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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) during the 
period of authorisation of the FCC 
Lillyhall facility {R5}. Assessments 
relating to after the period of 
authorisation {R6}; 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) during the period of authorisation of the 
FCC Lillyhall facility Requirement 5 {R5}. 

Based on the model radionuclide inventory (see Section 3 of the main report [FCC, 2018d]); 
predicted activity concentration data in leachate (see Section 2.12 of the main report [FCC, 2018d]) 
and in abstracted groundwater (see Section 2.12 of the main report [FCC, 2018d]) effective doses 
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) in 6th September 2018. These include 
‘expected to occur’ and ‘not certain to occur’ scenarios. 

The assessment has used several precautionary modelling approaches and 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 1 mSv (1,000 μSv) public annual effective dose limit for 
onsite workers involved in managing the radioactive waste; the annual effective source constraint of 
0.3 mSv (300 μSv) associated with planned discharges (leachate disposal) and the 0.02 mSv (20 
μSv) annual effective dose guidance level associated with leachate migration into groundwater. 
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 Total Annual Effective 
Dose (µSv) 

Relevant Annual 
Effective Dose 
Criterion (µSv)  

Period of Authorisation – Expected to Occur  

Direct exposure  Worker only 743.5 1,000 

Leachate processing 
off-site 

Treatment 
worker 

< 1 300 

Farming family Order of a few 10s μSv 300 

Fisherman < 1 300 

Release to 
groundwater 

Member of 
public  

18.9 to 1.6 (when latest 
authoritative advice in dose 
coefficients are considered)  

20 

Period of Authorisation – Not Certain to Occur  

Dropped load Worker only 0.03 1,000 

 

In all scenarios considered, the annual effective doses are less than the 1,000 μSv public dose limit; 
the source constraint of 300 μSv and the 20 μSv annual effective dose guidance level.  

The representative person is a member of a hypothetical farming family who applies sewage solids 
to agricultural land, works on that land and consumes produce produced on it. Their annual 
effective dose rate was initially assessed as 130 μSv, which is within the source constraint of 300 
μSv. When more likely sludge application rates and radionuclide partitioning between sludge and 
sewage plant effluent are considered, dose rates could be two orders of magnitude lower, with the 
annual individual effective dose of about10s μSv based on the model inventory and lifetime 
disposals up to the maximum proposed disposal limits. The most effected age group is that of an 
infant. 

The farming family dose is dominated by technetium-99 (Tc-99) via food consumption with lesser 
but potentially relevant contributions from carbon-14 (C-14), chlorine-36 (Cl-36), cobalt-60 (Co-60) 
and zinc-65 (Zn-65). The drinking water pathway during the period of authorisation is dominated by 
C-14.  
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1. Assessment Background 

1.1. Regulatory Context 
This document assesses the dose, either effective dose from external exposure or committed 
effective from internal exposure (from here referred to as effective dose) to members of the public 
during the period of authorisation and addresses the NS-GRA Requirement 5 {R5}: 

“During the period of authorisation of a disposal facility for solid radioactive waste, the effective 
dose from the facility to a representative member of the critical group1 should not exceed a source-
related dose constraint and a site related dose constraint. The UK Government and Devolved 
Administrations have directed the environment agencies to have regard to the following maximum 
doses to individuals which may result from a defined source, for use at the planning stage in 
radiation protection: 

 

• 0.3 mSv/y from any source from which radioactive discharges are made; or, 

• 0.5 mSv/y from the discharges from any single site.” 

 

[Environment Agencies, 2009], para 6.3.1 and 6.3.2. 

For the purpose of the assessments reported here, the FFC facility is considered to be a source 
from which radioactive discharges occur. Assessment against the site constraint is not considered 
as there are no immediately adjacent Environmental Permitting Regulations (2016 as amended) 
Radioactive Substances Activities (EPR-RSA) permitted facilities. However, it is noted that the 
Cyclife UK Limited Metals Recycling Facility (MRF) at Lillyhall has an ERP-RSA environmental 
permit that allows for very low discharges of radioactivity to sewer, which is treated at the same 
sewage works as for leachate from the FFC facility. No data on the radiological impacts of 
discharges to sewer from the MRF are reported in the latest Radioactivity in Food and the 
Environment (RIFE) report series [Environment Agencies, 2018]. They are therefore assumed to 
insignificant and are not considered further.  

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 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 the groundwater pathway during 
the period of authorisation. 

For site workers, the criterion used for the safety case is an annual effective dose of 1 mSv, which 
is the same as the current legal dose limit for the public. This is an operational criterion and is not 
used to assess the radiological impact of lifetime disposals to the landfill because the exposure 
arises in a manner unrelated to the total capacity of the site. This criterion will be used for radiation 
protection purposes during operation of the facility. 

1.2. Assessment Scenarios 
In this document, the term “period of authorisation” covers the time when active management 
controls are maintained and the EPR-RSA environmental permit remains in force. This period 
includes ongoing landfill operations to 2030 and then an ongoing period of institutional control and 
leachate management that is assumed to last until 2090.  

Effective doses and risks need to be assessed for a variety of hypothetical exposure groups in order 
to identify those at greatest risks at a given time. The present-day operation of the facility can be 
used to inform calculations of the impact during the period of authorisation. Throughout this report, 
the term “scenario” is used to describe a situation or class of situations leading to future exposures.  

                                                      
1 Now referred to as the ‘representative person’. 
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The scenarios discussed below consider both site workers and other members of the public during 
the period of authorisation and these 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. These are shown in Table 1. 

 

Table 1 Scenarios Requiring Further Modelling 

Exposure Pathway Public Receptor Agreed for Assessment 

Period of Authorisation – Expected to Occur 

Direct exposure  Worker Yes 

Leachate processing off-site Treatment worker Yes 

Farming family Yes 

Fisherman Yes 

Release to atmosphere  Member of public No 

Release to groundwater  Member of public  Yes 

Cell excavation Worker No 

Surface water Member of public  No 

Period of Authorisation – Not Certain to Occur 

Leachate spillage  Farming family No 

Dropped load  Worker only Yes 

Aircraft impact Member of public No 

Barrier failure Member of public No 

Wound exposure  Worker No 

 

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 

Direct exposure  Worker Model inventory of waste – see Section 3 of 
the main report [FCC, 2018d] 

Leachate processing off-site Treatment worker Calculated leachate concentrations and 
annual arising – see Section 2.12 of the main 
report [FCC, 2018d] 

Farming family 

Fisherman 

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

Period of Authorisation – Not Certain to Occur 

Dropped load Worker only Model inventory of waste – see Section 3 of 
the main report [FCC, 2018d] 

 

  



 

 

 

1 | 1.0 | 26 November 2018 
SNC Lavalin | r5 - period of authorisation rev a (final) Page 8 of 33 
 

3. Dose Assessment for the Period of 
Authorisation 

3.1. Expected to Occur 
 
Three exposure scenarios, as agreed with the Environment Agency that are expected to occur 
during the period of authorisation are discussed below. 
 

3.1.1. Direct Exposure  
 

A potential exposure scenario was identified as external radiation exposure to workers from their 
occupancy near to a waste package. The scenario considered includes the direct exposure and 
inhalation pathways.  

3.1.1.1. Environmental Setting 

During the Period of Authorisation after each disposal operation (i.e. by the end of each working 
ay), the waste will be covered with a layer of soil or clay. The soil will have a thickness that is 
adequate to ensure control of particulate material. An estimated 3 to 20% of soil will be added. In 
our assessment, we have assumed that the daily cover amounts to 10% by volume of the waste 
disposed. The assessment is based on the average consignment limit of 200 Bq/g total activity 
concentration. 

3.1.1.2. Assessment Context 

A potential exposure scenario was identified as external radiation exposure to workers from their 
occupancy near to a waste package prior to disposal. The scenario considered includes the direct 
exposure and inhalation pathways.  

3.1.1.3. Assessment Methodology 

The assessment has been undertaken using the Mercurad Modelling Software v6.3 (MMS) is a 
modelling software that enables the calculation of uncollided flux, equivalent dose rate or other 
functions response. It uses the Mercure 6.3 gamma photon transport code by applying the linear  

attenuation coefficient with the integration of nuclei by utilising the Monte Carlo method. Mercurad 
was used to assess a dose at a distance of 1m. Assumptions were made that the waste activity is 
distributed evenly over the total cell area and that a worker would be exposed to a point source with 
activity only within a 2m3 vol, during normal operation at the edge of the cell. Using a conservative 
annual occupancy rate resulting an annual exposure time of 500 hours the total dose per year can 
then be assessed.  

3.1.1.4. Assessment Results 

The maximum dose rate at 1 metre is estimated to be 1.49 µSv h-1. If the person stands in that 
location for a quarter of an 8 hours per day shift and there is a waste package at the maximum 
activity in that location every day then the person would receive 743.5 µSv y-1; the corresponding 
dose at a distance of 100 m would be 0.06 µSv y-1. These are low doses and the calculations are 
very conservative, estimates of dose do not take into account any shielding. 

