that there is no impact as required under 
the Groundwater Directive. 

Dose assessment results relative to the dose criterion described above are shown below.  

Exposure Pathway Public Receptor Predicted Annual 
Effective Dose (µSv) 

Relevant Annual Risk / 
Effective Dose Criterion  

After the Period of Authorisation – Expected to Occur  

Release to 
groundwater  

Member of 
public  

18.8 to 17.3 Effective dose of 20 µSv 

Period of Authorisation – Not Certain to Occur  

Recreational user Member of 
public 

1 to 20 
Risk of 1E-06 (20 µSv where 
risk of exposure is one) 

 

This assessment has considered annual effective dose exposure after the period of authorisation 
for a drinking water pathway and a recreational user: 

 

• Drinking water pathway – the annual effective dose from the drinking water exposure scenario 
reaches a peak around 100 years after waste emplacement at 21 µSv. When uncertainties in 
the ingestion dose coefficient for chlorine-36 (Cl-36) are considered, the annual effective dose 
would probably be lower, 18.8 to 17.3 µSv. This is lower than the annual effective dose 
guidance level of 20 µSv as required to demonstration protection relative to the Groundwater 
Directive. 

• Recreational user – using a highly precautionary assessment approach, the annual effective 
dose was initially assessed at 230 µSv. If the other more likely (but still uncertain to occur) 
scenarios are considered, the assessed annual effective dose could be broadly in the range of 
1 to 20 µSv. The annual effective dose assessed here is either at or below a dose criterion of 20 
µSv, equivalent to a risk guidance level of 1E-06 where the probability of exposure is one. 

 

The assessment shows that the annual risk and annual effective dose are below the required 
criterion. 
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1. Assessment Background 

1.1. Regulatory Context 
This document assesses the annual effective dose, either effective dose from external exposure or 
committed effective dose from internal exposure (from here referred to as effective dose) to 
members of the public after the period of authorisation and addresses the NS-GRA Requirement 6 
{R6}: 

“After the period of authorisation, the assessed radiological risk from a disposal facility to a person 
representative of those at greatest risk should be consistent with a risk guidance level of 10-6 per 
year (i.e. 1 in a million per year)”. Environment Agencies, [2009], para 6.3.10. 

Environment Agencies, [2009], para 6.3.17 also states that: 

“Making use of the risk coefficient of 0.06 per Sv, a dose can be calculated that gives rise to a risk 
of 10-6 per year. This calculated dose is around 20 μSv/y and represents the situation where the 
dose has been received, that is to say the probability of receiving the dose is one. For situations 
where the probability of receiving a dose is less than one, doses could be greater than 20 μSv/y 
while still maintaining consistency with the risk guidance level and, for situations where the 
probability is very much less than one, doses could be very much greater than 20 μSv/y.”  

In this assessment, two scenarios are considered associated with i) leachate migration into 
groundwater and subsequent abstraction for drinking water and ii) bathtubbing where leachate in a 
landfill cell reaches the surface due to cap failure and leads to land contamination.  

In supplementary guidance issued by the Environment Agency [Environment Agency, 2012a] for the 
implementation of the Groundwater Directive there is an additional requirement that: 

“The radiation dose to members of the public through the groundwater pathway during the period of 
authorisation of the facility is consistent with, or lower than a dose guidance level of 20 μSv/y.” 

An annual risk / effective dose guidance level of 20 μSv (micro Sievert; 0.02 mSv) is therefore 
applied in this Environmental Safety Case (ESC) for public exposure through groundwater 
pathways and bathtubbing after the period of authorisation. 

1.2. Assessment Scenarios 
In this document, the term “after the period of authorisation” covers the time when active 
management controls (such as leachate and land management) have ceased and the 
Environmental Permitting Regulations (2016 as amended) Radioactive Substances Activities (EPR-
RSA) environmental permit has been surrendered. This period is assumed to start in 2091 in these 
assessments. The assessment approach has considered an extended period of time (several 
100,000 years) to ensure that peak environmental activity concentrations have been captured in the 
assessment. 

Risks and effective doses need to be assessed for a variety of hypothetical exposure groups in 
order to identify those at greatest risk at a given time. These scenarios need to be sufficiently 
bounding to account for potential future uses of the site. Throughout this report the term “scenario” 
is used to describe a situation or class of situations leading to future exposures.  

The scenarios discussed below consider members of the public after the period of authorisation and 
are divided into two broad categories – those that are expected to occur and those which have a 
low likelihood of occurrence. 

A number of exposure scenarios were initially identified and assessed on a risk rating considering 
the likelihood of occurrence and the impact of that occurrence. 

Note that, in review of these scenarios, it was identified that exposure of a recreational user (for 
instance a dog walker) who spends time over the capped and closed landfill will be very low. For 
instance, whilst the cap is in place any external radiation will be attenuated both within the cell by 
non-radioactive waste and by the daily cover and cap. However, some cap failure may occur that 
leads to bathtubbing (also termed overtopping) and migration of radioactivity to the surface. This is 
a credible scenario, although one not certain to occur. Scenarios associated with some form of 
gross intrusion event that that leads to exposed waste are addressed in FCC [2018b] that considers 
human intrusion {R7} and are not discussed further here.  

The scenarios included in this assessment are shown in Table 1. 
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Table 1 Scenarios Requiring Further Modelling 

Exposure Pathway Public Receptor Agreed for Assessment 

After the Period of Authorisation – Expected to Occur 

Release to groundwater  Member of public  Yes 

After the Period of Authorisation – Not Certain to Occur 

Recreational user Member of public Yes 

Groundwater abstraction from 
site  

Farming family, member of 
public 

No* 

Bathtubbing  Farming family See recreational user+ 

Gas release  Site resident No 

* Initially included, but screened out here. See Section 2.1.1.1 of this report. 
+ Initially screened out, but in part now included as a credible pathway to assess exposure of a 
recreational user. 

1.3. Primary Input Data 
 
The assessment has been based on the primary input data as referenced in Table 2. 
 

