




 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 i 

CONTENTS 

1.0 INTRODUCTION ................................................................................................. 1-1 

1.1 Background ............................................................................................... 1-1 

1.2 Objectives of the Present Study ............................................................... 1-1 

1.3 Report Organization .................................................................................. 1-1 

2.0 SITE CHARACTERIZATION .............................................................................. 2-1 

2.1 Location, Boundaries, and Surroundings ................................................. 2-1 

2.1.1 Legal Description and Ownership ............................................... 2-4 

2.2 Site Operations .......................................................................................... 2-4 

2.3 Natural and Physical Environment ........................................................... 2-4 

2.3.1 Subsurface Interpretation (Geology & Hydrogeology) ............... 2-4 

2.3.2 Terrestrial Ecological Environment ............................................. 2-5 

2.3.3 Aquatic Ecological Environment ................................................. 2-5 

2.3.4 Meteorological Statistics and Climate Setting ............................ 2-5 

2.4 Groundwater Contaminant Monitoring ................................................... 2-10 

2.5 Key Prior Risk Assessments & Environmental Studies ......................... 2-12 

2.6 Available Environmental Data ................................................................ 2-13 

2.6.1 Groundwater Quality Data ......................................................... 2-13 

2.6.2 Soil Quality Data ........................................................................ 2-15 

2.6.3 Surface Water Quality Data ...................................................... 2-17 

2.6.4 Sediment Quality Data .............................................................. 2-19 

2.6.5 Outdoor Air Quality Data ........................................................... 2-19 

2.6.6 Indoor Air Quality Data .............................................................. 2-19 

2.6.7 Discharge (Liquid Effluent) Quality Data .................................. 2-19 

2.6.8 Gamma Measurement Data ...................................................... 2-20 

2.6.9 Radionuclide Data ..................................................................... 2-21 

2.7 Uncertainties in Site Characterization .................................................... 2-21 

3.0 MODELLING ....................................................................................................... 3-1 

3.1 Modelling Air Releases ............................................................................. 3-1 

3.1.1 Sources ........................................................................................ 3-1 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 ii 

3.1.2 Receptors ..................................................................................... 3-1 

3.1.3 Model Results .............................................................................. 3-2 

3.1.4 Calculation of Deposition Velocity ............................................... 3-5 

3.1.5 Comparison: Model vs. Monitoring Data .................................... 3-5 

3.2 Soil Deposition & Build-Up ........................................................................ 3-5 

3.2.1 Soil Characteristics for Modelling ................................................ 3-5 

3.2.2 Soil Modelling Methodology ........................................................ 3-6 

3.2.3 Soil Modelling Results ................................................................. 3-8 

3.3 Soil & Groundwater Vapours to Trench-Air .............................................. 3-8 

3.3.1 Estimating Vapours from Groundwater: ASTM 1995 ................. 3-9 

3.3.2 Estimating Vapours from Soil: OMOE 2011 ............................. 3-14 

3.4 Surface Water Modelling: Municipal Sewage Outfall Discharge ........... 3-16 

3.4.1 Estimating Surface Water Concentrations near the 
Municipal Outfall for EcoRA ...................................................... 3-16 

3.4.2 Estimating Surface Water Concentrations at the Harbour ....... 3-18 

4.0 PRELIMINARY SCREENING - CONTAMINANTS OF POTENTIAL 
CONCERN ........................................................................................................... 4-1 

4.1 Gamma Measurements & Radionuclides – Preliminary Screening ........ 4-3 

4.2 Groundwater - Preliminary Screening ...................................................... 4-3 

4.3 Surface Water - Preliminary Screening .................................................... 4-5 

4.4 Air - Preliminary Screening ....................................................................... 4-7 

4.5 Soil - Preliminary Screening ..................................................................... 4-9 

4.6 Sediment - Preliminary Screening .......................................................... 4-12 

4.7 Summary - Preliminary Screening .......................................................... 4-13 

4.8 Uncertainties in Preliminary COPC Screening ....................................... 4-13 

5.0 HUMAN HEALTH RISK ASSESSMENT ........................................................... 5-1 

5.1 Problem Formulation ................................................................................. 5-1 

5.1.1 Receptor Selection & Characterization ....................................... 5-1 

5.1.2 Human Health Secondary Screening of COPCs ....................... 5-5 

5.1.2.1 Groundwater - Human Health Secondary 
Screening ....................................................................... 5-5 

5.1.2.2 Soil - Human Health Secondary Screening .................. 5-5 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 iii 

5.1.3 HHRA Exposure Pathways ......................................................... 5-5 

5.1.3.1 Soil Exposure Pathways ................................................ 5-5 

5.1.3.2 Groundwater Exposure Pathways ................................ 5-6 

5.1.3.3 Air Exposure Pathways ................................................. 5-6 

5.1.3.4 Contaminated Food Exposure Pathways ..................... 5-6 

5.1.3.5 Gamma Radiation Exposure Pathway .......................... 5-7 

5.1.3.6 Summary of Inactive/Non-Applicable Exposure 
Pathways ....................................................................... 5-7 

5.1.3.7 Summary of Active HHRA Exposure Pathways ........... 5-8 

5.1.4 HHRA Conceptual Site Model (CSM) ....................................... 5-10 

5.2 Exposure Assessment ............................................................................ 5-17 

5.2.1 Exposure Locations ................................................................... 5-17 

5.2.1.1 Exposure Factors, Durations & Frequencies .............. 5-20 

5.2.2 Exposure Point Concentrations (Levels) .................................. 5-28 

5.2.2.1 Non-Radiological ......................................................... 5-28 

5.2.2.2 Radiological ................................................................. 5-34 

5.2.3 Radiological Dose Calculation Methods ................................... 5-36 

5.2.3.1 Internal Dose from Inhalation ...................................... 5-36 

5.2.3.2 Internal Dose from Incidental Ingestion of soil ............ 5-36 

5.2.3.3 Internal Dose from Ingestion of Contaminated 
Foods ........................................................................... 5-37 

5.2.3.4 External dose from contaminated ground deposits .... 5-37 

5.2.3.5 External Gamma Dose ................................................ 5-38 

5.2.4 Dose Coefficients ...................................................................... 5-38 

5.2.5 Non-Radiological Dose Calculation Methods ........................... 5-41 

5.2.5.1 Incidental Ingestion of Soil .......................................... 5-41 

5.2.5.2 Incidental Ingestion of Groundwater ........................... 5-41 

5.2.5.3 Ingestion of Contaminated Food ................................. 5-42 

5.2.5.4 Incidental Ingestion of Surface Water While 
Swimming .................................................................... 5-42 

5.2.5.5 Soil Dermal Uptake ...................................................... 5-43 

5.2.5.6 Surface Water & Groundwater Dermal Uptake .......... 5-44 

5.2.5.7 Inhalation...................................................................... 5-48 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 iv 

5.2.6 Transfer Factors - HHRA .......................................................... 5-49 

5.2.7 Gamma Dose Rates .................................................................. 5-50 

5.3 Toxicity Assessment ............................................................................... 5-53 

5.3.1 Non-Radiological COPCs - Toxicological Reference 
Values ........................................................................................ 5-53 

5.3.2 Radiological Dose Limits ........................................................... 5-57 

5.4 Risk Characterization .............................................................................. 5-57 

5.4.1 Radiological Risk Characterization ........................................... 5-57 

5.4.2 Non-Radiological Risk Characterization ................................... 5-57 

5.4.2.1 Addition Across Exposure Routes .............................. 5-59 

5.4.3 Risk Estimation .......................................................................... 5-59 

5.4.3.1 Radiological Risk ......................................................... 5-59 

5.4.3.2 Non-Radiological Hazard and Risk ............................. 5-61 

5.4.4 Discussion .................................................................................. 5-71 

5.4.4.1 Radiological ................................................................. 5-71 

5.4.4.2 Non-Radiological ......................................................... 5-71 

5.5 Uncertainties in the HHRA ...................................................................... 5-73 

6.0 ECOLOGICAL RISK ASSESSMENT ................................................................ 6-1 

6.1 Problem Formulation ................................................................................. 6-1 

6.1.1 Receptor Selection and Characterization ................................... 6-1 

6.1.2 Assessment and Measurement Endpoints ................................. 6-3 

6.1.3 Ecological Secondary Screening of COPCs and Stressors ...... 6-4 

6.1.4 EcoRA Exposure Pathways ........................................................ 6-4 

6.1.5 EcoRA Conceptual Site Model (CSM) ........................................ 6-7 

6.2 Exposure Assessment .............................................................................. 6-9 

6.2.1 Exposure Points .......................................................................... 6-9 

6.2.2 Exposure Factors for Receptors ................................................. 6-9 

6.2.3 Exposure Durations and Averaging .......................................... 6-11 

6.2.4 Exposure Point Concentrations ................................................ 6-11 

6.2.4.1 Direct Gamma .............................................................. 6-14 

6.2.5 Non-Radiological Dose Calculation Methods ........................... 6-14 

6.2.6 Radiological Dose Calculation Methods ................................... 6-15 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 v 

6.2.6.1 Aquatic Biota – Internal & External Radiation Dose ... 6-15 

6.2.6.2 Terrestrial Biota – Internal & External Radiation 
Dose ............................................................................. 6-15 

6.2.6.3 Radiation Weighting Factors ....................................... 6-16 

6.2.6.4 Dose Coefficients ......................................................... 6-16 

6.2.7 Transfer Factors ........................................................................ 6-23 

6.3 Effects Assessment ................................................................................. 6-25 

6.3.1 Non-Radiological COPCs – Benchmark Values ...................... 6-25 

6.3.1.1 Uranium........................................................................ 6-25 

6.3.1.2 Chlorinated Organics ................................................... 6-28 

6.3.2 Radiological Dose Benchmarks ................................................ 6-29 

6.4 Risk Characterization .............................................................................. 6-29 

6.4.1 Risk Results – Radiological ....................................................... 6-29 

6.4.2 Risk Results – Non-Radiological ............................................... 6-34 

6.4.3 Discussion of Risk Results ........................................................ 6-37 

6.4.3.1 Radiological ................................................................. 6-37 

6.4.3.2 Non-Radiological ......................................................... 6-37 

6.5 Uncertainties in the EcoRA ..................................................................... 6-37 

7.0 CONCLUSIONS AND RECOMMENDATIONS ................................................. 7-1 

7.1 Conclusions ............................................................................................... 7-1 

7.1.1 HHRA Conclusions ...................................................................... 7-1 

7.1.2 EcoRA Conclusions ..................................................................... 7-1 

7.2 Recommendations .................................................................................... 7-2 

8.0 QUALITY ASSURANCE AND QUALITY CONTROL ....................................... 8-1 

9.0 REFERENCES .................................................................................................... 9-1 

 

 

 

  



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 vi 

 

      

      

      

      

      

      

      

      

        

 

 

  



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 vii 

TABLES 

Table 3.1 Model Predicted Average Annual Uranium Concentrations (µg/m3) 
at the Risk Receptors ................................................................................ 3-2 

Table 3.2 Comparison of Modelled vs. Monitored Uranium Concentrations ........... 3-5 

Table 3.3 Soil Modelling: Parameter Values ............................................................ 3-7 

Table 3.4 Off-Site Soil Modelling and Results .......................................................... 3-8 

Table 3.5 Trench-Air Groundwater Vapour Modelling: Soil and Outdoor Input 
Parameters .............................................................................................. 3-11 

Table 3.6 Trench-Air Groundwater Vapour Modelling: COPC-Specific Input 
Parameters .............................................................................................. 3-12 

Table 3.7 Trench-Air Soil Vapour Modelling: Soil and Outdoor Input 
Parameters .............................................................................................. 3-15 

Table 3.8 2014 Port Hope Municipal STP Inflow and Outflow ............................... 3-17 

Table 3.9 CORMIX Modelling – Effluent Parameter Inputs ................................... 3-18 

Table 3.10 CORMIX Modelling – Outfall Diffuser Parameter Inputs ....................... 3-19 

Table 3.11 Effluent Plume Modelling – Ambient Receiving Environment 
Parameter Inputs ..................................................................................... 3-20 

Table 4.1 Groundwater: Preliminary Screening ....................................................... 4-4 

Table 4.2 Surface Water: Preliminary Screening ..................................................... 4-6 

Table 4.3 Air: Preliminary Screening ........................................................................ 4-8 

Table 4.4 Soil: Preliminary Screening ..................................................................... 4-10 

Table 4.5 Sediment: Preliminary Screening ........................................................... 4-12 

Table 4.6 Summary of Preliminary Screening COPCs .......................................... 4-13 

Table 5.1 HHRA: Identification of Human Receptors ............................................... 5-2 

Table 5.2 HHRA Exposure Pathways ....................................................................... 5-9 

Table 5.3 HHRA – Problem Formulation Checklist ................................................ 5-15 

Table 5.4 Human Receptors, Exposure Media, and Method of Assessment ....... 5-18 

Table 5.5 HHRA Exposure Factors & Durations .................................................... 5-21 

Table 5.6 HHRA Exposure Durations ..................................................................... 5-23 

Table 5.7 HHRA – Tier 1 COPC Concentrations in Environmental Media ........... 5-29 

Table 5.8 HHRA – Tier 1 COPC Concentrations in Dietary Intakes ...................... 5-32 

Table 5.9 HHRA – Tier 2 COPC Concentrations in Environmental Media ........... 5-33 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 viii 

Table 5.10 HHRA – Tier 1 Radionuclide Levels in Environmental Media ............... 5-35 

Table 5.11 HHRA – Tier 1 Radionuclide Levels in Dietary Intakes ......................... 5-36 

Table 5.12 HHRA – Dose Coefficients ..................................................................... 5-39 

Table 5.13 HHRA – Dermal Absorption Factors ...................................................... 5-44 

Table 5.14 HHRA – Dermal Permeability Coefficients ............................................. 5-48 

Table 5.15 HHRA: Transfer Factors (Bioaccumulation Factors) ............................. 5-50 

Table 5.16 Gamma Fenceline Monitoring Data from 2014 (µSv/hr) [Cameco 
2015a]  ................................................................................................... 5-50 

Table 5.17 Quarterly In-Plant Gamma Monitoring Data from 2014 (µSv/hr) 
[Cameco 2015a] ...................................................................................... 5-51 

Table 5.18 Ambient Gamma Dose Rates Associated with On-Site Receptors ...... 5-52 

Table 5.19 Ambient Gamma Dose Rates Associated with Off-site Receptors ....... 5-52 

Table 5.20 HHRA – TRVs ......................................................................................... 5-55 

Table 5.21 HHRA – Radiological Benchmarks ......................................................... 5-57 

Table 5.22 HHRA – T1 Radiological Results – All Receptors ................................. 5-60 

Table 5.23 HHRA – T1 HQ & Risk – On-Site Maintenance Worker Receptor 
(Receptor #1) .......................................................................................... 5-61 

Table 5.24 HHRA – T1 HQ & Risk - On-Site Subsurface Worker Receptor 
(Receptor #2) .......................................................................................... 5-62 

Table 5.25 HHRA – T1 HQ & Risk - Off-Site Commercial Worker Receptor 
(Receptor #3) .......................................................................................... 5-64 

Table 5.26 HHRA – T1 HQ & Risk – Off-Site Maintenance Worker Receptor 
(Receptor #4) .......................................................................................... 5-64 

Table 5.27 HHRA – T1 HQ & Risk - Off-Site Subsurface Worker Receptor 
(Receptor #5) .......................................................................................... 5-65 

Table 5.28 HHRA – T1 HQ & Risk - Off-Site Resident Receptor (Receptor #6) ..... 5-67 

Table 5.29 HHRA – T1 HQ & Risk - Resident & On-site Subsurface Worker 
Receptor (Receptor #7) .......................................................................... 5-67 

Table 5.30 HHRA – T2 HQ & Risk – On-Site Maintenance Worker Receptor 
(Receptor #1) .......................................................................................... 5-69 

Table 5.31 HHRA – T2 HQ & Risk - On-Site Subsurface Worker Receptor 
(Receptor #2) .......................................................................................... 5-69 

Table 5.32 HHRA – T2 HQ & Risk - Off-Site Subsurface Worker Receptor 
(Receptor #5) .......................................................................................... 5-70 

Table 5.33 HHRA – T2 HQ & Risk – Resident & On-Site Subsurface Worker 
(Receptor #7) .......................................................................................... 5-70 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 ix 

Table 5.34 HHRA – Summary of HQ & Risk Results (T1 and T2) .......................... 5-72 

Table 5.35 HHRA – Summary of Uncertainties ........................................................ 5-76 

Table 6.1 Identified Ecological Receptors ................................................................ 6-2 

Table 6.2 EcoRA Exposure Pathways Summary ..................................................... 6-6 

Table 6.3 Overview of Exposure Factors for Ecological Receptors ...................... 6-10 

Table 6.4 EcoRA – Radionuclide Levels in Environmental Media ........................ 6-12 

Table 6.5 EcoRA – Non-Rad. COPC Levels in Environmental Media .................. 6-13 

Table 6.6 Comparison of Ecological Receptors to Reference Organisms (for 
DCs)  ................................................................................................... 6-18 

Table 6.7 EcoRA: Dose Coefficients – Internal ...................................................... 6-20 

Table 6.8 EcoRA: Dose Coefficients – External from Water ................................. 6-21 

Table 6.9 EcoRA: Dose Coefficients – External from Soil/Sediment .................... 6-22 

Table 6.10 EcoRA: Transfer Factors ........................................................................ 6-24 

Table 6.11 EcoRA - Uranium TRVs: Mammals & Birds (mg/kg-d) .......................... 6-27 

Table 6.12 EcoRA - Uranium TRVs: Aquatic Vegetation, Aquatic Invertebrates, 
and Fish (mg/L) ....................................................................................... 6-28 

Table 6.13 EcoRA Uranium TRVs: Terrestrial Plants & Earthworms (mg/kg) ........ 6-28 

Table 6.14 EcoRA: TRVs for Chlorinated Organics (CCME 2015a, online) ........... 6-28 

Table 6.15 EcoRA Radiological Dose Benchmarks (mGy/d) [CSA (2012)] ............ 6-29 

Table 6.16 EcoRA Radiological Dose (mGy/d) & SI Results (Terrestrial) 
[Tier 1, Case 1] ........................................................................................ 6-30 

Table 6.17 EcoRA Radiological Dose (mGy/d) & SI Results (Aquatic) [Tier 1, 
Case 1]  ................................................................................................... 6-31 

Table 6.18 EcoRA Radiological Dose (mGy/d) & SI Results (Terrestrial) 
[Tier 1, Case 2] ........................................................................................ 6-32 

Table 6.19 EcoRA Radiological Dose (mGy/d) & SI Results (Aquatic) [Tier 1, 
Case 2]  ................................................................................................... 6-33 

Table 6.20 EcoRA – Non-Radiological Risk Results – Terrestrial Receptors 
(Tier 1, Case 1) ....................................................................................... 6-35 

Table 6.21 EcoRA – Non-Radiological Risk Results – Aquatic Receptors 
(Tier 1, Case 1) ....................................................................................... 6-35 

Table 6.22 EcoRA – Non-Radiological Risk Results – Terrestrial Receptors 
(Tier 1, Case 2) ....................................................................................... 6-36 

Table 6.23 EcoRA – Non-Radiological Risk Results – Aquatic Receptors 
(Tier 1, Case 2) ....................................................................................... 6-36 



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 x 

Table 6.24 EcoRA – Non-Radiological Risk Results – Aquatic Receptors 
(Tier 2, Case 2) ....................................................................................... 6-36 

Table 6.25 EcoRA – Summary of Uncertainties ....................................................... 6-39 

Table 8.1 Internal Peer Review of ERA .................................................................... 8-1 

  



 
 
ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

arcadis.com 
351175 xi 

FIGURES 

Figure 2.1 Location of Cameco Fuel Manufacturing Inc. (CFM) ............................... 2-2 

Figure 2.2 Cameco Fuel Manufacturing Inc. Site (CFM) ........................................... 2-3 

Figure 2.3 Mean Daily Temperature (2011-2015) ..................................................... 2-6 

Figure 2.4 Total Monthly Precipitation (2011-2015) .................................................. 2-8 

Figure 2.5 Wind Rose for Cobourg 1997-2001 Meteorological Data Set ................. 2-9 

Figure 2.6 Underground Release of Trichloroethylene (TCE) ................................ 2-11 

Figure 2.7 Groundwater Monitoring Locations (SNC 2015a) .................................. 2-14 

Figure 2.8 Soil Sampling Locations – Volatile Organic Compounds (Aqua 
Terre 2009) .............................................................................................. 2-16 

Figure 2.9 Surface Water Sampling Locations ........................................................ 2-18 

Figure 2.10 Gamma Monitoring Locations ................................................................. 2-20 

Figure 3.1 Annual Average Uranium Concentrations (µg/m3)................................... 3-4 

Figure 5.1 Human Receptor Locations .................................................................... 5-11 

Figure 5.2 Human Receptor Pathways .................................................................... 5-12 

Figure 5.3 HHRA Conceptual Site Model: On-Site Worker Receptors ................... 5-13 

Figure 5.4 HHRA Conceptual Site Model: Off-Site Member of the Public 
Receptors ................................................................................................ 5-14 

Figure 6.1 EcoRA Conceptual Site Model ................................................................. 6-8 

 

 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

arcadis.com 
351175 1-1 

1.0 INTRODUCTION 

1.1 Background 

Cameco Fuel Manufacturing Inc. (CFM, formerly Zircatec Precision Industries Inc.) owns and operates a 

nuclear fuel fabrication facility in Port Hope, Ontario.  Cameco purchased the facility from Zircatec Precision 
Industries Inc. in 2006. CFM operates the facility under a licence from the Canadian Nuclear Safety 
Commission (CNSC), and is subject to the Nuclear Safety and Control (NSC) Act and Regulations.  More 

detailed characterization of CFM is presented in Section 2. 