 

Table 1 Initial Assessment Results – Direct Exposure 

Exposure Scenario Total Annual 
Effective Dose 

(µSv) 

Annual Effective 
Dose Criterion 

(µSv) 
Requires Further Assessment 

Worker only 7.4E+02 1000 No 
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3.1.1.5. Comparison to Dose Criterion 

In terms of direct exposure, the annual effective dose to workers is below the annual source 
constrained of 1000 µSv. This is based on conservative parameter assumptions; operational reality 
is that a worker is unlikely to stand within 1m of a package for one of quarter of their working year.  
 
Detailed results are given in Appendix A. 

3.1.2. Leachate Processing Off-site 

3.1.2.1. Environmental Setting 

Disposal cells have a gravel drainage layer at the base which drains into a 3 m sump for removal to 
the site leachate system (see Section 2.12 of the main report [FCC, 2018d] for more details). 
Leachate is generated by rainfall ingress into an open cell whilst disposals are underway and, to a 
much lower extent, via infiltration once the cell has been capped.  

Currently, leachate collected from the landfill is treated biologically onsite to ensure consistency with 
United Utilities requirements, discharged to sewer and treated at the United Utilities Whitehaven 
(Parton) Wastewater Treatment Works (WwTW). This practice is expected to continue throughout 
the period of authorisation (i.e. up to 2090). However, it is important to note that leachate arisings 
after disposal operations have finished, i.e. no open cell is being worked, will be much lower. 

Whitehaven (Parton) WwTW is situated adjacent to an environmentally designated watercourse, 
Lowca Beck, and inland of the main coastal railway line. The treatment works receives flows from 
both the Whitehaven and Maryport catchments. 

Full treatment flows of up to 365 l/s (31,536 m3/d) are lifted via pumps to the inlet works where they 
are screened, settled and treated through batch reactors and returned to an outlet well for 
discharge. During storm events, flows spill directly from the inlet works to the outfall outlet well. Due 
to the relatively low elevation of the works, the discharge of final effluent from the well to the sea is 
tidally constrained. Under mid- to low-tidal conditions, flows are discharged by gravity. However, 
pumps are required to provide additional head at high tides. In May 2013, work was completed on 
the installation and commissioning of a new long-sea outfall of around 1 km length2. 

Although the design capacity of the works is over 30,000 m3/d, the typically flow rate3 is lower, 
estimated at 12,000 m3/d. It is also cautiously assumed that treated sewage solids from the WwTW 
are used to improve agricultural land in the area. 

3.1.2.2. Assessment Context 

Rainwater ingress into a cell containing radioactive waste will mobilise some of the radioactivity into 
the leachate and its subsequent transfer to the WwTW. There are three potential exposure 
scenarios associated with this leachate transfer: 
 

• Exposure of WwTW operators. They receive external exposure from radioactivity in sewage 
media and internal exposure via inadvertent ingestion and inhalation of sewage media. 

• A farming family who work land to which treated sewage solids are applied. They receive 
external exposure from radioactivity in treated sewage solids applied to the land and internal 
exposure from radioactivity in foods produced on the land and via inadvertent ingestion and 
inhalation of radioactivity in treated sewage solids applied to the ground. 

• Coastal fisherman. They receive external exposure from radioactivity in treated sewage effluent 
discharged to sea that may accumulate in environmental media such as intertidal sediments 
and via consumption of fish that have accumulated radioactivity from the seawater. 

Note, as the works discharges treated sewage effluent to sea, rather than to a local watercourse, 
exposure scenarios such as a child playing in a brook, use of brook water for irrigation and river 
angler are not credible and are not considered further. 

                                                      
2 www.WaterProjectsOnline.com 
3 Personal communication 15.01.09, United Utilities to A. Borwick (Waste Recycling 
Group Ltd.) 
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3.1.2.3. Assessment Methodology 

The assessment calculations have been undertaken using the Environment Agency Initial 
Radiological Assessment Tool (IRAT) – Version 8 (May 2015) ‘Release to Sewer’ (338_04_SD_04) 
according to the methodology set out by the Environment Agency [2006a, 2006b].  

The Environment Agency are working on a new version of IRAT that may include updated aspects 
such as the sludge partitioning factor (SRF) and the rate of treated sewage sludge application to 
land. However, it is our understanding that this new version needs some testing and finalisation 
activities before it is released into the public domain4. Pending availability of the new version, some 
modifications were made to the IRAT Version 8 tool for discharges to sewer from the FCC facility: 

• Within the ‘Assessment Details’ sheet two new parameters were introduced – a Leachate 
Production Rate (m3/y) and a Treated Sewage Solid Application Rate (kg/m2/y). 

• A new ‘Leachate Activity’ sheet was introduced. This accepts the predicted leachate activity 
concentration (Bq/l) for a radionuclide mix based on the model inventory. 

• The ‘Release to Sewer’ sheet was modified so that the annual discharge values (Bq/y) 
automatically populate based on data in the Leachate Activity sheet (Bq/l) and the Leachate 
Production Rate (m3/y). This includes a factor of 1,000 l/m3 to account for the volume unit 
difference. It is important to note that although this sheet also includes radionuclide-specific 
partitioning and decay factors (the SRF), these are not dynamically linked to the calculation of 
effective dose for the farming family exposure group (although they are for the coastal 
fisherman). That is, changing them has no effect on the farming family exposure. The 
supporting methodology reports [Environment Agency, 2006a, 2006b] are not clear on why this 
is the case or even whether partitioning is considered in the farming family dose (we have 
assumed that it is). Within the Release to Sewer sheet a new column was introduced allowing 
user-defined SRFs to be added. From these a ratio to the default value is calculated. This ratio 
is then used to modify the calculated doses for the farming family exposure group. User defined 
SRFs were initially set as per the default values5. 

• IRAT assumes that treated sewage solids are applied to agricultural land as a soil conditioner at 
a rate of 8 kg/m2/y. The application rate is likely to be lower (potentially significantly lower). 
Based on a ratio to the default value, a second modifier was added for the calculated doses for 
the farming family exposure group based on the Treated Sewage Solid Application Rate. 

• Fisherman dose calculations (that are dynamically linked to the SRF) were adjusted so that they 
responded to changes in the user-defined SRFs. 

• Unrequired sheets etc were hidden. 

All other parameters remain as default values. These, and a detailed explanation of the 
development and methodology behind IRAT, are provided in Environment Agency [2006a, 2006b] 
and are not repeated here. Equally, a copy of the revised IRAT ‘Discharge to Sewer’ MS Excel file 
(FCC Leachate Disposal Dose Calculator) is provided as part of the permit variation application. 

Note, the IRAT calculations presented, assume that the following short-lived decay products are in 
secular equilibrium with the parent in the model inventory [Environment Agency 2006b]: 

  

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

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

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

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

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

• Radium-226 (Ra-226) / radon-222 (Rn-222) through to Pb-210;  

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

• 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).  

                                                      
4 Personal communication 28.10.18, Environment Agency to A. Punt (Atkins Project Team). 
5 Note, if the default IRAT approach assumes that all the activity is transferred to sewage solids, 
our approach remains precautionary as the ratio applied would be against a default of 100% 
partition to sewage solids (rather than a lower fraction).  
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Note, the approach assumes that any U-238 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)6. Wastes contaminated with naturally occurring U-238 where the full decay chain may be in, or 
close to, secular equilibrium have not been considered. 

Also note, Environment Agency documentation [Environment Agency 2006a, 2006b] does not 
reference the expected secular equilibrium between neptunium-237 (Np-237) and protactinium-233 
(Pa-233). We have assumed that this is an oversight in Environment Agency reporting. 
Nonetheless, as Pa-233 is included in the model inventory we have assessed it specifically (as 
Other beta / gamma) in addition to Np-237.  

IRAT can be run in a screening application way. The screening calculation is based on generic 
Environment Agency recommended data and provides a highly precautionary estimate of the dose 
arising to various exposed groups. IRAT assumes a default volume throughput at the sewage works 
of 60 m3/d, which corresponds to a very small sewage works serving about 500 people. As noted, 
the Whitehaven (Parton) WwTW has a throughput of about 12,000 m3/d (and a design capacity over 
twice this), which means that radionuclide concentrations will be substantially more dilute than 
assumed in the default case. Equally, IRAT uses a default value for the average coastal/estuary 
exchange rate of 30 m3/s. This is also extremely small. For instance, for the Whitehaven / 
Workington coast, a net exchange rate of 1,300 m3/s is recommended in Environment Agency 
[2011]. 

The activity discharged to sewer obviously depends upon the leachate activity and the leachate 
production rate. The site operates with one disposal cell open at a time, one cell typically in the 
process of being capped and other cells capped. The leachate production rate from open and 
closed cells has been calculated as 6,500 m3/y (see Section 2.12 of the main report [FCC, 2018d]). 