Table 2 Primary Input Data References 

Exposure Pathway Public Receptor Reference 

Period of Authorisation – Expected to Occur 

Release to groundwater  Member of public  Calculated abstracted groundwater activity 
concentrations – see Section 2.12 of the 
main report [FCC, 2018d] 

Period of Authorisation – Not Certain to Occur 

Land contamination Member of public Model inventory of waste – see Section 3 of 
the main report [FCC, 2018d] 

 
 

2. Dose Assessment for After the 
Period of Authorisation 

2.1. Expected to Occur 
 
One exposure scenario that is reasonably expected to occur after the period of authorisation is 
discussed below. 

2.1.1. Release to Groundwater 

2.1.1.1. Environmental Context 

After the period of authorisation, leakage from the cells and migration of radioactivity into 
groundwater is considered to be from complete failure of the geomembrane liner which is underlain 
by a 2 m clay layer. This clay layer is assumed to remain intact throughout the assessment period in 
line with the approach recommended by the Health Protection Agency, HPA [HPA, 2007]. 

For the sake of this assessment, a constant head of leachate of 3 m has been assumed after the 
period of authorisation, to demonstrate whether or not a fully saturated cell presents a risk to 
humans or the environment. 

The Lower Pennines Coal Measures (LCM) beneath the site is a fairly low permeability aquifer; it is 
classified by the Environment Agency as a Secondary A Aquifer which is capable of supporting 
water supplies at a local scale (i.e. a private water supply). There is also an abstraction borehole 
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located downgradient of site. Therefore, it can be seen that groundwater abstraction downgradient 
of site is a credible exposure pathway. 

Groundwater is assumed to be abstracted from the upper 5 m of LCM, which is assumed to be well 
mixed with any leachate seepage from the overlying cells. Groundwater is unlikely to be abstracted 
from the overlying Glacial Till due to its low permeability. Although knowledge of the site may be lost 
following the period of authorisation, it is assumed that the waste would be identified during the 
drilling of any abstraction borehole on site and recognised as unsuitable strata in which to screen an 
abstraction borehole. This scenario has not therefore been considered. 

The Distington Beck and associate receptors such as recreational users has not been assessed. 
This is because it is considered unlikely that groundwater underlying the proposed cells would flow 
toward the Beck, and it is not thought that the Beck is in continuity with groundwater in the LCM 
(Section 2.12 of the main report [FCC, 2018d]). 

Calculation of radionuclide activity concentrations in abstracted groundwater downgradient of the 
site (but at a point commensurate with the current site perimeter) is discussed in Section 2.12 of the 
main report [FCC, 2018d] and not repeated here.  

2.1.1.2. Assessment Context 

Rainwater ingress into a cell (through the cap or via a cap failure) containing radioactive waste will 
mobilise some of the radioactivity into the leachate. After the period of authorisation there is the 
potential that some of this leachate will penetrate through the clay layer and into groundwater. One 
potential exposure scenario associated with this is considered: 
 

• Exposure via Drinking Water. An adult receives internal exposure via drinking water ingestion. 

 
Direct ingestion of groundwater is considered a bounding (worst-case) scenario compared with 
other exposure scenarios, such as abstraction of groundwater for land irrigation or livestock 
watering (which would require much higher well abstraction rates than that of the very small 
domestic well considered in this assessment, implying a much greater degree of dilution of the 
waste leachate with uncontaminated groundwater). Hence, these have not been considered. Also 
doses are only presented for adults in accordance with International Commission on Radiological 
Protection (ICRP) guidance. 

2.1.1.3. Assessment Methodology 

The assessment is limited to adult ingestion of contaminated drinking water at a rate of 0.73 m3/y (2 
l/d) after the period of authorisation and has been based on the dose factors for ingestion given in 
the Low Level Waste Repository (LLWR) Radiological Handbook, Version 1.3 [Thorne et al., 2011]; 
this includes the dose contribution from short-lived progeny (in both branching and non-branching 
decay chains) and is based on the most up to date ICRP dose factors currently available. It was 
also a key supporting document in the last LLWR ESC submission to the Environment Agency and 
hence has been subject to regulatory scrutiny. 

Predicted radionuclide activity concentrations in abstracted groundwater (Bq/l) see Section 2.12 of 
the main report [FCC, 2018b], the Effective Dose per Unit Intake (Sv/Bq) used in the calculation and 
the annual committed effective dose predicted, along with percentage contribution for each 
radionuclide are given in Appendix A. The short-lived decay progeny that are assumed to be in 
secular equilibrium with the parent radionuclide that are included in the assessment are: 

 

• Strontium-90 (Sr-90) / yttrium-90 (Y-90);  

• Ruthenium-106 (Ru-106) / rhodium-106 (Rh-106);  

• Tin-121m (Sn-121m) / tin-121 (Sn-121) 

• Caesium-137 (Cs-137) / barium-137 metastable (Ba-137m);  

• Cerium-144 (Ce-144) / praseodymium-144 metastable (Pr-144m) / praseodymium-144 (Pr-144);  

• Lead-210 (Pb-210) / bismuth-210 (Bi-210);  

• Radium-226 (Ra-226) / radon-222 (Rn-222) through to polonium-214 (Po-214);  

• Thorium-234 (Th-234) / protactinium-234 metastable (Pa-234m) / protactinium-234 (Pa-234); 

• Thorium-228 (Th-228) / radium-224 (Ra-224) through to thallium-208 (Tl-208); 

• Thorium-229 (Th-229) / radium-225 (Ra-225) through to lead-209 (Pb-209)  
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• Uranium-235 (U-235) / thorium-231 (Th-231); and,  

• Uranium-238 (U-238) / thorium-234 (Th-234) / protactinium-234 metastable (Pa-234m) / 
protactinium-234 (Pa-234). 

• Neptunium-237 (Np-237) / protactinium-233 (Pa-233). 

 

Note, the dose per unit contamination value for U-238 assumes that it is from the nuclear fuel cycle, 
has been chemically purified and hence only the initial short-lived decay products are present (Th-
234 / Pa-234m / Pa-234)1. Wastes contaminated with naturally occurring U-238 where the full decay 
chain may be in, or close to, secular equilibrium have not been considered. 

