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Technical Report/Technical Data Report Disclaimer 

The Canadian Environmental Assessment Agency determined the scope of the proposed Roberts Bank 

Terminal 2 Project (RBT2 or Project) and the scope of the assessment in the Final Environmental Impact 

Statement Guidelines (EISG) issued January 7, 2014. The scope of the Project includes the project 

components and physical activities to be considered in the environmental assessment. The scope of the 

assessment includes the factors to be considered and the scope of those factors. The Environmental 

Impact Statement (EIS) has been prepared in accordance with the scope of the Project and the scope of 

the assessment specified in the EISG. For each component of the natural or human environment 

considered in the EIS, the geographic scope of the assessment depends on the extent of potential 

effects.  

At the time supporting technical studies were initiated in 2011, with the objective of ensuring adequate 

information would be available to inform the environmental assessment of the Project, neither the scope 

of the Project nor the scope of the assessment had been determined.  

Therefore, the scope of supporting studies may include physical activities that are not included in the 

scope of the Project as determined by the Agency. Similarly, the scope of supporting studies may also 

include spatial areas that are not expected to be affected by the Project.  

This out-of-scope information is included in the Technical Report (TR)/Technical Data Report (TDR) for 

each study, but may not be considered in the assessment of potential effects of the Project unless 

relevant for understanding the context of those effects or to assessing potential cumulative effects. 
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EXECUTIVE SUMMARY 

The Roberts Bank Terminal 2 Project (RBT2 or the Project) is a proposed new three-berth marine 

terminal at Roberts Bank in Delta, B.C. The Project is part of PMV’s Container Capacity Improvement 

Program, a long-term strategy to deliver projects to meet anticipated growth in demand for container 

capacity to 2030. Studies described in this technical report contribute to an understanding of the 

environmental effects of the Project. The human health risk assessment (HHRA) for air emissions 

evaluated the potential for adverse effects on human health as a result of changes in air quality that are 

attributable to the Project. The HHRA was conducted using conventional risk assessment methods, 

consistent with those developed by Health Canada (HC) and the U.S. Environmental Protection Agency 

(EPA).  

A starting point for the assessment was the review and compilation of health indicator data reported in 

recent studies of community and regional health in Canada and south of the U.S border in Washington 

State. These data provide a baseline of current health within the region likely to be affected by the Project 

and allow for comparisons with the health status at the regional, provincial, and federal level. The health 

indicators considered are those potentially affected by changes in air quality, including cancer (all forms), 

lung cancer, asthma, chronic obstructive pulmonary disease (COPD, including chronic bronchitis and 

emphysema), hypertension, cardiovascular disease (including ischemic heart disease and congestive 

heart failure), general respiratory disease and the prevalence of smoking. 

Overall, the relevant health indicator data for B.C. suggest lower disease incidence/mortality rates for 

Delta (including Tsawwassen) compared to Canada and other individual provinces and territories. Delta 

residents experience similar or lower incidence of mortality from lung cancer, cardiovascular disease, 

respiratory disease, and COPD compared to the Fraser region and the province of B.C. A notable 

exception is a higher prevalence of asthma and smoking.  

Similar incidence rates were reported for respiratory cancers and chronic lung disease in Status Indians 

from B.C. versus the general population of B.C. However, the First Nations population in Western Canada 

(Status and Non-Status Indians) have higher mortality rates from cancer (in general) and respiratory 

system diseases compared to the general population of Western Canada. The health indicator data for 

Whatcom County (which includes Point Roberts; no data were available specifically for Point Roberts) 

compares favourably to the rest of Washington State in terms of lower mortality from lung cancer, COPD 

and ischemic heart disease and lower prevalence of asthma, although the incidence of lung cancer is 

slightly higher in Whatcom County than Washington State as a whole. 
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The study area for the HHRA considered the extent to which Project emissions could affect air quality and 

therefore adopted the local study area (LSA) boundaries described in the Air Quality Study (SENES 

2014). The LSA extends from approximately 5 km west of the Project area at Roberts Banks to the 

Boundary Bay Airport in the east, and from the southern tip of Point Roberts in the U.S.A. to the southern 

boundary of Richmond on the Fraser River. The LSA spans a domain of approximately 19 km x 16 km. 

Air quality conditions within the LSA were defined in the Air Quality Study (SENES 2014). The HHRA 

examined existing air quality conditions (2010) as well as future conditions (2025), with and without 

Project operations. Air quality conditions during Project construction were estimated separate from the 

Project operation scenario, based on predicted emissions during five and half years of construction.  

The primary emission sources considered in the determination of Project effects on air quality were ships, 

cargo handling equipment, rail locomotives, and vehicles. Existing sources of these emissions within the 

study area were also considered, including Deltaport Terminal, Westshore Terminals and the BC Ferries 

Terminal at Tsawwassen. Certain airborne chemicals associated with Project emissions and identified in 

the Air Quality Study (SENES 2014) were selected as chemicals of potential concern (COPCs) for the 

HHRA. These include sulphur dioxide, nitrogen dioxide, carbon monoxide, particulate matter (PM10 and 

PM2.5), diesel particulate matter, acetaldehyde, acrolein, benzene, benzo[a]pyrene, 1,3-butadiene, 

naphthalene, and formaldehyde.  

The majority of COPCs are highly volatile and were only considered a potential health concern following 

direct inhalation exposure and contact with the respiratory system. However, chemicals with limited 

volatility could potentially deposit from air onto sediment, soil and plants and may be subsequently 

accumulated in plant and animal tissue. The physical-chemical properties of COPCs were examined to 

identify the COPCs that could be deposited on soil and plants and accumulated in animal tissues. 

Air concentrations as a result of Project emissions were determined for 18 discrete locations within the 

LSA where discernible changes in air quality were predicted to occur. Also considered were locations 

where the highest air concentration was predicted to occur (i.e., maximum point of impingement), over 

land and over water. Individuals at the focus of the HHRA included local residents, farmers, Tsawwassen 

First Nations and people involved in recreational activities within the LSA. Ambient air concentrations 

measured in the lower Fraser valley and LSA were added to the predicted air concentrations resulting 

from existing and future (construction and operation) emissions. Short-term (acute: 1-h (hour), 8-h, 24-h) 

inhalation exposures to modeled plus measured air concentrations were estimated for all receptor 

locations, including recreational areas and the predicted maximum points of impingement. Long-term 

(chronic: annual average) inhalation exposures were estimated for those receptor locations where 

individuals could reside.  
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Farmers in Delta and Tsawwassen First Nations receptors were assumed to consume locally raised and 

harvested food. The HHRA considered chronic exposure of these receptors to multiple media following 

the deposition of benzo[a]pyrene and formaldehyde from predicted emissions. The multi-media 

assessment followed guidance from the U.S. EPA and Health Canada HC and considered exposure to 

chemicals deposited to soil, plants and sediment. The exposure of livestock, wildlife and shellfish to 

chemicals deposited to soil, plants and sediments was also determined.  

The potential adverse health effects associated with inhalation and oral exposures to Project COPCs 

were reviewed for the purpose of identifying exposure thresholds at or below which adverse health effects 

would not occur, i.e., an exposure limit. The exposure limits identified for the HHRA were the most 

stringent and scientifically defensible of those recommended by a range of provincial, federal or 

international regulatory agencies. All of the exposure limits selected for the HHRA take into consideration 

the response of sensitive individuals, including children and the elderly.  

The potential for human health risks were determined through the calculation of a risk quotient (RQ) for 

each COPC and exposure scenario, which compares predicted chemical exposure to a health-based 

exposure limit. Chemicals with similar health endpoints were grouped together and the potential effects 

were conservatively assumed to be additive. An RQ value less than or equal to 1 (RQ < 1.0) indicates 

that the total exposure is at or below the recommended safe exposure limit and no adverse health effects 

are predicted.  

Predicted exposures to COPCs in emissions during Project construction were also below exposure limits 

associated with no adverse health risks for the majority of chemicals, chemical groups and receptor 

locations. Exceptions to this were acute exposures to eye irritants (i.e., acrolein and formaldehyde), 

respiratory irritants (i.e., nitrogen dioxide), and particulate matter (PM10 and PM2.5) at the MPOI over 

water, particularly when peak construction emissions were assumed. The potential for exposure to these 

chemicals during the constriction period were considered to be of moderate consequence to the health of 

receptors spending time in these areas.  

For the majority of chemicals, chemical groups and receptor locations, the predicted exposures to COPC 

emissions during Project operations (future case with the Project) were below exposure limits associated 

with no adverse health risks. Where maximum predicted COPC concentrations were above exposure 

limits (i.e., acute RQ values between 1 and 2 at the maximum points of impingement over water), the 

contribution of Project emissions was negligible. Therefore, exposures to COPCs in emissions during 

Project operations were considered to be of negligible consequence to public health. 
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1.0 INTRODUCTION 

This section provides Project Background information and an overview of the Human Health Risk 

Assessment – Air Emissions Study.  

1.1 PROJECT BACKGROUND 

The Roberts Bank Terminal 2 Project (RBT2 or Project) is a proposed new three-berth marine terminal at 

Roberts Bank in Delta, British Columbia (B.C.) that could provide 2.4 million TEUs (twenty-foot equivalent 

unit containers) of additional container capacity annually. The Project is part of Port Metro Vancouver’s 

(PMV) Container Capacity Improvement Program (CCIP), a long-term strategy to deliver projects to meet 

anticipated growth in demand for container capacity to 2030. 