Application of treated sewage sludge to agricultural land is a highly regulated activity. Current 
controls are based on the 1986 EU Sludge Directive (86/278/EEC) which was implemented in the 
UK in 1989 through the Sludge (Use in Agriculture) Regulations. Some aspects of recycling to land 
are also controlled under the Environmental Permitting (England and Wales) Regulations 2016 (as 
amended). The control of heavy metals was the principal focus of the 1986 EU Sludge Directive 
(86/278/EEC) and the Sludge (Use in Agriculture) Regulations. Heavy metals are deemed to be the 
main potentially toxic elements (PTEs) of concern when sludge is being applied to land; hence the 
regulatory controls require consideration of both the immediate application and the cumulative 
effects of sludge addition7. 

The application of solid or liquid sewage sludge is limited by many factors, including time of year, 
pH, PTE content, use of land and proximity to watercourses. It is common for the rate of application 
of sewage sludge, farm animal manure and slurry to be limited in total to around 50 te/ha/y (or 5 
kg/m2/y) due to the presence of commonly occurring harmful polluting contaminants, such as lead, 
copper and zinc [DEFRA et al. 2009]. 

It is also important to note that Environment Agency [2007] states that many of the SRFs used in 
IRAT are based solely on expert opinion. It then presents a range of experimentally determined 
SRFs which can be an order of magnitude different from those used in the tool. 

Initial calculations were derived using the following site-specific parameters with leachate activity 
concentration data: 

 

• Leachate Activity Concentration (Bq/l) – provided in Appendix B; 

• Leachate Production Rate – 6,500 m3/y; 

• Sewage Sludge Application Rate – 5 kg/m2/y; 

• Average Raw Sludge Flow Rate – 12,000 m3/d; 

• Average Coastal/estuary Exchange Rate – 1,300 m3/s. 

 

As noted all, other values were default. The model inventory activity concentration (Bq/g), leachate 
activity concentration (Bq/l) and calculated annual activity discharged via leachate (Bq/y) are given 

                                                      
6 It takes roughly 2 billion years for full decay chain secular equilibrium to be achieved. 
7 Recycling of Biosolids to Agricultural Land, Water UK, Issue no 3, www.water.org.uk, January 
2010. 
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in Appendix B. Note, several radionuclides in the model inventory / leachate are not included in the 
IRAT. These have therefore been modelled using the IRAT surrogate radionuclides of ‘Other alpha 
emitting nuclides’ (assessed as Ra-226) and ‘Other beta/gamma emitting nuclides’ (assessed as 
Cs-137). This is a precautionary approach, based on maximising Dose Per Unit Discharge (DPUR) 
values, and the actual doses will be lower. 

Where surrogate radionuclides have been used, these are shown in Appendix B. These account for 
about 2% of the overall activity and in most instances, each radionuclide only represents a very 
small percentage of the inventory (<0.75% each). The exception is calcium-41 (Ca-41) at 6.24% of 
the inventory. 

Results of this initial assessment and subsequent uncertainty analysis are presented below. 

3.1.2.4. Initial Assessment Results 

Assessment results (‘total dose’ and ‘food dose’) are summarised in Table 3 and presented in detail 
in Appendix B. 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]. 
 

Table 3 Initial Assessment Results – Leachate Treatment 

Exposure Scenario Total Annual 
Effective Dose 

(µSv) 

Annual Effective 
Food Dose (µSv) 

Requires Further Assessment 

WwTW Operator 9.1E-01 N/A No 

Farming Family 1.3E+02 1.2E+02 Yes 

Fisherman 9.7E-01 9.6E-01 No 

 
WwTW operator and fisherman doses are very small, in both instances total annual effective dose 
is <1 µSv. Based on Environment Agencies [2012b] recommendations; they are not discussed 
further here (but see Appendix B for full result details). 
 
Farming family annual effective doses are initially estimated at 130 µSv total of which 120 µSv is 

food dose (when summed across different age groups). A breakdown of the contributions of the six 

key radionuclides (carbon-14, C-14; chlorine-36, Cl-36; cobalt-60, Co-60; zinc-65, Zn-65; 

technetium-99, Tc-99; and other beta/gamma radionuclides – as a surrogate) to the dose, are given 

in Table 4. These radionuclides account for > 99% of the estimated dose. Note, the worst affect age 

group is that of an infant. 
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Table 4 Dose Breakdown for Key Radionuclides – Leachate Treatment 

Radionuclide % 
Contribution 

to Total Dose 

 Annual Effective Dose (µSv) Worst Age 
Group Food 

Dose  
External 

Dose  
Inadvertent 
Inh. & Ing. 

Total 
Dose  

C-14 6.55 8.2E+00 2.6E-05 9.1E-07 8.2E+00 Offspring 

Cl-36 6.83 8.6E+00 9.2E-04 7.3E-06 8.6E+00 Infant 

Co-60 2.45 1.7E-02 3.1E+00 5.7E-06 3.1E+00 Adult 

Zn-65 1.17 1.4E+00 9.6E-02 7.1E-07 1.5E+00 Infant 

Tc-99 77.25 9.7E+01 1.3E-04 1.4E-05 9.7E+01 Infant 

Other beta/gamma 5.34 9.3E-01 5.9E+00 3.3E-05 6.7E+00 Adult 

Total > 99% 1.2E+02 9.1E+00 6.2E-05 1.3E+02 - 

  
Over three-quarters of the annual effective dose comes from Tc-99 (~ 97 µSv) where the dose is 
almost entirely from food consumption. This is explored further in the sensitivity analysis below. 

3.1.2.5. Sensitivity Analysis 

Many of the assumptions used with IRAT, such as consumption rates, are precautionary (they aim 
to provide an upper bounding dose estimate). They can be challenged, but without site-specific data 
it is difficult to offer alternatives, hence a number of hypothetical scenarios relating to only two key 
parameters – sludge application rate and sludge partitioning, are considered here. 

3.1.2.5.1. Sewage Sludge Application Rate 

As noted earlier, there is a recommended 5 kg/m2/y limit on sludge application to land. In reality, this 
will be dominated by animal manure and slurry. For instance, based on the typical composition of 
organic matter application of 5 kg/m2/y, this would equate approximately to 0.25 kg/m2/y sewage 
sludge biosolids (i.e. 5% of total by dry mass), 4.2 kg/m2/y farm animal manure and slurry (i.e. 83% 
of total by dry mass), 0.3 kg/m2/y compost (i.e. 7% of total by dry mass) and 0.25 kg/m2/y industrial 
organic material (i.e. 5% of total by dry mass). 

Total annual effective doses (across all radionuclides) and Tc-99 food dose are show in Table 5 for 
different sewage solid application rates (including the 8 kg/m2/y IRAT default value). 

 

Table 5 Sensitivity Analysis – Sludge Application 

Sewage Sludge 
Application 

Annual Effective Dose (µSv) relative to Sludge Application Rate (kg/m2/y) 

8 (Default) 5 (Used) 3 1 0.5 0.25 

Total Dose 2.08E+02 1.30E+02 7.80E+01 2.60E+01 1.30E+01 6.50E+00 

Tc-99 Food Dose 1.55E+02 9.70E+01 5.82E+01 1.94E+01 9.70E+00 4.85E+00 

 

As example, at an application rate of 1 kg/m2/y the total annual effective dose would be 26 µSv and 
the annual effective food dose for Tc-99 would be 19 µSv. If a minimum application rate of 0.25 
kg/m2/y is assumed, the total annual effective dose would be 6.5 µSv and the annual effective food 
dose for Tc-99 would be 4.9 µSv. Note doses scale pro rata to the application rate. 

3.1.2.5.2. Tc-99 Partition to Sewage Solids 

Environment Agency [2007] identified that a SFR of 10% for Tc-99 used in IRAT was based on 

expert opinion as there were no experimental or field data. Partitioning experiments are reported in 

the same reference and identified (using rhenium, Re as a chemical analogue for Tc-99) that the 

Tc-99 SRF may be as low as 1%. This along with the uncertainty in sludge application rate is 

considered in Table 6. 
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Table 6 Sensitivity Analysis – Sludge Application and SRF 

Tc-99 SRF Tc-99 Food Dose (µSv/y) relative to Sludge Application Rate (kg/m2/y) and SRF 

8 (Default) 5 (Used) 3 1 0.5 0.25 

10% (Default) 1.55E+02 9.70E+01 5.82E+01 1.94E+01 9.70E+00 4.85E+00 

5% 3.10E+01 1.94E+01 1.16E+01 3.88E+00 1.94E+00 9.70E-01 

1% 1.55E+01 9.70E+00 5.82E+00 1.94E+00 9.70E-01 4.85E-01 

 

At an application rate of 1 kg/m2/y with an SRF of 5% the annual effective food dose for Tc-99 
would be 3.9 µSv. If a minimum application rate of 0.25 kg/m2/y and a SRF of 1% are assumed, the 
annual effective food dose for Tc-99 would be 0.49 µSv. Note doses scale pro rata to the SRF. 