Inventory data for single-member chains was decay corrected to 2091. This is not however 
appropriate for Pb-210 and Po-210, as these will be supported by the Ra-226 inventory. Indeed, 
their activity concentrations will increase to close to equilibrium with the Ra-226 over the period 
through to 2091. Activity concentrations of Pb-210 and Po-210 were therefore set to that of decay 
corrected Ra-226 value. 

Also note, although complete failure of the geomembrane liner is assumed after the period of 
authorisation, the underlying 2 m clay layer is expected to remain as an effective feature that 
attenuates the downward migration of radioactivity [HPA, 2007]. Over time, radionuclides will 
migrate through this clay layer and their rate of migration will depend upon their sorption 
characteristics. For radionuclides with low partition coefficient (Kd) values, there will be relatively 
rapid transport (for instance for tritium, H-3), and peak groundwater concentrations may occur in a 
few years. For radionuclides with high Kd values, there will be such slower transport (for instance for 
strontium-90, Sr-90) and peak groundwater concentrations may not occur for hundreds or 
thousands of years. These extended transport times allow for radioactive decay that may be 
significant where the radionuclide half-life is comparable or less than the transport time. This decay 
has therefore been allowed for in the calculation of groundwater activity concentrations (see Section 
2.12 of the main report [FCC, 2018d]). Peak groundwater activity concentrations have been 
‘bucketed’ into a three discrete time periods after the period of authorisation of: 

 

• Of the order of 60 to 100 years post waste emplacement 

• Of the order of 1,000 to 10,000 years post waste emplacement  

• Of the order of 10,000 to 100,000 years post waste emplacement 

 

Note, H-3 and carbon-14 (C-14) breakthrough quickly (maximum activity concentrations in 
groundwater are achieved at ca. 40 years post-waste emplacement). These are considered in the 
assessment during the period of authorisation [FCC, 2018a]. Radionuclides that achieve maximum 
groundwater activity concentrations of the order of 100 years are limited to chlorine-36 (Cl-36); 
technetium-99 (Tc-99) and barium-133 (Ba-133). Breakthrough and peak concentrations of other 
radionuclides occur at a minimum of over 1,000 years. The longest break through time is for Ra-
226, which is at ca. 600,000 years. No allowance for radioactive decay of the inventory within the 
disposal cells (either during operations or over the following 60 years of the period of authorisation) 
has been made. 

2.1.1.4. Initial Assessment Results 

Assessment results of annual effective dose are summarised in Table 3 and presented in detail in 
Appendix A. Initial results have been screened against an annual effective dose criterion of 20 µSv, 
below which further assessment need not be undertaken [Environment Agencies, 2012b]. 
 
 
 
 
 
 
 
 
 

                                                      
1 It takes roughly 2 billion years for full decay chain secular equilibrium to be achieved. 
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Table 3 Initial Assessment Results – Drinking Water 

Period (post waste 
emplacement) (y) 

Annual Effective Dose (µSv) Requires Further Assessment 

~60 - 100 2.1E+01 Yes 

~1,000 – 10,000 1.3E+00 No 

~10,000 – 100,000 5.1E+00 No 

 
The annual effective dose from the drinking water exposure scenario reaches a peak at around 100 
years after waste emplacement at 21 µSv to the exposed adult. A breakdown of the two key 
radionuclides Cl-36 and Tc-99, in terms of percentage contribution to the dose, is given in Table 4. 
These radionuclides account for >99.99% of the dose assessed (i.e. the contribution from Ba-133 is 
extremely small, less than 0.01%). 
 

Table 4 Dose Breakdown for Key Radionuclides – Drinking Water (Peak Dose) 

Radionuclide % Contribution Annual Effective Dose (µSv) 

Cl-36 32 6.6E+00 

Tc-99 68 1.4E+01 

 
About one-third of this effective dose is from Cl-36 and about two-thirds from Tc-99. This is explored 
further in the sensitivity analysis below. 
 
Note, the annual effective doses for the two other periods are based on the combined peak 
radionuclide activity concentrations, even though the times of these peaks may be thousands or 
even tens of tens of thousands of years apart. Hence, the actual annual effective dose received at 
any one time will be less. 

2.1.1.5. Sensitivity Analysis 

As noted above, doses were calculated based on the 2011 LLWR Radiological Handbook, Version 
1.3 [Thorne et al., 2011] which is itself based on ICRP dose coefficients.  

Smith and Thorne [2015], via a Letter to the Editor, raised in the Journal of Radiological Protection 
(JRP) issues with the current ICRP dose coefficient for ingested Cl-36 in drinking water. A response 
to this was made by Harrison and Leggett [2016]. Key points of which are given below (see 
Harrison and Leggett [2016] for referenced detailed within): 

 “For ingestion of 36Cl by members of the public, ICRP assumes complete absorption from the 
alimentary tract, followed by uniform distribution throughout body tissues and a retention time of 10 
d applied to all ages (ICRP 1980, 1995). The dependence of retention times on dietary salt levels 
was discussed. Smith and Thorne make the point that retention will be approximately in inverse 
proportion to the salt consumption rate, with a directly proportional effect on the calculated dose 
coefficient. It is also apparent that current levels of salt consumption in the UK are greater than 
assumed by ICRP (Public Health England and Food Standards Agency 2014). Chlorine biokinetics 
have not yet been addressed in the new series of ICRP reports, but an effort will be made to 
provide the most realistic model for chlorine achievable within the constraints of its relatively limited 
biokinetic database.” 

In terms of Cl-36, a normal daily intake of chloride is 5.2 g (as assumed by the ICRP [1975, 1980]) 
and in comparison, a daily intake of 10 to 15 g could be considered a high intake. Nonetheless, as 
noted by Harrison and Leggett [2016], salt consumption in the UK is higher than assumed by the 
ICRP, potentially by a factor of 1.5 to a maximum of 2. That is the annual effective dose from Cl-36 
could, more realistically, be around 4.4 to 3.3 µSv. That is the total effective dose considering the 
contribution from Tc-99 could be 18.8 to 17.3 µSv. 