Arcadis Canada Inc. (Arcadis) has been contracted to update the existing Environmental Risk Assessment 

(ERA) for the site, which was last prepared in 2006.  This report contains the updated 2016 ERA for the CFM 
site.  

1.2 Objectives of the Present Study 

The objective of the present study is to complete an Environmental Risk Assessment (ERA) for the CFM 

facility, including Human Health Risk Assessment (HHRA) and Ecological Risk Assessment (EcoRA) in order 
to assess risks to human and non-human receptors from radiological and non-radiological contaminants 
related to current operations at the CFM facility, and, to account for: 

(i) Newly acquired data from environmental monitoring and other studies; 
(ii) Changes in ecological risk assessment guidance (e.g. publication of CSA N288.6 guidance on 

ERA [CSA 2012]); and,  
(iii) Any potential changes to the CFM site or its surroundings since completion of the prior ERA in 

2006.   

 
The receptors in this HHRA are based on the most recent DRL (SENES 2011), and Cameco input, for 
consistency.  

This ERA is based on data provided as of June 2015. 

1.3 Report Organization 

This report is structured as follows, based on the CSA (2012) recommended outline for ERAs: 

Section 2.0 provides a characterization of the Site, including a description of the study area, engineered and 
natural environment, subsurface, and data currently available from monitoring programs and site 

investigations.  

Section 3.0 describes modelling activities undertaken.  
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Section 4.0 presents the methodology and results of screening for contaminants of potential concern 
(COPCs). 

Section 5.0 presents the Human Health Risk Assessment (HHRA), including selection of receptors, 
conceptual model for HHRA, methodology and results. 

Section 6.0 presents the Ecological Risk Assessment (ERA), including selection of receptors, conceptual 
model for EcoRA, methodology and results. 

Section 7.0 summarizes the conclusions and recommendations resulting from this study. 

Many areas of uncertainty attend a risk assessment.  This is due to the fact that assumptions have to be made 

throughout the assessment either due to data gaps, environmental fate complexities or in the generalization 
of receptor characteristics. To be able to place a level of confidence in the results, an accounting of the 
uncertainty, the magnitude and type of which are important in determining the significance of the results, must 

be completed. In recognition of these uncertainties, conservative assumptions were used throughout the 
assessment to ensure that the potential for an adverse effect would not be underestimated.  In each of the 
major sections listed above, a sub-section describing uncertainty and conservatisms is provided. 
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2.0 SITE CHARACTERIZATION 

2.1 Location, Boundaries, and Surroundings 

The nuclear fuel fabrication facility is located in the Municipality of Port Hope (MPH), approximately 100 km 

east of Toronto (see Figure 2.1).  The facility is located at 200 Dorset Street East, as shown in Figure 2.2.  
The operational facility and yards occupy part of Lot 2, Concession 1, Ward 1 of the Municipality of Port Hope, 
County of Northumberland and more specifically described in Instrument Number 89833 Parts 1 & 2 deposited 

in the Land Registry Office for the Registry Division of Port Hope, No. 9 on the 29th January, 1988. 

The developed portion of the CFM site is approximately 4.1 hectares (ha) and is zoned Employment, General 

(formerly M-1 industrial).  The licensed area is approximately half the developed area (2.3 ha), and excludes 
the parking lot areas.  CFM also includes 12 ha of property to the north and east of the fenced perimeter of 
the plant.  This land is also zoned as ‘Employment, General’ but has not been developed or used for any 

activity. 

The facility is located northeast of the intersection between Rose Glen Road and Peter Street (formerly 

Highway No. 2) which links the MPH with the Town of Cobourg.  The site is approximately 430 m from the 
north shore of Lake Ontario.  The northern property limit is bounded by a Canadian Pacific Railway (CPR) 
right-of-way.  The nearest residence is located immediately west of the site along Rose Glen Road.  To the 

east of the site, the land is zoned ‘Employment, General’ and consists of mainly industrial/commercial 
buildings and land leased to local farmers. A commercial building is located on a small section of land 
southeast of the site. 

Immediately to the south of the site, a triangular section of land bounded by Dorset Street East, Peter Street 
and Rose Glen Road is zoned as ‘Parks’.  To the south of Peter Street, the land is zoned ‘Employment, 

General’. Two commercial facilities are located within approximately 70 m and 125 m of the southern edge of 
the site.  Further to the southeast, the local municipal Sewage Treatment Plant is the only other facility located 
between the subject site and the north shore of Lake Ontario. 

To the west of the site, a narrow strip of land is situated between the site and Rose Glen Road. This strip is 
zoned Low Density Residential, and is occupied by several privately owned homes and one private institution. 

The plant is located on a slight topographic high, with the property generally sloping to the south east.  Most 
of the property around the plant consists of a combination of hard surfaces (either concrete or asphaltic 

pavement) parking areas and access roads.  Roads are drained to a combination of storm sewers and ditches, 
which discharge to a tributary of Gages Creek, located approximately 150 m to the east of the facility.  
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Figure 2.2 Cameco Fuel Manufacturing Inc. Site (CFM) 

 
 

Source: Cameco (2015a) 
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2.1.1 Legal Description and Ownership 

The legal description of the site was taken from the legal survey drawing prepared by Sylvester & Brown 
Engineering & Land Surveying (27 January 2011). The drawing indicates the legal description of the subject 
site is as follows:  

Part of Lot 2, Concession 1, Ward 1, Municipality of Port Hope, County of Northumberland (described as 
Parts 1, 2, and 3 of Plan 9R 2776). 

PIN: 51081 – 0036(LT) 

Assessment Roll Number:  125080154000000 

2.2 Site Operations 

The CFM manufactures nuclear fuel, wherein powdered natural uranium in the form of uranium dioxide is 
pressed, sintered and ground into pellets, and loaded into Zircalloy tubes.  The tubes are then welded to form 

a seal, and then welded into fuel bundles for shipment to CANDU nuclear generating stations. 

The 200 Dorset Street East property is intended to be used by CFM for the foreseeable future.  The CFM 

building will continue to function as a nuclear fuel fabrication facility. 

2.3 Natural and Physical Environment 

2.3.1 Subsurface Interpretation (Geology & Hydrogeology) 

Lakefield, Aqua Terre and SLI have completed either detailed subsurface investigations and/or monitoring of 
the site and presented the information in several reports.  

The subsurface stratigraphy of the site can be general summarized as follows: 

 (0 to 2 m) – sand or sandy gravel fill 
 (2 to 3 m) – silt or clay (silty clay) 
 (3 to 4 m) – glacial drift (till) 
 (5 to 7 m) – limestone (bedrock) 

 
The porosity of the soil at the site is not available. Therefore, a total effective porosity of 0.481 for silty clay 
soil was assumed for the site (U.S. EPA 2004a). 
 

The geology of the site (i.e. sand/gravel underlain by interbedded silty clay) gives rise to a shallow (at 
< 1.0 m bgs) perched water table. This system appears to be discontinuous and is likely fed by surface 
infiltration. A more permanent aquifer system is located in the deeper overburden, immediately above the 

bedrock.  At this depth (4 to 6 m bgs), the glacial till contains more gravel and appears to exhibit high hydraulic 
conductivity.  
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In-situ testing i.e. bail tests conducted by Aqua Terre suggests that the overburden has a hydraulic 
conductivity on the order of 5 x 10-7 m/s and the bedrock hydraulic conductivity is quite variable ranging from 

< 2 x 10-7 m/s to > 10-6 m/s. 

Available data suggest that on a regional basis, groundwater generally flows to the south/southeast towards 

the groundwater collection system along the southern and eastern property boundaries.  This observation is 
consistent with historical data.  The localized influence of the pumping wells is evident in the majority of the 
monitoring wells (in both overburden and bedrock).  

2.3.2 Terrestrial Ecological Environment 

The CFM facility occupies the southern-most portion of the total site area.  Within the CFM facility portion, the 
majority of the area consists of a combination of buildings and hard surfaces (either concrete or asphaltic 
pavement) including parking areas and access roads. North and east of the facility, the remaining area of the 

site contains a combination of landscaped natural area (lawns), as well as natural tree canopy. A small creek 
(Gages Creek) is located east of the CFM Facility. An agricultural field is located farther east of the site. 

Immediately to the south of the site is a triangular section of land bounded on all sides by municipal roadways. 
This road median consists of primarily landscaped natural area. A similar section of land is located to the 
southeast of the facility, also containing some limited tree canopy.  

Immediately west of the site is a strip of land containing public residences running parallel (north-south) with 
Rose Glen Road. 

2.3.3 Aquatic Ecological Environment 

Within the site boundary the aquatic environment is limited to that of Gages Creek, located to the east of the 
facility. The facility portion of the site (i.e. the built portion) does not support any aquatic or surface water 

features. The CFM site is located inland, approximately 430 meters north of the nearest Lake Ontario 
shoreline. 

2.3.4 Meteorological Statistics and Climate Setting 

Temperature 

Temperature data for the past 5 years (January 2011 to December 2015) was obtained from the 

Environment Canada Climate Data website (http://climate.weather.gc.ca/) for the Cobourg STP station, 

deemed the most relevant local station, also used in the surface water modelling.  Using this data, the 
following 5 year statistical temperature information was aggregated for the site: 

Min Daily Temperature: -26°C 

Mean Daily Temperature: 7.7°C 

Max Daily Temperature: 33°C 

Mean daily temperatures for this time period are plotted in Figure 2.3.   
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Precipitation 

Precipitation data for the past 5 years (January 2011 to December 2015) was obtained from the 

Environment Canada Climate Data website (http://climate.weather.gc.ca/) for the Cobourg STP station, 

deemed the most relevant local station, also used in the surface water modelling.  Using this data, the 
following 5 year statistical precipitation information was aggregated for the site: 

Min Annual Precipitation: 121 mm (2014) 

Average Annual Precipitation: 370 mm 

Max Annual Precipitation: 634 mm (2011) 

Total monthly precipitation for this time period are plotted in Figure 2.4.
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2.4 Groundwater Contaminant Monitoring 

Groundwater monitoring activities are conducted on-site and on properties located immediately adjacent and 

downgradient of the CFM plant, including properties owned by Rona, the MPH and Vosburgh Furniture.  The 
monitoring well network currently consists of wells installed at six (6) interior (i.e. inside the plant) and seventy-
two (72) exterior monitoring locations. 

Uranium 

The primary contaminant of concern (COC) under the CNSC license is uranium.   

The SNC 2014 Groundwater Monitoring for Uranium Program (SNC 2015a) is – at present - the most recent 
collection of groundwater data for the CFM site. Based on the results of groundwater monitoring and sampling 

conducted in 2014 (along with information from past years) SNC (2015a) provided the following observations:  

 Uranium concentrations in groundwater in overburden were elevated in a relatively confined area on 

the site in the vicinity of the exterior of the northeast corner of the main building (TW-32-2 and 
TW-41-2).  This corresponds to the area where elevated soil uranium concentrations were previously 
measured in shallow soil samples.  It appears that the silt or clay unit across the site has largely 

reduced the potential vertical migration of uranium into bedrock.  
 Uranium concentrations over time in selected monitoring wells were tabulated and presented in 

Appendix B of SNC (2015a).  Significant trends were identified in the following wells:  

o TW-1 and TW-4 are significantly below the MOE Table 3 standard, but had slight increasing 
trends between 2008 and 2011.  From 2011 onward, they appear to have a slight decreasing 
trend;  

o TW-6, TW-8-2, TW-10, TW-12, TW-37, TW-42 are significantly below the MOE Table 3 
standard and have no discernible trend;  

o TW-8-3 has a slight decreasing trend, after a peak in 2004;  

o TW-20, TW-36, TW-39-1, TW-41-1 and TW-41-2 vary, with no discernible trend;  
o TW-43-2 is significantly below the MOE Table 3 standard, but from 2013 onward, has a slight 

increasing trend;  

o TW-32-2 has a decreasing trend, after a peak above the MOE Table 3 standard in 2008 and 
fluctuates above and below the criteria; and  

o TW-39-2 has a decreasing trend, after a peak in 2009.   

According to SNC (2015a), based on available data, there is no evidence indicating off-site migration of 
uranium in groundwater.    

Trichloroethylene: 

The primary COC at the site outside of the CNSC license is the chlorinated solvent trichloroethylene (TCE). 

TCE was discovered in the subsoil adjacent to an underground neutralizing tank in 1993 between MW-1 and 
MW-2 (see Figure 2.6).  The neutralizing tank and accessible impacted soil were removed in the summer of 
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The system began operation in November 2000.  The installation of the treatment system and its operation 
from 2000 to 2007 were documented in previous annual reports (Aqua Terre, 2001, 2002, 2003, 2004, 2005a, 
2006, 2007, 2008 and 2009).  All annual reports have been submitted to the MOE. To mitigate the potential 

for environmental impacts on a nearby creek, the groundwater treatment system effluent has been discharging 
to the MPH sanitary sewer (an action level of 0.2 mg/L for uranium discharges to the MPH sanitary sewer is 
stated in the CFM operating license with the CNSC) since the spring of 2007.  The treatment system effluent 

continues to meet the action level.  In addition, CFM performs regular weekly testing at the sanitary sewer at 
the property line to demonstrate compliance. 

2.5 Key Prior Risk Assessments & Environmental Studies 

Environmental Review of the Zircatec Port Hope Fuel Fabrication Facility (2007) 
 
The 2007 Environmental Review (SENES 2007) study was a radiological ERA for planned facility 
modifications by the prior site owner – Zircatec - to replace a portion of the natural uranium feed with slightly 
enriched uranium (SEU). The slight differences between the radiological characteristics of natural and SEU 

uranium were taken into account.   
 
For humans, dose was evaluated for three types of human receptors: residents, nearby workers (non-Zircatec) 

and Zircatec Nuclear Energy Workers (NEWs).  Pathways included inhalation and immersion in air; incidental 
ingestion of soil and groundwater; ingestion of backyard produce and fish; and municipal drinking water 
ingestion.  The results indicated that all doses to residents and nearby workers due to Zircatec under current 

and future conditions and all production scenarios were below the CNSC dose limit of 1 mSv/y for members 
of the public. All estimated doses to all public receptors were below the limit of 1 mSv/yr; and nearly all were 
also below the de minimis dose of 10 Sv/y for members of the public.   

 
For biota, the approach to estimating radioecological impacts was based on a high-level screening process.  
The doses to non-human biota calculated in this assessment include internal dose (i.e., through ingestion) 

and external dose from air, water and soil.  The doses were then compared to the relevant Estimated No-
Effect Values (ENEVs) by calculating the Risk Quotient (RQ) as the ratio of estimated dose to the ENEV.  The 
results showed that all of the calculated RQ values for both aquatic and terrestrial biota were below one, 

indicating that no significant potential ecological effects are expected to non-human biota under both current 
and future conditions. 

Derived Release Limits (2011) 
 
The 2011 Derived Release Limits study (SENES 2011) characterizes human receptors and calculates derived 
release limits (DRLs) – both radiological and toxicological (non-radiological) - for facility emissions following 

the CSA N288.1 (2008) methodology. Facility releases of uranium to air, uranium in liquid effluents to the 
municipal sewer system, and gamma radiation from building inventories were included.  Pathways included, 
but were not limited to, inhalation, incidental ingestion, and food ingestion. Overall, the resulting radiological 

DRLs for uranium were 22,000 kg/yr to water and 335 kg/yr to air; whereas the resulting toxicological DRLs 
for uranium were 523 kg/yr to water and 9.11 kg/yr to air. 
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Direct Gamma DRL Update (2014) 

The 2014 Direct Gamma DRL study (SENES 2014) provides the direct gamma radiation dose and DRL 
calculations in support of Cameco’s expansion of their existing Perimeter Gamma Monitoring program to 

account for the occupied second story portion of a new palliative care facility located near the north-west 
fenceline of the property in order to estimate and record the radiological dose to the most exposed member 
of the public (i.e. critical group).   

The effective dose rates to residents of the new palliative care facility in the north-west location of the CFM 
site during calendar year 2013 were estimated using the measured ambient dose rates at the fenceline 

monitoring locations 101 and 102 and the ratios of the dose rates at the fenceline to the dose rate at the facility 
calculated using MicroShield (Grove Software 2012). 

The annual dose to the average member of the Critical Group (infants) during 2013 was calculated to be 
97 μSv at the new palliative care facility from direct gamma radiation. This calculation was based on annual 
effective dose rates (after subtracting controls and natural background) at monitoring location 101 at 

0.14 μSv/h.  Therefore, the DRL for direct gamma radiation was calculated to be: 

 Annual average effective dose rate at TLD location 101 of 1 μSv/h. 

This value is similar to the previous direct gamma DRLs of:  

 Annual average effective dose rate at TLD location 1 of 0.35 μSv/h; and 
 Annual average effective dose rate at TLD at all other locations of 1.18 μSv/h. 

2.6 Available Environmental Data 

The follow environmental data were included in this ERA. 

2.6.1 Groundwater Quality Data 

The 2014 groundwater quality data from CFM’s ongoing groundwater monitoring program are used 
for this study.  This data is documented in 2 reports, the first provides uranium concentrations, and the 

second provides VOC concentrations.   

1. SNC 2015a:  2014 Groundwater Monitoring for Uranium Program – Port Hope, ON – Cameco Fuel 
Manufacturing. March; and, 

2. SNC 2015b: 2014 Summary of Remedial Activities – Port Hope, ON – Cameco Fuel Manufacturing. 
March. 

The 2014 groundwater quality data encompass the main contaminants related to site operations, including 
uranium, TCE, and TCE’s degradation products.   

The CFM groundwater monitoring program is illustrated in Figure 2.7.  
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2.6.2 Soil Quality Data 

Uranium soil quality data – for 2013 - from CFM’s ongoing soil monitoring program are used in this 
study, along with 2009 VOC soil quality data from past interior soil sampling.  This data is presented in 
2 documents: the first provides uranium concentrations, and the second provides VOC concentrations.   

1. Cameco (2015a) 2014 Annual Compliance Monitoring & Operational Performance Report – Cameco 
Fuel Manufacturing. March; 

2. AquaTerre (2009) Letter to  Interior Soil Sampling Program – VOCs – Final Report – 
Cameco Fuel Manufacturing. March 3. 