3.1.2.5.3. Other Factors 

It is noted that the model inventory used here (see Section 3 of the main report [FCC, 2018d]) has 
three times the relative percentage Tc-99 of that used in the initial Lillyhall ESC [Waste Recycling 
Group & EnergySolutions, 2009], which was based on a Sellafield-specific radioactive waste 
stream. Although the FCC Lillyhall facility could technically accept waste from operators across the 
UK, it is not unreasonable to speculate that waste receipts may be dominated by Sellafield (in 
accordance with the proximity principle). If so, the Tc-99 dose could be a factor of three lower. 

Leachate is treated on-site prior to transfer to the WwTWs. No allowance has been made for any 
radioactivity being captured by this process. In reality, some level of capture and hence reduction in 
activity transfer to the WwTW and resulting exposure group is likely. 

Also as noted earlier, many other factors used in IRAT are precautionary and will lead to over 
estimation of the dose. Also, the leachate production rate (and hence activity discharged to sewer) 
will be significantly lower after disposal operations are complete. Overall, the application of the 
methodology is considered to be precautious combining many worst-case assumptions which are 
unlikely to occur altogether. 
 
Finally, no allowance has been made for storm events when incoming flows are directed straight to 
sea and hence radioactivity will not be transferred to land8. 

3.1.2.6. Comparison with the Dose Criterion 

In terms of leachate disposal, the farming family is the most exposed group (i.e. the representative 
person). Annual effective doses to WwTW operators and a coastal fisherman are trivial (< 1 µSv). 

Farming family annual effective dose was initially estimated at 130 µSv of which 120 µSv is food 
dose. Over three-quarters of this dose arises from Tc-99 (to an infant) where the dose is effectively 
only from food consumption. There are smaller contributions from C-14, Cl-36, Co-60, Zn-65 and 
other beta / gamma emitting radionuclides. 

When uncertainties in sludge application rate and sludge partitioning are considered, dose rates 
could be two orders of magnitude lower, but the annual effective dose is most likely of the order of a 
few 10s μSv based on the model inventory and lifetime disposals up to the maximum proposed 
disposal limits. 

All annual effective dose values are well below the source constraint of 300 µSv, and depending 
upon parameter assumptions made, may be below the dose criterion of 10 µSv below which the 
Environment Agency should not drive for reduction in emissions as long as Best Available 
Techniques (BAT) are demonstrated. 

3.1.3. Release to Groundwater 

3.1.3.1. Environmental Setting 

During the period of authorisation, leakage from the cells and migration of radioactivity into 
groundwater is considered to be from defects in the geomembrane liner which is underlain by a 2 m 
clay layer. 

                                                      
8 If this were considered, some increase in fisherman dose would be expected. However, total 
dose to a fisherman is <1 µSv/y. Hence, in real terms this would make no difference to their 
exposure. 
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The site is currently permitted for leachate levels of 3 m depth. For the sake of this assessment, a 
constant head of leachate of 3 m has been assumed during the period of authorisation, to 
demonstrate whether or not the permitted leachate levels present a risk to man 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 
located downgradient of site. Therefore, 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.  

The Distington Beck and associate receptors such as recreational users have 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 that discussion is not repeated here.  

3.1.3.2. Assessment Context 

Rainwater ingress into a cell containing radioactive waste will mobilise some of the radioactivity into 
the leachate. During the period of authorisation there is the potential that some of this leachate will 
penetrate through the geomembrane liner and underlying clay 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 Commissioning on Radiological 
Protection (ICRP) guidance. 

3.1.3.3. Assessment Methodology 

The assessment is limited to adult ingestion of contaminated drinking water at a rate of 0.73 m3/y (2 
l/d) during 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/m3) see Section 2.12 
of the main report [FCC, 2018d], 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 C. The short-lived decay progeny that are assumed to be in 
secular equilibrium with the parent radionuclide that are included in the assessment are the same 
as listed for IRAT above, but with the addition of: 

 

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

• 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);  

• Neptunium-237 (Np-237) / protactinium-233 (Pa-233). 
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Note, as previously 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 within the period of authorisation (and for a significant amount of time afterwards). 

Also note, although some minor faults of the geomembrane liner are assumed during 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. This is in line with the approach recommended 
by the Health Protection Agency, HPA [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 much slower transport (for instance for strontium-90, 
Sr-90) and peak groundwater concentrations may not occur for hundreds or many 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 restricted to those 
calculated during the period of authorisation (up to 2090, i.e. 60 years post end of disposal 
operations).  

No allowance for radioactive decay of the inventory within the disposal cells (either during 
operations or over the following 60 years) has been made.  

3.1.3.4. Initial Assessment Results 

Assessment results (ingestion dose) are summarised in Table 7 and presented in detail in Appendix 
C. Note that the only radionuclides identified to break through the clay barrier during the period of 
authorisation are H-3 and C-14 where peak groundwater concentrations are predicted at 36-years 
after waste emplacement. 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]. 
 

Table 7 Initial Assessment Results – Drinking Water 

Exposure Scenario Annual Effective Ingestion Dose (µSv) Requires Further Assessment 

Drinking Water 
(Adult) 

6.3E+01 Yes 

 
The annual effective dose from the drinking water exposure scenario is 63 µSv. Over 99.99% of this 
dose is due to C-14. Hence, H-3 is not considered further. 
 
The C-14 dose is explored further in the sensitivity analysis below. 

3.1.3.5. 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 ingestion of C-14 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 14C by members of the public, ICRP presently assumes complete absorption from 
the alimentary tract, followed by uniform distribution throughout body tissues and retention relating 
to carbon turnover, with a half-time of 40 d in adults and lower values for children (ICRP 1979, 
1990). Considering the ingestion of 14C dissolved in water, as might result, for example, from its 
presence in well water due to release from a waste repository, Smith and Thorne point out that the 
predominant chemical forms will be dissolved carbon dioxide, bicarbonate or carbonate. For these 
forms, although transfer to blood may be close to complete, a large proportion of absorbed 14C will 
then be rapidly lost by exhalation as carbon dioxide. The most appropriate model published by 
ICRP (1979) is that for inhaled carbon dioxide which adopts retention times for absorbed carbon 
based on the results of a study of human subjects given 14C-bicarbonate by intravenous injection 
(Winchell et al 1970).” 
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The ICRP note that they are currently in the process of updating all dose coefficients for workers 
and members of the public and further state that: 

“The dose coefficient for ingested 14C based on the updated generic model for carbon will be about 
30% of the current value. A dose coefficient to be provided specifically for 14C ingested as 
bicarbonate will be about 2.5% of the current value for ingested 14C.” 

Taking the above discussion into account, the dose from C-14 in drinking water will be (depending 
upon chemical form) about a factor of three lower to around a factor of 40 lower. That is it would be 
between 18.9 µSv/y and 1.6 µSv/y. 

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. 
Nonetheless, assessment results are presented relative to a dose guidance level and probability of 
abstraction has been considered to be one. 

3.1.3.6. Comparison to Dose Criterion 

Annual effective doses are assessed at between 18.9 µSv and 1.6 µSv based on a highly 
precautionary approach to the hydrogeological modelling and in reality would be a lot lower. These 
values are below the 20 μSv annual effective dose guidance level associated with leachate 
migration into groundwater and demonstrating compliance with the Groundwater Directive. 

3.2. Not Certain to Occur  
 
As part of the risk screening process scenarios were considered during the Period of Authorisation 
that are ‘Not Certain to Occur’.  One scenario was identified for further assessment, this scenario is 
discussed below.  
 

3.2.1. Direct Exposure  
 

The potential exposure scenario identified for further assessment was a potential dropped load. The 
scenario being that a waste package is dropped on arrival/during emplacement which results in 
dose via dust inhalation.   

3.2.1.1. Environmental Setting 

During the Period of Authorisation package movement are controlled via operational procedures. 
The situation giving rise to a dropped load is most likely to occur during emplacement to the cell. 
Loose material such as soil within the cell would be displaced via the dropped load, the 
resuspended dust would then be inhaled by a site worker. The assessment is based on the average 
consignment limit of 200 Bq/g total activity concentration. 

3.2.1.2. Assessment Context 

A potential but not certain to occur exposure scenario has been identified as inhalation of dust by a 
site worker due to a dropped load. The scenario considered includes the inhalation pathway.  

3.2.1.3. Assessment Methodology 

The assessment has been undertaken following the same methodology as the worker dose 
assessment but the airborne fraction has been increased by 10% to account for resuspended dust. 
To account for annual exposure It has been assumed that 10 dropped loads per annum occur. 
Other factors such as skip volume, maximum number of skips per day, breathing, and occupancy 
rates were also taken into account. 