Calculation of abstracted groundwater activity concentration data is also highly precautionary in 
terms of things such groundwater flow rate, the depth of the mixing layer within the aquifer and that 
all activity in the groundwater is abstracted (see Section 2.12 of the main report [FCC, 2018d]). 
Equally, although the LCM as a whole is classed as a Secondary A Aquifer, there is low 
permeability in the region of the site. Hence, abstraction at this location and depth is unlikely.  
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2.1.1.6. Comparison to Risk / Dose Criterion 

The annual effective dose from the drinking water exposure scenario reaches a peak around 100 
years after waste emplacement at 21 µSv (due to Cl-36 and Tc-99). When uncertainties in the 
ingestion dose coefficient for Cl-36 are considered, the annual effective dose would probably be 
lower, 18.8 to 17.3 µSv. This is lower than the annual effective dose guidance level of 20 µSv as 
required to demonstration protection relative to the Groundwater Directive. 

2.2. Not Certain to Occur 

2.2.1. Exposure to Leachate (Bathtubbing) 
Note that release of contaminated leachate from the site were the landfill to fill up with water and 
overflow during the post-institutional control period (termed ‘bathtubbing’) with subsequent radiation 
exposure of people growing crops on contaminated land was initially screened out. However, this 
has been partially reintroduced into the assessment in terms of recreational user external and 
adventitious internal exposures (i.e. excluding the possibility of consuming crops grown on the 
contaminated area). 

2.2.1.1. Environmental Context 

Bathtubbing (also known as ‘over topping’) occurs where the rate of water ingress through the 
surface cap exceeds any loss, either from leakage through the basal clay liner or via evaporation 
back to the atmosphere. The leachate that has been diluted with the ingressing rainwater then 
reaches the surface where radioactivity may subsequently adsorb to soil solids.  

2.2.1.2. Assessment Context 

The assessment here considers annual effective dose to recreational users (adult, child and infant) 
who spend time on the land of the former disposal area that has been contaminated by periodic 
flooding by bathtubbing events. One potential exposure scenario associated with this is considered: 
 

• Recreational user. This considers effective doses to members of the public who use the area of 
the site for walking or playing. Infant, child and adult are considered. The annual effective dose 
is the sum of doses from external exposure from the ground; external exposure from 
contaminated soil on the skin; inhalation of contaminated dust; and, inadvertent ingestion of 
contaminated soil.  

 

For the scenario above, four variants have been considered: 
 
1. Exposed, uniform contamination distribution – this represents soil contamination that is evenly 

distributed over the site and extends to a depth2 of 1 m. There is no overlying uncontaminated 
soil or other material. It is assumed that the soil has the same activity concentration as that 
averaged across the contents of a cell, i.e. considering radioactive waste, non-radioactive waste 
and daily soil cover. No allowance for ‘dilution’ of the activity with cap material is included. 

2. Exposed, uniform contamination distribution – as per number 1, but where contamination is 
restricted to 10% of the area and where occupancy is random [NRPB, 2003]. 

3. Covered, uniform contamination distribution – as per number 1, but assuming that 
contamination has not reached the ground surface and that there is a 0.15 m cover of non-
contaminated material. 

4. Covered, patchy contamination distribution – as per number 3, but where contamination is 
restricted to 10% of the area and where occupancy is random [NRPB, 2003]. 

2.2.1.3. Assessment Methodology 

The assessment has been undertaken using the National Radiological Protection Board (NRPB)3 
(NRPB) ‘W36’ methodology [NRPB, 2003] based on the scenario of a recreational user identified 
above and the average activity concentration values within a cell (See Section 2.12 of the main 

                                                      
2 This is effectively to an infinite depth in terms of external radiation. Hence, there is no need to 
consider further contamination below this depth. 
3 Now part of the Centre for Radiation, Chemical and Environmental Hazards (CRCE) of Public 
Health England (PHE). 
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report [FCC, 2018d]). W36 [NRPB, 2003] includes radionuclide specific dose per unit contamination 
values that include short-lived radionuclides that are assumed to be in secular equilibrium. These 
are the same as given in Section 2.1.1.3. Also, as per Section 2.1.1.3, the assessment of U-238 
assumes chemically purified material for which only the initial short-lived decay products are 
present (Th-234 / Pa-234m / Pa-234). Equally, inventory data has been decay corrected to 2091 
with the exception of Pb-210 and Po-210 with inventories that were set to the decay corrected Ra-
226 value. 

It is also important to note that the W36 methodology [NRPB, 2003] does not include dose per unit 
contamination values for all the radionuclides in the model inventory (See Section 3 of the main 
report [FCC, 2018d]). The W36 dose per unit contamination values are derived from a range of 
exposure routes and the associated radionuclide external and internal dose coefficients. Hence, for 
each scenario they tend to be in discrete bands that are biased to the nature of the scenario. 
Average surrogate values for the scenario were therefore derived based on where values are 
available for the radionuclides in the model inventory. These are shown below for the exposed and 
covered uniform spatial distribution scenarios. Note that, based on NRPB [2003] the corresponding 
values for a patchy spatial distribution are 10% of this:  

  

• Recreational scenario (exposed scenario) – 5.5E-05 Sv/y per Bq/g; 

• Recreational scenario (covered scenario) – 8.94E-07 Sv/y per Bq/g; 

 

The process of bathtubbing was not explicitly modelled. Instead it was assumed that the water in 
the soil surface layer has the same activity concentration as that of the leachate in the disposal cell. 
If you envisage that there is a single homogeneous body of water stretching from the ground 
surface to the base of the wastes, at worst, the water at the ground surface will exhibit radionuclide 
concentrations similar to those in the water within which the waste is sitting. Unless the overlying 
soil exhibits a higher Kd than the waste, the total concentration in the soil will not be higher than the 
total activity concentration in the water. Furthermore, bathtubbing events would likely be transient, 
so an activity concentration profile would almost certainly exist, decreasing upward from the waste 
to the surface, as between bathtubbing events, infiltration would likely displace radionuclides that 
had moved upward, back downward again. However, such transport is complex to model, being 
affected by strong non-linearities in unsaturated hydrology and the kinetics of sorption and 
desorption. Hence, a simpler approach was adopted here. 

2.2.1.4. Initial Assessment Results 

Assessment results of annual effective dose are summarised in Table 5 and presented in detail in 
Appendix B. Initial results based on the exposed uniform distribution have been screened against 
an annual effective dose criterion of 20 µSv below which, further assessment, need not be 
undertaken [Environment Agencies, 2012b]. 
 