Port Metro Vancouver has retained Hemmera to complete a human health risk assessment (HHRA) for 

the characterisation of potential health effects associated with human exposure to airborne emissions 

resulting from the Project. This technical report describes the results of the HHRA for air emissions 

(HHRA-Air Emissions). 

1.2 HHRA – AIR EMISSIONS OVERVIEW 

This study evaluated the potential for adverse effects on human health as a result of changes in air 

quality that are attributable to the Project. The assessment included a review and compilation of relevant 

health indicator data reported in recent studies of community and regional health, which provided a 

baseline of current health within the region likely to be affected by the Project and allowed for 

comparisons of this health status with health status at the regional, provincial, state and federal level.  

The HHRA considered the predicted airborne concentrations of chemicals identified in emission sources 

related to the Project. Potential human exposures were characterised based on lifestyles or activities that 

could bring people within the vicinity of Project emissions. Individuals assumed to be exposed to 

emissions included local residents, farmers and Tsawwassen First Nations (TFN), as well as people 

involved in recreational activities within the study area. All individuals were assumed to be exposed to 

Project emissions via the inhalation of air. Farmer and TFN receptors were assumed to be indirectly 

exposed to media affected by airborne deposition (i.e., soil, plants, livestock, and wildlife).  

Potential health risks were characterised by comparing predicted exposures to chemical exposure limits. 

The exposure limits were recommended by regulatory agencies, including Health Canada, the World 

Health Organisation (WHO), and the United States Environmental Protection Agency (US EPA). The 

uncertainties associated with chemical exposures and chemical effects on human health were identified 

and conservative assumptions were made to bias the conclusions in the direction of being fully protective 

of human health in the face of any uncertainties.   
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2.0 BASELINE HEALTH DATA 

This section provides an overview of the baseline health data considered in the HHRA – Air Emissions 

Study.  

2.1 INTRODUCTION 

The intent of the baseline health data review was to provide general information regarding the current 

health of individuals and communities potentially affected by the Project within the context of the health 

status for larger regions within British Columbia, Canada and the US. Existing studies were identified for 

communities in the LSA, B.C., Canada and Canadian provinces and territories, as well as Washington 

State. These studies were produced by the Fraser Health Authority, British Columbia Ministry of Health, 

Statistics Canada, Health Canada and the Washington State Department of Health. Key health indicator 

data available for communities within the LSA (i.e., municipality of Delta, Tsawwassen First Nation, and 

Whatcom County, which includes Point Roberts) were compared to data available for populations at the 

provincial/territorial/state and federal level.  

Health indicators that could potentially be affected by changes in air quality were selected for the baseline 

health evaluation. These indicators include cancer (all forms), lung cancer, asthma, chronic obstructive 

pulmonary disease (COPD, including chronic bronchitis and emphysema), hypertension, cardiovascular 

disease (including ischemic heart disease and congestive heart failure), and general respiratory systems 

disease. The prevalence of smoking within the populations under evaluation was also considered. The 

following criteria were used to measure the incidence of disease/mortality within a population: 

 Age Standardised Incidence Rate (ASIR): representing the incidence rate (i.e., per 

100,000 individuals) for a specified condition standardised to the age structure of the Canadian 

population to account for changes in age distribution over time; 

 Age Standardised Mortality Rate (ASMR): representing the rate of mortality resulting from a 

specified condition standardised to the age structure of the Canadian population to account for 

changes in age distribution over time; and  

 Prevalence: representing the percentage of the population affected by a specified condition.  

The following sections compare health data available for Canada, individual provinces (including B.C.) 

and territories (Section 2.2). Health status data for the City of Delta, B.C. (in the LSA) were compared to 

data available for the Fraser Health Authority region and the province of B.C. (Section 2.3). Data specific 

to the Tsawwassen First Nation group (First Nation community within the LSA) or First Nations in the 

lower Fraser Valley and southern Strait of Georgia were not available; however, data on the health status 

of First Nations groups in B.C. and western Canada were available and were compared with data for the 

general population of B.C. and western Canada (Section 2.4). Health status data available for Whatcom 

County (representing Point Roberts within the LSA) were compared with data available for Washington 

State (Section 2.5). 
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The results of the baseline health review should be interpreted with the context that the available 

community data do not specifically represent the LSA population. Furthermore, the health indicators, 

although potentially affected by changes in air quality, cannot be directly correlated with the existing air 

quality in the LSA. A specific evaluation of the potential health effects associated with predicted air quality 

within the LSA is provided in Sections 4.1 and 4.2 herein. 

2.2 HEALTH STATUS DATA FOR CANADA, B.C. AND OTHER PROVINCES AND TERRITORIES 

Health indicator data available for lung cancer, cardiovascular disease, asthma, COPD, hypertension and 

smoking prevalence in Canada, individual provinces and the territories are summarised in Table 1. 

Overall, the incidence data for B.C. compared favorably with data for Canada and other individual 

provinces and territories: B.C. populations generally experience lower disease incidence/mortality rates 

than the country as a whole. 

The age standardised 2012 incidence and mortality rates for lung cancer in B.C. (Canadian Cancer 

Society 2013) were below Canadian rates and ranked at or below the rates reported for all provinces and 

territories, with the exception of the Yukon (ASIR for males) and Ontario (ASMR for females). 

The 2008 mortality rate for major cardiovascular disease (Statistics Canada 2008) and the prevalence of 

asthma and COPD in 2012 (Statistics Canada 2013) were marginally higher in females from B.C. 

compared to Canada as a whole and some other provinces and territories. For males in B.C., the 2008 

mortality rate for major cardiovascular disease and the 2012 prevalence of asthma and COPD were 

below the rates reported for Canada and the majority of other provinces and territories. 

The hypertension incidence in B.C. males and females in 2012 was below the incidence rate reported for 

Canada and many other provinces and territories. The prevalence of smoking for both sexes in B.C. was 

below national, provincial and territorial rates for 2012 (Statistics Canada 2013).  
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Table 1 Health Status Data for Canada, B.C., and Other Provinces and Territories 

Health Indicator Canada BC AB SK MB ON QC NB NS PE NL YT NT NU 

Age Standardised Incidence Rates (ASIR) per 100,000 people – 2012 
a
 

Lung Cancer 

Males 69 47 52 56 57 57 92 74 69 82 65 46 67 170 

Females 48 40 44 48 50 43 56 45 56 45 38 65 60 152 

Age Standardised Mortality Rates (ASMR)per 100,000 people 

From Lung Cancer – 2012
 a

 

Males 54 42 47 49 55 48 71 71 58 45 74 64 50 185 

Females 36 33 33 37 37 32 43 42 41 48 38 54 49 156 

From Major Cardiovascular Disease - 2008 
b
 

Males 187.1 180.1 206.6 224.6 231.1 184.5 167.1 189.2 210.2 225.1 250.9 252.0 247.4 296.5 

Females 115.4 120.2 132.3 129.4 122.0 112.9 102.5 125 126.7 120.4 170.6 119.0 92.0 38.4 

Prevalence of Disease (% of population) – 2012
 c

 

Asthma (aged 12+ yrs) 

Males 6.8 5.8 7.1 7.5 6.3 6.7 7.1 8.1 8 5.5 6.7 9.3 4.9 n/a 

Females 9.4 9.8 8.5 12.2 8.6 9.2 9.4 10.5 11 10 8.6 10.1 8.9 n/a 

COPD (aged 35+ yrs) 

Males 3.8 3.3 3.1 4 3.6 3.4 4.2 5.8 5.8 6.2 6.3 n/a n/a n/a 

Females 4.6 4.9 4 5.7 5.2 4.4 4.8 5.8 4.6 5.2 3.1 4.9 n/a n/a 

Hypertension (aged 12+ yrs) 

Males 17.1 16 15.8 19.5 17.4 17.2 16.5 22.8 21.2 23.9 23.6 19.4 8.6 12.9 

Females 17.6 16.6 16.6 17.9 16.1 17.1 18.4 23.8 23.9 17.5 21.6 8.9 10.7 13.2 

Prevalence of Smoking (% of population) – 2012
 c

 

Smoking (aged 12+ yrs) 

Males 23.1 15.6 25.4 19.4 21.1 21.9 27.4 27.4 26.6 24 30.8 30.8 37.4 58.2 

Females 17.5 13.3 17.7 20.5 19 16.2 20.3 20.1 21 19.9 21.6 27.9 34.1 50 

COPD: Chronic Obstructive Pulmonary Disease  
n/a: Not available 
a
 Canadian Cancer Society 2013  

b 
Statistics Canada 2008 

c 
Statistics Canada 2013 
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2.3 HEALTH STATUS DATA FOR B.C., THE FRASER HEALTH AUTHORITY REGION AND DELTA  

Data for selected health indicators for the province of B.C., the Fraser Health Authority region and the 

City of Delta, B.C. are summarised in Table 2. The Fraser Health Authority region in 2012 included 36% 

of the B.C. Population, consisting of the communities of Delta, Langley, Surrey, White Rock, Abbotsford, 

Mission, Chilliwack, Hope, Agassiz/Harrison, Burnaby, Coquitlam, Maple Ridge, and New Westminster 

(B.C. Stats Socioeconomic Profiles 2012).  