Assumptions were made that the waste activity is distributed evenly over the total cell area and that 
a worker would be exposed to a point source with activity only within a 2m3 vol, during normal 
operation at the edge of the cell. Using a conservative annual occupancy rate resulting in an annual 
exposure time of 1 hour per dropped load.  
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3.2.1.4. Assessment Results 

The maximum dose rate is estimated to be 0.03 µSv y-1 if a worker is exposed to dust inhalation for 
1 hour per dropped load. These are low doses and the calculations are very conservative. 

 

Table 1 Initial Assessment Results – Direct Exposure 

Exposure Scenario Total Annual 
Effective Dose 

(µSv) 

Annual Effective 
Dose Criterion 

(µSv) 
Requires Further Assessment 

Worker only 0.03 1000 No 

 

3.2.1.5. Comparison to Dose Criterion 

In terms of dust inhalation from a dropped load, the annual effective dose to workers is below the 
annual source constrained of 1000 µSv. This is based on conservative parameter assumptions; 
operational reality is that a worker is unlikely to be exposed to 10 dropped loads per working year.  
 
Detailed results are given in Appendix D. 
 

4. Summary and Discussion 

A precautionary modelling approach has been undertaken and assessed annual effective doses 
considered in more detail if they exceed 20 μSv. The assessment results are summarised in Table 
8. 
 

Table 8 Assessment Results Summary 

Exposure Pathway Public 
Receptor 

Predicted Total Annual Effective 
Dose (µSv) 

Relevant Annual 
Effective Dose 
Criterion (µSv)  

Period of Authorisation – Expected to Occur  

Direct exposure  Worker only 743.5 1,000 

Leachate processing 
off-site 

Treatment 
worker 

< 1 300 

Farming family Order of a few 10s μSv 300 

Fisherman < 1 300 

Release to 
groundwater 

Member of 
public  

18.9 to 1.6 (when developments in 
dose coefficients are considered)  

20 

Period of Authorisation – Not Certain to Occur  

Dropped load Worker only 0.03 1,000 

 

In all scenarios considered, the doses are less than the 1,000 μSv public annual effective dose limit 
for onsite workers involved in managing the radioactive waste; the annual effective source 
constraint of 300 μSv associated with planned discharges (leachate disposal) and the 20 μSv 
annual effective dose guidance level associated with leachate migration into groundwater and 
abstraction for drinking.  

The representative person is a member of a hypothetical farming family who applies sewage solids 
to agricultural land, works on that land and consume produce produced on it. Their annual effective 
dose was initially assessed as 130 μSv (when summed across age groups), which is within the 
annual effective source constraint of 300 μSv. When uncertainties in sludge application rate and 
sludge partitioning are considered, the annual effective dose could be two orders of magnitude 
lower, but it is most likely to be of the order of a few 10s μSv based on the model inventory and 
lifetime disposals up to the maximum proposed disposal limits. The most effected age group is that 
of an infant. 

The farming family dose is dominated by Tc-99 via food consumption and to a lesser extent C-14, 
Cl-36, Co-60 and Zn-65. The drinking water pathway during the period of authorisation is dominated 
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by C-14. Leachate and environmental monitoring arrangements during this period are discussed in 
Section 2.12 of the main report [FCC, 2018b]. 
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Appendix A. Direct Exposure  

A.1. Mercurad Model Results 

Element 
Activity 

Concentration*  
Activity Activity Activity 

Potential 
total 

inventory 

Potential 
total 

inventory 
 

 Average Maximum            

  Bq g-1 Bq g-1 Bq te-1 Bq m-3 Bq cm-3 Bq TBq % of 
Dose 

H 3 10.1 165 10100000 15150000 15.15 1.3499E+13 13.499453 10.60% 

C 14 7.39 80 7390000 11085000 11.085 9.8773E+12 9.87732251 5.14% 

Cl 36 0.982 19.9 982000 1473000 1.473 1.3125E+12 1.31252107 1.28% 

Ca 41 6.4 50.9 6400000 9600000 9.6 8.5541E+12 8.5541088 3.27% 

Mn 54 1.15 22.7 1150000 1725000 1.725 1.5371E+12 1.53706643 1.46% 

Fe 55 8.66 75.7 8660000 12990000 12.99 1.1575E+13 11.5747785 4.86% 

Co 60 3.59 50 3590000 5385000 5.385 4.7983E+12 4.79832041 3.21% 

Ni 59 0.47 2.76 470000 705000 0.705 6.2819E+11 0.62819237 0.18% 

Ni 63 12.7 159 12700000 19050000 19.05 1.6975E+13 16.9745597 10.22% 

Zn 65 0.916 25.4 916000 1374000 1.374 1.2243E+12 1.22430682 1.63% 

Sr 90 5.38 107 5380000 8070000 8.07 7.1908E+12 7.19079771 6.88% 

Nb 93m 0.00871 0.0492 8710 13065 0.013065 1.1642E+10 0.01164161 0.00% 

Nb 94 0.0271 0.714 27100 40650 0.04065 3.6221E+10 0.0362213 0.05% 

Mo 93 0.072 0.957 72000 108000 0.108 9.6234E+10 0.09623372 0.06% 

Tc 99 3.05 108 3050000 4575000 4.575 4.0766E+12 4.07656748 6.94% 

Ru 106 0.488 13.5 488000 732000 0.732 6.5225E+11 0.6522508 0.87% 

Ag 108m 0.0266 0.643 26600 39900 0.0399 3.5553E+10 0.03555301 0.04% 

Ag 110m 0.0597 0.442 59700 89550 0.08955 7.9794E+10 0.0797938 0.03% 

Sn 121m 0.0337 0.16 33700 50550 0.05055 4.5043E+10 0.04504273 0.01% 

Sb 125 0.16 1.58 160000 240000 0.24 2.1385E+11 0.21385272 0.10% 

I 129 0.0151 0.288 15100 22650 0.02265 2.0182E+10 0.02018235 0.02% 

Cs 134 0.166 2.34 166000 249000 0.249 2.2187E+11 0.2218722 0.15% 

Cs 137 9.13 85.5 9130000 13695000 13.695 1.2203E+13 12.2029708 5.49% 

Ba 133 0.0267 0.5 26700 40050 0.04005 3.5687E+10 0.03568667 0.03% 

Ce 144 0.254 6.51 254000 381000 0.381 3.3949E+11 0.33949119 0.42% 

Pm 147 0.979 32.3 979000 1468500 1.4685 1.3085E+12 1.30851133 2.08% 

Sm 151 0.739 14.5 739000 1108500 1.1085 9.8773E+11 0.98773225 0.93% 

Eu 152 1.34 11 1340000 2010000 2.01 1.791E+12 1.79101653 0.71% 

Eu 154 0.126 1.55 126000 189000 0.189 1.6841E+11 0.16840902 0.10% 

Pb 210 0.0432 0.8 43200 64800 0.0648 5.774E+10 0.05774023 0.05% 

Po 210 0.000166 0.00595 166 249 0.000249 221872197 0.00022187 0.00% 

Ra 226 0.579 26.1 579000 868500 0.8685 7.7388E+11 0.77387953 1.68% 

Th 228 0.0152 0.189 15200 22800 0.0228 2.0316E+10 0.02031601 0.01% 

Th 229 1.21E-08 0.000000384 0.0121 0.01815 1.815E-
08 

16172.612 1.6173E-08 0.00% 

Th 230 0.0137 0.231 13700 20550 0.02055 1.8311E+10 0.01831114 0.01% 

Th 232 0.00979 0.176 9790 14685 0.014685 1.3085E+10 0.01308511 0.01% 

Pa 231 0.0000135 0.000227 13.5 20.25 2.025E- 18043823.3 1.8044E-05 0.00% 
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05 

Pa 233 0.00081 0.0262 810 1215 0.001215 1082629395 0.00108263 0.00% 

U 232 0.111 2.53 111000 166500 0.1665 1.4836E+11 0.14836032 0.16% 

U 233 0.00767 0.12 7670 11505 0.011505 1.0252E+10 0.01025156 0.01% 

U 234 8.17 125 8170000 12255000 12.255 1.092E+13 10.9198545 8.03% 

U 235 0.309 3.76 309000 463500 0.4635 4.13E+11 0.41300307 0.24% 

U 236 0.539 24.6 539000 808500 0.8085 7.2042E+11 0.72041635 1.58% 

U 238 3.56 66 3560000 5340000 5.34 4.7582E+12 4.75822302 4.24% 

Np 237 0.0568 1.21 56800 85200 0.0852 7.5918E+10 0.07591772 0.08% 

Pu 238 0.39 4.15 390000 585000 0.585 5.2127E+11 0.52126601 0.27% 

Pu 239 1.02 23.4 1020000 1530000 1.53 1.3633E+12 1.36331109 1.50% 

Pu 240 0.549 11.1 549000 823500 0.8235 7.3378E+11 0.73378215 0.71% 

Pu 241 10.1 129 10100000 15150000 15.15 1.3499E+13 13.499453 8.29% 

Pu 242 0.00289 0.08 2890 4335 0.004335 3862714755 0.00386271 0.01% 

Am 241 2.49 97 2490000 3735000 3.735 3.3281E+12 3.32808296 6.23% 

Cm 242 0.0283 0.8 28300 42450 0.04245 3.7825E+10 0.0378252 0.05% 

Cm 243 0.00806 0.195 8060 12090 0.01209 1.0773E+10 0.01077283 0.01% 

Cm 244 0.0446 0.716 44600 66900 0.0669 5.9611E+10 0.05961145 0.05% 

Total 1.02E+02 1.56E+03 1.02E+08 1.54E+08 1.54E+02 1.37E+14 1.37E+02  

 