Table 5 Initial Assessment Results – Recreational User (Exposed, Uniform Distribution) 

Scenario Annual Effective Dose (µSv) Requires Further Assessment 

Recreational User 2.3E+02 Yes 

 
The annual effective dose from the recreational user exposed under the uniform distribution 
scenario is 230 µSv where the dose is dominated by C-14, calcium-41 (Ca-41), Cs-137 and Ra-226 
and to a lesser extent by Cl-36, nickle-59 (Ni-59), U-238, plutonium-239 (Pu-239) and americium-
241 (Am-241). These radionuclides account for over 96% of the dose assessed (i.e. the contribution 
from other radionuclides is small, less than 4%). Results are shown in Table 6. 
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Table 6 Dose Breakdown for Key Radionuclides – Recreational User (Exposed, Uniform 
Distribution) 

Radionuclide % Contribution Annual Effective Dose (µSv) Worst Age Group 

C-14 31 7.1E+01 

Not covered in W36 
Cl-36 4.1 9.5E+00 

Ca-41 27 6.2E+01 

Ni-59 2.0 4.5E+00 

Cs-137 15 3.5E+01 Child 

Ra-226 12 2.8E+01 Infant 

U-238 1.5 3.3E+00 Infant 

Pu-239 1.2 2.7E+00 Adult 

Am-241 2.3 5.4E+00 Adult 

 
This effective dose is explored further in the sensitivity analysis below. 

2.2.1.5. Sensitivity Analysis 

If bathtubbing were to occur, it is extremely unlikely that the whole site surface would become 
contaminated. More realistic scenarios could be contamination near, but not at the surface or 
patchy contamination (either at the surface or covered). Results for the different scenarios are 
considered in Table 7.  

 

Table 7 Initial Assessment Results – Recreational User (All Scenarios) 

Scenario Annual Effective Dose (µSv) 

Exposed uniform 2.3E+02 

Exposed patchy 2.3E+01 

Covered uniform 1.4E+01 

Covered patchy 1.4E+00 

 

The annual effective dose for the exposed patchy distribution is 10% of the uniform distribution at 
23 µSv. 

The annual effective dose from the recreational user under covered uniform distribution scenario is 
14 µSv where the dose is dominated by Cs-137 and Ra-226 and to a lesser extent by C-14, Ca-41, 
Cl-36, and U-238. These radionuclides account for over 98% of the dose assessed (i.e. the 
contribution from other radionuclides is small, less than 2%). Results are shown in Table 8. 
 

Table 8 Dose Breakdown for Key Radionuclides – Recreational User (Covered, Uniform 
Distribution) 

Radionuclide % Contribution Annual Effective Dose (µSv) Worst Age Group 

C-14 8.5 1.2E+00 

Not covered in W36 Cl-36 1.1 1.5E-01 

Ca-41 7.4 1.0E+00 

Cs-137 39 5.2E+00 Child 

Ra-226 40 5.4E+00 Infant 

U-238 2.9 3.9E-01 Infant 

 

The annual effective dose for the covered patchy distribution is 10% of the uniform distribution at 
1.4 µSv. 

The exposed uniform contamination scenario is extremely unlikely. If the other more likely (but still 
uncertain to occur) scenarios are considered, the assessed annual effective dose could be broadly 
in the range of 1 to 20 µSv. 

The W36 methodology also assumes a year-averaged on-site occupancy of 750 h/y, i.e. 2 h/d. It is 
important to note that the surface area of disposal cells is slightly less than 73,000 m2 (270 m by 
270 m if considered as a square). Hence, although a keen walker / dog walker could reasonably 
spend 2 h/d in the overall vicinity of the site, time over any land that could be affected by 
contamination (due to the small area) might be more limited. 
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Derivation of the dose per unit contamination value as an average across the inventory is also 
highly precautionary (it includes alpha and strong beta/gamma emitters). The annual effective dose 
from the key radionuclides from external exposure from the ground; external exposure from 
contaminated soil on the skin; inhalation of contaminated dust; and, inadvertent ingestion of 
contaminated soil, is therefore likely to be significantly less.  

2.2.1.6. Comparison to Risk Criterion 

Using a highly precautionary assessment approach the annual effective dose was initially assessed 
at 230 µSv. However, the probability of this exposure being realised is extremely low. If the other 
more likely (but still uncertain to occur) scenarios are considered, the assessed annual effective 
dose could be broadly in the range of 1 to 20 µSv. The annual effective dose assessed here is 
either at or below a dose criterion of 20 µSv, equivalent to a risk guidance level of 1E-06 where the 
probability of exposure is one. 

 

3. Summary and Discussion 

The assessment results are summarised in Table 9. 
 

Table 9 Assessment Results Summary 

Exposure Pathway Public Receptor Predicted Annual 
Effective Dose (µSv) 

Relevant Annual Risk / 
Effective Dose Criterion  

After the Period of Authorisation – Expected to Occur  

Release to 
groundwater  

Member of 
public  

18.8 to 17.3 *Effective dose of 20 µSv 

After the Period of Authorisation – Not Certain to Occur  

Recreational user Member of 
public 

+1 to 20 
Risk of 1E-06 (20 µSv where 
risk of exposure is one) 

* The dose guidance level that is set to demonstrate protection relative to the Groundwater 
Directive. 

+ Initially estimated as 230 µSv under highly precautionary assumptions and revised here to reflect 
discussion on uncertainties. 

This assessment has considered annual effective dose exposure after the period of authorisation 
for a drinking water pathway and a recreational user: 

 

• Drinking water pathway – the annual effective dose from the drinking water exposure scenario 
reaches a peak around 100 years after waste emplacement at 21 µSv. When uncertainties in 
the ingestion dose coefficient for Cl-36 are considered, the annual effective dose would 
probably be lower, 18.8 to 17.3 µSv. This is lower than the annual effective dose guidance level 
of 20 µSv as required to demonstration protection relative to the Groundwater Directive. 