Overall, Delta residents rank well on a number of health status indicators (i.e., lower incidence of or 

mortality from lung cancer, cardiovascular disease, respiratory disease, and COPD) compared to 

incidence data for the Fraser region and the province of B.C. A notable exception is the higher prevalence 

of asthma in Delta compared to Fraser Health and the province of B.C. Residents of Delta also had the 

highest smoking prevalence when compared to the Fraser Health Authority region and province of B.C. 

(Health & Business Analytics and Fraser Health Authority 2012). 

Table 2 Health Status Data for British Columbia, Fraser Health Authority and Delta 

Health Indicator
1
 B.C. Fraser Health Delta 

Age Standardised Incidence Rates per 100,000 people – 2008 

Lung Cancer (aged 20+ yrs) 

Males 77.1 76.8 60.6 

Females 61.7 61.9 55.8 

Age Standardised Mortality Rates per 10,000 people – 2006 to 2010 

Cardiovascular Disease  10.0 10.4 9.9 

Respiratory Disease 5.0 5.3 4.6 

Prevalence of Disease (% of population) – 2010/2011 

Asthma (aged 5-54 yrs) 9.9 10.6 11.5 

Cardiovascular Disease 3.1 3.3 3.3 

Hypertension (aged 20+ yrs) 18.5 19.7 19.8 

COPD (aged 45+ yrs) 5.4 5.1 4.3 

Prevalence of Smoking (% of population) – 2009 

Smoking (aged 12+ yrs) 16 13.2 19.8 

COPD: Chronic Obstructive Pulmonary Disease 
1
Health & Business Analytics and Fraser Health Authority 2012 

2.4 HEALTH STATUS DATA FOR CANADIAN AND FIRST NATIONS POPULATIONS 

Health Canada (2011) provides a comparison of vital health statistics for Registered First Nations people 

and the general population in Western Canada. The B,C. Vital Statistics Agency (B.C. Vital Statistics 

Agency et al. 2002) published a similar report comparing vital statistics for Status Indians and the general 

population of British Columbia. Data from these reports were used to develop the health status 

comparisons in Table 3.  
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It is noted that the native population was defined in different ways by Health Canada and B.C. 

Vital Statistics Agency. First Nations are defined by Health Canada (2011) as all registered Status or 

Non-Status Indians in Canada. The native population for British Columbia included only Status Indians, 

exclusive of Metis and Non-Status Indians (B.C. Vital Statistics Agency at al. 2002).  

The Western Canada First Nations population (Status and Non-Status Indians) had higher mortality rates 

from cancer (tumors) and respiratory system diseases compared to the general population of Western 

Canada. The differences in health outcomes for Status Indians versus the B.C. population were less 

significant, particularly for respiratory cancers and chronic lung disease for which both groups had similar 

incidence rates. Mortality rates from heart disease and heart failure were higher for Status Indians 

compared to the general population of B.C. 

Table 3 Health Status Data for First Nations, British Columbia and Western Canada  

Health Indicator 
Western Canada 

General Population 
Western Canada 

First Nations 

B.C. 

General 
population 

B.C. 

Status 
Indians 

Age Standardised Mortality Rates per 100,000 people – 2001 to2002
a
 

Neoplasms (tumours) 65.8 76.0 - - 

Respiratory system diseases 15.1 34.6 -  -  

Age Standardised Mortality Rates per 10,000 people – 1991 to 2001
b
 

Ischemic Heart Disease -  -  11.2 14.2 

Cancer of the respiratory system  -  -  4.6 4.3 

Congestive Heart Failure -  -  1.9 2.9 

Chronic Lung Disease -  -  2.4 2.7 
a
Health Canada 2011 

b
B.C. Vital Statistics Agency et al. 2002 

“-“ no data reported 

2.5 HEALTH STATUS DATA FOR WASHINGTON STATE AND WHATCOM COUNTY 

The Roberts Bank Terminal 2 Project is located in the southwest corner of B.C., close to the Canada – 

U.S. border. Point Roberts, in Whatcom County, Washington State, was therefore included in the LSA. 

Health status data available from the Washington State Department of Health (2007; 2012; 2013) for 

Whatcom County as well as Washington State were also considered in the evaluation of baseline health. 

The health indicator data available for lung cancer, COPD, ischemic heart disease, major cardiovascular 

disease and asthma, as well as smoking prevalence, are summarised in Table 4.  
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The health outcomes for both Whatcom County and Washington State were very similar in all of the 

categories evaluated. Overall the health outcomes measured for Whatcom County compared favourably 

to Washington State in terms of lower mortality from lung cancer, COPD and ischemic heart disease and 

lower prevalence of asthma and smoking. The incidence of lung cancer and mortality from major 

cardiovascular disease were slightly higher in Whatcom County than Washington State as a whole. 

Table 4 Health Status Data for Washington State and Whatcom County 

Health Indicator Washington State Whatcom County 

Age Standardised Incidence Rates per 100,000 people 

Lung Cancer (2009 to 2011) 
a
 62.0 63.2 

Age Standardised Mortality Rates per 100,000 people 

Lung Cancer (2000 to 2011)
 a

 46.3 41.9 

COPD (2012)
 b

 41.4 40.3 

Ischemic Heart Disease (2012) 
c
 88.2 85.8 

Major Cardiovascular Disease (2012) 
c
 189.6 193.2 

Prevalence of Disease (2008-2010)
 b

 

Asthma Prevalence (%) 9.0 7.5 

Prevalence of Smoking (2008-2010)
 b

 

Smoking Prevalence (%) 15 12 

COPD: Chronic Obstructive Pulmonary Disease 
a 

Washington State Department of Health 2013 
b 

Washington State Department of Health 2007 
c
 Washington State Department of Health 2012  

2.6 SUMMARY OF BASELINE HEALTH DATA 

In summary, the data for B.C. overall suggest lower disease incidence/mortality rates compared to 

Canada and other individual provinces and territories. Delta residents rank well on a number of health 

status indicators (i.e., lower incidence of or mortality from lung cancer, cardiovascular disease, respiratory 

disease, and COPD) compared to the Fraser region and the province of B.C. A notable exception is a 

higher prevalence of asthma and smoking.  

Similar incidence rates were reported for respiratory cancers and chronic lung disease in B.C. Status 

Indians versus the B.C. population: First Nations populations in Western Canada (Status and Non-Status 

Indians) have higher mortality rates from cancer (in general) and respiratory system diseases compared 

to the general population of Western Canada. The health indicator data for Whatcom County compare 

favourably to Washington State in terms of lower mortality from lung cancer, COPD and ischemic heart 

disease and lower prevalence of asthma, although the incidence of lung cancer is slightly higher in 

Whatcom County than Washington State as a whole.  
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3.0 METHODS 

There is no formalised HHRA approach recommended for environmental assessment (EA) by the B.C. 

Environmental Assessment Office (BC EAO) or the Canadian Environmental Assessment Agency 

(CEAA); however, guidance on HHRA for Environmental Impact Assessments (EIAs) in Alberta is 

available from the Government of Alberta (Alberta Health and Wellness (AHW) 2011). The United States 

Environmental Protection Agency’s Office of Solid Waste (US EPA OSW) provides an HHRA protocol for 

evaluating the potential health effects of emissions from combustion sources (US EPA 2005), including 

direct inhalation exposure to air emissions and indirect exposures to air emissions via media affected by 

airborne deposition onto soil, plants and water. Health Canada (2010) has issued general guidance on 

key elements for the assessment of potential effects of a proposed project on human health. Health 

Canada (2012) also provides detailed risk assessment guidance for federal contaminated sites. The 

HHRA for air emissions generally follows the approaches recommended in these guidance documents.  

The evaluation of human health risks associated with Project-related air emissions was completed using 

methods recommended by the US EPA (2005), the Government of Alberta (AHW 2011) and Health 

Canada (2010, 2012).  