Notes: 

1 Activity concentrations are based on the model inventory at 200 Bq/g. See Section 3 of the main 
report  [FCC, 2018d]) for details. 
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Appendix B. Leachate Disposal 

B.1. Input Data 
 

Element Rad INV (Bq/g)1 Surrogate 
Rad 

Leachate 
(Bq/l)2 

Annual 
Discharge 
(MBq/y) 

% Annual 
Discharge 

Hydrogen H-3 1.77E+00 - 6.50E+03 4.23E+04 50.96% 

Carbon C-14 1.30E+00 - 4.76E+03 3.09E+04 37.29% 

Chlorine Cl-36 1.72E-01 - 3.01E+02 1.96E+03 2.36% 

Calcium Ca-41 1.12E+00 Other β/γ 1.36E+02 8.83E+02 1.06% 

Magnesium Mn-54 2.02E-01 - 5.57E+00 3.62E+01 0.04% 

Iron Fe-55 1.52E+00 - 1.73E+00 1.12E+01 0.01% 

Cobalt Co-60 6.31E-01 - 1.08E+01 7.03E+01 0.08% 

Nickel 
Ni-59 8.26E-02 Other β/γ 1.42E+00 9.21E+00 0.01% 

Ni-63 2.23E+00 - 3.83E+01 2.49E+02 0.30% 

Zinc Zn-65 1.61E-01 - 2.49E+01 1.62E+02 0.19% 

Strontium Sr-90 9.45E-01 - 1.81E+01 1.18E+02 0.14% 

Niobium 
Nb-93m 1.53E-03 Other β/γ 1.02E-03 6.63E-03 < 0.01% 

Nb-94 4.76E-03 Other β/γ 3.17E-03 2.06E-02 < 0.01% 

Molybdenum Mo-93 1.26E-02 Other β/γ 3.30E-01 2.15E+00 < 0.01% 

Technetium Tc-99 5.36E-01 - 9.35E+02 6.08E+03 7.33% 

Ruthenium Ru-106 8.57E-02 - 3.17E-01 2.06E+00 < 0.01% 

Silver 
Ag-108m 4.67E-03 Other β/γ 1.23E-02 7.99E-02 < 0.01% 

Ag-110m 1.05E-02 - 2.76E-02 1.79E-01 < 0.01% 

Tin Sn-121m 5.92E-03 Other β/γ 3.70E-03 2.40E-02 < 0.01% 

Antinomy Sb-125 2.81E-02 - 4.51E-01 2.93E+00 < 0.01% 

Iodine I-129 2.65E-03 - 3.65E-01 2.37E+00 < 0.01% 

Caesium 
Cs-134 2.92E-02 - 2.43E-02 1.58E-01 < 0.01% 

Cs-137 1.60E+00 - 1.34E+00 8.68E+00 0.01% 

Barium Ba-133 4.69E-03 Other β/γ 6.97E+00 4.53E+01 0.05% 

Cerium Ce-144 4.46E-02 - 3.71E-01 2.41E+00 < 0.01% 

Promethium Pm-147 1.72E-01 - 3.82E-01 2.48E+00 < 0.01% 

Samarium Sm-151 1.30E-01 Other β/γ 1.40E-01 9.07E-01 < 0.01% 

Europium 
Eu-152 2.35E-01 - 3.36E-01 2.18E+00 < 0.01% 

Eu-154 2.21E-02 - 3.16E-02 2.05E-01 < 0.01% 

Lead Pb-210 7.59E-03 - 3.79E-03 2.47E-02 < 0.01% 

Polonium Po-210 2.92E-05 - 1.46E-05 9.47E-05 < 0.01% 

Radium Ra-226 1.02E-01 - 4.07E-02 2.64E-01 < 0.01% 

Thorium 

Th-228 2.67E-03 Other α 1.40E-03 9.13E-03 < 0.01% 

Th-229 2.13E-09 Other α 1.12E-09 7.27E-09 < 0.01% 

Th-230 2.41E-03 - 1.27E-03 8.23E-03 < 0.01% 

Th-232 1.72E-03 - 9.05E-04 5.88E-03 < 0.01% 

Protactinium 
Pa-231 2.37E-06 Other β/γ 2.37E-06 1.54E-05 < 0.01% 

Pa-233 1.42E-04 Other β/γ 1.42E-04 9.25E-04 < 0.01% 

Uranium U-232 1.95E-02 Other α 9.73E-02 6.33E-01 < 0.01% 
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U-233 1.35E-03 Other α 6.73E-03 4.37E-02 < 0.01% 

U-234 1.44E+00 - 7.17E+00 4.66E+01 < 0.01% 

U-235 5.43E-02 - 2.71E-01 1.76E+00 < 0.01% 

U-236 9.47E-02 Other α 4.73E-01 3.07E+00 < 0.01% 

U-238 6.25E-01 - 3.12E+00 2.03E+01 0.02% 

Neptunium Np-237 9.98E-03 - 2.83E-01 1.84E+00 < 0.01% 

Plutonium 

Pu-238 6.85E-02 - 9.25E-02 6.01E-01 < 0.01% 

Pu-239 1.79E-01 - 2.42E-01 1.57E+00 < 0.01% 

Pu-240 9.64E-02 - 1.30E-01 8.47E-01 < 0.01% 

Pu-241 1.77E+00 - 2.40E+00 1.56E+01 0.02% 

Pu-242 5.08E-04 - 6.86E-04 4.46E-03 < 0.01% 

Americium Am-241 4.37E-01 - 4.37E-01 2.84E+00 < 0.01% 

Curium 

Cm-242 4.97E-03 - 4.97E-03 3.23E-02 < 0.01% 

Cm-243 1.42E-03 - 1.42E-03 9.20E-03 < 0.01% 

Cm-244 7.83E-03 - 7.83E-03 5.09E-02 < 0.01% 

Total 1.8E+01 - 1.28E+04 8.30E+04 100% 
 

Notes: 

1 Activity concentrations are the average of all material in a cell, considering radioactive waste, non-
radioactive waste and daily soil cover. See Section 2.12 of the main report [FCC, 2018d] for details. 

2 Calculated based on the average activity concentration in a cell. See Section 2.12 of the main 
report [FCC, 2018d] for details. 

3 Calculated based on the leachate activity concentration and an assumed annual leachate arising 
of 6,500 m3/y.  
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B.2. Results – Sewage Treatment Worker 
 

Element Rad1 

Dose (µSv/y) 
Percentage 
Contribution External 

Inadvertent Inh. 
and Ing. 

Total 

Hydrogen H-3 0.0E+00 8.0E-06 8.0E-06 <0.01 

Carbon C-14 2.2E-05 2.0E-04 2.2E-04 0.02 

Chlorine Cl-36 2.3E-04 1.6E-05 2.3E-04 0.03 

Calcium Ca-41 See Other 

Magnesium Mn-54 3.3E-02 8.0E-07 3.3E-02 3.58 

Iron Fe-55 0.0E+00 2.0E-07 2.0E-07 <0.01 

Cobalt Co-60 3.1E-01 1.2E-05 3.1E-01 34.4 

Nickel 
Ni-59  

Ni-63 0.0E+00 1.2E-06 1.2E-06 <0.01 

Zinc Zn-65 1.1E-01 1.9E-05 1.1E-01 11.6 

Strontium Sr-90 2.2E-04 2.5E-05 2.4E-04 0.03 

Niobium 
Nb-93m 

See Other Nb-94 

Molybdenum Mo-93 

Technetium Tc-99 3.0E-05 3.3E-05 6.4E-05 0.01 

Ruthenium Ru-106 1.1E-04 1.1E-07 1.1E-04 0.01 

Silver 
Ag-108m See Other 

Ag-110m 9.0E-04 2.7E-08 9.0E-04 0.10 

Tin Sn-121m See Other 

Antinomy Sb-125 1.9E-03 1.6E-07 1.9E-03 0.21 

Iodine I-129 1.8E-06 3.4E-06 5.2E-06 <0.01 

Caesium 
Cs-134 1.6E-04 5.6E-08 1.6E-04 0.02 

Cs-137 3.2E-03 2.1E-06 3.2E-03 0.35 

Barium Ba-133 See Other 

Cerium Ce-144 1.4E-04 4.2E-07 1.4E-04 0.02 

Promethium Pm-147 2.0E-08 2.9E-08 4.7E-08 <0.01 

Samarium Sm-151 See Other 

Europium 
Eu-152 2.7E-03 1.5E-07 2.7E-03 0.30 

Eu-154 2.8E-04 2.1E-08 2.8E-04 0.03 

Lead Pb-210 6.0E-08 9.4E-07 9.9E-07 <0.01 

Polonium Po-210 1.4E-12 6.2E-09 6.2E-09 <0.01 

Radium Ra-226 5.2E-04 2.9E-06 5.3E-04 0.06 

Thorium 

Th-228 
See Other 

Th-229 

Th-230 2.9E-09 2.4E-07 2.4E-07 <0.01 

Th-232 8.8E-10 2.6E-07 2.6E-07 <0.01 

Protactinium 
Pa-231 

See Other 
Pa-233 

Uranium 

U-232 

U-233 

U-234 7.2E-07 4.7E-05 4.7E-05 0.01 
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U-235 5.5E-05 1.6E-06 5.7E-05 0.01 