• Recreational user – using a highly precautionary assessment approach the annual effective 
dose was initially assessed at 230 µSv. If the other more likely (but still uncertain to occur) 
scenarios are considered, the assessed annual effective dose could be broadly in the range of 
1 to 20 µSv. The annual effective dose assessed here is either at or below a dose criterion of 20 
µSv, equivalent to a risk guidance level of 1E-06 where the probability of exposure is one. 

 

The assessment shows that the annual risk and annual effective dose are below the required 
criterion. 
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Appendix A. Drinking Water Exposure 

A.1. Input Data 
 

Element Rad Effective Dose per 
Unit Intake (Sv/Bq)1 

Abstracted 
Groundwater (Bq/l)2 

Time to Break 
through (y) 

Hydrogen H-3 4.19E-11 9.46E-03 36 

Carbon C-14 5.81E-10 1.49E+02 36 

Chlorine Cl-36 9.29E-10 9.68E+00 107 

Calcium Ca-41 1.93E-10 2.50E+00 1,937 

Magnesium Mn-54 Not included 0.00E+00 8,591 

Iron Fe-55 3.31E-10 0.00E+00 209,177 

Cobalt Co-60 3.42E-09 0.00E+00 13,820 

Nickel 
Ni-59 6.30E-11 7.02E-04 13,820 

Ni-63 1.52E-10 0.00E+00 13,820 

Zinc Zn-65 Not included 0.00E+00 1,509 

Strontium Sr-90 3.04E-08 0.00E+00 12,394 

Niobium 
Nb-93m 1.24E-10 0.00E+00 356,527 

Nb-94 1.74E-09 0.00E+00 356,527 

Molybdenum Mo-93 3.16E-09 0.00E+00 9,067 

Technetium Tc-99 6.42E-10 3.00E+01 107 

Ruthenium Ru-106 7.01E-09 0.00E+00 64,204 

Silver 
Ag-108m 2.36E-09 0.00E+00 90,347 

Ag-110m Not included 0.00E+00 90,347 

Tin Sn-121m 5.59E-10 0.00E+00 380,293 

Antinomy Sb-125 1.13E-09 0.00E+00 14,771 

Iodine I-129 1.06E-07 1.18E-02 1,699 

Caesium 
Cs-134 1.92E-08 0.00E+00 285,228 

Cs-137 1.36E-08 0.00E+00 285,228 

Barium Ba-133 1.53E-09 0.00E+00 131 

Cerium Ce-144 Not included 0.00E+00 28,555 

Promethium Pm-147 2.61E-10 0.00E+00 106,983 

Samarium Sm-151 9.80E-11 0.00E+00 221,060 

Europium 
Eu-152 1.37E-09 0.00E+00 166,398 

Eu-154 2.04E-09 0.00E+00 166,398 

Lead Pb-210 6.97E-07 0.00E+00 475,357 

Polonium Po-210 1.21E-06 0.00E+00 475,357 

Radium Ra-226 2.80E-07 0.00E+00 594,187 

Thorium 

Th-228 1.43E-07 0.00E+00 451,591 

Th-229 6.38E-07 0.00E+00 451,591 

Th-230 2.14E-07 0.00E+00 451,591 

Th-232 2.31E-07 2.93E-05 451,591 

Protactinium 
Pa-231 4.79E-07 0.00E+00 237,696 

Pa-233 Not included 0.00E+00 237,696 

Uranium U-232 3.36E-07 0.00E+00 47,568 
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U-233 5.13E-08 4.71E-07 47,568 

U-234 4.95E-08 2.80E-03 47,568 

U-235 4.70E-08 8.76E-03 47,568 

U-236 4.69E-08 1.44E-02 47,568 

U-238 4.79E-08 1.01E-01 47,568 

Neptunium Np-237 1.08E-07 8.10E-03 8,354 

Plutonium 

Pu-238 2.28E-07 0.00E+00 175,905 

Pu-239 2.51E-07 0.00E+00 175,905 

Pu-240 2.51E-07 0.00E+00 175,905 

Pu-241 4.75E-09 0.00E+00 175,905 

Pu-242 2.38E-07 4.86E-09 175,905 

Americium Am-241 2.04E-07 0.00E+00 237,696 

Curium 

Cm-242 1.17E-08 0.00E+00 237,696 

Cm-243 1.49E-07 0.00E+00 237,696 

Cm-244 1.23E-07 0.00E+00 237,696 

 

Notes: 

1 From the LLWR Handbook. Where annual effective dose coefficients are not available from the 
handbook these are noted as ‘not included’. Note, this has no impact on the assessed doses. 

2 Activity concentrations calculated at less than 1E-10 Bq/l are reported here as zero. 

 

A.2. Results – Drinking Water Pathway 
 

Element Rad1 Annual Effective Dose (µSv) Percentage Contribution 

Hydrogen H-3 < 0.01 < 0.01% 

Carbon C-14 63.04 70.06% 

Chlorine Cl-36 6.56 7.29% 

Calcium Ca-41 0.35 0.39% 

Magnesium Mn-54 Zero Zero 

Iron Fe-55 < 0.01 < 0.01% 

Cobalt Co-60 < 0.01 < 0.01% 

Nickel 
Ni-59 < 0.01 < 0.01% 

Ni-63 < 0.01 < 0.01% 

Zinc Zn-65 Zero Zero 

Strontium Sr-90 < 0.01 < 0.01% 

Niobium 
Nb-93m < 0.01 < 0.01% 

Nb-94 < 0.01 < 0.01% 

Molybdenum Mo-93 < 0.01 < 0.01% 

Technetium Tc-99 14.04 15.60% 

Ruthenium Ru-106 < 0.01 < 0.01% 

Silver 
Ag-108m < 0.01 < 0.01% 

Ag-110m Zero Zero 

Tin Sn-121m < 0.01 < 0.01% 

Antinomy Sb-125 < 0.01 < 0.01% 

Iodine I-129 0.91 1.01% 
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Caesium 
Cs-134 < 0.01 < 0.01% 