The evaluation of potential health effects of emissions from combustion sources included the following 

key steps as outlined in Figure 1 and described in detail in the sections listed below: 

1. Project characterisation (Section 3.1); 

2. Air deposition and modeling (Section 3.2); 

3. Identifying exposure scenarios (Section 3.3); 

4. Estimating media concentrations (Section 3.4); 

5. Quantifying exposure (Section 3.5); 

6. Hazard characterisation (Section 3.6); 

7. Risk characterisation (Section 3.7 and 4.0); and 

8. Interpreting uncertainty (Section 5.1). 
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Figure 1 Human Health Risk Assessment Process (Adapted from US EPA 2005) 

  

RISK CHARACTERISATION (Section 3.7 and 4.0) 
Risk Quotients 
- Acute and Chronic inhalation RQs 
- Multi-media RQs 

 

HAZARD CHARACTERISATION (Section 3.6) 
Threshold and non-threshold chemicals 
Inhalation: acute and chronic exposure limits 
Dermal and Ingestion: chronic exposure limits  

INTERPRETING UNCERTAINTY (Section 5.1) 
Uncertainty and limitations of HHRA process 

AIR DISPERSION AND DEPOSITION MODELING  
(AQ Study (SENES 2014) and Section 3.2) 

Meteorological data 
Air dispersion model 
(CALMET/CALPUFF)  

IDENTIFYING EXPOSURE SCENARIOS  
(Section 3.3) 

Exposure Setting Characterisation 
Exposure Scenarios 
Receptor Locations 

 

QUANTIFYING EXPOSURE (Section 3.5) 
Inhalation Exposure Pathways (all receptors) 
Multi-media Exposure Pathways (First Nations, Farmers) 
Receptor Characteristics 

PROJECT CHARACTERISATION (AQ Study (SENES 2014) and Section 3.1) 
Study Area 
Temporal Scope 
Emission sources and emission rates 
- Ships, cargo handling equipment, locomotives, vehicles 
Compounds of potential concern (COPC) 
- Criteria air contaminants, trace organic substances, particulates 

 

 

ESTIMATING MEDIA CONCENTRATIONS (Section 3.4) 
Acute and Chronic Air concentrations – all receptors  
Soil Concentrations – First Nations, Farmers 
Plants – First Nations, Farmers 
Wildlife – First Nations 
Livestock - Farmers 
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3.1 PROJECT CHARACTERISATION 

3.1.1 Study Area  

The study area for the HHRA considered the extent to which Project emissions could affect air quality and 

therefore adopted the LSA boundaries described in the Air Quality Study (SENES 2014). The air quality 

assessment assumed the dispersion of Project emissions to air would not be measurable beyond a 

domain of approximate 16 km x 19 km. This domain includes the RBT2 Project footprint and extends east 

to the Boundary Bay Airport, west to a distance of ~5 km and south to the southern tip of Point Roberts in 

the U.S. and the southern boundary of Richmond on the Fraser River (Figure 2). The HHRA included the 

evaluation of exposure to Project emissions and the potential for health risks to individuals residing or 

involved in recreational activities within the LSA as described in Section 3.3. 

Figure 2 HHRA Study Area (Blue Boundary) 
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3.1.2 Temporal Scope 

The HHRA accounted for temporal variability in air quality as a result of emissions during Project 

construction and operations, as reported in the Air Quality Study (SENES 2014).  

Project Construction 

Project construction scenarios were analysed separate from the operation scenario and based on the 

emissions predicted during construction. Details of these predictions are provided in the Air Quality Study 

(SENES 2014). Project construction was assumed to last five and a half years. The following construction 

scenarios were evaluated based on preliminary estimates of construction activity: 

 Average Day – average number of pieces of construction equipment in operation; and 

 Peak Day – maximum number of pieces of construction equipment in simultaneous operation. 

Existing Conditions and Future Operations 

The assessment of potential human health risks was conducted for exposure to existing air quality 

conditions in 2010 as well as predicted future air quality conditions in 2025, with and without Project 

emissions. The year 2025 was selected for the Air Quality Study (SENES 2014) as the Project is 

expected to be operating at maximum sustainable throughput capacity by 2025.  

The following Project operational scenarios were evaluated: 

 Existing case (2010): existing conditions based on current development and emission rates as 

well as ambient air quality as of 2010; 

 Future case without Project (2025): includes existing conditions plus projected air concentrations 

as a result of emissions from approved developments for 2025, without the contribution of 

emissions from Project operations; and  

 Future case with Project (2025): includes existing conditions plus projected air concentrations as 

a result of emissions from approved developments for 2025, including emissions from Project 

operations. 

The HHRA focused on the potential health effects resulting from a change in future air quality conditions 

by comparing risk estimates for existing conditions to risk estimates for future conditions with and without 

the operation of the Project. In addition, the HHRA considered air concentrations as a result of emissions 

from the Project alone. The air concentrations for the Project alone were represented by the difference 

between the future case with the Project and the future case without the Project. The incremental change 

in air quality as a result of the Project is required for the assessment of incremental cancer risk associated 

with Project emissions (AHW 2011). 
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3.1.3 Emission Sources 

Project Construction 

Details on the emissions considered during Project construction are provided in the Air Quality Study 

(SENES 2014). The various construction activities associated with emissions included: dredging, 

movement of fill, paving, construction of facilities (wharf, terminal buildings), installation of automated 

stacking crane (ASC) and rail mounted gantry crane (RMG), installation of foundations and railway tracks; 

and installation of civil utilities. Also considered were emissions from existing operations (i.e., Westshore, 

Deltaport and Tsawwassen Ferry terminals) at the commencement of construction activities. 

Existing Conditions and Future Operations 

An inventory of existing and future air emissions is provided in the Air Quality Study (SENES 2014). 

Emissions were considered for the Project as well as the existing Deltaport Terminal, Westshore 

Terminals, and Tsawwassen Ferry Terminals. The emission sources included ships, cargo handling 

equipment, rail locomotives, and on-road vehicles. The emission estimates for these sources were 

calculated using best practice methods adopted by Transport Canada, Environment Canada, and the 

U.S. Environmental Protection Agency (U.S. EPA). 

3.1.4 Chemicals of Potential Concern  

All of the prioritised airborne chemicals associated with Project and construction emissions and identified 

in the Air Quality Study (SENES 2014) were selected as chemicals of potential concern (COPCs) for the 

evaluation of human health risks (Table 5). The exceptions were parameters related to climate change for 

which toxicity-based exposure guidelines were not available or relevant, i.e., greenhouse gases (GHG) 

expressed as carbon dioxide equivalents and climate forcing particulate matter.  

The COPCs selected for the evaluation of human health risks included Criteria Air Contaminants (CAC: 

i.e., carbon monoxide, sulphur dioxide, nitrogen dioxide, fine particulate matter [PM10 and PM2.5]) and 

eight priority compounds from the US EPA priority mobile source air toxics (MSAT) list for transportation 

sources, including acetaldehyde, acrolein, benzene, 1,3-butadiene, diesel exhaust [diesel particulate 

matter], formaldehyde, naphthalene, and polycyclic organic matter (represented by benzo[a]pyrene). 

Seven of these compounds were identified by the US EPA (2007a) to be the most significant contributors 

to health risks as a result of breathing air toxics from mobile transportation sources in outdoor air, 

including: benzene, 1,3-butadiene, formaldehyde, acrolein, naphthalene, polycyclic organic matter and 

diesel particulate matter (DPM) plus diesel exhaust organic gases. Acetaldehyde was added to the list of 

COPCs based on its inclusion in the 2001 EPA priority MSAT list (California DOT 2014). Project 

emissions of polycyclic organic matter or polycyclic aromatic hydrocarbons (PAHs) were represented by 

benzo[a]pyrene, as described in the Air Quality Study (SENES 2014).  
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Ozone is a CAC that may also be associated with Project emissions. Although not directly emitted, 

Project emissions include chemical precursors that could affect ozone formation (i.e., nitrogen oxides and 

volatile organic compounds). The air quality assessment included an evaluation of the effect of Project 

emissions on ground level ozone concentrations and it was concluded that the Project contribution to 

ground level ozone concentrations would be negligible (PMV 2015: Section 9.2.10.2). Therefore ozone 

was not included as a COPC in the HHRA.  

Table 5 Chemicals of Potential Concern to Human Health 

Chemical Group Chemical Constituent 

Criteria Air Contaminants (CAC) 
Carbon monoxide (CO); Particulate Matter (PM2.5; PM10); Nitrogen 

dioxide (NO2); Sulphur dioxide (SO2) 

Polycyclic Aromatic Hydrocarbons (PAHs) Benzo[a]pyrene (B[a]P)
1
; Naphthalene 

Volatile Organic Compounds (VOCs) Acetaldehyde; Acrolein; Benzene; 1,3 Butadiene; Formaldehyde 

Diesel Emissions Diesel Particulate Matter (DPM) 
1
 representing total PAH emissions 

Identification of COPCs for Multi-Media Assessment 

Chemicals in Project emissions that could result in chronic exposure via media other than air were also 

identified. Many Project COPCs are gaseous chemicals (CO, NO2, SO2) or particulates (PM and DPM) 

that were not considered to be a concern for exposure pathways other than the direct inhalation of air. 

These chemicals primarily occur in air and their exposure limits are based on effects resulting from direct 

contact with the respiratory system following inhalation exposure. Therefore, gaseous and particulate 

chemicals were removed from further consideration in the multi-media assessment. 

Chemicals with limited volatility (i.e., PAHs and volatile organic compounds (VOCs)) have the potential to 

deposit from air onto sediment, soil and plants and may be subsequently accumulated in animal tissue. 

Exposure limits for these chemicals have been developed based on systemic effects in humans that may 

occur following ingestion and dermal exposures. Human exposures to non-volatile chemicals in multiple 

media (e.g., soil, plants, wildlife) were included in the HHRA. Chemicals with sufficiently limited volatility to 

become deposited and persist were identified based on the following physical-chemical properties 

(US EPA 2003): 

 Molecular weight > 200 grams/mole; 

 Henry’s Law Constant < 0.00001 atmosphere-m
3
/mole; and 

 Vapour pressure < 0.001 mm Hg. 
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Chemicals that may be taken up and accumulated in animal tissues were identified based on the 

following physical-chemical property (US EPA 2003): 

 Log Kow > 3.5 

The relevant physical-chemical properties for each non-gaseous COPC are summarised below in 

Table 6. Benzo[a]pryene (B[a]P) met all of the above conditions for non-volatility and bioaccumulation 

and was therefore included in the multi-media assessment (i.e., predicted B[a]P concentrations in soil and 

plants as a result of deposition and in plant and animal tissue as a result of accumulation). Formaldehyde 

was also identified as being sufficiently non-volatile based on one physical-chemical property (Henry’s 

Law Constant), however the log KOW for formaldehyde is well below the threshold for accumulation in 

animal tissue; therefore, formaldehyde concentrations were only determined in soil and plants as a result 

of airborne deposition.  