The soil quality data encompasses the most recent uranium sampling, which was performed in 2013, and the 
most recent VOC sampling, which was performed in 2008.  The main contaminants related to site operations 
are uranium, TCE, and TCE degradation products. 

Soil VOC sampling locations from the AquaTerre (2009) study are illustrated in Figure 2.8.  
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2.6.3 Surface Water Quality Data 

The 2014 surface water quality data from the CFM ongoing environmental monitoring program are 
used in this study. This data is presented in 2 documents: the first provides uranium concentrations, and the 
second provides VOC concentrations.   

 SNC 2015a: 2014 Groundwater Monitoring for Uranium Program – Port Hope, ON – Cameco Fuel 
Manufacturing. March; 

 SNC 2015b:  2014 Summary of Remedial Activities – Port Hope, ON – Cameco Fuel Manufacturing. 
March. 

The CFM surface water monitoring program locations are shown in Figure 2.9.  

Surface water quality data encompasses two main locations (as shown in Figure 2.9): 

1. Drainage Ditch – flows from the facility to Gage’s Creek and 
 

2. Gage’s Creek – flows from north of the facility, across the facility property and then south east.   

The 2014 surface water quality data encompass the main contaminants related to site operations, including 

uranium, TCE, and TCE degradation products.   

 





ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

arcadis.com 
351175 2-19 

2.6.4 Sediment Quality Data 

The 2014 sediment uranium concentration data from the CFM ongoing environmental monitoring 
program are used in this study. This data is presented the following document, for uranium only.   

1. SNC 2015a:  2014 Groundwater Monitoring for Uranium Program – Port Hope, ON – Cameco Fuel 
Manufacturing. March. 

For this assessment, only 2014 data was used.  Sediment sampling locations are the same as surface water 
locations.  See Figure 2.9 above.   

2.6.5 Outdoor Air Quality Data 

The air quality data considered in this study and used in the air dispersion modelling were supplied by 

Cameco, as follows: 

 the uranium emissions from the process stacks were based on 2014 maximum annual stack testing 

results provided by Cameco; 
 the uranium emissions from building ventilation were assessed from releases of particulate UO2 to air 

from building ventilation from the facility.  The estimated release of UO2 from exhaust ventilation during 

2014 was 0.40 kg (Cameco, 2015a); 
 a total of 26 stacks were modelled as sources of uranium emission in this assessment. Source 

characteristics (e.g., stack height, stack diameter, flow rate, etc.) and building configurations were 

provided by Cameco. 

 

2.6.6 Indoor Air Quality Data 

Routine in-plant air sampling is conducted throughout the plant continuously during operations to monitor 

airborne UO2 in the work environment and this study uses the 2014 results from the recent CFM annual 
compliance report (Cameco 2015a). 

2.6.7 Discharge (Liquid Effluent) Quality Data 

Data characterizing uranium in liquid effluents from the CFM facility are available from the recent CFM annual 

compliance report (Cameco 2015a).  

It is important to note that this data represents liquid effluents released by the CFM facility into the municipal 

sewer system, and not to the environment directly. Effluents released to the municipal sewer system are 
received by the Port Hope Sewage Treatment Plant (STP), where they are combined with effluents from other 
sewer users and undergo municipal sewage treatment processes before being released to Lake Ontario via 

the submerged municipal offshore diffuser.   





ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

arcadis.com 
351175 2-21 

2.6.9 Radionuclide Data 

Radionuclide measurement data are not obtained as part of the regular CFM environmental monitoring 
program.  Instead, radionuclide concentrations were estimated by correlating measured uranium 
concentrations – which are included as part of CFM’s monitoring programs – to the corresponding levels of 

U-234, U-235 and U-238 isotopes using specific activity conversions (Lowe 2004).   

2.7 Uncertainties in Site Characterization 

Due to the large number of environmental studies conducted by Cameco, the site is well-characterized and 

there are few uncertainties or data gaps with respect to site description.  The only major uncertainty 
identified is the limited selection of radionuclide measurement data.  As discussed in Section 2.6.9 above, 
in the absence of radionuclide measurements, the levels of U-234, U-235 and U-238 were estimated based 

on measured uranium concentrations. Degree of uncertainty: Medium 
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3.0 MODELLING 

3.1 Modelling Air Releases 

In 2016, Arcadis carried out air dispersion modelling of uranium emissions from the Port Hope CFM, using 

the AERMOD dispersion model, to determine annual average air concentrations and deposition rates.  

Concentrations and deposition rates were estimated for both the standard Ontario Ministry of Environment 
and Climate Change (MOECC) model receptor grid as well as discrete receptor locations.  Discrete receptor 
locations were defined along the facility fenceline and at additional four risk receptors to estimate human 

impacts.  The results predicted at discrete receptor locations were provided as inputs to the present risk 
assessment.    

The air dispersion modelling was completed in accordance with the MOECC document “Air Dispersion 

Modelling Guideline for Ontario (ADMGO), Version 2.0” dated March 2009.   
The modelling results are summarized briefly below. 

 

3.1.1 Sources 

A total of 26 stacks were modelled as sources of uranium emission in this assessment. Source 

characteristics (e.g., stack height, stack diameter, flow rate, etc.) and building configurations were provided 
by Cameco.  The emission rates from the point sources used to estimate the annual average predicted air 

concentrations were determined from measured releases from the stacks. 

Air dispersion modelling was carried out based on 2014 uranium emission rates from the CFM facility.  The 
uranium emissions from the process stacks were based on 2014 maximum annual stack testing results 

provided by Cameco.  The uranium emissions from building ventilation were assessed from releases of 
particulate UO2 to air from building ventilation at the facility. 

 

3.1.2 Receptors 

Receptors were chosen based on recommendations provided in Section 7.1 of the ADMGO.  Specifically, 

a nested receptor grid, centered on the emissions sources was used.  Receptors were also placed every 
20 metres along the property line.  In addition to the MOECC grid, discrete sensitive receptors were also 

included in the model.  The model results predicted at this group of receptors were provided as inputs to 
this risk assessment.  

Discrete receptors were also placed at the locations of the Hi-Volume air samplers.  CFM uses hi-volume 

air samplers to measure the concentrations of UO2 at the four corners within the CFM fence line.  Model 
results predicted at these monitoring locations were used for model validation (see Section 3.1.5). 
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Figure 3.1 Annual Average Uranium Concentrations (µg/m3) 

 

▲- Location of maximum concentration 
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3.2.2 Soil Modelling Methodology 

Incremental soil concentrations - representing the amount of uranium accumulated annually as a result of 

emissions from CFM - were estimated using site-specific soil parameters measured from location 3-8-A, 
fenceline air concentrations from Table 3.1.  

The method for soil modelling is based on air dispersion modelling, measured deposition velocities and a 
physical soil model that incorporates loss mechanisms due to leaching process.  The predicted soil 
concentration is also influenced by current measured soil concentrations, however, the present study requires 
incremental soil concentration for current and future releases and therefore uses an initial soil concentration 
of zero.   

Initial Soil Concentration 

As discussed above, the present study requires incremental soil concentration based on current and future 
releases. As such, the initial starting soil concentration or ‘base soil concentration’ is assumed to be zero so 
that the incremental contribution to soil from CFM emissions can be estimated.   

Deposition Rate 

Deposition rates were calculated by multiplying the modelled air concentrations by the settling velocity 
(deposition velocity).  As discussed in Section 3.1.4, there is no dustfall monitoring data at the CFM facility at 
Port Hope, and a deposition velocity of 4.4 cm/s calculated for the nearby Port Hope Conversion facility 
(Arcadis 2016) was used to determine the deposition rate at CFM.   

Modelling Soil Removal Processes 

The soil concentrations resulting from air deposition depend on the deposition rate, the duration of deposition 
and natural mechanisms that remove uranium from the soil.  Uranium is naturally removed from the soil by 
many mechanisms including soil erosion, leaching and surface run-off.  For this study, the only mechanism 
considered for removal is leaching.   

The soil loss constant of uranium from the soil due to leaching may be calculated using the following equation 
described in U.S. NCRP (1984):   

 365
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where: 

 kleaching = soil loss coefficient due to leaching (1/yr) 
 Vw = velocity of water percolation downward through soil (cm/d)  

 ds = depth of soil zone of interest (cm)   
  = bulk soil density (g/cm3)  
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3.3.1 Estimating Vapours from Groundwater: ASTM 1995 

Overall, the ASTM 1995 methodology calculates vapour concentrations by multiplying the concentration in 

groundwater, by a derived ‘Volatilization Fraction’ (VF).  Calculations are as follows: 

VFCC gwvap   

Where, 
 

Ccap = Vapour concentration (mg/m3) 
Cgw = Groundwater concentration (mg/L) 
VF = see below 
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Where, 
 

VF = Volatilization Fraction (in mg/m3
air per mg/Lgroundwater) 

H’ = see below 
Uair = Wind speed (in cm/s) 

δair = height of mixing cell (in cm) 
Lgw = depth to groundwater/water table (in cm) 
 W = length of source zone (in cm) 

Deff,ws = see below 
 
Of these inputs, H’ and Deff,ws are calculated using separate equations: 
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Where, 
 
H = Henry’s law coefficient (in Pa•m3/mol) 

R = universal gas constant (8.314 atm•m3/mol•K) 
T = Temperature (in °Kelvin) 
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Where, 
 

Deff,ws = Effective diffusion coefficient between groundwater and soil surface (in cm2/s) 
hcap = Thickness (height) of capillary fringe (in cm) 

hv = Thickness (height) of vadose zone (in cm) 
Dcap = see below 
Deff,s = see below 

 
Of these inputs, Dcap and Deff,s are calculated using separate equations: 
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Where, 
 

Dcap = Effective diffusion coefficient through capillary fringe (in cm2/s). 
Da = Gas diffusion coefficient (in cm2/s) [varies per COPC] 

θacap = Air content of capillary fringe soils (in cm3/cm3) 
θt = Total effective soil porosity (unitless) 
Dw = Water diffusion coefficient (in cm2/s) [varies per COPC] 

θwcap = Water content of capillary fringe soils (in cm3/cm3) 
H’ = see equation above 
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Where, 
 
Deff,s = Effective diffusion coefficient in soil, based on vapour-phase concentration (in cm2/s). 

Da = Gas diffusion coefficient (in cm2/s) [varies per COPC] 
θas = Vapour-filled porosity (unitless) 
θt = Total effective soil porosity (unitless) 

Dw = Water diffusion coefficient (in cm2/s) [varies per COPC] 
θws = Moisture-filled porosity (unitless) 
H’ = see equation above 
 
Table 3.5 presents the input parameters characterizing the soil, dimensions, and outdoor conditions. Table 3.6 

presents chemical-specific input parameters (e.g. Henry’s Law constants, etc.). 

The results of groundwater trench-air vapour modelling, for on-site and off-site groundwater, are shown in 

Table 5.7 and Table 5.9. 
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3.3.2 Estimating Vapours from Soil: OMOE 2011 

Overall, the OMOE 2011 (MOE 2011b) methodology calculates vapour concentrations as a function of the 

soil dimensions provided (e.g. length of mixing cell and height of source zone), the wind speed, and the vapour 
flux factor ‘J’ which incorporates the concentration of a chemical in soil.   

Calculations are as follows: 

CF
WindspeedHeight

LengthJ
Cvap 




  

Where, 
 

Cvap  = Vapour concentration (µg/m3) 
Length = Length of the source zone (in cm) 
Height = height of mixing cell (in cm) 

Uair  = Wind speed (in cm/s) 
CF  = Unit Conversion factor (cm to m; g to µg) 
J  = vapour flux leaving the ground surface (in g/cm2•s) (see equation below) 
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Where, 
 

J = vapour flux leaving the ground surface (in g/cm2•s) 
Cs = concentration in soil (in g/cm3); chemical-dependent [soil concentration in mg/kg, multiplied by  

soil bulk density, with unit conversion factor] 
t = time over which vapour migration occurs (assumed to be 1 year; i.e. 31,536,000 seconds) 
d = depth to contamination (in cm) 

Deff = effective diffusion coefficient (in cm2/s) (see equation below) 
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Where, 
 

Deff = effective diffusion coefficient (in cm2/s) 
na = vapour-filled porosity (unitless) 
nw = water-filled porosity (unitless) 

n = total porosity (unitless) 
ρb = soil bulk density (g/cm3) 
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3.4 Surface Water Modelling: Municipal Sewage Outfall Discharge 

The CFM Facility is located inland, and as such, has no direct liquid releases to surface water. Instead, the 

CFM Facility has monitored liquid releases (containing uranium) to the municipal sewer system which is 
subsequently piped to the municipal sewage treatment plant, combined with sewer releases from other 
sources serviced by the sewer system, and treated.  The Port Hope Municipal Sewage Treatment Plant (STP) 

releases treated sewer effluent to Lake Ontario via an outfall diffuser located offshore.   

Later risk assessment calculations assess the potential effects of uranium in CFM’s liquid sewer effluent on 

humans and the environment. To do so, there is a need to estimate the concentration of uranium in surface 
water near the municipal outfall and also in surface water in the Port Hope harbour.  These two estimates are 
performed separately, as described in the following subsections. 

3.4.1 Estimating Surface Water Concentrations near the Municipal Outfall for EcoRA 

The concentration of uranium in CFM liquid effluent is known – it is measured regularly as part of CFM’s 
operational monitoring.  CFM liquid effluent is released to the municipal sewer system, where it is combined 
with other sewer effluents at the STP; as a result, the concentration of uranium is diluted by the addition of 

these other liquid effluent volumes. Following this, sewage treatment processes (e.g. settling) would remove 
some portion of the uranium.  Next, the treated effluent is released via the outfall diffuser, which is designed 
to rapidly disperse the treated effluent in surface water. Overall, in this sequence there are several factors that 

dilute, remove, and then disperse the uranium contained in CFM’s liquid effluent contributions. 

For the purposes of this assessment, the concentration of uranium in surface water near the municipal outfall 

diffuser is estimated in a very conservative manner: by deriving a dilution factor that accounts only for the 
dilution of uranium in CFM’s liquid effluent into the total effluent volume of the STP.  This is a very conservative 
approach because it does not take into account the removal of uranium by treatment processes, nor does it 

take into account the dispersion provided by the outfall diffuser design.   

In 2014, the CFM Facility released 1.58 kg of Uranium as part of its 30,967 m3 of effluent (Cameco 2015a; 

Table 29).  This results in an overall (average) uranium concentration of 51.02 µg/L of CFM effluent. Table 3.8 
presents the overall inflow (total sewer effluent received by the STP) and outflow (total effluent – post-
treatment – released by the STP via the diffuser) of the STP (Cameco, 2015b).  It is important to note that 

data for January to March and September to December shows inflows that are less than outflows; typical 
trends indicate the opposite, with inflows being greater than outflows (the difference being due to the volume 
and mass removed through treatment processes and disposed of via landfill).  Reportedly this discrepancy is 

due to instrumentation issues experienced by the STP.  Also, during the fall/winter months, sewage haulers 
increasingly unload sewage at the wastewater treatment plant rather than deferring to land use application 
(which is not effective during winter months).  Overall, the instrumentation issues also affected data from 

summer months, but the effect is not as easily observed due to decreases in volumes of hauled wastewater 
received at the wastewater treatment plant during this time period.  Nevertheless, the overall treated outflow 
data are believed to be sufficiently accurate for use in this assessment. 
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4.0 PRELIMINARY SCREENING - CONTAMINANTS OF 
POTENTIAL CONCERN 

This section contains the preliminary screening process used to review measurement data from the different 

environmental media in order to identify Contaminants of Potential Concern (COPCs) that will require 
further evaluation in the risk assessment. 

Overall, the screening process involves two steps: 

1. Preliminary screening to identify an overall list of COPCs (documented in this section); and 

2. Secondary screening, to determine which COPCs to include in the HHRA and which to include in 
the EcoRA. The HHRA secondary screening is documented in Section 5.1.2, and EcoRA secondary 

screening is documented in Section 6.1.3.    

The preliminary screening step (documented in this section) is conducted by comparing maximum 

concentrations in environmental media to screening criteria from available standards (see Sections 4.2 to 
4.7 for the hierarchies used).  This step allows for the development of an initial list of COPCs; however, 
several screening criteria are based on the lowest concentration that is protective of human health or 

ecological species.  Therefore, secondary screening steps are carried out later to further distinguish 
between COPCs requiring evaluation as part of the human health assessment, and those requiring 
evaluation as part of the ecological assessment.  

In general, preliminary screening identifies COPCs (i.e. those analytes that are carried forward for further 
evaluation in the ERA) if the analyte satisfied one of the following 3 conditions: 

1. The maximum concentration exceeds the corresponding screening criterion; or 

2. a) there are measurable concentrations;  

b) corresponding screening criteria are not available; and  

c) toxicity benchmarks are available; or 

3. They were identified in other relevant connected environmental media as COPCs (i.e., at levels 
exceeding screening criteria in those connected media) and are related to current site operations. 

If an analyte is present in measurable concentrations, but screening criteria and toxicity data are not available, 
then the analyte is not considered for further assessment since the lack of toxicity data prevents meaningful 

assessment.   

If an analyte does not have a corresponding screening criterion, but also has non-detect levels in media, then 

it is generally not considered for further evaluation. An exception to this rule exists if the analyte has been 
identified in a relevant connected media at measurable levels that exceed those criteria (due to the potential 
for the analyte to transfer between media). However, in such circumstances, a decision is made on a case-

by-case basis based on the complexity of the site and the interaction of the different environmental media. 
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If an analyte does have a corresponding screening criterion, and has non-detect levels in media but at an 
MDL that is greater than the screening criterion, then it is generally included for further assessment; however, 
again in such circumstances a decision is made on a case-by-case basis based on the complexity of the site 

and the interaction of the different environmental media. 

It is important to note however, that variations to the general procedure above may exist for select 

environmental media.  Rationale for the screening decision for each analyte is provided in the screening 
tables. 

Air: 

Air screening follows the overall screening procedure outlined above using concentrations at the point of 

impingement (POI).  The results of air screening are shown below in their respective sub-section. 

Soil: 

Soil screening follows the overall screening procedure outlined above, the results of soil screening are 
shown below in their respective sub-section.  

Groundwater: 

Groundwater screening follows the overall screening procedure outlined above. The results of groundwater 
screening are shown below in their respective sub-section. Those analytes that exceed their corresponding 
criteria are identified as COPCs and undergo further secondary screening for EcoRA (see Section 6.1.3). 

As groundwater is not used as a drinking source for humans, it does not undergo any further screening.   

Surface Water: 

Surface water screening follows the overall screening procedure outlined above; where maximum 
measured surface water concentrations are compared to their corresponding screening criteria.  Analytes 

that exceed their corresponding criteria are identified as COPCs. Where additional rationale is incorporated 
and interpreted for screening, it is noted within the screening tables.  

Sediment 

Sediment screening follows the overall screening procedure outlined above; where maximum measured 

surface water concentrations are compared to their corresponding screening criteria.  Analytes that exceed 
their corresponding criteria are identified as COPCs.   
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4.1 Gamma Measurements & Radionuclides – Preliminary Screening 

For the purposes of this ERA, gamma measurement data is screened-in (i.e., are identified as stressors), and 

will undergo further risk evaluation for both HHRA and EcoRA.  As natural uranium screened in, uranium 
isotopes and those in the decay chain are also screened in and will undergo further risk evaluation for both 
HHRA and EcoRA.   

4.2 Groundwater - Preliminary Screening 

Preliminary screening of groundwater data is presented in Table 4.1, where maximum measured 
concentrations from the CFM facility are compared to the lowest of the following groundwater screening 
criteria:  

 MOE (2011a) Soil, Groundwater and Sediment Standards (Table 3b values); and 

 Environment Canada (2015) Federal Interim Groundwater Quality Guidelines. 