U-236 See Other 

U-238 1.3E-04 1.7E-05 1.5E-04 0.02 

Neptunium Np-237 2.4E-05 3.7E-05 6.1E-05 0.01 

Plutonium 

Pu-238 1.3E-08 2.4E-05 2.4E-05 <0.01 

Pu-239 7.7E-08 6.8E-05 6.8E-05 0.01 

Pu-240 1.8E-08 3.7E-05 3.7E-05 <0.01 

Pu-241 1.6E-08 1.2E-05 1.2E-05 <0.01 

Pu-242 8.2E-11 1.9E-07 1.9E-07 <0.01 

Americium Am-241 3.4E-05 1.8E-04 2.1E-04 0.02 

Curium 

Cm-242 1.3E-09 2.3E-07 2.3E-07 <0.01 

Cm-243 1.6E-06 4.3E-07 2.0E-06 <0.01 

Cm-244 1.5E-09 2.1E-06 2.1E-06 <0.01 

Other 
Alpha 7.3E-03 4.1E-05 7.5E-03 0.83 

Beta/Gamma 4.4E-01 2.9E-04 4.4E-01 48.4 
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B.4. Results – Farming Family 
 

Element Rad1 

Dose (µSv/y) 
Percentage 
Contribution Food 

External 
Inadvertent 
Inh. & Ing. 

Total 

Hydrogen H-3 6.7E-03 0.0E+00 8.6E-10 6.7E-03 0.01 

Carbon C-14 8.2E+00 2.6E-05 9.1E-07 8.2E+00 6.55 

Chlorine Cl-36 8.6E+00 9.2E-04 7.3E-06 8.6E+00 6.83 

Calcium Ca-41 See Other 

Magnesium Mn-54 3.4E-03 1.1E-01 9.6E-08 1.1E-01 0.09 

Iron Fe-55 8.4E-04 0.0E+00 3.5E-08 8.4E-04 < 0.01 

Cobalt Co-60 1.7E-02 3.1E+00 5.7E-06 3.1E+00 2.45 

Nickel 
Ni-59  

Ni-63 6.0E-04 0.0E+00 4.4E-07 6.1E-04 < 0.01 

Zinc Zn-65 1.4E+00 9.6E-02 7.1E-07 1.5E+00 1.17 

Strontium Sr-90 1.4E-01 4.4E-04 1.6E-06 1.4E-01 0.11 

Niobium 
Nb-93m 

See Other Nb-94 

Molybdenum Mo-93 

Technetium Tc-99 9.7E+01 1.3E-04 1.4E-05 9.7E+01 77.3 

Ruthenium Ru-106 2.3E-06 3.5E-04 2.3E-08 3.5E-04 < 0.01 

Silver 
Ag-108m See Other 

Ag-110m 4.8E-04 2.6E-03 3.5E-09 3.1E-03 < 0.01 

Tin Sn-121m See Other 

Antinomy Sb-125 4.2E-04 1.5E-02 8.5E-08 1.5E-02 0.01 

Iodine I-129 8.1E-03 1.3E-05 3.3E-07 8.1E-03 0.01 

Caesium 
Cs-134 8.4E-05 9.4E-04 2.9E-09 1.0E-03 < 0.01 

Cs-137 6.8E-03 4.3E-02 2.4E-07 4.9E-02 0.04 

Barium Ba-133 See Other 

Cerium Ce-144 2.0E-05 4.4E-04 1.4E-07 4.6E-04 < 0.01 

Promethium Pm-147 2.3E-06 4.8E-08 1.1E-08 2.3E-06 < 0.01 

Samarium Sm-151 See Other 

Europium 
Eu-152 1.5E-05 3.3E-02 5.7E-07 3.3E-02 0.03 

Eu-154 1.7E-06 3.1E-03 6.2E-08 3.1E-03 < 0.01 

Lead Pb-210 7.4E-04 2.9E-07 2.5E-07 7.4E-04 < 0.01 

Polonium Po-210 1.2E-06 8.3E-13 2.8E-10 1.2E-06 < 0.01 

Radium Ra-226 8.3E-04 7.8E-03 1.1E-07 8.3E-03 0.01 

Thorium 

Th-228 
See Other 

Th-229 

Th-230 4.4E-06 4.4E-08 1.6E-06 5.9E-06 < 0.01 

Th-232 3.3E-06 4.6E-04 2.0E-06 4.6E-04 < 0.01 

Protactinium 
Pa-231 

See Other 
Pa-233 

Uranium 

U-232 

U-233 

U-234 3.1E-03 3.1E-06 3.9E-05 3.1E-03 < 0.01 
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U-235 6.1E-05 6.6E-04 8.3E-06 7.7E-04 < 0.01 

U-236  See Other 

U-238 6.3E-04 1.6E-03 8.9E-05 2.3E-03 < 0.01 

Neptunium Np-237 2.1E-03 5.2E-03 3.2E-04 7.5E-03 0.01 

Plutonium 

Pu-238 4.7E-04 1.9E-07 2.1E-04 6.8E-04 < 0.01 

Pu-239 1.4E-03 1.1E-06 5.9E-04 2.0E-03 < 0.01 

Pu-240 7.7E-04 2.6E-07 3.2E-04 1.1E-03 < 0.01 

Pu-241 2.1E-04 1.9E-07 8.8E-05 3.0E-04 < 0.01 

Pu-242 3.9E-06 1.2E-09 1.7E-06 5.6E-06 < 0.01 

Americium Am-241 4.1E-03 5.2E-04 1.6E-03 6.3E-03 0.01 

Curium 

Cm-242 1.5E-07 2.5E-09 2.7E-07 4.3E-07 < 0.01 

Cm-243 9.8E-06 2.2E-05 3.4E-06 3.4E-05 < 0.01 

Cm-244 3.5E-05 1.9E-08 1.6E-05 5.1E-05 < 0.01 

Other 
Alpha 1.2E-02 1.1E-01 1.5E-06 1.2E-01 0.09 

Beta/Gamma 9.3E-01 5.9E+00 3.3E-05 6.7E+00 5.34 
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B.6. Results – Coastal Fisherman 
 

Element Rad 
Dose (µSv/y) Percentage 

Contribution External Fish Total 

Hydrogen H-3 0.0E+00 2.5E-06 2.5E-06 < 0.01 

Carbon C-14 3.2E-07 9.3E-01 9.3E-01 95.8 

Chlorine Cl-36 4.2E-09 2.2E-07 2.2E-07 < 0.01 

Calcium Ca-41 See Other 

Magnesium Mn-54 3.1E-04 7.0E-06 3.2E-04 0.03 

Iron Fe-55 0.0E+00 2.6E-08 2.6E-08 < 0.01 

Cobalt Co-60 2.9E-03 8.1E-05 3.0E-03 0.31 

Nickel 
Ni-59  

Ni-63 0.0E+00 3.4E-05 3.4E-05 <0.01 

Zinc Zn-65 5.0E-04 2.1E-02 2.1E-02 2.18 

Strontium Sr-90 8.1E-09 5.0E-05 5.0E-05 0.01 

Niobium 
Nb-93m 

See Other Nb-94 

Molybdenum Mo-93 

Technetium Tc-99 4.2E-08 2.9E-03 2.9E-03 0.30 

Ruthenium Ru-106 5.0E-06 1.9E-06 6.9E-06 < 0.01 

Silver 
Ag-108m See Other 

Ag-110m 1.6E-07 5.3E-06 5.5E-06 < 0.01 

Tin Sn-121m See Other 

Antinomy Sb-125 6.8E-07 6.8E-07 1.3E-06 < 0.01 

Iodine I-129 7.9E-10 3.6E-06 3.6E-06 < 0.01 

Caesium 
Cs-134 7.1E-07 3.4E-07 1.0E-06 < 0.01 

Cs-137 5.6E-05 1.3E-05 7.0E-05 0.01 

Barium Ba-133 See Other 

Cerium Ce-144 1.3E-06 1.2E-07 1.4E-06 < 0.01 

Promethium Pm-147 5.7E-10 3.6E-08 3.7E-08 < 0.01 

Samarium Sm-151 See Other 

Europium 
Eu-152 1.8E-04 1.8E-07 1.8E-04 0.02 

Eu-154 1.6E-05 2.4E-08 1.6E-05 < 0.01 

Lead Pb-210 4.7E-10 3.6E-05 3.6E-05 < 0.01 

Polonium Po-210 6.6E-17 3.9E-10 3.9E-10 < 0.01 

Radium Ra-226 2.6E-06 8.7E-06 1.1E-05 < 0.01 

Thorium 

Th-228 
See Other 

Th-229 

Th-230 1.9E-09 4.7E-09 7.0E-09 < 0.01 

Th-232 2.3E-07 7.2E-08 3.0E-07 < 0.01 

Protactinium 
Pa-231 

See Other 
Pa-233 

Uranium 

U-232 

U-233 

U-234 1.6E-08 4.2E-05 4.2E-05 < 0.01 

U-235 1.2E-06 1.6E-06 2.7E-06 < 0.01 
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U-236 See Other 