Table 6 Physical Chemical Properties of COPCs Considered for Multi-media Assessment 

COPC 

Volatility Bioaccumulation  

Molecular 
Weight 

(grams/mole) 

Henry’s Law 
Constant 

(atmosphere-
m

3
/mole) 

Vapour 
Pressure 

(mm Hg)
1
 

Log KOW Reference 

Acetaldehyde 44.05 0.0000789 904.4 0.61 US EPA 2005 

Formaldehyde 30.03 0.000000336 5236.4 0.35 US EPA 2005 

Acrolein 56.06 0.00012 269.8 -0.01 US EPA 2005 

Benzene 78.06 0.0056 95 2.1 US EPA 2005 

Butadiene 54.09 0.074 2110 1.99 ATSDR 2012 

Benzo[a]pyrene 252.32 0.0000011 5.50E-9 6 US EPA 2005 

Naphthalene 128.18 0.00048 0.08512 3.3 US EPA 2005 
1
Assuming 1 atmosphere = 760 mm Hg 

Bold – meets criteria for volatility or bioaccumulation 

3.2 AIR DISPERSION AND DEPOSITION MODELING 

The results of the air dispersion and deposition modelling for the LSA were used to predict potential 

human exposure to chemicals in Project emissions during construction and normal operations. The air 

dispersion modelling of Project emissions during construction was described in Appendix E of the Air 

Quality Study (SENES 2014). The air dispersion and deposition modelling of Project emissions during 

normal operations was described in detail in the Air Quality assessment (PMV 2015, SENES 2014).  
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The CALMET/CALPUFF modelling system was used to predict acute (short-term) and chronic (annual) 

airborne concentrations of COPCs as a result of Project construction or operation emission sources. The 

CALMET model utilised available meteorological, terrain and land use data to generate three dimensional 

wind fields. The CALPUFF model was used in conjunction with CALMET to predict the dispersion of 

emissions and ambient air quality. The CALPUFF model was also used to calculate rates of dry 

deposition of gases and particulate matter and depletion, and wet deposition rates of gases and 

particulate matter as a result of precipitation scavenging.  

3.3 EXPOSURE SCENARIOS 

3.3.1 Exposure Setting 

The Project will be located immediately west of the existing Westshore Terminals facilities, approximately 

5.5 km from and oriented perpendicular to the shoreline. The LSA, a 16 km x 19 km modelling domain, 

describes the area where Project emissions were assumed to be dispersed and measurable changes to 

air quality could occur (Figure 2). The LSA includes the Tsawwassen First Nation, agricultural land east 

of Roberts Bank, several residential communities in B.C. (i.e., Beach Grove, Boundary Bay, Delta, 

Ladner, and Tsawwassen) and the community of Point Roberts in Washington State, USA. In addition, 

the LSA encompasses the Tsawwassen Ferry Terminal and several recreational use areas, including the 

Tsawwassen Beach campsite, the Reifel Bird Sanctuary, Boundary Bay GVRD Park, English Bluff Beach 

and South Arm Marsh.  

Future land uses within the LSA was assumed to remain the same as current land uses. Shellfish 

harvesting within Roberts Bank by members of the Tsawwassen First Nation was assumed to occur in the 

future, despite the current restriction by Fisheries and Oceans Canada (2014) on bivalve shellfish 

harvesting over the entire intertidal mudflats of the Roberts Bank. 

3.3.2 Receptor Locations 

Air concentrations were modelled at 18 discrete human receptor locations within the LSA where 

discernible changes in air quality were predicted. These locations are summarised in Table 7 and 

illustrated in Figure 3. The receptor locations are in relative close proximity to the Project and were 

selected to encompass various land uses and lifestyles within the LSA.  

In addition to the 18 discrete locations, maximum points of impingement (MPOI) representing the highest 

predicted chemical concentrations in air over land and over water were evaluated for acute inhalation 

exposures. The MPOI for the highest deposition rate of B[a]P and formaldehyde on land and B[a]P 

deposition over water and into sediments, were also considered for chronic multi-media exposures.  
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Table 7 Receptor Lifestyles and Locations  

Receptor Lifestyle Locations Receptor ID 

Canadian Residents 

Ladner 

Beach Grove 

Boundary Bay 

Tsawwassen 

Delta Hospital 

Air Quality Monitoring Station T39 (Tsawwassen)  

R1 

 R7 

R8 

R9 

R12 

R18 

U.S. Residents 
Point Roberts #1 

Point Roberts #2 

R10 

R11 

Farmers 

Farmer #1 

Farmer #2 

Farmer #3 

R2 

R4 

R5 

Tsawwassen First 
Nations  

Tsawwassen First Nation Community R3 

Recreationists 

Tsawwassen Beach Campsite 

BC Ferries Terminal 

Reifel Bird Sanctuary 

Boundary Bay GVRD Park 

English Bluff Beach 

South Arm Marsh 

R6 

R13 

R14 

R15 

R16 

R17 
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Figure 3 Location of Discrete Receptors Considered for HHRA 

 

3.4 MEDIA CONCENTRATIONS 

3.4.1 Air 

Background air quality was defined using ambient data available from air quality monitoring stations in the 

Lower Fraser Valley Air Quality Monitoring Network, as described in the SENES 2014. Ground level air 

concentrations of all COPCs as a result of Project construction and existing (2010) and future (2025) 

emissions (with and without RBT2) were determined by air dispersion modeling. Future air concentrations 

with the Project were predicted using the maximum emission scenarios for the Project. The predicted 

acute (short-term) and chronic (annual) air concentrations attributable to existing or Project emissions 

were determined by the Air Quality Assessment (PMV 2015: Section 9.2, SENES 2014). SENES 2014 

Appendix E provides the predicted air concentrations resulting from construction emissions.  

Both measured (ambient air data) and predicted (modeled) air concentrations were used to evaluate 

acute and chronic exposure to existing emissions, Project emissions, or construction emissions in air via 

direct inhalation. The ambient air concentrations as well as the acute and chronic air concentrations 

predicted at each receptor location considered in the HHRA for the existing and future scenarios and the 

construction scenarios is provided in Appendix A. 
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Conservative assumptions were made in the assessment of air emissions and dispersion modeling such 

that the predicted (modeled) air concentrations of COPCs are probably overestimated rather than 

underestimated. As an example, the modelled results for 1-hour SO2 and NO2 concentrations at air 

monitoring station T39, assuming existing (2010) conditions, were more than double the maximum 

observed ambient 1-hour SO2 and NO2 concentrations at the same location (T39) from 2010 to 2012 

(PMV 2015: Section 9.2, SENES 2014). Therefore, the model overestimated the observed air 

concentrations resulting from emissions by an approximate factor of two.  

The Air Quality Study (SENES 2015) further assumed that existing (ambient) 1-hour and 24-hour 

concentrations (represented by maximum or 98
th
 percentile values) and annual concentrations 

(represented by mean 24-hour values) will persist in future scenarios. This was a conservative 

assumption since initiatives to reduce future marine emissions are expected to reduce future background 

COPC concentrations in air. Among such initiatives is the requirement of newer ships to have reduced 

NOx emissions and the mandated use of low sulphur fuels within a 320 km distance off the coast of North 

America by January 1, 2015 - which will drop the sulphur content of marine fuel used by commercial 

vessels visiting Vancouver ports from ~ 2.7% to < 0.1%. This reduction in fuel sulphur content will also 

lower PM2.5 emissions, which are partially related to SO2 emissions. Those initiatives and trends that are 

harder to predict, but which could profoundly decrease marine emissions, are not considered in the air 

quality assessment and associated HHRA; for example, conversion of container ships and other ocean-

going vessels to liquefied natural gas (LNG) as the fuel source (i.e., LNG bunkering). 

PMV also plans to provide container ships at berth at RBT2 and Deltaport Terminals with shore power 

facilities. This will allow for shut down of auxiliary engines and reduce marine vessel emissions while at 

berth. However, this reduction in marine vessel emissions was not assumed for the prediction of future air 

concentrations due to uncertainty in the number of vessels capable of using shore power in 2025. As a 

result, air concentrations predicted under future conditions with (and without) the Project and during 

Project construction were likely overestimated rather than underestimated.  

3.4.2 Soil and Plants 

The multi-media exposure assessment considered the deposition of non-volatile chemicals from Project 

emissions to soil and plants. This assessment was not completed for construction-related emissions due 

to the relatively short time frame associated with the construction versus Project operation scenarios. 

Chemical deposition to soil and plants was estimated using chemical-specific vapour and particle phase 

deposition rates provided in the Air Quality Assessment (SENES 2014). Soil and plant concentrations 

were estimated at discrete receptor locations assigned to farmers (i.e., R2, R4 and R5) assumed to 

consume root and above ground vegetables grown on their land, and TFN (i.e., R3) assumed to harvest 

plants on their territory. In addition to these discrete locations, agricultural and TFN receptors were 

assumed to be exposed to soil and plants at the MPOI for B[a]P and formaldehyde deposition on land.  
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The equations, input variables and assumptions used to determine soil and plant concentrations as a 

result of deposition of Project emissions were identified from the US EPA (2005) and are provided in 

Appendix B.  