If no value was found in the above references, the following reference was also checked:   

 Health Canada (2012) Federal Drinking Water Quality Guidelines 

The MOE (2011a) Table 3b values (Non-Potable Ground Water Condition) were chosen.  This is consistent 
with prior investigations at the facility.   
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Based on the preliminary screening in Table 4.1, the following preliminary COPCs were identified: 

1. 1,1-Dichloroethylene (1,1-DCE) 
2. cis-1,2-Dichloroethylene (cis-1,2-DCE) 
3. trans-1,2-Dichloroethylene (trans-1,2-DCE) 
4. Tetrachloroethylene (PCE) 

5. Trichloroethylene (TCE) 
6. Vinyl Chloride (VC) 
7. Uranium 

 

4.3 Surface Water - Preliminary Screening 

Preliminary screening of surface water data is presented in Table 4.2.  Maximum measured concentrations 

(regardless of location) were compared to the following hierarchy of screening criteria:  

 MOE (1999) Provincial Water Quality Objectives (PWQOs); and, 

 CCME (2015a, online) Water Quality Guidelines for the Protection of Aquatic Life; (wherever MOE 
(1999) values were not available). 

Based on the preliminary screening in Table 4.2, the following surface water COPCs were identified: 

1. Trichloroethylene (TCE); and 
 

2. Uranium. 
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4.4 Air - Preliminary Screening 

The preliminary air quality screening is presented in Table 4.3, showing: 

 point of impingement concentrations in air, based on results in 2015 Emissions Summary Dispersion 
Model (ESDM) report for CFM (Cameco 2016);  

 air quality screening criteria obtained from Ontario Regulation 419/05 – Air Pollution – Local Air 
Quality as of July 1, 2016; and 

 the overall decision as to whether or not to identify each compound as a COPC requiring further 
evaluation in the risk assessment. 

As shown in Table 4.3, no contaminant exceeded screening criteria in air.  

 





ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

arcadis.com 
351175 4-9 

4.5 Soil - Preliminary Screening 

Preliminary screening of soil data is presented in Table 4.4.  Maximum measured concentrations (regardless 

of location) were compared to the lowest of the following soil screening criteria:  

 MOE (2011a) Table 3b - Full Depth Generic Site Condition Standards in a Non-Potable Ground Water 

Condition (Industrial Land-Use) Medium and Fine Textured Soils; and 

 CCME (2015b; online) Soil Quality Guidelines for the Protection of Environmental and Human Health.   

Similar to the discussion for groundwater (see Section 4.2), soil criteria from MOE (2011a) Table 3b (non-
potable water condition) where chosen. This is consistent with prior site investigations.  

Based on the preliminary screening in Table 4.4, no contaminants exceeded screening criteria in soil.  
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5.0 HUMAN HEALTH RISK ASSESSMENT 

A HHRA is the evaluation of the probability of health consequences to humans caused by the presence of 
chemical contaminants at a Site.  To assess this probability it is necessary to take receptor characteristics, 
exposure pathways and mitigating circumstances into consideration.  The assessment of levels of 

unacceptable risk is evaluated using: toxicological information associated with the particular contaminants of 
concern; chemical and physical Site conditions; and known characteristics of the people interacting with the 
Site or connected media. 

The requirement for, approach to, and scope of, a HHRA is based on a fundamental understanding of: site 
conditions, including the nature, extent and distribution of the radiological and chemical hazards; the potential 

exposure pathways; and opportunities for human receptors that will frequent, use or populate the Site.  The 
following sections describe the HHRA and its components. 

5.1 Problem Formulation 

5.1.1 Receptor Selection & Characterization 

It is important to note that under CSA N288.6 (2012), HHRAs apply to off-site receptors (i.e., members of the 
public) and on-site non-nuclear energy workers (non-NEWs) that are not covered under the facility’s radiation 

protection program or health and safety program.  At the CFM facility, all Cameco workers that perform 
industrial work are NEWs. Non-NEW contractors, such as maintenance workers, may be present up to a 
maximum of 80 hours per year.  

As such, a total of eight human receptor groups have been identified for inclusion in the HHRA; one of these 
is an on-site Cameco industrial worker (characterized as a receptor but excluded from quantitative evaluation, 

as discussed above), two of these are onsite contractor workers (adults), three of these are offsite worker 
receptors (e.g. utilities workers) (adults), one is a member of the public (including all age groups) that resides 
within the study area, and one is an onsite contractor worker who also is a resident within the study area (adult 

only).   

Table 5.1 presents the complete list of human receptors along with their descriptions. 
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5.1.2 Human Health Secondary Screening of COPCs 

5.1.2.1 Groundwater - Human Health Secondary Screening 

Groundwater data focus on uranium, trichloroethylene and its degradation products.  These contaminants in 
groundwater do not require secondary human health screening, as they have been included as COPCs due 
to their relevance to site operations and the fact that they have been identified as COPCs in other relevant 

connected media. 

5.1.2.2 Soil - Human Health Secondary Screening 

Soil data focus on uranium, trichloroethylene and its degradation products.  These contaminants in soil do not 
require secondary human health screening, as they have been included as COPCs due to their relevance to 
site operations and the fact that they have been identified as COPCs in other relevant connected media. 

5.1.3 HHRA Exposure Pathways 

The next step is to examine the potential pathways of exposure and identify the ways in which human 
receptors could be exposed to COPCs and radiological stressors present in the different environmental 
media, as identified in Sections 4.7 (preliminary COPC identification) and 5.1.2 (secondary HHRA COPC 

identification).   

In general, human receptors may come into contact with contaminants through four primary exposure 

routes: dermal exposure, incidental ingestion (of for example, soil), ingestion of contaminated food, and 
inhalation.  Therefore, a complete exposure pathway consists of a contaminant source, a release 
mechanism, one or more transport mechanisms, a point of exposure (receptor), and an exposure route for 

intake into the human body. 

For gamma and other external radiation, exposure can occur externally without one of the four primary 

exposure routes.  As a result, external radiation dose rates are included in this HHRA. 

5.1.3.1 Soil Exposure Pathways 

Based on the types of receptors, their characteristics, and their behaviours as described in Section 5.1.1, 

select human receptors may come into direct contact with soil, resulting in the following potential soil 

exposures:   

 Dermal exposure to soil; 

 Incidental ingestion of soil; and, 
 Inhalation of airborne particulates (dust) that contains contaminated soil.  

 

Indirect exposure to volatile soil contaminants can also occur via inhalation of soil vapours, as discussed 

below:  

 Inhalation of soil vapours that have migrated indoors; 
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 Inhalation of soil vapours that have accumulated in subsurface areas (trenches); and, 
 Inhalation of outdoor soil vapours that have migrated up through the soil (not assessed; see 

Section 5.1.3.6 for discussion).  
 
Exposure to soil vapour varies for each receptor though only the Sub-Surface Worker receptors receive 

exposure to soil-trench-vapours, as shown in Table 5.2.  

5.1.3.2 Groundwater Exposure Pathways 

Based on the type of receptors, their characteristics, and their behaviours as described in Section 5.1.1, 

only Sub-Surface Worker receptors may come into direct contact with contaminated groundwater, resulting 

in the following groundwater exposures:   

 Dermal exposure to groundwater; and 
 Incidental ingestion of groundwater. 

 

Indirect exposure to volatile groundwater contaminants can also occur via inhalation of groundwater 

vapours, as discussed below:  

 Inhalation of groundwater vapours that have migrated indoors; 
 Inhalation of groundwater vapours that have accumulated in subsurface areas (trenches); and, 
 Inhalation of outdoor groundwater vapours that have migrated up through the soil (not assessed; 

see Section 5.1.3.6 for discussion).  
 
Exposure to groundwater vapour varies for each receptor though only the Sub-Surface Worker receptors 

receive exposure to groundwater-trench-vapours, as shown in Table 5.2.  

5.1.3.3 Air Exposure Pathways 

Though air screening did not identify any COPCs that exceed their corresponding air concentration criteria, 

uranium has been included for air inhalation assessment due to its relevance to site operations, and 
because it has been identified as a COPC in other relevant connected media.  

Human receptors can be exposed to indoor air, or outdoor air, or a combination of both.  It is important to note 
that indoor and outdoor air are considered to be distinct from vapours (from soil or groundwater) and from 
trench vapour (also from soil or groundwater); and as such, exposures to these media are typically assessed 

separately.  However, an exception exists where measured indoor air concentration data are available 
because such measured data implicitly includes all contributions from vapours and other sources.  As a result, 
wherever measured indoor air data are available they are used preferentially, and, specific vapour-pathway 

exposures are not calculated as this exposure is encompassed by the measurement data used.  A detailed 
breakdown of all exposure pathways for each receptor is presented in Table 5.2. 

5.1.3.4 Contaminated Food Exposure Pathways 

Based on their characteristics and behaviour as described in Section 5.1.1, off-site receptors (members of 
the public), may come into contact with contaminated foods resulting in exposure to air, soil and water 
contaminants.  This includes:   
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 Consumption of fish caught locally (and resulting ingestion of surface water COPCs taken up by 
the fish); and 

 Consumption of garden produce grown in off-site soil (and resulting ingestion of off-site soil COPCs 

taken up by the vegetation and deposition of air COPCs to vegetation).  

As described in Section 5.1.1, locally obtained fish and garden produce, comprise only a portion of the total 

dietary intake of the receptor. The proportions of locally obtained foods used in this study are outlined in 
Table 5.5.  

It is important to note that a key conservative assumption is that ingested fish are assumed to be caught 
from the Port Hope harbor area, where exposure to liquid effluent from the CFM facility occurs, after the 
combined sewage effluent has been discharged and mixed with the surrounding surface water accounting 

for distance from the outfall.  

Detailed breakdowns of the food ingestion exposure pathway, distinguishing between the different human 

receptors, are presented in Table 5.2. 

5.1.3.5 Gamma Radiation Exposure Pathway 

Based on the characteristics and behaviour as described in Section 5.1.1, human receptors that are present 
in or near the CFM facility may experience external gamma exposure.   

Gamma radiation doses are assessed based on direct external gamma radiation exposure.  The dose rate 
from gamma radiation is added to the dose rate estimated from radionuclides in environmental media. 

5.1.3.6 Summary of Inactive/Non-Applicable Exposure Pathways 

Based on the receptor descriptions and the defined activities they engage in, the following exposure pathways 
are not applicable: 

 External Exposure from Immersion in air (Radiological) 

In many cases immersion in air is not a dominant contributor to overall radiological dose.  The external dose 
contributed by air immersion is typically low enough to be neglected; only when specific conditions exist - such 
as confined spaces (where radionuclide levels can accumulate) or elevated concentrations of radionuclides 
in air – does the dose contribution from air immersion increase and warrant consideration.  Furthermore, air 
COPC screening shows that air concentrations are below their corresponding criteria.  Therefore, external 
radiological dose from air immersion can be excluded from further assessment. 

 Inhalation of Outdoor Vapours from Soil or Groundwater 

Inhalation of outdoor vapours from soil or groundwater are not a relevant pathway for all but Sub-surface 
Worker receptor.  The Resident receptor, Maintenance Worker receptors (onsite and offsite), and Sub-Surface 
Worker receptor (onsite and offsite) engage in outdoor activities which could exposure them to outdoor 
vapours; however, the Resident receptor and Maintenance Worker receptor (onsite and offsite) are not located 
in areas where such outdoor vapours could accumulate and it is therefore reasonable to assume that outdoor 
vapours would disperse quickly resulting in little exposure (for these particular receptors).  The Sub-Surface 
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Receptor however, is potentially located in an area where vapours have the potential to accumulate (i.e. in a 
trench), and the resulting exposure to groundwater-trench-vapour and soil-trench-vapour is assessed (though 
separately, since trench-air is considered to be distinct from outdoor air/vapour or indoor air/vapour).   

 Inhalation of Indoor Vapours from Offsite Soil 

The resident, off-site maintenance worker, and offsite sub-surface worker receptors engage in activities that 
cause them to experience soil exposure; however, inhalation of vapours from offsite soil is not a relevant 
pathway because volatile soil COPCs (TCE and its related compounds; for which vapour pathways can be 
assessed) are relevant to on-site soil contamination only. Though VOC measurement data are not available 
for offsite soil, there is no reason to believe that offsite soil VOC contamination exists as a result of CFM 
operations.  It is important to note that this applies to offsite soil only; onsite soil is assessed for vapour 
inhalation. 

 Direct Surface Water Exposure Pathways 

The CFM facility discharges liquid effluent to the municipal sewage system, not directly to the lake.  The 
combined municipal sewer discharge undergoes treatment before being ultimately released into the lake, 
via the offshore sewage release outfall.  As such, in terms of surface water contaminants related to the 
CFM facility, direct uptake of surface water through use as drinking water, swimming, or beach recreation 
near the municipal sewage outfall are not considered to be reasonable exposure pathways, based on the 
site characteristics, location and surrounding area.   

However, as outlined in Section 5.1.3.4, exposure to surface water contaminants via fish ingestion is 
possible as a portion of a fish’s home range could overlap with the location of the sewage outfall. 

 Sediment Exposure Pathways 

Exposure from dermal contact can occur from direct contact with bulk sediments as well as with suspended 
sediments in the water column. As swimming in surface water is not considered as an exposure pathway, 
inhalation of or dermal contact with sediment was not considered. 

 Ingestion of Wild Game 

The facility is located in an urban area and no hunting takes place with the study area; therefore, ingestion of 
wild fowl and game was not considered. 

5.1.3.7 Summary of Active HHRA Exposure Pathways 

An overall summary of human receptor exposure pathways is presented in Table 5.2.  More detailed 
descriptions related to the each environment medium (soil, groundwater, and surface water) are described in 
their respective sections above.  Table 5.4 outlines the various environmental media and the pathways that 

link them to the human receptors.  
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5.1.4 HHRA Conceptual Site Model (CSM) 

The overall HHRA study boundaries are based on knowledge of the site and surrounding area, and includes 

a range of known and potential contamination sources.  Figure 5.1 presents the location of human receptors.   

Figure 5.2 outlines the many environmental media included in this study, along with the exposure pathways 

that link these environmental media to human receptors.   

Figure 5.3 and Figure 5.4 together present a graphical conceptual site model, based on the known COPCs 

and their locations, identified receptors, and relevant exposure pathways. 
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Figure 5.2 Human Receptor Pathways 

 

 

 











ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

 
arcadis.com 
351175 5-17 

5.2 Exposure Assessment 

5.2.1 Exposure Locations 

The environmental media that a given human receptor is exposed to differs based on their location.  For 
example, both worker and public receptors have the potential for exposure to soil, but the soil that a worker 

receptor is exposed to is different than the soil that a public receptor is exposed to, since these receptors 
occupy different locations.   

Table 5.4 provides a tabular outline of each human receptor, the assessment areas they are associated with, 
and the corresponding environmental media they may be exposed to, based on the descriptions of the 
receptors and their behaviours presented in Table 5.1 (for worker receptors, this includes the nature of their 

duties). 

For groundwater, exposure is limited to trench digging by sub-surface workers both on and off-site.  Surface 

water exposure is limited to fish ingestion by residents.   
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5.2.1.1 Exposure Factors, Durations & Frequencies 

Table 5.5 presents the exposure factors for the HHRA (both non-radiological and radiological).  Intake rates 
for fish, and backyard produce are taken from N288.1-14.  References and brief rationale for each particular 

value are provided in the table. 

Table 5.6 presents the exposure durations for the HHRA.  
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5.2.2 Exposure Point Concentrations (Levels) 

As outlined in Table 5.4, there are many different environmental media that human receptors could potentially 

be exposed to. The following tables present the concentrations (or dose rates, for gamma) that are associated 
with the various environmental media.  These summary statistics are used as exposure point concentrations 
in subsequent exposure calculations. 

Since the primary pathway of exposure to surface water in the HHRA is via ingestion of fish caught near the 
Port Hope harbour, surface water concentrations used in human health risk calculations are estimated for the 

harbour by applying a dilution factor of 2090x (see Section 3.4.2) to the CFM effluent concentration from the 
Cameco (2015a) 2014 ACMOPR.  This is conservative because the Cameco (2015a) sewer effluent 
concentrations represent the concentration in CFM effluent released into the sewer system, whereas the 

concentration of sewer effluent actually released from the lake outfall would be further diluted by the effluents 
from other contributors.  

5.2.2.1 Non-Radiological 

For Tier 1 exposure calculations, the maximum concentration in any particular environmental medium is used, 
regardless of its location (with the exception of surface water, as discussed above in Section 5.2.2).   

It is important to note that in general, human receptors located onsite are exposed to concentrations of COPCs 
in onsite media (soil, air, and groundwater). Conversely, human receptors located offsite are exposed to 

concentrations of COPCs in offsite media.  The exception to this distinction is the ‘Resident & Worker’ 
receptor, which receives the exposure as an offsite resident receptor (to offsite media), as well as the exposure 
of an onsite subsurface worker (to onsite media).   

Tier 1 concentrations of COPCs in environmental media are shown in Table 5.7, whereas Tier 1 
concentrations of COPCs in ingested food items (based on their corresponding concentrations in respective 

environmental media) are shown in Table 5.8.  Tier 2 concentrations in environmental media are shown in 
Table 5.9 
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5.2.2.2 Radiological 

For Tier 1 exposure calculations, the maximum concentration in any particular environmental medium is used, 
regardless of its particular location.  Since the CFM facility receives clean/pure uranium material, it is assumed 

that only U-238, U-234, and U-235 are present (i.e. further decay products are not included). 

Since direct radionuclide measurement data are not available, the levels of radionuclides must be inferred 

from the level of natural uranium (Unat) in sample measurements.  The methodology in Lowe (2004) is used 
to correlate U-238, U-234, and U-235 activity from Unat concentrations. These activities are shown in 
Table 5.10.  Outdoor air concentration is based on the maximum measured concentration among fenceline 

stations.  Indoor off-site air concentrations are assumed to be 50% of the outdoor air concentration.  For indoor 
on-site air concentrations, indoor air measurements are available for several rooms; an average room 
concentration was calculated for each room, and the highest of the room averages is used. 

To assess the external radiation dose from radionuclide contaminants in soil, soil concentrations are evaluated 
on a surface area basis (Bq/m2).  To assess this pathway, maximum soil levels – which are available on a 

mass basis in Bq/gDW – are converted from a mass concentration to a volume concentration using a density 
of 1,600 kg/m3 following the US NRC (1977) methodology.  It was assumed, conservatively, that the 
contamination was contained with the top 1 cm of soil and using this assumption an activity by surface area 

was calculated.  

∗ 	 	
2

	 1000	 1600 0.01  

Table 5.10 presents the radionuclide concentrations in environmental media that are used in the Tier 1 HHRA. 

Table 5.11 presents the resulting radionuclide concentrations in contaminated foods that are used in the Tier 1 
HHRA. 
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 EFs = days per year in which the incidental ingestion could occur [d/yr]  

 DCf     = internal dose coefficient for intake by ingestion [Sv/Bq] 

 Cs = concentration in soil [Bq/kg] 

5.2.3.3 Internal Dose from Ingestion of Contaminated Foods 

The radiological dose from ingestion of contaminated food is calculated for each radionuclide, following 

Equation 5-4 (CSA 2012): 

 ffffff CDCIgD    (5-4) 

Where: 

 Df = internal radiation dose from ingestion of contaminated food [Sv/yr]  

 ρf = adjustment factor for food processing (assumed to be 1) [unitless]  

 gf = fraction of food from contaminated source (assumed to be 1) [unitless]  

 Is = food ingestion rate [kg/yr]  

DCf     = internal dose coefficient for intake by ingestion [Sv/Bq] 

 Cs = concentration in soil [Bq/kg] 

5.2.3.4 External dose from contaminated ground deposits 

1  

Where: 

 fo = fraction of total time spent by the individual at the exposure location [unitless[ 

 fr = dose reduction factor to account for non-uniformity of the ground surface [unitless] 

 fu   = time spent outdoors at the exposure location as a fraction of total time spent at that 
location [unitless] 

 Sg      = shielding factor for groundshine, or fraction of the outdoor groundshine dose received 
indoors due to shielding by buildings [unitless] 

 DCg = effective dose coefficient for an infinite plane ground deposit [Sv•a–1•Bq–1•m2] 

 Cg = activity in ground surface [Bq•m–2] 
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5.2.3.5 External Gamma Dose 

The dose from exposure to gamma radiation is calculated based on readily-available gamma measurement 
data from the BRR gamma monitoring program, following Equation 5-6:  

21 DDDRD gg   

(5-6) 

Where: 

Dg = external gamma radiation dose [µSv/yr]  

DRg     = measured gamma dose rate [µSv/hr] 

D1        = hours per day over which the exposure occurs [hr/d] 

D2        = days per year over which the exposure occurs [d/yr] 

5.2.4 Dose Coefficients 

Radiological assessment involves the use of dose coefficients (DCs) that convert activity concentrations of 
radionuclides in environmental media or in the body into radiation doses to human receptors.  In the case of 
external exposure to gamma radiation, on-site monitoring measurements were used. 