Cs-137 < 0.01 < 0.01% 

Barium Ba-133 < 0.01 < 0.01% 

Cerium Ce-144 Zero Zero 

Promethium Pm-147 < 0.01 < 0.01% 

Samarium Sm-151 < 0.01 < 0.01% 

Europium 
Eu-152 < 0.01 < 0.01% 

Eu-154 < 0.01 < 0.01% 

Lead Pb-210 < 0.01 < 0.01% 

Polonium Po-210 < 0.01 < 0.01% 

Radium Ra-226 < 0.01 < 0.01% 

Thorium 

Th-228 < 0.01 < 0.01% 

Th-229 < 0.01 < 0.01% 

Th-230 < 0.01 < 0.01% 

Th-232 < 0.01 0.01% 

Protactinium 
Pa-231 < 0.01 < 0.01% 

Pa-233 Zero Zero 

Uranium 

U-232 < 0.01 < 0.01% 

U-233 < 0.01 < 0.01% 

U-234 0.10 0.11% 

U-235 0.30 0.33% 

U-236 0.49 0.55% 

U-238 3.54 3.93% 

Neptunium Np-237 0.64 0.71% 

Plutonium 

Pu-238 < 0.01 < 0.01% 

Pu-239 < 0.01 < 0.01% 

Pu-240 < 0.01 < 0.01% 

Pu-241 < 0.01 < 0.01% 

Pu-242 < 0.01 < 0.01% 

Americium Am-241 < 0.01 < 0.01% 

Curium 

Cm-242 < 0.01 < 0.01% 

Cm-243 < 0.01 < 0.01% 

Cm-244 < 0.01 < 0.01% 
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Appendix B. Recreational User 

B.1. Input Data 
 

Element Rad 
INV (Bq/g) 

@ 2030 
INV (Bq/g) 

@ 2091 

Annual Effective Dose per Unit 
Concentration1 

Exposed, Uniform Covered, Uniform 

Hydrogen H-3 1.77E+00 5.70E-02 2.35E-14 0.00E+00 

Carbon C-14 1.30E+00 1.29E+00 5.50E-05 8.94E-07 

Chlorine Cl-36 1.72E-01 1.72E-01 5.50E-05 8.94E-07 

Calcium Ca-41 1.12E+00 1.12E+00 5.50E-05 8.94E-07 

Magnesium Mn-54 2.02E-01 4.08E-17 5.50E-05 8.94E-07 

Iron Fe-55 1.52E+00 2.40E-07 9.30E-09 0.00E+00 

Cobalt Co-60 6.31E-01 2.07E-04 4.14E-04 8.40E-05 

Nickel Ni-59 8.26E-02 8.25E-02 5.50E-05 8.94E-07 

Ni-63 2.23E+00 1.44E+00 3.34E-09 0.00E+00 

Zinc Zn-65 1.61E-01 6.78E-29 5.50E-05 8.94E-07 

Strontium Sr-90 9.45E-01 4.63E-07 1.37E-06 0.00E+00 

Niobium Nb-93m 1.53E-03 1.09E-04 5.50E-05 8.94E-07 

Nb-94 4.76E-03 4.75E-03 5.50E-05 8.94E-07 

Molybdenum Mo-93 1.26E-02 1.25E-02 5.50E-05 8.94E-07 

Technetium Tc-99 5.36E-01 5.36E-01 2.50E-08 0.00E+00 

Ruthenium Ru-106 8.57E-02 5.65E-20 3.07E-05 4.28E-06 

Silver Ag-108m 4.67E-03 3.35E-03 5.50E-05 8.94E-07 

Ag-110m 1.05E-02 9.48E-03 5.50E-05 8.94E-07 

Tin Sn-121m 5.92E-03 2.74E-03 5.50E-05 8.94E-07 

Antinomy Sb-125 2.81E-02 7.77E-09 5.50E-05 8.94E-07 

Iodine I-129 2.65E-03 2.65E-03 5.50E-05 8.94E-07 

Caesium Cs-134 2.92E-02 5.25E-11 2.37E-04 3.64E-05 

Cs-137 1.60E+00 3.92E-01 9.02E-05 1.33E-05 

Barium Ba-133 4.69E-03 9.02E-05 5.50E-05 8.94E-07 

Cerium Ce-144 4.46E-02 1.28E-25 7.05E-06 1.23E-06 

Promethium Pm-147 1.72E-01 1.49E-08 1.58E-08 1.08E-11 

Samarium Sm-151 1.30E-01 8.06E-02 3.25E-09 1.03E-19 

Europium Eu-152 2.35E-01 9.80E-03 5.50E-05 8.94E-07 

Eu-154 2.21E-02 1.81E-04 1.94E-04 3.51E-05 

Lead Pb-210 7.59E-03 1.14E-03 1.40E-05 2.08E-11 

Polonium Po-210 2.92E-05 7.30E-54 3.40E-05 2.15E-10 

Radium Ra-226 1.02E-01 9.90E-02 2.84E-04 5.45E-05 

Thorium Th-228 2.67E-03 6.61E-13 2.68E-04 5.95E-05 

Th-229 2.13E-09 2.11E-09 5.82E-05 2.72E-06 

Th-230 2.41E-03 2.41E-03 4.34E-06 8.70E-10 

Th-232 1.72E-03 1.72E-03 7.46E-06 2.45E-10 

Protactinium Pa-231 2.37E-06 2.37E-06 4.60E-05 4.23E-07 

Pa-233 1.42E-04 2.76E-253 5.50E-05 8.94E-07 
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Uranium U-232 1.95E-02 1.06E-02 5.50E-05 8.94E-07 

U-233 1.35E-03 1.35E-03 1.39E-06 1.83E-09 

U-234 1.44E+00 1.43E+00 1.33E-06 1.68E-10 

U-235 5.43E-02 5.43E-02 1.82E-05 8.59E-07 

U-236 9.47E-02 9.47E-02 1.25E-06 5.61E-11 

U-238 6.25E-01 6.25E-01 5.32E-06 6.20E-07 

Neptunium Np-237 9.98E-03 9.98E-03 3.26E-05 2.19E-06 

Plutonium Pu-238 6.85E-02 4.23E-02 1.36E-05 1.49E-11 

Pu-239 1.79E-01 1.79E-01 1.48E-05 3.79E-10 

Pu-240 9.64E-02 9.58E-02 1.48E-05 1.43E-10 

Pu-241 1.77E+00 9.41E-02 2.67E-07 3.33E-12 

Pu-242 5.08E-04 5.08E-04 5.50E-05 8.94E-07 

Americium Am-241 4.37E-01 3.97E-01 1.35E-05 9.22E-09 

Curium Cm-242 4.97E-03 3.15E-44 5.50E-05 8.94E-07 

Cm-243 1.42E-03 3.31E-04 5.50E-05 8.94E-07 

Cm-244 7.83E-03 7.58E-04 8.03E-06 4.41E-09 

Notes: 