3.4.3 Livestock and Wildlife 

The multi-media exposure assessment also considered the potential for accumulation of B[a]P in animal 

tissue as a result of deposition to soil and plants. Tissue concentrations were estimated for wildlife 

(i.e., deer) as well as livestock (i.e., beef, milk, pork, chicken and eggs). Livestock and wildlife were 

assumed to be exposed to B[a]P in soil and plants at the discrete receptor locations assigned to farmers 

(i.e., R2, R4 and R5), TFN (i.e., R3) and at the MPOI for B[a]P deposition on land.  

The equations, input variables and assumptions used to predict B[a]P concentrations in animal tissue 

were identified from the US EPA (2005) and are provided in Appendix B.  

3.4.4 Sediment and Shellfish 

Sediment concentrations were estimated for the purpose of multi-media exposure assessment at the 

MPOI for B[a]P deposition over water. The predicted sediment concentration was used to determine the 

maximum potential uptake of B[a]P into shellfish tissue. The equations, input variables and assumptions 

used to estimate B[a]P concentrations in sediments were identified from the US EPA (2005) and are 

provided in Appendix B.  

The uptake of B[a]P into shellfish was determined using a biota sediment accumulation factor (BSAF) 

based on Burkhard (2009). Data for B[a]P in bivalve tissues and sediments collected from the intertidal 

zone of Roberts Bank (Hemmera 2014) were used to determine a site-specific BSAF for B[a]P. The 

calculation of B[a]P concentrations in shellfish tissue is further described in Appendix B.  

3.5 QUANTIFYING EXPOSURE  

3.5.1 Inhalation Exposure Assessment – Construction Scenario 

The HHRA considered acute and chronic inhalation exposure to chemicals emitted during Project 

construction. For acute exposures, ambient air concentrations (maximum 98
th
 percentile 24-hour 

concentrations) were added to the maximum predicted air concentrations resulting from construction 

emissions. Similar assumptions were made for chronic exposures, where mean 24-hour concentrations 

were assumed to represent annual ambient air concentrations. An exception was made for acute 

exposures at the MPOI over water and Tsawwassen Ferry Terminal, where high to very high short-term 

air concentrations were predicted over water as a result of terminal emissions. Air concentrations 

measured on land were not considered representative of the ambient air at these locations (i.e., no 

additional sources in these areas, apart from those already included in the air dispersion modeling that 
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could contribute to the predicted acute air concentrations). Therefore, the maximum predicted acute air 

concentrations based on emissions alone were assumed to be representative of conditions at the 

Tsawwassen Ferry terminal and at the MPOI over water. 

Acute inhalation exposures were assessed at the 18 discrete locations for recreational, residential, farmer 

and TFN receptors, as well as at the acute MPOI over land and over water for each COPC. Chronic 

exposures based on annual (i.e., 365 day) average air concentrations were assessed at the 12 discrete 

locations for residential, farmer and TFN receptors, where long-term exposures would be expected. 

Project construction was limited to a period of five and a half years and therefore an assessment of 

cancer risks from lifetime exposures was not conducted.  

3.5.2 Inhalation Exposure Assessment – Operations Scenarios 

The HHRA considered acute and chronic exposures to airborne concentrations of COPC predicted for the 

existing case (2010), the future case without the Project (2025), and the future case with the Project 

(2025). Airborne concentrations predicted for the Project alone (future case with the Project minus future 

case without the Project) were considered for the assessment of chronic inhalation exposure to 

carcinogenic COPCs. Ambient air concentrations were added to the maximum predicted air 

concentrations resulting from Project emissions, except in the case of the MPOI over water and the 

Tsawwassen Ferry terminal. The air concentrations at these locations (i.e., over water) were considered a 

direct result of emissions from terminal operations (Deltaport, Westshore and Tsawwassen Ferry 

Terminals).  

Acute inhalation exposures were assessed at the 18 discrete receptor locations for recreational, 

residential, farmer and TFN receptors, as well as at the acute MPOI over land and over water for 

each COPC. Acute or short-term exposures to Project COPCs were assumed to range from 10-minutes 

to 24-hours in duration, depending on the length of the exposure period upon which the COPC toxicity 

reference value was derived.  

Chronic exposures were assessed at the 12 discrete locations for residential, farmer and TFN receptors, 

where long-term exposures would be expected. Chronic exposures were based on predicted annual 

(i.e., 365 day) average air concentrations. Chronic exposures of residential, farmer and TFN receptors 

were assumed to occur 24 hours per day, 365 days per year.  

3.5.3 Multi-media Exposure Assessment 

The HHRA considered deposition of the highest predicted annual air concentrations of formaldehyde 

to agricultural and TFN Land under the existing and future cases without and with the Project. The mean 

24-hour concentration of formaldehyde measured in ambient air (i.e., Fraser Valley air quality monitoring 

data) was conservatively assumed to represent the annual ambient air concentration and was added to 

the predicted annual air concentrations to evaluate multi-media exposures to formaldehyde. 
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The highest annual air concentrations of B[a]P predicted for agricultural and TFN Land as a result of 

Project emissions (future case with the Project minus future case without the Project) were considered for 

the evaluation of incremental cancer risks associated with multi-media exposures to B[a]P. 

The multi-media assessment considered the exposure of farmer and TFN receptors to non-volatile 

COPCs in Project emissions that could be deposited on water or lands since traditional and agricultural 

land use, including harvesting plants, wildlife and shellfish and raising/consuming plants and livestock, 

were expected to result in the highest potential exposures. The greatest deposition from Project 

emissions was predicted to occur over marine water (i.e., close to the Project) although deposition on 

land was also assessed. No freshwater lakes or other confined bodies of water were identified within the 

LSA. B[a]P in Project emissions over marine water was assumed to accumulate in sediments and 

shellfish. Project emissions of formaldehyde and B[a]P over land were assumed to deposit on soil and 

plants, with B[a]P accumulating in the tissues of animal consuming soil and plants.  

As a result of the deposition of non-volatile COPCs from Project emissions to multiple media, the 

following exposure pathways were considered for farmer and TFN receptors: 

 Incidental ingestion of soil (Farmer and TFN); 

 Inhalation of dust generated from soil (Farmer and TFN); 

 Dermal contact with soil (Farmer and TFN); 

 Dermal contact with sediments (Farmer and TFN); 

 Incidental ingestion of sediments (Farmer and TFN); 

 Ingestion of plants (roots vegetables and above ground plants) (Farmer and TFN); 

 Ingestion of cattle meat, milk from dairy cows, pigs, chicken, and eggs from chickens feeding on 

soil and plants (Farmer);  

 Ingestion of deer feeding on soil and plants (TFN), and; 

 Ingestion of shellfish exposed to sediments in the Roberts Bank intertidal zone (TFN). 

Again, the multi-media assessment was not completed for construction-related emissions due to the 

relatively short time frame associated with construction versus Project operations. 

Receptor characteristics 

The characteristics of farmer and TFN receptors that affect chemical exposure via multiple media were 

identified from Health Canada (2007; 2012) and the US EPA (2005; 2011). These include body weight, 

soil ingestion rates, sediment ingestion rates, dermal surface area, soil loading to skin, sediment loading 

to skin, plant ingestion rates and livestock and wildlife ingestion rates (Table 8). Receptor 
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characteristics were specific to the following five life stages defined for the Canadian general population 

(Health Canada 2012): 

 Infants (0 to 6 months); 

 Toddlers (7 months to 4 years); 

 Children (5 to 11 years); 

 Teenagers (12 to 19 years); and 

 Adults (20+ years).  

Table 8 Receptor Characteristics
1
 

Receptor  Infant Toddler Child Teen Adult 

Farmer and TFN 

Age 0 - 6 mo. 7 mo. - 4 y 5 - 11 y 12 - 19 y >20 y 

Body weight (kg) 8.2 16.5 32.9 59.7 70.7 

Inhalation rate (m
3
/day) 2.2 8.3 14.5 15.6 16.6 

Soil ingestion rate (g/d) 0.02 0.08 0.02 0.02 0.02 

Sediment ingestion rate (mg/h)
2
 0 72 72 20 20 

Skin surface area (cm
2
)   

   

  

    - hands 320 430 590 800 890 

    - arms 550 890 1480 2230 2500 

    - legs 910 1690 3070 4970 5720 

    - total 3620 6130 10140 15470 17640 

Soil adherence to skin (g/cm
2
/event)   

   

  

    - hands 1.00E-04 1.00E-04 1.00E-04 1.00E-04 1.00E-04 

    - surfaces other than hands 1.00E-05 1.00E-05 1.00E-05 1.00E-05 1.00E-05 

Plant Ingestion (g/d)        

   - root vegetables 83 105 161 227 188 

   - other vegetables 72 67 98 120 137 

Years of exposure 0.5 4.5 7 8 60 

TFN Sediment Exposure
3
 

Sediment adherence to skin (g/cm
2
/event)      