The DCs used in the radiological HHRA calculations were selected from literature references using the 
following hierarchy, consistent with CSA (2012).   

1. Worker Receptors (non-NEWs; onsite or offsite) (See Section 5.1.1) 

a. ICRP 68 (1994): internal dose coefficients 

b. US EPA (1993b): external dose coefficients (GW) 

2. Off-Site Member of the Public Receptors (See Section 5.1.1): 

a. CSA N288.1 (2014): internal and external dose coefficients; and 

b. ICRP 72 (1995): internal and external dose coefficients. 

 
Table 5.12 summarizes the DCs that were selected for the HHRA calculations.  
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5.2.5 Non-Radiological Dose Calculation Methods 

5.2.5.1 Incidental Ingestion of Soil 

The non-radiological dose from incidental ingestion of soil is calculated for each COPC following 
Equation 5-7, based on CSA (2012): 
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(5-7) 

Where: 

 Ds = dose from incidental ingestion of soil [mg/kg/d]  

Cs = concentration of COPC in soil [mg/kg]  

 IRs = incidental soil ingestion rate [kg/d]  

AFGIT  = absorption factor for gastrointestinal tract (assumed equal to 1) [unitless]  

D1     = days per week exposed, divided by 7 days [d/d] 

D2    = weeks per year exposed, divided by 52 weeks [wk/wk] 

D3     = total years exposed to site (for carcinogens only) [yr] 

BW    = receptor body weight [kg] 

LE     = Life expectancy (for carcinogens only) [yr] 

As shown in Table 5.5, an averaging time of 1 is used for assessing chronic exposure, whereas an averaging 
time of 0.5 is used for assessing short-term exposure (along with the appropriate short-term TRVs).  In present 
calculations chronic exposure is assessed, and therefore the averaging time fraction is excluded. 

5.2.5.2 Incidental Ingestion of Groundwater 

The non-radiological dose from incidental ingestion of groundwater is calculated for each COPC, following 

Equation 5-8 (CSA 2012): 
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(5-8) 

Where: 

Dgw = dose from incidental ingestion of groundwater [mg/kg/d]  

Cgw = concentration of COPC in groundwater [mg/L]  

IRgw = incidental groundwater ingestion rate [L/d]  
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AFGIT   = absorption factor for gastrointestinal tract (assumed equal to 1) [unitless]  

D1     = days per week exposed, divided by 7 days [d/d] 

D2     = weeks per year exposed, divided by 52 weeks [wk/wk] 

D3      = total years exposed to site (for carcinogens only) [yr] 

BW    = receptor body weight [kg] 

LE      = Life expectancy (for carcinogens only) [yr] 

 

5.2.5.3 Ingestion of Contaminated Food 

The non-radiological dose from ingestion of contaminated food is calculated for each COPC, following 
Equation 5-9 (CSA 2012): 

365
])([ 21__

_ 


 

LEBW
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(5-9) 

Where: 

Df_ing = dose from contaminated food ingestion [mg/kg/d]  

Cfood_i = concentration of COPC in food item “i” [mg/kg]  

IRfood_i = ingestion rate of food item “i” [kg/d]  

RAFGIT   = relative absorption factor for the gastrointestinal tract, for a particular COPC, in 
food item “i” (assumed equal to 1) [unitless]  

D1        = days per year over which the consumption of food “i” occurs [d/yr] 

D2        = total years exposed to site (for carcinogens only) [yr] 

BW      = receptor body weight [kg] 

LE       = Life expectancy (for carcinogens only) [yr] 

365      = total days per year (constant) [d/yr] 

For the purposes of this study, consumption of contaminated foods is assumed to occur 365 days per year 
(D1). Therefore, mathematically D1 (numerator) and 365 (denominator) in the equation above can be 
omitted. 

5.2.5.4 Incidental Ingestion of Surface Water While Swimming 

The non-radiological dose from incidental ingestion of surface water while swimming (or falling into the 

harbour) is calculated for each COPC, following Equation 5-10 (CSA 2012): 
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ATBW
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(5-10) 

Where: 

Dsw    = dose from incidental ingestion of surface water while swimming or falling into the 
harbour [mg/kg/d]  

Csw = concentration of COPC in surface water [mg/L]  

IRsw = incidental surface water ingestion rate [L/hr]  

ET        = exposure time [hours/event] 

EF        = exposure frequency [events/yr] 

ED        = exposure duration [yrs] 

BW      = receptor body weight [kg] 

AT      = averaging time (i.e., period over which the exposure is averaged) [d] 

5.2.5.5 Soil Dermal Uptake  

The non-radiological dose from dermal soil uptake is calculated for each COPC, following Equation 5-11.  

Equation 5-11 is based on the calculation methods of Health Canada (2010) and US EPA (2004b), with 
terms included for averaging time (for carcinogenic COPC calculations), consistent with CSA (2012): 

  (5-11) 

Where: 

  = exposure to COC in soil through the dermal pathway [mg/(kg-d)]  

 Cs = soil concentration [mg/kg]  

 SA = exposed skin surface area [cm2]  

 SL = soil loading to exposed skin [(mg)/(cm2 event)]  

 RAF = dermal absorption factor [-] 

 EFs = exposure frequency to soil [events/d]  

 D2/7 = days per week exposed/7 days [d/d]  

 D3/52 = weeks per year exposed/52 weeks [wk/wk]  

 D4 = total years exposed to site (for carcinogenic COC only) [yr]  
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  (5-12) 

Where: 

  = exposure to COC in water through the dermal pathway [mg/(kg-d)]  

 DAev    = absorbed dose per event [mg/cm2/event] 

 SA = exposed skin surface area [cm2] 

 EFw = exposure frequency to water [events/d] {assumed to be 1 event per day} 

 D2/7 = days per week exposed/7 days [d/d] 

 D3/52 = weeks per year exposed/52 weeks [wk/wk] 

 D4 = total years exposed to site (for carcinogenic COC only) [yr]  

 BW = body weight [kg] 

 AT = averaging time (for carcinogenic COCs only) [yr]  

Inorganic COPCS - DAev 

For inorganic COPCs, the skin has a limited capacity to reduce the transport rate and the viable epidermis 

does not act as a barrier.  Therefore, the absorbed dose (DAev) can be calculated from Equation 5-13: 

  (5-13) 

Where: 

 DAev = absorbed dose per event [mg/cm2/ev] 

 Kp = dermal permeability coefficient in water [cm/h]  

 Cw = concentration in water [µg/L] 

 tev = event duration [h/ev] 

 CF = conversion factor 1x10-6 [conversion from µg/L to mg/cm3] 

In this study, the exposure times used in dermal uptake equations are those presented in Table 5.5 and 

Table 5.6.  
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Organic COPCS - DAev 

For organic COPCs, the calculation is dependent on the contact time and the time required to reach steady 

state.  Equations 5-14 and 5-15 are used to estimate the absorbed dose (DAev): 

 If tev  t*  (5-14) 

 

 If tev > t*  (5-15) 

 

Where: 

 FA = fraction absorbed [-]  

 τ = lag time [h]  

 tev = event time (duration) [h]  

 t* = time to reach steady state [h]  

 CF = conversion factor 1x10-6 [(mg/cm3)/(µg/L)] 

 B = ratio of the permeability coefficient of a compound through the stratum corneum 
relative to its permeability coefficient across the viable epidermis  

In this study, the exposure times used in dermal uptake equations are those presented in Table 5.5 and 
Table 5.6. 

For highly lipophilic chemicals or for chemicals that have a long lag time, some of the chemical dissolved into 
skin may be lost due to desquamation during that absorption period.  The fraction absorbed (FA) term has 
been included to account for this loss of chemical due to desquamation.  The conservative default for this 

parameter is 1 (i.e., assuming no loss due to desquamation), which is used in this assessment.  However, 
alternative values can be obtained on a chemical-specific basis from U.S. EPA (2004b). 

An empirical predictive correlation is provided to estimate the permeability coefficient for organics:  

  (5-16) 
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Where: 

 Kow = octanol-water partition coefficient  

 MW = molecular weight [g/mole]  

Chemicals with very large and very small Kow values are outside of the range of the empirical relationship; 

however, the relationship can be used as a preliminary estimate (U.S. EPA 2004b). 

Assuming that the thickness of the stratum corneum is 0.001 cm the following equation can be used to 

determine the lag time: 

  (5-17) 

For longer exposure durations, the absorbed dose is restricted by the permeability of the viable epidermis and 

the stratum corneum, and thus B, the ratio of the permeability of the stratum corneum to that of the epidermis 
is an important factor in the equation.  The value of B can be approximated by: 

  (5-18) 

The calculation of the time to reach steady state (t*) is dependent on B according to the following equations: 

 If B  0.6  (5-19) 

 If B > 0.6  (5-20) 

  (5-21) 

  (5-22) 

Where: 

 b,c = correlation coefficients 

Table 5.14 summarizes the dermal permeability coefficients (Kp values) used in the calculations of dermal 
exposure to surface water or groundwater.   
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D3      = weeks per year exposed, divided by 52 weeks [wk/wk] 

D4       = total years exposed to site (for carcinogens only) [yr] 

BW     = receptor body weight [kg] 

LE       = Life expectancy (for carcinogens only) [yr] 
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(5-24) 

Where: 

Di = exposure from inhalation [mg/m3]   

Cs = concentration of COPC in soil [mg/kg]  

Pair = particulate concentration in air [kg/m3]  

D1       = hours per exposure event, divided by 24 hours [hr/hr] 

D2       = days per week exposed, divided by 7 days [d/d] 

D3       = weeks per year exposed, divided by 52 weeks [wk/wk] 

D4       = total years exposed to site (for carcinogens only) [yr] 

LE       = Life expectancy (for carcinogens only) [yr] 

In the absence of measured air concentrations, concentrations of COCs associated with particulate in 
ambient air can be estimated from soil data using an assumed respirable ( 10 µm aerodynamic diameter) 
particulate concentration.  For the maintenance and sub-surface workers who may be exposed to a higher 

concentration of particulates as a result of soil resuspension during typical activities, a respirable particulate 
concentration of 60 µg/m3 (or 6.0x10-8 kg/m3) is typically used (MOE 2011b).  For all resident receptors, a 
value of 0.76 µg/m3 (or 7.6x10-10 kg/m3) as provided by Health Canada (2010a) is typically used for areas 

with no construction activities. 

In this study, both measured and derived air concentrations are used, depending on the data available for 

a particular exposure location. Therefore, when measured data are available, the air inhalation calculation 
replaces Cs (mg/kg) and Pair (kg/m3) in Equation 5-24 with the modeled air concentration (in µg/m3), with 
the appropriate unit conversion.   

5.2.6 Transfer Factors - HHRA 

Transfer factors are needed in order to estimate the concentration of radionuclides and COPCs in foods 
consumed by human receptors, namely fish consumption.  Overall, the selection of transfer factors follows 
the CSA N288.6 (2012) recommended hierarchy sources, and obtains transfer factors for HHRA from CSA 

N288.1 (2014) as shown in Table 5.15. 
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5.3 Toxicity Assessment 

5.3.1 Non-Radiological COPCs - Toxicological Reference Values  

Exposure to non-radionuclide contaminants (i.e. chemical contaminants) is conventionally assessed against 
Toxicity Reference Values (TRVs).  Toxicity is the potential of a chemical to cause some type of damage, 

either permanent or temporary, to the structure or functioning of any part of the body.  The toxicity depends 
on the amount of the chemical taken into the body (generally termed the intake or dose) and the length of 
time a person is exposed.  Every chemical has a specific dose and duration of exposure that is necessary to 

produce a toxic effect in humans.  Toxicity assessments generally involve the evaluation of scientific studies, 
based either on laboratory animal tests or on workplace exposure investigations, by a number of experienced 
scientists in a wide range of scientific disciplines in order to determine the maximum dose that a human can 

be exposed to without having an adverse health effect.   

Toxicity assessments generally categorize adverse effects as short term (acute) or long term (chronic).  This 

HHRA focuses on the assessment of long term (chronic) effects. 

Carcinogenic TRVs 

Carcinogenesis is generally assumed to be a "non-threshold" type phenomenon whereby it is assumed that 
any level of exposure to a carcinogen poses a finite probability of generating a carcinogenic response.  

Carcinogenic TRVs or slope factors are used to estimate an upper-bound lifetime probability of an individual 
developing cancer as a result of exposure to a particular level of a potential carcinogen.  The carcinogenic 
TRV is, therefore, the incremental lifetime cancer risk per unit of dose. 

Non Carcinogenic TRVs 

For many non-carcinogenic effects, protective biological mechanisms must be overcome before an adverse 
effect from exposure to the chemical is manifested.  For this reason, scientists generally agree that there is a 
level (threshold) below which no adverse effects would be measurable or expected to occur.  This is known 

as a "threshold" concept.  Non-carcinogens are often referred to as "systemic toxicants" because of their 
effects on the function of various organ systems.  These toxicity reference values are generally called 
reference doses (RfDs), tolerable daily intakes (TDIs) or acceptable daily intakes (ADIs) and are generally 

derived by regulatory agencies such as Health Canada and the United States Environmental Protection 
Agency (U.S. EPA).  These TRVs are usually expressed as the quantity of a chemical per unit body weight 
per unit time (mg/kg-day) or as an air concentration (mg/m3) and have generally been derived for sensitive 

individuals in the public using the most sensitive endpoint available.  These factors involve the incorporation 
of “uncertainty factors” by regulatory agencies to provide protection for members of the public.   

There are several sources that report TRVs for evaluation of effects from long-term (i.e., chronic) exposure.  
The SENES & EcoMetrix (2012) report entitled Compilation and Critical Review of Toxicity Reference Values 
for Use in Risk Assessments for Cameco Facilities in Canada consolidates and critically reviews TRVs for 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

arcadis.com 
351175 5-54 

several key chemical compounds, and provides final recommended TRV values.  The SENES & EcoMetrix 
(2012) study encompasses TRV data from a wide range of sources recommended by CSA (2012), including: 

 Health Canada;  
 US California EPA (CalEPA);  
 U.S. EPA Integrated Risk Information System (IRIS) database;  

 World Health Organization (WHO); and 
 Agency for Toxic Substances and Disease Registry (ATSDR).  

 
As such, SENES & EcoMetrix (2012) represents some of the most recent and comprehensive TRV 
information for Cameco sites available at this time, and is used preferentially as the source for human-health 
TRV data.  SENES & EcoMetrix (2012) contains detailed discussions of the nature of adverse effects, 

available data, study methods, uncertainties, and TRV selection process for individual chemicals.  The reader 
is referred to the SENES & EcoMetrix (2012) study for this information. 

If TRV information could not be found in SENES & EcoMetrix (2012), then additional sources were used, 
according to CSA N288.6 (2012) recommendations.  These include:  

1. Health Canada;  
2. Ontario Ministry of Environment (MOE) – citing CalEPA, IRIS, RIVM and others; 
3. Canadian Council of Ministers of the Environment (CCME); 

4. US California EPA (CalEPA);  
5. U.S. EPA Integrated Risk Information System (IRIS) database;  
6. World Health Organization (WHO);  

7. Netherlands National Institute of Public Health and the Environment (RIVM); and 
8. Agency for Toxic Substances and Disease Registry (ATSDR).  

If TRV information could not be found from the CSA N288.6 (2012) hierarchy of sources, then additional 
references were reviewed. Table 5.20 presents the human-health TRVs selected for use in this 
assessment. 
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with those from the oral and dermal pathways only if the endpoints for the different routes of exposure are the 
same.  Overall, Equation 5-27 defines the HQ calculation procedure: 

(5-27) 
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Where: 
 

 HQODs  = HQ for oral ingestion (soil), including dermal contribution 

 HQODgw = HQ for oral ingestion (groundwater), including dermal contribution 
 DINGs  = Dose from incidental soil ingestion 
 DINGgw  = Dose from incidental groundwater ingestion 

 DDERMALs  = Dose from dermal exposure to soil 
 DDERMALgw = Dose from dermal exposure to groundwater 
 HQo  = Hazard quotient – oral exposure [-] 

 HQi  = Hazard quotient – inhalation exposure [-] 
 Da,p   = Dose from airborne soil particulate 
 Da,v   = Dose from airborne soil vapours  

 TRVi  = Toxicity Reference Value for inhalation exposure (RfC) [mg/m3] 
 TRVo  = Toxicity Reference Value for oral exposure (RfD) [mg/(kg-d)] 
 TRVd  = Toxicity Reference Value for dermal exposure [mg/(kg-d)]  

     (TRVd assumed equal to TRVo) 
 
When all pathways of exposure and background sources are considered, if the HQ is below a value of 1.0, 
no potential exists for an adverse effect for the selected receptor.  However, in this assessment there are 
potential pathways of exposure from other sources that have not been included (e.g., natural background 

levels in water, store-bought food, etc.).  For this reason, the calculated HQ is compared to a more 
conservative value of 0.2, consistent with risk assessment practice (CSA 2012).   

For carcinogenic COCs, an incremental lifetime cancer risk (ILCR) is calculated by multiplying the estimated 
dose (in mg/(kg-d)) by the appropriate slope factor (in (mg/(kg-d))-1) for dermal and oral exposures, and the 
amortized air concentration (mg/m3) by the appropriate unit risk (in (mg/m3)-1) for inhalation.  This is shown in 

Equation (5-28).  The estimate corresponds to an incremental risk of an individual developing cancer over a 
lifetime as a result of exposure.  Risk is defined as follows: 

  (5-28) 
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Where: 

 TRVo = TRV for carcinogenic effects from oral exposure (SF) [(mg/(kg-d))-1] 
 TRVd = TRV for carcinogenic effects from dermal exposure [(mg/(kg-d))-1] (assumed equal 

to TRVo) 
 TRVi = TRV for carcinogenic effects from inhalation (UR) [(mg/m3)-1] 

The intakes of COPCs for the different pathways of exposure are estimated as outlined in Section 5.2.5, and 
the TRVs used in this HHRA are presented in Section 5.3.1.  The calculated risk is then compared to 
acceptable benchmarks.  In this assessment, an incremental risk level of 1 x 10-6 (1 in 1,000,000) was used 

to assess carcinogenic effects, consistent with the MOE (2011b) to represent an “essentially negligible” risk. 

5.4.2.1 Addition Across Exposure Routes 

Combining Oral and Dermal Exposures: 

In an HHRA, it is generally acceptable to sum hazard quotients or risk levels across exposure routes when 

the adverse health effect has the same toxicological endpoint and mechanism of action.   

In this assessment, it was considered that the mechanisms of action for the oral and dermal exposure routes 

(when toxicity values are available) are the same for all contaminants, and therefore HQs and risks were 
summed across the oral and dermal exposure routes.  

Combining Oral, Dermal, and Inhalation Exposures: 

Inhalation was also added to the oral and dermal total only if the endpoint and mechanism of action were the 

same as those for oral and dermal exposure.  The inhalation TRVs outlined in Table 5.20 were reviewed for 
common endpoints and mechanisms of action.  Of the identified COPCs for this HHRA, the following were 
found to have common endpoints and therefore their inhalation components can be combined with their 

dermal and oral components: 

 Non-Carcinogenic Exposure:  Uranium, 1,1-DCE; PCE; VC 

 Carcinogenic Exposure: PCE; TCE; VC. 