1 Numbers given in red indicate the derived surrogate values. 

 

B.2. Results – Recreational User (Exposed Uniform 
Distribution) 

 

Element Rad Annual Effective Dose (µSv) Percentage Contribution 

Hydrogen H-3 < 0.01 < 0.01% 

Carbon C-14 70.88 30.79% 

Chlorine Cl-36 9.49 4.12% 

Calcium Ca-41 61.82 26.85% 

Magnesium Mn-54 < 0.01 < 0.01% 

Iron Fe-55 < 0.01 < 0.01% 

Cobalt Co-60 0.09 0.04% 

Nickel Ni-59 4.54 1.97% 

Ni-63 < 0.01 < 0.01% 

Zinc Zn-65 < 0.01 < 0.01% 

Strontium Sr-90 < 0.01 < 0.01% 

Niobium Nb-93m 0.01 < 0.01% 

Nb-94 0.26 0.11% 

Molybdenum Mo-93 0.69 0.30% 

Technetium Tc-99 0.01 0.01% 

Ruthenium Ru-106 < 0.01 0.00% 

Silver Ag-108m 0.18 0.08% 

Ag-110m 0.52 0.23% 

Tin Sn-121m 0.15 0.07% 

Antinomy Sb-125 < 0.01 < 0.01% 

Iodine I-129 0.15 0.06% 

Caesium Cs-134 < 0.01 0.00% 
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Cs-137 35.34 15.35% 

Barium Ba-133 < 0.01 < 0.01% 

Cerium Ce-144 < 0.01 < 0.01% 

Promethium Pm-147 < 0.01 < 0.01% 

Samarium Sm-151 < 0.01 < 0.01% 

Europium Eu-152 0.54 0.23% 

Eu-154 0.04 0.02% 

Lead Pb-210 0.02 0.01% 

Polonium Po-210 < 0.01 < 0.01% 

Radium Ra-226 28.13 12.22% 

Thorium Th-228 < 0.01 < 0.01% 

Th-229 < 0.01 < 0.01% 

Th-230 0.01 < 0.01% 

Th-232 0.01 0.01% 

Protactinium Pa-231 < 0.01 < 0.01% 

Pa-233 < 0.01 < 0.01% 

Uranium U-232 0.58 0.25% 

U-233 < 0.01 0.00% 

U-234 1.91 0.83% 

U-235 0.99 0.43% 

U-236 0.12 0.05% 

U-238 3.33 1.45% 

Neptunium Np-237 0.33 0.14% 

Plutonium Pu-238 0.58 0.25% 

Pu-239 2.65 1.15% 

Pu-240 1.42 0.62% 

Pu-241 0.03 0.01% 

Pu-242 0.03 0.01% 

Americium Am-241 5.35 2.33% 

Curium Cm-242 < 0.01 < 0.01% 

Cm-243 0.02 0.01% 

Cm-244 0.01 < 0.01% 
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B.3. Results – Recreational User (Covered Uniform 
Distribution) 

 

Element Rad Annual Effective Dose (µSv) Percentage Contribution 

Hydrogen H-3 Zero Zero 

Carbon C-14 1.15 8.52% 

Chlorine Cl-36 0.15 1.14% 

Calcium Ca-41 1.00 7.43% 

Magnesium Mn-54 < 0.01 < 0.01% 

Iron Fe-55 Zero Zero 

Cobalt Co-60 0.02 0.13% 

Nickel Ni-59 0.07 0.55% 

Ni-63 Zero Zero 

Zinc Zn-65 < 0.01 < 0.01% 

Strontium Sr-90 Zero Zero 

Niobium Nb-93m < 0.01 < 0.01% 

Nb-94 < 0.01 0.03% 

Molybdenum Mo-93 0.01 0.08% 

Technetium Tc-99 Zero Zero 

Ruthenium Ru-106 < 0.01 < 0.01% 

Silver Ag-108m < 0.01 0.02% 

Ag-110m 0.01 0.06% 

Tin Sn-121m < 0.01 0.02% 

Antinomy Sb-125 < 0.01 < 0.01% 

Iodine I-129 < 0.01 < 0.01% 

Caesium Cs-134 < 0.01 < 0.01% 

Cs-137 5.21 38.51% 

Barium Ba-133 < 0.01 < 0.01% 

Cerium Ce-144 < 0.01 < 0.01% 

Promethium Pm-147 < 0.01 < 0.01% 

Samarium Sm-151 < 0.01 < 0.01% 

Europium Eu-152 0.01 < 0.01% 

Eu-154 0.01 < 0.01% 

Lead Pb-210 < 0.01 < 0.01% 

Polonium Po-210 < 0.01 < 0.01% 

Radium Ra-226 5.40 39.90% 

Thorium Th-228 < 0.01 < 0.01% 

Th-229 < 0.01 < 0.01% 

Th-230 < 0.01 < 0.01% 

Th-232 < 0.01 < 0.01% 

Protactinium Pa-231 < 0.01 < 0.01% 

Pa-233 < 0.01 < 0.01% 

Uranium U-232 0.01 0.07% 

U-233 < 0.01 < 0.01% 

U-234 < 0.01 < 0.01% 
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U-235 0.05 0.34% 

U-236 < 0.01 < 0.01% 

U-238 0.39 2.87% 

Neptunium Np-237 0.02 0.16% 

Plutonium Pu-238 < 0.01 < 0.01% 

Pu-239 < 0.01 < 0.01% 

Pu-240 < 0.01 < 0.01% 

Pu-241 < 0.01 < 0.01% 

Pu-242 < 0.01 < 0.01% 

Americium Am-241 < 0.01 0.03% 

Curium Cm-242 < 0.01 < 0.01% 

Cm-243 < 0.01 < 0.01% 

Cm-244 < 0.01 < 0.01% 
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