- hands 0 4.90E-04 4.90E-04 8.80E-04 8.80E-04 

- arms 0 1.70E-04 1.70E-04 1.20E-04 1.20E-04 

- legs 0 7.00E-04 7.00E-04 1.60E-04 1.60E-04 

TFN Ingestion Rates (g/d) 

Shellfish
4
 0 19 21 27 28 

Wild game 0 85 125 175 270 
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Receptor  Infant Toddler Child Teen Adult 

Farmer Ingestion Rates (g/d)
4
 

Beef 0 11.3 11.3 85.9 85.9 

Milk 0 375 375 1053.6 1053.6 

Chicken 0 6.5 6.5 45.4 45.4 

Eggs 0 8.5 8.5 52.2 52.2 

Pork 0 6.5 6.5 38.9 38.9 
1
 Health Canada 2012 unless otherwise indicated 

2 
Wilson et al. 2014

 

3 
US EPA 2011

 

4
 Health Canada 2007 

The assumptions for exposure duration and frequency for farmer and TFN receptors are summarised in 

Table 9. It was assumed that both farmer and TFN receptors would be present at the selected exposure 

locations for 24 hours per day, 365 days per year, over the facility lifespan (i.e., 30 years) and a high 

proportion of their diet would consist of local country or traditional foods. TFN receptors were also 

assumed to gather shellfish from Roberts Bank and be in direct contact with Roberts Bank sediments 

during shellfish harvesting for two days/week for 52 weeks per year. 

Table 9 Exposure Duration and Frequency Assumptions 

Exposure Duration and Frequency Farmer TFN 

Duration of acute exposure to outdoor air
1
 10 min, 1-hr, 8-hrs, or 24 hrs 10 min, 1-hr, 8-hrs, or 24 hrs 

Hours/day chronic exposure to outdoor air
2
 24 24 

Hours/day exposed to suspended soil
2
 12 12 

Days/week exposed to air, soil and food
3
 7 7 

Weeks/year exposed to air, soil and food
3
 52 52 

Hours/day in direct contact with sediments
2
 12 12 

Days/week in direct contact with sediments
2
 0 2 

Weeks/year in direct contact with sediments
2
 0 52 

Soil dermal exposure events/day
3
 1 1 

Sediment dermal exposure events/day
2
 0 1 

1
 Equal to averaging period of acute exposure limit 

2
 Assumed  

3
 Health Canada 2012 

3.6 HAZARD CHARACTERISATION 

Hazard characterisation is the process through which the potential adverse health effects from exposure 

to a chemical are determined. The outcome of the hazard characterisation process is the identification of 

an exposure level at which adverse health effects are not determined to occur, i.e., an exposure limit.  
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The relationship between chemical exposure and adverse response is characterised by a dose-response 

assessment. The outcome of a dose-response assessment is a dose-response curve which provides a 

graphic illustration of the dose levels at which responses occur. An increase in exposure dose generally 

will result in an increase in response. The shape of the dose-response relationship is chemical-specific 

and endpoint specific: that is, specific to the response under evaluation.  

A non-linear dose-response relationship suggests that there is a threshold for toxicity, below which 

adverse health effects are not expected to occur. Non-linear dose-response relationships are observed 

for non-carcinogenic chemicals. Exposure limits for non-carcinogens are derived based on the 

identification of this threshold (e.g., no observable adverse effect level [NOAEL]) or benchmark dose 

[BMD]). Uncertainty factors are often applied to the threshold level to account for the response of 

sensitive individuals and, where a threshold level is identified from an animal study, for the extrapolation 

of the observed effect in animals to humans, including adjustments for differences in exposure duration 

and exposure dose. The application of uncertainty factors serves to lower the threshold dose for 

determining the acceptable exposure limit. 

A linear dose-response relationship suggests there is no threshold for adverse effects (i.e., any chemical 

exposure is assumed to result in a response). Linear dose-response relationships are observed for 

carcinogenic chemicals and therefore the exposure limits developed for carcinogens are cancer risk 

specific and based on predictions of excess lifetime cancer risk. Public health agencies establish risk 

management levels for carcinogens based on an acceptable increase in lifetime cancer risk. These 

permissible lifetime cancer risk levels range from 1 in 10,000 to 1 in 1,000,000. Health Canada (2012) 

has determined that a cancer risk equal to or less than 1 in 100,000 is essentially negligible (de minimus). 

Exposure limits for carcinogens, therefore, were derived such that the lifetime risk of cancer development 

as a result of carcinogen exposure does not exceed 1 in 100,000 above existing cancer risk levels.  

In the case of particulate matter (PM10 and PM2.5), which represents a mixture of varying physical, 

biological and chemical characteristics, there is no evidence of a threshold level below which adverse 

health effects are not observed. Population-based (epidemiological) studies have associated acute (24 

hour) and chronic exposure to PM, particularly PM2.5, with increased hospitalisations, respiratory and 

cardiac events, and mortality. Similar studies have provided evidence of health improvement with the 

reduction of airborne particulate concentrations. The exposure limits recommended for PM are therefore 

intended to reduce health effects to a minimum (WHO 2013; 2014).  
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For the purpose of the current HHRA, exposure limits recommended by toxicologists and epidemiologists 

from a range of provincial, federal and international regulatory agencies were reviewed for the 

identification of the most appropriate exposure limit for each COPC. These agencies included: 

 Agency for Toxic Substances and Disease Registry (ATSDR); 

 British Columbia Ministry of Environment (BC MOE); 

 California Office of Environmental Health Hazard Assessment (OEHHA); 

 Canadian Council of Ministers of the Environment (CCME); 

 Health Canada (HC); 

 Metro Vancouver (MV); 

 Texas Commission on Environmental Quality (TCEQ); 

 United States Environmental Protection Agency (US EPA); 

 World Health Organisation (WHO); and 

 Netherlands National Institute of Public Health and the Environment (RIVM). 

Exposure limits specific to acute and chronic inhalation exposure scenarios were reviewed for all of the 

COPCs identified in Project emissions. Exposure limits specific to the ingestion pathway were reviewed 

for B[a]P and formaldehyde. The following attributes were reviewed and summarised for each chemical 

and available exposure limit: 

 Key toxicology (animal) or epidemiology (human) study; 

 Primary effect or chemical mode of action; 

 Point of departure (POD) or starting point for subsequent extrapolations and analyses (lowest 

effect dose that is adequately supported by dose-response data); 

 Dosimetric adjustments for animal to human exposures; and 

 Uncertainty factors. 

In general, the most stringent exposure limit from the list of values recommended by authoritative health 

agencies was used in the HHRA, provided that the derivation of the value was adequately documented, 

not outdated, and scientifically defensible. The adopted exposure limits all include uncertainty factors 

which further reduced the presumed acceptable exposure limit for the protection of individuals who may 

be more sensitive to chemical exposure.  

3.6.1 Acute Inhalation Exposure Limits  

A summary of the exposure limits selected for the assessment of acute inhalation exposures is provided 

in Table 10. The averaging time, primary effect following acute inhalation exposure and the agency 

responsible for the selected exposure limit are also provided in Table 10. Details of the key studies, 

PODs, dosimetric adjustments and uncertainty factors recommended by all agencies in the development 

of acute inhalation exposure limits are provided in Appendix C.  
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Table 10 Summary of Acute Inhalation Exposure Limits 

Chemical 
Averaging 

Time 

Acute Inhalation 
Exposure Limit 

(µg/m
3
) 

Health Endpoint Agency 

CO 
1 hour 15,000 

Hypoxia Health Canada 
8 hour 6,000 

NO2 1 hour 188 Respiratory irritation US EPA 

SO2 
10 min 

1 hour 

500 

200 

Change in pulmonary function 
Respiratory irritation 

WHO 

US EPA 

PM2.5 24 hour 25 
Increase in population mortality or 
morbidity 

WHO 

PM10 24 hour 50 
Increase in population mortality or 
morbidity 

WHO 

Acetaldehyde 1 hour 470 Respiratory irritation OEHHA 

Acrolein 1 hour 2.5 Eye irritation OEHHA 

Benzene 1 hour 580 Immunological TCEQ 

1,3-Butadiene 
1 hour 660 

Developmental 
OEHHA 

24 hour 15 US EPA 

Formaldehyde 1 hour 50 Eye and nasal irritation ATSDR 

Naphthalene 1 hour 2,000 Eye and respiratory irritation ACGIH 

3.6.2 Chronic Inhalation Exposure Limits 

A summary of the exposure limits selected for the assessment of chronic inhalation exposures are 

provided in Table 11. The averaging time, primary effect following chronic inhalation exposure and the 

agency responsible for the selected exposure limit are also summarised in Table 11.  

Where an agency recommended non-cancer and cancer exposure limits for the same chemical, both 

endpoints were included in the assessment. The exposure limit for a carcinogen represents the 

incremental increase in lifetime cancer risk associated with a specific cancer endpoint. The exposure limit 

for a non-cancer endpoint is generally higher (i.e., less conservative) compared to an exposure limit 

based on a cancer endpoint; however, it was important to consider the non-carcinogenic effects of all 

COPCs for the evaluation of multiple chemical exposures, as described below in Section 3.6.3.  