5.4.3 Risk Estimation  

5.4.3.1 Radiological Risk 

The following tables present the estimated radiological doses for worker and member of public receptors, 

based on their respective environmental media and exposure locations, along with a comparison to the dose 
limit outlined in Section 5.3.2).  

  ivapai TRVDDRisk  ,,
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5.4.4 Discussion 

5.4.4.1 Radiological 

Tier 1 calculations, based on maximum radionuclide levels in environmental media were completed.  As 
shown in Section 5.4.3.1, all estimated Tier 1 doses are below the dose limit.  Therefore, no undue 
radiological impacts are expected to workers or members of the public.   

5.4.4.2 Non-Radiological  

As shown in Section 5.4.3.2, risk and HQ results for specific receptor-media combinations were found to 

exceed their corresponding Tier 1 benchmark values. These receptor-media combinations were then carried 
forward for Tier 2 calculations.  Risk and HQ exceedances in the Tier 1 and Tier 2 assessments are 
summarized in Table 5.34.  From Table 5.34 it is clear that there are residual Tier 2 HQ and risk results that 

exceed their corresponding benchmark values; these residual exceedances involve: 

 TCE & VC in onsite groundwater: pertaining to the on-site subsurface worker receptor, and the 

combined ‘resident & on-site subsurface worker’ receptor. 
 VC in offsite groundwater: pertaining to the off-site subsurface worker receptor. 

 Uranium in onsite indoor air: pertaining to the on-site maintenance worker receptor. 
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TCE & VC:  Subsurface Receptors & Onsite/Offsite Groundwater:  

The potential risks posed to onsite/offsite worker receptors from oral and dermal exposure to TCE and VC 

in groundwater are easily and effectively mitigated through the implementation of specific health and safety 
procedures (and equipment) in place at the site.  This includes for example, wearing full coveralls and 
water-proof gloves (in particular for performing groundwater sampling activities), keeping food out of all 

work areas, and wearing goggles for applicable tasks.  Overall, using the identified personal protection 
equipment (PPE) and following the existing health and safety procedures essentially eliminates exposure 
via these uptake routes. 

For duties requiring gloves, Cameco has the appropriate type of gloves available (i.e., nitrile for laboratory 
work or sample collection).  Respirators are required for duties that will generate dust, when air sampling 

indicates uranium in air, or jobs that could expose the worker to airborne contaminants. 

U:  Onsite Maintenance Worker Receptors & Onsite Indoor Air:  

The in-plant air sampling of uranium concentration at CFM used in the risk assessment was conducted at 
workstations throughout the plant continuously during operations.  Elevated results were reviewed by a 

committee regularly to identify any instances where follow up actions were required.  There are also 
procedures at the facility requiring workers to wear respirators when performing specific job tasks in certain 
work areas (e.g. Compaction Room, Pangborn Room and Waste Treatment Area) (Cameco 2015a).  These 

procedures should also apply to any non-NEWs and contractors who perform maintenance-type activities at 
the facility. 

5.5 Uncertainties in the HHRA 

Many areas of uncertainty attend a risk assessment. This is due to the fact that assumptions have to be made 

throughout the assessment either due to data gaps, environmental fate complexities or in the generalization 
of receptor characteristics. To be able to place a level of confidence in the results, an accounting of the 
uncertainty, the magnitude and type of which are important in determining the significance of the results, must 

be completed. In recognition of these uncertainties, several conservative assumptions were used throughout 
the assessment to ensure that the potential for an adverse effect would not be underestimated. The major 
assumptions are outlined below. 

Exposure Point Concentrations 

Measured concentrations of COPCs, and measured activities of radionuclides, were used wherever such data 
was available.  For non-radiological COPCs, the HHRA uses the maximum and 95% UCLM concentrations 
from throughout the year. The use of these concentrations assumes that receptors are exposed to these 

higher concentrations year-round when, in reality, there is both spatial and temporal variations in 
concentrations. Thus, exposures are likely overestimated in the assessment. 
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No uranium-series radionuclides (U-238, U-234, and U-235) are directly measured. Rather, measured 
uranium data for environmental media focus on natural uranium levels. Therefore, the activity concentrations 
of uranium-series radionuclides had to be estimated as outlined in Sections 0 and 5.2.2.2. Although for HHRA 

this involves the use of specific activity estimates, these estimations use the maximum or 95% UCLM 
concentration among Unat data as their starting point. It is therefore unlikely that the resulting doses would be 
underestimated given the use of these concentrations. 

Uncertainty is also acknowledged in concentration estimates derived using modelling methodologies (i.e. 
predicted offsite soil uranium levels, and vapour concentrations based on COPCs in soil or groundwater).  

This uncertainty is due to the nature of the various input parameters used, and the degree to which they are 
correct, representative, and protective.  To reduce uncertainty in modelling, site-specific input parameters 
were used wherever available – in particular for the soil accumulation modelling.  Where site-specific data 

were not available, conservative default values were chosen; in this way the resulting estimates are unlikely 
to underestimate the concentrations of COPCs. 

Transfer Factors 

The concentration of COPCs and radionuclides in food (i.e. fish) had to be estimated using transfer factors 

from literature and pathways/intake calculations.  There is some uncertainty involved in the use of transfer 
factors and data that are not site-specific; however, in the absence of measured concentrations in food, this 
approach provides the only method for estimating concentrations and for estimating transfer up the food chain. 

Human Receptor Characterization  

For all human receptors it is conservatively assumed that the incidental soil ingestion rate is constant, and 
that they ingest the corresponding amount of soil regardless of how much time they spend indoors (90% of 
the time).  This would lead to a conservative overestimate of the dose they receive via this pathway. 

The fraction of consumed fish that is caught locally has the potential to vary considerably.  For this HHRA, it 
is conservatively assumed that all fish consumed has been caught locally (i.e. a location fraction of 1 is used).  

This would lead to a conservative overestimate of the dose received through the fish ingestion pathway, for 
applicable receptors. 

For onsite maintenance worker receptors, it is conservatively assumed that they were exposed to indoor air 
throughout the plant, including work areas that require workers to wear respirators, two weeks per year without 
respirator protection.  This would result in overestimating the dose received by the receptors.  

For worker receptors with groundwater exposure pathways, the incidental ingestion rate for groundwater is 
not specified, and as such, an incidental ingestion of 10 mL of groundwater is used – this is a very conservative 

approach.  Trained workers, following health and safety procedures, and wearing appropriate PPE for 
sampling tasks are very unlikely to ingest 10 mL of groundwater per exposure event.  Nonetheless, this very 

conservative approach ensures that the resulting dose will not be underestimated. 
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Similarly, for worker receptors with groundwater exposure pathways, the dermal absorption period for contact 
with groundwater is not specified, and as such, it is assumed that dermal contact occurs throughout the entire 
groundwater exposure period – this is a very conservative approach.  Trained workers, following health and 

safety procedures, and wearing appropriate PPE for sampling tasks are very unlikely to experience direct 

dermal contact with groundwater for the entire duration of the groundwater exposure event.  Nonetheless, this 
very conservative approach ensures that the resulting dermal dose will not be underestimated. 

Toxicity Reference Values 

The TRVs are selected to be very protective.  The TRVs used in the assessment were obtained from reputable 
sources; nonetheless, they are always associated with uncertainty due to the extrapolation of testing on lab 
species (e.g., rats) to humans, and due to the extrapolation from a controlled laboratory setting to real-world 

conditions.  The use of a single value for toxicity is another area of uncertainty.  The factors used in the risk 
assessment represent risks from maximum dose-response estimates.  Also, no adjustments were made for 
bioavailability, which can result in either an over- or under-estimation of exposure and thus leads to uncertainty 

in the risk assessment.   

In addition, it is important to note that toxicity data are not available for oral/dermal uptake of chloroethane 

(CA).  This is acknowledged as a data gap. 

Risk Estimation – Multiple Contaminants 

In this risk assessment, it was considered that the mechanisms of action for the oral and dermal exposure 
routes are the same for each specific contaminant and HQs were, therefore, summed across the oral and 

dermal exposure routes.  This is a conservative approach to dealing with oral/dermal mechanisms of action 
and it is therefore unlikely that risk would be underestimated by using this approach.  Furthermore, for 
uranium, the oral, dermal, and inhalation doses have been combined since there is evidence of a common 

mechanism of action. 

When dealing with multiple contaminants, there is a potential for interaction with other contaminants that may 

be encountered at the site.  In addition, other factors including smoking and lifestyle factors are known to 
compound health effects.  Synergism, potentiation, antagonism or additivity of toxic effects may occur.  Some 
of these interactions can be handled in a simple fashion.  For chemical mixtures that show additive effects 

based on toxicity assessment, the HQ or risk values may be added together.  The lifetime risk can be 
expressed individually for each chemical (and by site of action, if necessary) and then totaled as a group.  In 
practical terms, at levels of exposure typically considered in the assessment, the dose-response relation is 

assumed to be linear and, thus, additivity of effects (strictly by organ) is reasonable. Overall, a detailed 
quantitative assessment of these interactions is outside the scope of this study.   
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6.0 ECOLOGICAL RISK ASSESSMENT 

6.1 Problem Formulation 

6.1.1 Receptor Selection and Characterization 

For consistency, the ecological receptors included in this EcoRA are based on previous risk assessments for 
the CFM facility (e.g. SENES 2007), with additional species to better represent the terrestrial and aquatic 

environments (for example, to represent a variety of diets for terrestrial birds). 

The study area encompassed by this EcoRA includes both terrestrial and aquatic environments characteristic 

of southern Ontario.  Therefore the following major biota groups warrant consideration: 

 Freshwater aquatic environment: 

o Aquatic birds; 

o Fish (benthic and pelagic); 

o Benthic invertebrates; and 

o Aquatic vegetation. 

 Terrestrial environment: 

o Terrestrial birds; 

o Terrestrial mammals; 

o Terrestrial invertebrates; and 

o Terrestrial vegetation. 

For each of the major biota groups mentioned above, a representative ecological receptor was selected (also 
referred to as an indicator species). Indicator species were selected based on:  

 Knowledge of the CFM site and surrounding environment;  

 Relevant environmental studies and field observations (e.g. the prior SENES 2007 study);  

 Observations by CFM and Cameco staff;  

 Accessibility of the environmental media; and, 

 The potential species present in the area. 

Table 6.1 presents the details of ecological receptor identification and selection.   
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Overall, the selected indicator species are appropriate because they reflect a variety of diets/feeding habits, 
cover a variety of trophic levels, are representative of the biota expected to be found in the study area, and 
are of interest to the facility.  

Ecological characterization tables have been developed for each receptor   
These profiles present receptor-specific information related to:  

 Trophic level or ecosystem role (e.g., predators or prey species); 

 Life history; 

 Importance to humans; 

 Size and body weight; 

 Dietary composition; 

 Food intake rate; 

 Habitat; 

 Habitat/home range spatial distribution and size; 

 Time spent in area;  

 Important behaviour and population dynamics (e.g., migratory); and 

 Other useful information.   

It is important to understand that fish, benthic invertebrates, terrestrial invertebrates, and vegetation (both 
aquatic and terrestrial) are assessed based directly on environmental concentrations. Pathways of exposure 

(e.g., ingestion, inhalation, etc.) are not explicitly modelled (or needed) for these receptors.  As a result, 
ecological characterization tables  are not required for these receptors.   

6.1.2 Assessment and Measurement Endpoints 

Assessment endpoints 

Indicator species are assessed using quantitative expressions referred to as “assessment endpoints”.  These 
are expressions of the actual environmental values to be protected. In generally, the assessment endpoints 

selected in this study are healthy populations of the identified indicator species within the study area.    

Measurement endpoints 

Typically assessment endpoints (such as those outlined above) are qualitative in nature and do not lend 
themselves to direct measurement or quantification.  Therefore, measurement endpoints are outlined, which 

are measurable or predictable expressions of the assessment endpoint.  
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The values of measurement endpoints will be dependent not only upon the species being protected, but also 
upon the level of protection provided.  For example, a measurement endpoint suitable for ensuring 
reproductive success of a population may not be adequate to ensure the protection of each member of the 

population.   

In this study, measurement endpoints are the screening index (SI): the ratio of an estimated exposure level 

(or an environmental concentration) divided by a corresponding TRV.  The SI measurement endpoint is at the 
population level.  As a result, when the chosen TRV encompasses long term effects based on survival 
(mortality), growth, or reproduction, then the measurement endpoint is closely linked to the assessment 

endpoint (healthy populations) and the necessary inferences can be made (i.e., one can  infer the ‘healthiness’ 
of the population).  So, where an estimated exposure level is less than the corresponding TRV (i.e., screening 
index less than 1), effects on a population of biota are not expected; however, where an estimated exposure 

level is greater than the corresponding criterion (i.e., screening index greater than 1), deleterious effects on 
the population of biota may or may not occur and further study may be required to determine potential effects.   

6.1.3 Ecological Secondary Screening of COPCs and Stressors 

Following from the results of the preliminary screening process (Section4.0), an ecological health secondary 

screening process is usually carried out to determine which COPCs are relevant to the EcoRA, and, to 
further refine the list of COPCs for risk calculations.  However, all the contaminants in soil and groundwater 
are directly related to site operations and are found in other media so all COPCs identified in the primary 

screening were carried through for further consideration in the EcoRA.    

6.1.4 EcoRA Exposure Pathways 

Table 6.2 presents the active exposure pathways for the ecological receptors identified in Section 6.1.1.  
The exposure pathways are based on the known habitat needs, mobility, and diets of the ecological 

receptors, along with knowledge of the location of their respective habitats within the study area. It is 
important to note that all surface dwelling biota (i.e. excluding submergent aquatic species, and terrestrial 
earthworms) are assessed for direct gamma dose, in addition to the pathways discussed below. 

Terrestrial vegetation and terrestrial invertebrates (earthworms) would be directly exposed to contaminated 
soil; and as such, pathways of exposure (e.g., ingestion, inhalation, etc.) are not explicitly modelled (or 

needed) for these receptors.   

Similarly, aquatic vegetation and pelagic fish would be directly exposed to contaminated surface water.  

Pathways of exposure (e.g., ingestion, inhalation, etc.) are not explicitly modelled (or needed) for this 
receptor.   

Aquatic invertebrates (benthos) and benthic fish would be directly exposed to contaminated surface water 
as well as sediment.  Pathways of exposure (e.g., ingestion, inhalation, etc.) are not explicitly modelled (or 
needed) for these receptors.   
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Terrestrial mammals and birds are exposed through ingestion of food, including terrestrial vegetation and 
earthworms, as well as incidental ingestion of soil and ingestion of surface water.  Higher trophic species 
(such as the red fox and great horned owl) will also consume lower trophic species (such as voles and 

robins), as part of their diet.  It is assumed that terrestrial mammals and birds obtain all of their food from 
the site, which is conservative, given that many species have larger home ranges or forage areas than the 
small grass patch areas of the site.  Terrestrial mammals will also receive an external dose from soil 

(radiological only).  

Aquatic birds are exposed through ingestion of food, including aquatic vegetation and benthos, as well as 

ingestion of sediment and surface water.  Aquatic birds will also receive an external dose from radionuclides 
in surface water.  Higher trophic species such as the cormorant consume fish as part of their diet. 

The following pathways have been identified as inactive, or are otherwise not applicable: 

 Inhalation 
 

As discussed in CSA N288.6 (2012), inhalation exposures are typically minor in relation to soil and food 
ingestion exposures, and can therefore be excluded from assessments.  For particulate substances release 
to air and accumulating in the soil over time, the steady-state soil concentrations are usually high enough 

that soil and food ingestion components of dose are dominant.     

 Dermal uptake 
 

Dermal exposure is generally not a significant pathway of exposure for wildlife as fur and feathers are 
effective at blocking direct contact with skin.  

 Immersion in air (radiological only) 
 

External dose from immersion in air is minor, relative to soil and food ingestion exposure and can be ignored 
(particularly since noble gases are not identified as COPCs) (CSA 2012).  
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6.1.5 EcoRA Conceptual Site Model (CSM) 

The overall EcoRA study boundaries are based on knowledge of the site and surrounding area, and includes 

a range of known and potential contamination sources.  Figure 6.1 presents a schematic CSM for the site, 
showing the environmental media included in this EcoRA along with the exposure pathways that link these 
environmental media to the identified ecological receptors.   
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Figure 6.1 EcoRA Conceptual Site Model 
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6.2 Exposure Assessment 

6.2.1 Exposure Points 

The Tier 1 assessment relies on the conservative use of maximum concentrations in relevant environmental 
media, regardless of the location of the maximum measured concentrations.  In this way a receptor is 

hypothetically/mathematically exposed to the worst-case concentrations in environmental media from 
several different locations simultaneously.  Concentrations specific to each exposure point can be used in 
a Tier 2 assessment if needed, for those biota whose doses exceed their corresponding benchmarks. The 

maximum concentrations of COPCs in environmental media are outlined in Section 6.2.4.  

6.2.2 Exposure Factors for Receptors 

Table 6.3 presents an overview of key exposure factors among the ecological receptors identified and 
described in Section 6.1.1.   

 

The exposure factors for ecological receptors were obtained preferentially from Module C (Standardization 

of Wildlife Receptor Characteristics) of the Environment Canada (2012) FCSAP Ecological Risk 
Assessment Guidance.   

Soil and sediment ingestion rates, if not available in the FCSAP (2012) document, were for the most part 
obtained from a wildlife soil ingestion study completed by Beyer et al. (1994) in which the fractional soil 
composition of the diets (i.e., percentage of the dry weight food ingestion rate) of 28 wildlife species were 

estimated. Ingestion rates for animals not considered in the Sample study were estimated by using fractional 
compositions for other animals with similar diets. 

When food and water intake and inhalation rates were not available directly from the above-mentioned 
sources, the following allometric equations from the U.S. EPA (1993b) were used: 

Dry weight food Ingestion (g dw/d): 
 Birds = 0.648*BW0.651 (BW in g) 
 Mammals = 0.235*BW0.822 (BW in g) 

 
Water Intake (L/d): 
 Birds = 0.059*BW0.67 (BW in kg) 

 Mammals = 0.099*BW0.9 (BW in kg) 
 
Inhalation Rate (m3/d): 

Birds = 0.4089*BW0.77 (BW in kg) 
Mammals = 0.5458*BW0.8 (BW in kg) 
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6.2.3 Exposure Durations and Averaging 

Terrestrial Receptors 

For Tier 1 and EcoRA calculations, it is conservatively assumed that ecological receptors spend their entire 
exposure duration within their exposure locations.  In other words, there is no reduction to account for time 

spent outside of the exposure location.   

For migratory species, risk calculations do not average a receptors exposure based on time away from the 

site during migration. 

Aquatic Receptors 

Similar to terrestrial EcoRA calculations, Tier 1 aquatic EcoRA calculations conservatively assume that all 
aquatic receptors spend their entire exposure duration within their exposure locations.  In other words, there 

is no reduction to account for time spent outside of the exposure location.     

6.2.4 Exposure Point Concentrations 

Sections 6.1.4, 6.1.5, and 6.2.1 discuss the locations of ecological receptors, the environmental media that 
each receptor can be exposed to, and the pathway through which they can potentially be exposed.   

The following tables present the concentrations for each environmental media, relevant to the identified 
receptors and pathways.  These values are used as exposure point concentrations in subsequent exposure 

calculations.   