U-238 2.5E-06 1.7E-05 2.0E-05 < 0.01 

Neptunium Np-237 9.9E-07 2.5E-05 2.5E-05 < 0.01 

Plutonium 

Pu-238 1.2E-09 3.7E-05 3.7E-05 < 0.01 

Pu-239 7.3E-09 1.0E-04 1.0E-04 0.01 

Pu-240 1.7E-09 5.5E-05 5.5E-05 0.01 

Pu-241 1.4E-07 1.9E-05 1.9E-05 < 0.01 

Pu-242 8.1E-12 2.7E-07 2.7E-07 < 0.01 

Americium Am-241 5.5E-07 1.0E-06 1.6E-06 < 0.01 

Curium 

Cm-242 9.6E-13 7.1E-10 7.1E-10 < 0.01 

Cm-243 1.8E-08 2.4E-09 2.1E-08 < 0.01 

Cm-244 1.6E-11 1.1E-08 1.1E-08 < 0.01 

Other 
Alpha 3.8E-05 1.2E-04 1.6E-04 0.02 

Beta/Gamma 9.9E-03 2.3E-03 1.2E-02 1.27 
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Appendix C. Groundwater Pathway 

C.1. Input Data 
 

Element Rad 

Effective 
Dose per 

Unit Intake 
(Sv/Bq)1 

Abstracted 
Groundwater 

(Bq/l)2 

Time to 
Break 

through (y) 

% Annual Activity 
Abstraction 

Hydrogen H-3 4.19E-11 9.46E-03 36 < 0.01 

Carbon C-14 5.81E-10 1.49E+02 36 > 99.99 

 

Notes: 

1 From the LLWR Handbook as referenced earlier. 

2 Predicted activity concentrations at a hypothetical down gradient borehole at the perimeter. See 
Section 2.12 of the main report [FCC, 2018d] for details. 

C.2. Results – Groundwater Ingestion 
 

Element Rad Dose (µSv/y) Percentage Contribution 

Hydrogen H-3 2.89E-04 < 0.01 

Carbon C-14 6.30E+011 > 99.99 

 

Notes: 

1 Taking earlier discussion on ICRP dose coefficients into account, the dose from C-14 in drinking 
water will be (depending upon chemical form) about a factor of three lower to around a factor of 40 
lower. That is it would be between 18.9 µSv/y and 1.6 µSv/y. 
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Appendix D. Dropped Load  

D.1. Dose Assessment Input and Results 
 

Element Rad Average 
(Bq/g) 1 

Max  
(Bq/g )1 

Activity (Bq m-3) uSv/hr 

Hydrogen H-3 1.97E+01 3.22E+02 2.96E+07 #N/A 

Carbon C-14 1.44E+01 1.56E+02 2.16E+07 #N/A 

Chlorine Cl-36 1.92E+00 3.88E+01 2.87E+06 #N/A 

Calcium Ca-41 1.25E+01 9.93E+01 1.87E+07 #N/A 

Magnesium Mn-54 2.24E+00 4.43E+01 3.37E+06 3.11E-10 

Iron Fe-55 1.69E+01 1.48E+02 2.54E+07 1.20E-09 

Cobalt Co-60 7.01E+00 9.76E+01 1.05E+07 2.01E-08 

Nickel Ni-59 9.17E-01 5.39E+00 1.38E+06 #N/A 

Ni-63 2.48E+01 3.10E+02 3.72E+07 #N/A 

Zinc Zn-65 1.79E+00 4.96E+01 2.68E+06 3.64E-10 

Strontium Sr-90 1.05E+01 2.09E+02 1.57E+07 1.55E-07 

Niobium Nb-93m 1.70E-02 9.60E-02 2.55E+04 #N/A 

Nb-94 5.29E-02 1.39E+00 7.93E+04 #N/A 

Molybdenum Mo-93 1.41E-01 1.87E+00 2.11E+05 #N/A 

Technetium Tc-99 5.95E+00 2.11E+02 8.93E+06 1.60E-10 

Ruthenium Ru-106 9.52E-01 2.63E+01 1.43E+06 5.81E-09 

Silver Ag-108m 5.19E-02 1.25E+00 7.79E+04 #N/A 

Ag-110m 1.17E-01 8.63E-01 1.75E+05 1.29E-10 

Tin Sn-121m 6.58E-02 3.12E-01 9.87E+04 #N/A 

Antinomy Sb-125 3.12E-01 3.08E+00 4.68E+05 1.39E-10 

Iodine I-129 2.95E-02 5.62E-01 4.42E+04 9.81E-11 

Caesium Cs-134 3.24E-01 4.57E+00 4.86E+05 1.98E-10 

Cs-137 1.78E+01 1.67E+02 2.67E+07 7.58E-09 

Barium Ba-133 5.21E-02 9.76E-01 7.82E+04 #N/A 

Cerium Ce-144 4.96E-01 1.27E+01 7.44E+05 2.43E-09 

Promethium Pm-147 1.91E+00 6.30E+01 2.87E+06 8.83E-10 

Samarium Sm-151 1.44E+00 2.83E+01 2.16E+06 #N/A 

Europium Eu-152 2.62E+00 2.15E+01 3.92E+06 #N/A 

Eu-154 2.46E-01 3.02E+00 3.69E+05 1.21E-09 

Lead Pb-210 8.43E-02 1.56E+00 1.26E+05 8.58E-09 

Polonium Po-210 3.24E-04 1.16E-02 4.86E+02 1.83E-11 

Radium Ra-226 1.13E+00 5.09E+01 1.69E+06 9.93E-07 

Thorium Th-228 2.97E-02 3.69E-01 4.45E+04 8.78E-08 

Th-229 2.36E-08 7.49E-07 3.54E-02 #N/A 

Th-230 2.67E-02 4.51E-01 4.01E+04 1.06E-07 

Th-232 1.91E-02 3.43E-01 2.87E+04 7.95E-08 

Protactinium Pa-231 2.63E-05 4.43E-04 3.95E+01 #N/A 

Pa-233 1.58E-03 5.11E-02 2.37E+03 #N/A 

Uranium U-232 2.17E-01 4.94E+00 3.25E+05 #N/A 
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U-233 1.50E-02 2.34E-01 2.25E+04 #N/A 

U-234 1.59E+01 2.44E+02 2.39E+07 1.39E-05 

U-235 6.03E-01 7.34E+00 9.05E+05 4.74E-07 

U-236 1.05E+00 4.80E+01 1.58E+06 #N/A 

U-238 6.95E+00 1.29E+02 1.04E+07 5.14E-06 

Neptunium Np-237 1.11E-01 2.36E+00 1.66E+05 2.36E-07 

Plutonium Pu-238 7.61E-01 8.10E+00 1.14E+06 3.24E-06 

Pu-239 1.99E+00 4.57E+01 2.99E+06 9.20E-06 

Pu-240 1.07E+00 2.17E+01 1.61E+06 4.95E-06 

Pu-241 1.97E+01 2.52E+02 2.96E+07 1.64E-06 

Pu-242 5.64E-03 1.56E-01 8.46E+03 #N/A 

Americium Am-241 4.86E+00 1.89E+02 7.29E+06 1.89E-05 

Curium Cm-242 5.52E-02 1.56E+00 8.28E+04 2.66E-08 

Cm-243 1.57E-02 3.81E-01 2.36E+04 #N/A 

Cm-244 8.70E-02 1.40E+00 1.31E+05 2.17E-07 

 

Notes: 

1 Activity concentrations are based on the model inventory at 200 Bq/g. See Section X of the main 
report [FCC, 2018d] for details. 
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