Surface water concentrations used in ecological risk calculations are estimated in two different ways, resulting 

in two different cases: 

 Case 1: surface water concentration is estimated based on the maximum concentration among 
available monitoring data, excluding monitoring stations SW4 and SW9 which are seasonally dry; 
and, 

 Case 2:  
o Tier 1: surface water concentration is estimated for the vicinity of the municipal sewage 

outfall diffuser, using sewer effluent concentrations from the Cameco (2015a) ACMOPR with 
no dilution factor. 

o Tier 2: surface water concentration is estimated for the vicinity of the municipal sewage 
outfall diffuser, using sewer effluent concentrations from the Cameco (2015a) ACMOPR and 
a dilution factor of 70 to account for the dilution caused by other contributors to the total 
municipal effluent (see Section 3.4.1). 
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6.2.4.1 Direct Gamma 

Gamma dose rates used for radiological EcoRA are obtained from the CFM fenceline gamma monitoring 
program, as reported in the Cameco (2015a) ACMOPR.  A maximum measured 2014 quarterly fenceline 

dose rate of 0.97 µSv/h (equivalent to 0.023 mGy/d) was recorded from fenceline monitoring station #12; this 
maximum value is used for gamma dose calculation purposes, for all biota, as a conservative measure. 
Furthermore, it is assumed that all ecological receptors receive this dose rate for 24 h/d (i.e. assuming 100% 

residency), which is conservative for several receptors.   

6.2.5 Non-Radiological Dose Calculation Methods 

The COPCs identified through the screening process (see Sections 4.0 and Section 6.1.3) are quantitatively 
evaluated for all ecological receptors (see Section 6.1.1), based on the identified pathways (see Section 6.1.4) 

and environmental media (see Section 6.2.4).  Where sufficient data are not available, a qualitative 
assessment is undertaken.  

Note that select biota toxicity is based on direct comparison to COPC concentrations in surrounding media; 
an examination of intakes is not necessary.  These cases are discussed in Section 6.1.4.   

For mammals and birds, COPC exposure is based on intakes, which are estimated by way of food chain 
intake calculations.  In a broad sense, the total intake of any given COPC for a particular mammal or bird 
receptor is equal to the sum of intakes from all appropriate pathways, including: incidental ingestion of soil, 

incidental ingestion of surface water, and consumption of food (which varies based on the diet of a particular 
receptor). Equation 6-1 is used to calculate each of the intake routes as follows: 

 In = Cn  IRn  floc x CF (6-1) 

Where: 

 In = intake of COC via pathway “n” where “n” can represent all exposure routes such as 
soil, vegetation, etc. [mg/d] 

 Cn  = COC concentration in “n” media [mg/kg] 

 IRn  = intake rate of “n” by the receptor [g/d] 

 floc = fraction of time at site [-] 

 CF = conversion factor 1.0x10-3 [kg/g] 

After summing the individual intakes, the total intake was divided by the body weight of the ecological receptor 

in order to compare the total COC intake to the toxicity reference value (which has the unit of mg/kg-d).  This 
is consistent with CSA (2012) methodology for calculating intakes. 
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6.2.6 Radiological Dose Calculation Methods 

For radionuclide COPCs, the resulting radiation dose involves both internal and external components, which 

are calculated separately.  The total radiation dose, per radionuclide, is the sum of all internal and external 
doses.  The overall radiation dose is the total sum of all internal external doses from all radionuclides.  

6.2.6.1 Aquatic Biota – Internal & External Radiation Dose 

For aquatic biota, internal dose calculation is performed for each radionuclide, following Equation 6-2 (CSA 
2012): 

tissueCDCD  intint  

(6-2) 
Where: 
 Dint = internal radiation dose [µGy/hr]  

 DCint   = internal dose coefficient for radionuclide in tissue [µGy/hr per Bq/(kg fw)] 
 Ctissue = whole body tissue concentration [Bq/(kg fw)] 
 

External dose calculation is performed for each radionuclide, following Equation 6-3 (CSA 2012): 

 

])5.0()5.05.0[( sssswsswswextext COFOFCOFOFOFDCD   

(6-3) 

Where: 
 Dext = external radiation dose [µGy/hr]  

DCext   = external dose coefficient for radionuclide in water or sediment [µGy/hr per Bq/kg; or 

µGy/hr per Bq/L] 
 OFw = fraction of time spent immersed in surface water [unitless] 
 OFs = fraction of time spent immersed in sediment [unitless] 

 OFws = fraction of time spent on the water’s surface [unitless] 
 OFss = fraction of time spent on the sediment’s surface [unitless] 
 Cw = surface water concentration [Bq/L] 

 Cs = sediment concentration [Bq/kg] 
 

6.2.6.2 Terrestrial Biota – Internal & External Radiation Dose 

For terrestrial biota, internal dose calculation is performed for each radionuclide, following Equation 6-4 
(CSA 2012): 

tissueCDCD  intint  

(6-4) 

Where: 
 Dint = internal radiation dose [µGy/hr]  
 DCint   = internal dose coefficient for radionuclide in tissue [µGy/hr per Bq/(kg fw)] 

 Ctissue = whole body tissue concentration [Bq/(kg fw)] 
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External dose calculation is performed for each radionuclide, following Equation 6-5 (CSA 2012): 

 
soilsoilextext COFDCD   

(6-5) 
Where: 

 Dext = external radiation dose [µGy/hr]  
DCext   = external dose coefficient for radionuclide in soil [µGy/hr per Bq/kg] 

 OFsoil = fraction of time spent immersed in soil [unitless] 

 Csoil = soil concentration [Bq/kg] 
 

6.2.6.3 Radiation Weighting Factors 

The radioecological weighting factor, also referred to as relative biological effectiveness (RBE), is the ratio of 
doses from different types of radiation needed to produce the same biological effect.  For example, 

Alpha RBE =  (Dose of gamma to produce a given effect) 

   (Dose of alpha to produce the same effect) 

The RBE is applied to un-weighted doses from alpha-emitting radionuclides; the weighted doses retain their 
original units (i.e., mGy/day).  A RBE factor of 10 is used in this study for the alpha radiation component of 
internal dose from all alpha emitting radionuclides, following CSA (2012).  Select DCs from Prohl (2003) 

already include an RBE of 10 (see below), whereas DCs from Amiro (1997) are not originally weighted.  In 
this study, an RBE of 10 has been applied to DCs for all alpha emitting radionuclides, including DCs from 
Amiro (1997), and DCs from Prohl (2003) that were not originally weighted. 

6.2.6.4 Dose Coefficients 

Radiation dose coefficients (DCs) have been selected from: (1) Prohl (2003), and (2) Amiro (1997), if an 

appropriate representative species could not be found in Prohl (2003), consistent with CSA (2012) guidance.    

Prohl (2003) DCs 

Prohl (2003) provides DCs from the FASSET program based on select reference organisms, which have been 
chosen by based on broad taxonomic families of organisms that are known contributors to the proper 

functioning of an ecosystem.  The following reference organisms are considered in Prohl (2003): 

Terrestrial Reference Organisms: 
 

 Woodlouse; 
 Earthworm; 
 Mouse; 

 Mole; 
 Weasel; 
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 Snake; 
 Rabbit; 
 Red fox; 

 Row deer; 
 Cattle; 
 Small egg; 

 Big egg; 
 Herbivorous bird; and 
 Carnivorous bird. 

 
Aquatic Reference Organisms Phytoplankton: 

 Zooplankton; 
 Crustacean; 
 Insect larvae; 

 Vascular plant; 
 Gastropod; 
 Amphibian; 

 Bivalve mollusk; 
 Pelagic fish; 
 Benthic fish; 

 Mammal; and 
 Bird. 

Table 6.6 presents a comparison between Prohl (FASSET) (2003) reference organism classes and the 
identified ecological receptors. 
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As shown above, there is generally good alignment between indicator species and DC-species; however, 
there are two biota groups that warrant further discussion:  terrestrial vegetation, and terrestrial birds. 

Terrestrial Vegetation 

For terrestrial vegetation, DCs for whole-body exposure are not available in Prohl (2003).  Instead Prohl (2003) 

provides organ-specific terrestrial vegetation DCs (external) for selected critical organs of shrubs, trees and 
herbs (meristems and buds).  By applying the DC for a sensitive critical organ to the estimated whole-body 
exposure, the resulting dose will have an inherent degree of conservatism.  Therefore, the critical organ DC 

for the ‘herb’ reference organism was selected.  Prohl (2003) does not provide internal DCs for terrestrial 
vegetation; to fill this data gap, internal DCs from Amiro (1997) were applied. 

Terrestrial Birds 

For terrestrial birds, DCs for internal exposure are not available from Prohl (2003).  However, DCs derived in 

Prohl (2003) are primarily based on organism size (which is simplified and expressed ellipsoids or spheres of 
various sizes) rather than dietary composition.  For external DCs, Prohl (2003) lists the organism size for the 
‘herbivorous bird’ reference organism as being equal to that of the ‘mouse’ reference organism.  Similarly, for 

external DCs Prohl (2003) lists the organism size for the ‘carnivorous bird’ reference organism as being equal 
to that of the ‘rabbit’ reference organism.  As a result, the internal DCs for the ‘mouse’ reference organism are 
applied to the American Robin and Yellow Warbler receptors, whereas the internal DCs for the ‘rabbit’ 

reference organism are applied to the Great Horned Owl receptor.   

Amiro (1997) DCs 

Earthworms that live in groundwater are also not clearly defined in Prohl (2003).  To maintain conservatism, 
DCs from Amiro (1997) were chosen as they neglect organism geometry (i.e. assume infinite size) and 

therefore assume that all energies emitted by radionuclides from within the biota are absorbed by the biota, 
regardless of its actual size.   

Summary 

Table 6.7 to Table 6.9 present the internal and external DCs selected for ecological receptors.  Wherever a 

DC was not originally weighted in its source reference - and therefore has an RBE of 10 applied – this has 
been indicated. 

 

For external soil DC selection, the rabbit, fox and meadow vole are burrowing animals and therefore DCs for 
biota that reside “in soil” were used preferentially over DCs for biota that reside “on soil”. 
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6.2.7 Transfer Factors 

Overall, the selection of transfer factors follows the CSA N288.6 (2012) recommended hierarchy sources for 

Transfer Factors (TFs) and Concentration Ratios (CRs). 

To estimate intake up the food chain, concentrations of COPCs in terrestrial vegetation, earthworms and small 

mammals (as prey) are estimated using transfer factors (TFs) from literature sources (namely those 
recommended by CSA (2012)).  The associated tissue concentrations in terrestrial vegetation, earthworms 
and small mammals from all exposure pathways are estimated from soil concentrations as shown in 

Equation 6-6:  

 biotatosoilsoilbiota TFCC 
 (6-6) 

Where: 

 Cbiota = COC concentration in biota (vegetation, earthworms, small mammals) 

   [mg/(kg ww)]  

 Csoil = COC concentration in soil [mg/(kg dw)] 

 TF = transfer factor from soil-to-biota [(mg/(kg ww))/(mg/(kg dw))] 

Soil-to-small mammal transfer factors are not always available for all COPCs.  As an alternative, mammalian 
tissue concentrations can also be estimated from allometrically scaled feed-to-tissue transfer factors as shown 

in Equation 6-7:  

 tissuetofeedtotaltissue TFIC   (6-7) 

Where: 

 Ctissue = COC concentration in tissue of ingested animal [mg/(kg ww)]  

 Itotal = intake of COC by ingested animal from all pathways ( nI ) [mg/d] 

 TFfeed-to-tissue = allometrically scaled transfer factor from feed-to-tissue [d/kg] 

Transfer factors from literature for feed-to-beef (cow) are available for many COPCs, which can then be 
allometrically scaled for the ingested mammal using the ratio of their body weight to that of the cow using 

Equation 6-8: 
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recently, the allometric weight adjustment was found to be inappropriate for most analytes and ecological 
receptors.  Therefore, the approach is instead to find toxicity data for species that most closely represent a 
given ecological receptor in a particular assessment (i.e., use of surrogates) in terms of diet and overall 

organism size.  For uranium, only a single study was available for mammals (mouse) and birds (black duck), 
and so these studies were used for all mammals and birds (aquatic and terrestrial), respectively.  For more 
detailed description of the TRV derivation process and the toxicity data used, the reader is referred to the 

original SENES & EcoMetrix (2012) report. 

For aquatic vegetation, invertebrates, and fish, TRVs were also obtained from SENES & EcoMetrix (2012).  

For these aquatic biota, the TRV information in SENES & EcoMetrix (2012) is ultimately based on data from 
the United States Environmental Protection Agency (U.S. EPA) ECOTOXicology database (ECOTOX).  This 
database reports toxicity data for a wide range of aquatic species as well as laboratory and field studies.  For 

most chemicals, ECOTOX includes toxicity data in literature from 1972 to the present.  All data have been 
quality assured according to the U.S. EPA’s criteria, and the system is updated quarterly (U.S. EPA 
2012).  CSA (2012) also supports the use of ECOTOX as a source of information.  The following principles 

were applied in the selection of toxicity data for aquatic biota: 

 Endpoints involving growth, reproduction and survival were considered to be relevant to persistence 
of aquatic populations (consistent with CSA 2012); 

 Only freshwater toxicity studies were considered;   

 Records without test duration, endpoint and exposure concentration were eliminated; 

 Chronic toxicity data were preferred in the selection (favoured by CSA 2012 as well).  When chronic 

data were not sufficient (minimum of 2), acute data were considered and converted to chronic values; 

 Chronic EC20 concentrations were preferred (consistent with CSA 2012). If not reported, other 
endpoints were considered and adjusted to an estimated EC20 value (see discussion below). 

If more than 20 chronic EC20 were available in each taxonomic group, a 5th percentile of the EC20 
distribution  was used as a recommended TRV; if there were less than 20 chronic EC20 values, the lowest 

EC20 was used as a recommended TRV for the taxonomic category.  The lowest chronic EC20 or 5th 
percentile of chronic EC20s derived from the above process were compared with widely used TRVs in 
ecological risk assessment recommended by Suter and Tsao (1996), U.S. EPA, CCME or other government 

guideline documents.  The more appropriate values were selected as the recommended TRV for each 
taxonomic category in this review.  For details regarding the TRV derivations and modifying factors for each 
individual COPC, the reader is referred to the original SENES & EcoMetrix (2012) study. 

For terrestrial vegetation and terrestrial invertebrates (earthworms), TRV information is not available in the 
SENES & EcoMetrix (2012) document.  As such, a review was conducted of the MOE (2011b) rationale 

document, the soil quality standards of the CCME, the Eco-SSL documents of the U.S. EPA, along with values 
from the Environment Canada (2013) Database of Guidelines.  The MOE considers ecotoxicity criteria in the 
development of soil criteria, so that soil standards are protective of both human and ecological health. In the 

MOE update of their soil criteria (2011b), plant and soil invertebrate protection values for 
agricultural/residential/parkland and industrial/commercial land use were developed following the CCME 
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6.4.2 Risk Results – Non-Radiological 

The following tables present the estimated non-radiological risk (SI) results for terrestrial receptors, based on 

their respective environmental media exposures and their corresponding benchmarks (see Section 6.3).  

Tier 1 

Tier 1 estimates are based on maximum concentrations in environmental media. 

Table 6.20 presents Tier 1 Case 1 SI values for terrestrial receptors, whereas Table 6.21 presents Tier 1 SI 
values for aquatic receptors.  Table 6.22 and Table 6.23 present Tier 1 Case 2 SIs for terrestrial and aquatic 
receptors, respectively.   

Tier 2 

Tier 2 dose assessment is performed for any COPC-receptor combinations with estimated doses that exceed 
the corresponding TRV in the Tier 1 assessment (i.e. benthic invertebrates).  Table 6.24 presents Tier 2, 
Case 2 SI values for benthic invertebrates.   
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6.4.3 Discussion of Risk Results 

6.4.3.1 Radiological 

As shown in Section 6.4.1, for all ecological receptors (terrestrial and aquatic), no radiological risk SIs were 
found to be greater than 1, and therefore, the estimated radiological doses to terrestrial receptors are less 
than the corresponding benchmark value.  No undue effects are anticipated. 

6.4.3.2 Non-Radiological 

As shown in Section 6.4.2, for all aquatic and terrestrial receptors, only benthos showed screening index 

results greater than 1, for Tier 1, Case 2.  As such, Tier 2 calculations were undertaken, using a dilution 
factor to account for dilution of CFM effluent in total STP effluent (see Section 3.4.1).  Tier 2 calculations 
for benthos (Case 2) produced non-radiological SIs less than 1. Therefore, after Tier 2 calculations there is 

no residual risk, the estimated non-radiological doses for all ecological receptors are less than their 
corresponding benchmark values, and no undue effects are anticipated. 

6.5 Uncertainties in the EcoRA 

The main uncertainties in the EcoRA, and the assumptions made to address them, are outlined below. 

Exposure Point Concentrations 

Measured concentrations of COPCs, and measured activities of radionuclides, were used wherever such data 
was available.  For non-radiological COPCs, the EcoRA uses two cases as described in Section 6.2.4: one 
relying on the maximum measured concentration among appropriate surface water monitoring locations; and 

the other relying on total measured uranium in facility effluent. For surface water monitoring data, the use of 
these concentrations assumes that receptors are exposed to these higher concentrations year-round when, 
in reality, there is both spatial and temporal variations in concentrations.  Thus, exposures are likely 

overestimated.  A similar assumption is made regarding the CFM effluent data: where it is assumed that the 
total amount of uranium is present for the entire exposure period, when in reality the amount of uranium will 
vary over time. 

No uranium-series radionuclides (U-238, U-234, and U-235) are directly measured. Rather, measured 
uranium data for environmental media focus on natural uranium levels.  Therefore, the activity concentrations 

of uranium-series radionuclides had to be estimated as outlined in Sections 0 and 5.2.2.2. Although for EcoRA 
this involves the use of specific activity estimates, these estimations use the maximum concentration (or total 
annual amount of uranium – for case 2) as their starting point. It is therefore unlikely that the resulting doses 

would be underestimated given the use of these concentrations. 

Uncertainty is also acknowledged in concentration estimates derived using modelling methodologies (i.e. 

predicted offsite soil uranium levels, and vapour concentrations based on COPCs in soil or groundwater).  
This uncertainty is due to the nature of the various input parameters used, and the degree to which they are 
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correct, representative, and protective.  To reduce uncertainty in modelling, site-specific input parameters 
where used wherever available – in particular for the soil accumulation modelling.  Where site-specific data 
were not available, conservative default values were chosen; in this way the resulting estimates are unlikely 

to underestimate the concentrations of COPCs. 

Receptor Occupancy & Home Ranges 

All mobile receptors are assumed to be present for the entire year, despite any potential migratory behaviour.  
In addition, the home range of all mobile receptors is assumed to be limited to the location of these maximum 

concentrations, when in reality, several mobile receptors have large home ranges and the location of a 
maximum concentration might represent only a small portion of their overall range.  Thus, exposures are likely 
to be conservatively overestimated. 

Transfer Factors 

Measured data from the site focus on environmental media and facility effluents, not tissue concentrations. 
Therefore, the concentrations/activities in biota had to be estimated using transfer factors from literature as 
well as food intake calculations.  There is some uncertainty involved in the use of transfer factors and data 

that are not site-specific; however, in the absence of measured data, this approach provides the only method 
for estimating concentrations and for estimating transfer up the food chain. 

Receptor Characterizations/Exposure Parameters 

The characteristics of ecological receptors – mobile receptors in particular - represent another source of 

uncertainty since receptors will adjust and vary their diet and behavior according to the food and water sources 
available and regional conditions in general. The characteristics (e.g., body weight; food, water, and soil 
consumption rates, etc.) for all receptors were selected based on a review of available information in various 

credible literature sources. However for some (though not all) literature sources, these parameters are 
obtained from studies involving animals in captivity, and therefore may not be fully representative of free-
range animals in the wild. An underestimate of exposure might result from this – for example, by assuming a 

body weight that is greater than for animals in the wild - but there are other conservative assumptions that 
may compensate (e.g. assuming 100% of intake of a COPC is absorbed by the body).  

Toxicity Reference Values 

The TRVs used in the assessment were obtained from reputable sources; nonetheless, they are always 

associated with uncertainty due to the extrapolation of testing on lab species (e.g., rats) to field conditions as 
well as to the ecological receptors considered in this assessment. Additionally, toxicity information for a COPC 
was used regardless of its form in the test procedure, even though this may not be the same form used in the 

assessment (e.g., an oxide form compared to a more soluble form). It is difficult to determine the effect of 
these assumptions.   
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7.0 CONCLUSIONS AND RECOMMENDATIONS 

7.1 Conclusions 

7.1.1 HHRA Conclusions 

Radiological HHRA: 

The radiological human health risk component identified that all Tier 1 doses are below the dose limit, for all 
human receptors (on-site and offsite workers, and members of the public). Therefore, undue risk to human 
receptors from environmental radiation doses is unlikely. 

Non-Radiological HHRA: 

The non-radiological human health risk component identified one receptor-COPC combination with residual 
risk:   

 TCE & VC in onsite groundwater: pertaining to the on-site subsurface worker receptor, and the 

combined ‘resident & on-site subsurface worker’ receptor. 
 VC in offsite groundwater: pertaining to the off-site subsurface worker receptor. 

 Uranium in onsite indoor air: pertaining to the on-site maintenance worker receptor. 

For TCE and VC in onsite and offsite groundwater, the residual risks posed to subsurface contractor worker 

receptors are from oral and dermal exposure, which is easily and effectively mitigated through the 
implementation of specific health and safety procedures (and equipment) already in place at the site. The 
worker exposure portion is the same for the ‘resident & onsite subsurface worker’ receptor, and as such, 

the same facility health and safety measures apply. 

For uranium in onsite indoor air, there are procedures at the facility requiring workers to wear respirators 

when performing specific job tasks in certain work areas and these procedures should also apply to any 
non-NEWs and contractors who perform maintenance-type activities at the facility. 

7.1.2 EcoRA Conclusions 

The radiological component of the EcoRA identified no screening index results with values greater than 1 

for terrestrial or aquatic receptors, and therefore, the estimated radiological doses to all ecological receptors 
are less than the corresponding dose benchmarks.  As a result, no undue effects are anticipated. 

The non-radiological component of the EcoRA identified no screening index results with values greater than 
1 for terrestrial or aquatic receptors for Case 1 (based on measured surface water concentration data).  
Tier 1 SI results for Case 2 showed a value greater than 1 only for benthos, and as a result, benthos was 

carried forward for Tier 2 calculations.  Tier 2 (Case 2) calculations for benthos incorporated a dilution factor 
to account for dilution of CFM effluent by additional sewer effluent volumes as described in Section 3.4.1.  



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 
 
 

 

arcadis.com 
351175 7-2 

Tier 2 (Case 2) SI results were below 1, and therefore, there are no residual risk exceedances for any 
ecological receptors and no undue effects are anticipated. 

7.2 Recommendations 

The following recommendation is offered, based on the findings of this study: 

 CFM should require all on-site non-Cameco workers or contractor (i.e. non-NEWs) to follow the 
same health and procedures with regard to the use of respirators while working inside the facility.  

Cameco may also consider a requirement for all on-site workers to be NEWs. This policy would 
ensure that workers are trained, protected and monitored effectively and on a harmonized basis.  

 





ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-1 

9.0 REFERENCES 

Agency for Toxic Substances and Disease Registry (ATSDR). 2013. Toxicological Profile for Uranium.  
September. 

Agency for Toxic Substances and Disease Registry (ATSDR). 2006. Toxicological Profile for Vinyl Chloride.  
July. 

American Society for Testing and Materials (ASTM). 1995. Standard Guide to Risk-Based Corrective Action 

at Petroleum Release Sites. No. E1739-95.   

Amiro, B.D.  1997.  Radiological Dose Conversion Factors for Generic Non-Human Biota Used for Screening 
Potential Ecological Impacts.  J. Environ. Radioactivity 35(1): 37-51.   

Aqua Terre Solutions Inc. (AquaTerre). 2009. Technical MEMO:  Interior Soil Sampling Program – VOCs – 
Final Report. Cameco Fuel Manufacturing Inc., 200 Dorset Street East, Port Hope, Ontario. Ref: 
07-105B. March. 

Arcadis Canada Inc. (Arcadis). 2016. Environmental Risk Assessment for the Cameco Port Hope 
Conversion Facility – Final Report.  Project No. 351146. March. 

Beyer, W. N., E. Connor, and S. Gerould. 1994. Survey of soil ingestion by wildlife. Journal of Wildlife 

Management 58:375-382.  

Bechtel Jacobs Company LLC (Bechtel). 1998. Biota Sediment Accumulation factors for Invertebrates: 
Review and Recommendations for the Oak Ridge Reservation.  Prepared for the US Department of 

Energy. BJC/OR-112. August. 

California Environmental Protection Agency (CalEPA). 2000. Hot Spot Guidelines Technical Supporting 
Documents: Appendix D.3 – Chronic Reference Exposure Levels (RELs) and Toxicity Summaries.  

Accessed Online, 2015: http://oehha.ca.gov/air/hot spots/2008/AppendixD3 final.pdf#page=170. 

Cameco Corporation (Cameco). 2016. Emission Summary Table from ESDM 2015 for CFM. Received via 
email from T.Easto (Cameco) to N. Garisto (Arcadis), entitled: ‘RE: 351175-002 CFM Air Question 

– ECA ESDM EST table attached’. Dated April 27th, 2016.  

Cameco Corporation (Cameco). 2015a. 2014 Annual Compliance Monitoring & Operational Performance 
Report – Reporting Period January 1 to December 31, 2014 – Cameco Fuel Manufacturing Inc. 

March. 

Cameco Corporation (Cameco). 2015b. Port Hope Municipal Sewage Treatment Plant Effluent Data. 
Received via email from R.Fournier (Cameco) to N. Garisto (Arcadis), entitled: ‘FW: 351146 

Sewage pathway’. Dated August 5th, 2015.  



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-2 

Canadian Nuclear Safety Commission (CNSC). 2000. Nuclear Safety and Control Act - Radiation Protection 
Regulations. SOR/2000-203. Government of Canada.  

Canadian Council of Ministers of the Environment (CCME). 2015a. Canadian Water Quality Guidelines for 
the Protection of Aquatic Life. Accessed Online, 2015: http://st-ts.ccme.ca/en/index.html. 

Canadian Council of Ministers of the Environment (CCME). 2015b. Canadian Soil Quality Guidelines for 

the Protection of Environmental and Human Health. Accessed Online, 2015: http://st-

ts.ccme.ca/en/index.html. 

Canadian Council of Ministers of the Environment (CCME).1999. Chlorinated Ethenes – 1,1,2-

trichloroethene (trichloroethylene) Water Quality Guideline for the Protection of Aquatic Life.  

Canadian Council of Ministers of the Environment (CCME). 1996. A Framework for Ecological Risk 
Assessment: General Guidance. The National Contaminated Sites Remediation Program. PN1195.   

Canadian Council of Ministers of the Environment (CCME).1993. 1,1,2,2-tetrachloroethene (P) Water 
Quality Guideline for the Protection of Aquatic Life.  

Canadian Standards Association (CSA). 2012. Environmental Risk Assessment for Class I Nuclear 

Facilities and Uranium Mines & Mills. N288.6-12. June. 

Canadian Standards Association (CSA). 2014. Guidelines for Calculating Derived Release Limits for 
Radioactive Material in Airborne and Liquid Effluents for Normal Operation of Nuclear Facilities. 

N288.1-14. March. 

Canadian Wildlife Service (CWS) 1986. Hinterland Who’s Who. Bird Fact Sheet: Great Horned Owl. 
Available at: http://www.hww.ca/assets/pdfs/factsheets/great-horned-owl-en.pdf 

Cornell Laboratory of Ornithology (Cornell). 2011. All About Birds (Online). Cornell University. Accessed 
Online: https://www.allaboutbirds.org/ 

Dewey, T. 2009. Aythya affinis. Animal Diversity Web. University of Michigan Museum of Zoology. Accessed 

online, February 2016: http://animaldiversity.org/accounts/aythya affinis/. 

Dietrich, D. 2013. Bubo virginianus. Animal Diversity Web. University of Michigan Museum of Zoology. 
Accessed online, February 2016: http://animaldiversity.org/accounts/Bubo virginianus/. 

Doneker, R., and G. Jirka. 2007. CORMIX User Manual – A Hydrodynamic Mixing Zone Model and Decision 
Support System for Pollutant Discharges into Surface Waters.  U.S. Environmental Protection 
Agency. EPA-823-K-07-001. December. 

Environment Canada (EC) 2016. Environment Canada Climate Data. Accessed online, March 2016: 
http://climate.weather.gc.ca/ 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-3 

Environment Canada (EC). 2015. Federal Contaminated Sites Action Program (FCSAP) – Guidance 
Document on Federal Interim Groundwater Quality Guidelines for Federal Contaminated Sites. ISBN 

No. 978-1-100-22281-3 November. 

Environment Canada (EC). 2013. Federal Contaminated Sites Action Program (FCSAP) – Database of 
Guidelines. Available online: http://open.canada.ca/data/en/dataset/ece7204f-c486-4ed9-b318-

ddf61935f02c. 

Environment Canada (EC).  2012.  Federal Contaminated Sites Action Plan (FCSAP) - Ecological Risk 
Assessment Guidance - module C: standardization of wildlife receptor characteristics.  Environmental 

Stewardship Branch, Environment Canada. Ottawa, Canada. 

Fox, D. 2007. Vulpes vulpes. Animal Diversity Web. University of Michigan Museum of Zoology. Accessed 
online, February 2016: http://animaldiversity.org/accounts/Vulpes vulpes/. 

Handford, B. and K. Kirschbaum. 2001. Podiceps auritus. Animal Diversity Web. University of Michigan 
Museum of Zoology. Accessed online, February 2016: 
http://animaldiversity.ummz.umich.edu/accounts/Podiceps auritus/  

Health Canada (HC). 2012. Guidelines for Federal Drinking Water Quality Summary Table. Federal-
Provincial-Territorial Committee on Drinking Water of the Federal-Provincial-Territorial Committee 
on Health and the Environment. August. 

Health Canada (HC). 2010a (rev. 2012). Federal Contaminated Site Risk Assessment in Canada – Part I: 
Guidance on Preliminary Quantitative Risk Assessment (PQRA), Version 2.0.  Contaminated Sites 
Division.  September.  

Health Canada (HC). 2010b (rev. 2012). Federal Contaminated Site Risk Assessment in Canada – Part II: 
Health Canada Toxicological Reference Values (TRVs) and Chemical-Specific Factors, Version 2.0.  
Contaminated Sites Division.  September.  

Health Canada (HC). 2004. Federal Contaminated Site Risk Assessment in Canada – Part I: Guidance on 
Preliminary Quantitative Risk Assessment (PQRA).  Environmental Health Assessment Services.  

ICRP. 1995. Age-dependent Doses to the Members of the Public from Intake of Radionuclides - Part 5 

Compilation of Ingestion and Inhalation Coefficients. ICRP Publication 72. Ann. ICRP 26 (1). 

ICRP. 1994. Dose Coefficients for Intakes of Radionuclides by Workers. ICRP Publication 68. Ann. ICRP 24 
(4). 

International Atomic Energy Agency (IAEA). 2010. Handbook of Parameter Values for the Prediction of 
Radionuclide Transfer in Terrestrial and Freshwater Environments. Technical Report Series No. 472. 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-4 

Kadlec, M. and K. Bachynski. 2003. Dendroica petechia. Animal Diversity Web. University of Michigan 
Museum of Zoology. Accessed online, February 2016: 

http://animaldiversity.org/accounts/Dendroica petechia/. 

Lowe, L.M.  2004. Specific Activities of Natural Uranium, Thorium and Potassium. SENES Consultants Limited 
(now Arcadis) Technical Memorandum. January. 

Middlebrook, C. 2001. Turdus migratorius. Animal Diversity Web. University of Michigan Museum of 
Zoology. Accessed online, February 2016: http://animaldiversity.org/accounts/Turdus migratorius/. 

Mikita, K. 1999. Sylvilagus floridanus. Animal Diversity Web. University of Michigan Museum of Zoology. 

Accessed online, February 2016: http://animaldiversity.org/accounts/Sylvilagus floridanus/. 

Municipality of Port Hope – Port Hope Sewage Treatment Plant (PHSTP). 2006. Port Hope Sewage 
Treatment Plant Upgrade/Expansion Design. Provided via email from R. Fournier (Cameco) to N. 

Garisto (Arcadis). 

Municipality of Port Hope – Port Hope Sewage Treatment Plant (PHSTP). 1955. Outlet Sewer Plan & Profile 
(Design). Provided via email from R. Fournier (Cameco) to N. Garisto (Arcadis). 

NatureServe. 2015. NatureServe Explorer – An Online Encyclopedia of Life. Accessed Online: 
http://explorer.natureserve.org/ 

Netherlands National institute of Public Health and the Environment (RIVM). 2001. Ecotoxicological Serious 

Risk Concentrations for Soil, Sediment, and (Ground)water: Updated Proposals for First Series of 
Compounds.  Report No. 711701 020. April. 

Neuburger, T. 1999. Microtus pennsylvanicus. Animal Diversity Web. University of Michigan Museum of 

Zoology. Accessed online, February 2016: 
http://animaldiversity.org/accounts/Microtus pennsylvanicus/. 

Ontario Ministry of the Environment and Climate Change (MOECC). 2012.  Summary of Standards and 

Guidelines to Support Ontario Regulation 419/05 – Air Pollution Local Air Quality. Standards 
Development Branch. April. 

Ontario Ministry of the Environment (MOE). 2011a. Soil, Ground Water and Sediment Standards for Use 
Under Part XV.1 of the Environmental Protection Act. PIBS # 7382e01. April. 

Ontario Ministry of the Environment (MOE). 2011b. Rationale for the Development of Soil and Ground Water 

Standards for Use at Contaminated Sites in Ontario. PIBS # 7382e01. April. 

Ontario Ministry of the Environment (MOE). 2008. Jurisdictional Screening Level (JSL) List.  A Screening Tool 
for Ontario Regulation 419: Air Pollution – Local Air Quality. PIBS # 6547e01. February. 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-5 

Ontario Ministry of the Environment (MOE). 2001. Summary of Point of Impingement Standards, Point of 
Impingement Guidelines, and Ambient Air Quality Criteria (AAQCs). September. 

Ontario Ministry of the Environment and Energy (MOE). 1999.  Water Management Policies Guidelines: 

Provincial Water Quality Objectives of the Ministry of Environment and Energy.  

Ontario Ministry of the Environment (MOE). 1996. Guidelines on Sampling and Analytical Methods for Use at 
Contaminated Sites in Ontario. Standards Development Branch. ISBN-0-7778-4056-1. December. 

Ontario Ministry of the Environment (MOE). 1994 (rev. 1999). Water Management - Policies - Guidelines - 

Provincial Water Quality Objectives of the Ministry of Environment and Energy. ISBN 0-7778-8473-9 
rev.PIBS 3303e. July. 

Prohl, G. 2003. Framework for Assessment of Environmental Impact (FASSET) – Deliverable 3 – Dosimetric 

Models and data for Assessing Radiation Exposures to Biota.  June. 

Rohner, C. 1997. Non-territorial 'floaters ' in great horned owIs: space use during a cyclic peak of snowshoe 
hares. Animal Behavior 53:901 - 912. 

Sample, B.E., J. J. Beauchamp, R.A. Efroymson, and G.W. Suter II. 1998. Development and Validation of 
Bioaccumulation Models for Small Mammals. U.S. Department of Energy. February. 

Sample, B.E., D.M. Opresko and G.W. Suter II 1996.  Toxicological Benchmarks for Wildlife: 1996 Revision.  

Prepared for U.S. Department of Energy. 

Scire, J.S., D.G. Strimaitis and R.J. Yamartino. 2000. A User’s Guide for the CALPUFF Dispersion Model 
(Version 5). January. 

SENES Consultants (SENES). 2014. Direct Gamma DRL at New Palliative Care Facility – FINAL. Project 
No. 350923. September. 

SENES Consultants Limited (SENES). 2011. Derived Release Limits – Uranium Fuel Fabrication Facility – 

Port Hope, Ontario. Project No. 350206. February. 

SENES Consultants Limited (SENES). 2008. FINAL – Soil Characterization and Evaluation Study at Port 
Hope. Project No. 34406-5. April. 

SENES Consultants Limited (SENES). 2007. Environmental Review of the Zircatec Port Hope Fuel 
Fabrication Facility. Project No. 34284. July. 

SENES & EcoMetrix. 2012. A Compilation and Critical Review of Toxicity Reference Values for Use in Risk 

Assessments for Cameco Facilities in Canada.  Report No. 350675. December. 

SNC-Lavalin Inc. (SNC). 2015a. 2014 Groundwater Monitoring for Uranium Program – Port Hope, Ontario 
– Cameco Fuel Manufacturing Inc. Project No. 618605. March. 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-6 

SNC-Lavalin Inc. (SNC). 2015b. Final Report - 2014 Summary of Remedial Activities – Port Hope, Ontario 
– Cameco Fuel Manufacturing Inc. Project No. 618605. March. 

Suter II, G.W. and C.L. Tsao. 1996.  Toxicological Benchmarks for Screening Potential Contaminants of 
Concern for Effects on Aquatic Biota: 1996 Revision. Report ES/ER/TM-96/R2 prepared for the U.S. 
DOE Office of Environmental Management. June. 

Thompson, P.A., J. Kurias and S. Mihok 2005.  Derivation and Use of Sediment Quality Guidelines for 

Ecological Risk Assessment of Metals and Radionuclides Released to the Environmental from 
Uranium Mining and Milling Activities in Canada.  Environmental Monitoring and Assessment. 110: 
71-85. August. 

United States National Council on Radiation Protection & Measurement (NCRP). 1984. Radiological 

Assessment: Predicting the Transport, Bioaccumulation, and Uptake by Man of Radionuclides 
Released to the Environment. NCRP Report No. 76. March. 

United States Department of Energy (US DOE). 2003. A Compendium of Transfer Factors for Agricultural and 

Animal Products. Pacific Northwest National Laboratory. PNNL-13421.  

United States Environmental Protection Agency (U.S. EPA), 2004a. Johnson and Ettinger model (J&E) 

Spreadsheets for Evaluating the Vapor Intrusion to Indoor Air Quality from Groundwater and Soils. 
Version 3.1, February.  

United States Environmental Protection Agency (U.S. EPA). 2004b. Risk Assessment Guidance for 

Superfund Volume I: Human Health Evaluation Manual (Part E, Supplemental Guidance for Dermal 
Risk Assessment). EPA/540/R/99R005. July. 

United States Environmental Protection Agency (U.S. EPA). 1993a. External Exposure to Radionuclides in 
Air, Water, and Soil. Federal Guidance Report No. 12. EPA-402-R-93-081. September. 

United States Environmental Protection Agency (U.S. EPA). 1993b. Wildlife Exposure Factors Handbook. 
Volume I of II. EPA/600/R-93/187. December. 

United States Environmental Protection Agency (U.S. EPA). 1989. Exposure Factors Handbook. EPA/600/8-

89/043. March. 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2012. 
Tetrachloroethylene Quickview – CASRN 127-18-4. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0106 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2011. 
Trichloroethylene Quickview – CASRN 79-01-6. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0199 



ENVIRONMENTAL RISK ASSESSMENT FOR THE CAMECO FUEL MANUFACTURING FACILITY 
 
 

 

arcadis.com 
351175 9-7 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2010. 
Trans-1,2-dichloroethlyene Quickview – CASRN 156-60-5. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0314 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2007. 1,1,1-
Trichloroethane Quickview – CASRN 71-55-6. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0197 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2007. 1,1-
Dichloroethylene Quickview – CASRN 75-35-4. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0039 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 2000. Vinyl 
Chloride Quickview – CASRN 75-01-4. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=1001 

United States Environmental Protection Agency – Integrated Risk Information System (IRIS). 1991. Ethyl 
Chloride Quickview – CASRN 75-00-3. Accessed online, 2015: 

http://cfpub.epa.gov/ncea/iris/index.cfm?fuseaction=iris.showQuickView&substance nmbr=0523 

United States Nuclear Regulatory Commission (U.S. NRC). 1977. Calculation of Annual Doses to Man from 

Routine Releases of Reactor Effluents for the Purpose of Evaluating Compliance with 10 CFR Part 
50, Appendix I. Regulatory Guide 1.109. Rev. 1.  