Details of the key studies, PODs, dosimetric adjustments and uncertainty factors identified by all agencies 

in the development of chronic inhalation exposure limits are provided in Appendix C.  
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Table 11 Summary of Chronic Inhalation Exposure Limits 

Chemical 
Averaging 

Time 

Chronic Inhalation 
Exposure Limit 

(µg/m
3
) 

Health Endpoint Agency 

NO2 Annual 40 
Respiratory illness in sensitive 
individuals 

WHO 

SO2 Annual 25 Not described BC MOE 

PM2.5 Annual 6 
Increase in population morbidity or 
mortality 

BC MOE 

Metro Vancouver 

PM10 Annual 20 
Increase in population morbidity or 
mortality 

WHO 

DPM Annual 
5 

0.03 

Pulmonary inflammation 

Lung Cancer 

US EPA 

OEHHA 

Acetaldehyde Annual 
390 Nasal irritation Health Canada 

3.7 Nasal tumours OEHHA 

Acrolein Annual 2.7 Nasal irritation TCEQ 

Benzene Annual 
9.8 

Immunological/ 

hematological 
ATSDR 

1.3 Leukemia US EPA 

Benzo(a)pyrene 
(PAH group) 

Annual 0.00012 Lung Cancer WHO 

1,3-Butadiene Annual 
2 

0.3 

Ovarian atrophy 

Leukemia 
US EPA 

Formaldehyde Annual 
9 Eye, nasal, respiratory irritation OEHHA 

2 Nasal tumors Health Canada 

Naphthalene Annual 
3 Nasal irritation US EPA 

0.3 Nasal tumours OEHHA 

3.6.3 Chronic Oral Exposure Limits 

A summary of the chronic oral exposure limits identified for the assessment of multi-media exposures are 

provided in Table 12. The primary effect following chronic oral exposure and the agency responsible for 

the selected exposure limit are summarised in the table. Details of the key studies, PODs, dosimetric 

adjustments and uncertainty factors identified by all agencies in the development of chronic inhalation 

exposure limits are provided in Appendix C.  

Table 12 Summary of Chronic Oral Exposure Limits 

Chemical 
Chronic Oral 

(µg/kg bw/day) 
Health Endpoint Agency 

Benzo(a)pyrene 

(PAH group) 
0.005 Liver and forestomach tumours RIVM 

Formaldehyde 150 NOAEL (gastrointestinal tract) Health Canada 
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3.6.4 Multiple Chemical Exposure  

Chemical exposures do not occur in isolation of one another; therefore, when evaluating exposure to a 

group of chemicals it is important to consider the potential risks as a result of interactions between the 

chemicals. Possible chemicals interactions include: 

 Additivity (combined effect of >2 chemicals is equal to the sum of the individual effects); 

 Antagonism (effect of one chemical blocks or reduces the effect of another); 

 Synergism (combined effect of >2 chemicals is greater than the sum of the individual effects); and 

 Potentiation (effect of one chemical significantly increases the effect of another) (AHW 2011). 

The scientific knowledge about interactive effects of exposure to multiple chemicals is very limited, 

especially considering the range of possible effects resulting from multiple combinations of chemicals at 

various exposure concentrations. Some headway has been made in the case of a few closely related 

groups of chemicals; for example, toxic potency equivalence factors have been derived for carcinogenic 

polycyclic aromatic hydrocarbons (PAHs) and polychlorinated dibenzo-p-dioxins and furans 

[PCDD/PCDFs] for the purpose of assessing the group using a single toxicity metric (U.S. EPA 1989, 

2010; Health Canada, 2012). The ATSDR (2004) and US EPA (1999, 2000, 2007b) also provide 

guidance to regulatory scientists for the assessment of chemical mixtures. In the absence of guidance 

specific to the interactions of the COPCs considered in the HHRA, the following Health Canada (2012) 

recommendations were assumed for the evaluation of chemical mixtures:  

 Non-carcinogens – an additive interaction should be assumed for non-carcinogenic chemicals 

with similar target tissues and mechanisms of action. No interactions should be assumed 

between non-carcinogenic chemicals with unique and dissimilar mechanisms of action. 

 Carcinogens – an additive interaction should be assumed for carcinogenic chemicals determined 

to have similar target tissues and mechanisms of action. No interaction should be assumed 

between carcinogenic chemicals with unique and dissimilar mechanisms of action, target organs, 

and/or forms of cancer. 

For the purpose of this assessment, the interaction between chemicals with similar health endpoints 

(i.e., target tissues) was assumed to be additive, even though a similar mechanism of action on those 

target tissues may not be clearly defined.  

A summary of the chemical mixtures and health endpoints considered for acute inhalation and chronic 

inhalation exposures is provided in Table 13, based on the exposure limits and endpoints identified in 

Tables 10, 11 and 12. Chemicals with clearly defined unique health endpoints or unique mechanisms of 

action were assessed individually. The health endpoints of the COPCs evaluated for chronic oral 

exposure were unique to these chemicals and exposure pathway and therefore additive effects were not 

considered. Further details on the potential health effects of each individual chemical and the health 

endpoint on which the exposure limits are based is provided in Appendix C. 
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Table 13 Chemical Mixtures 

Exposure Duration Health Endpoint of Chemical Mixtures COPCs in Chemical Mixtures 

Acute Inhalation 

Eye irritation  

Acrolein 

Formaldehyde 

Naphthalene 

Respiratory irritation 

Acetaldehyde 

Naphthalene 

Nitrogen Dioxide 

Sulphur Dioxide 

Chronic Inhalation 

Nasal irritation 

Acetaldehyde 

Acrolein 

Formaldehyde 

Naphthalene 

Nasal tumours  

Acetaldehyde 

Formaldehyde 

Naphthalene 

Lung tumours 
Diesel Particulate Matter 

Benzo[a]pyrene 

Leukemia  
1,3-Butadiene  

Benzene 

3.7 RISK CHARACTERISATION  

Risk characterisation involved the comparison of predicted receptor exposure to the exposure limit for 

each chemical identified in Project emissions. In the case of acute and chronic inhalation exposure to 

chemicals in air, receptor exposures were described as air concentrations (i.e., µg chemical/m
3
 air). For 

ingestion and dermal exposure to chemicals in multiple media (e.g., soil, plants, animal tissues), receptor 

exposures were described as a dose rate (i.e., µg chemical/kg bodyweight/day). Receptor exposures 

were compared to exposure limits (Appendix C) defined in terms of acceptable air concentrations or 

dose rates. A risk quotient (RQ) value describes the comparison or ratio of exposure to exposure limit. 

3.7.1 Risk Quotients for Threshold Chemicals 

For non-carcinogenic chemicals, inhalation exposure was generally defined by the sum of ambient 

(measured) air concentrations plus predicted air concentrations for the existing, future with and without 

Project, or Construction emissions scenarios. Predicted exposures were compared to a threshold 

exposure limit expressed as reference concentration. The following is an example of an RQ equation for a 

threshold chemical under existing conditions: 
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Risk Quotient (RQ) = Ambient air concentration plus existing emissions (µg/m
3
) 

     Reference Concentration (µg/m
3
) 

For the multi-media assessment of non-carcinogenic chemicals, the predicted exposure dose from direct 

contact with and/or consumption of media was compared to a threshold exposure limit expressed as a 

reference dose, as follows: 

Risk Quotient (RQ) =  Exposure Dose (µg//kg/day) 

     Reference Dose (µg/kg/day) 

An RQ value less than or equal to one (RQ < 1.0) indicates that the total predicted exposure (considering 

various emission sources plus ambient levels) is at or below the recommended safe exposure limit for a 

non-carcinogen. 

An RQ value greater than unity or one (i.e., >1.0) indicates that predicted exposure is above the exposure 

limit. However, considering the inherent conservatism in the risk assessment process, an RQ value 

greater than 1.0 does not indicate that adverse health effects are expected to occur. Rather, this triggers 

the need for further evaluation of the significance of the estimated risk, considering the conservative 

assumptions associated with the estimates of exposure and toxicity (AHW 2011).  

3.7.2 Risk Quotients for Non-threshold Chemicals 

For carcinogenic chemicals, inhalation exposure was defined by Project-only air concentrations (i.e., 

future with Project minus future without Project). This allowed for an estimate of the incremental lifetime 

cancer risks specific to Project emissions. The RQ value for carcinogens compared the predicted Project- 

only air concentration to a risk specific concentration as follows: 

Risk Quotient (RQ) =  Project-only Air Concentration (µg/m
3
) 

     Risk Specific Concentration (µg/m
3
) 

For the multi-media assessment of carcinogenic chemicals, the predicted exposure dose from direct 

contact with and/or consumption of media was compared to a risk specific dose, as follows: 

Risk Quotient (RQ) =  Exposure Dose (µg//kg/day) 

     Risk Specific Dose (µg/kg/day) 

An RQ value less than or equal to one indicates that the incremental increase in lifetime cancer risk as a 

result of Project emissions is within an acceptable range (i.e., at or below 1 in 100,000).  
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3.7.3 Chemical Mixtures 

For the purpose of this assessment, the interaction between chemicals with similar health endpoints was 

assumed to be additive, even though interactions between chemicals are rarely defined. Individual risk 

quotients for chemicals assumed to interact additively were summed to determine the cumulative health 

risks associated with multiple chemical exposures. For example, the RQ for chemicals determined to be 

respiratory irritants following acute (1-hour) exposures was determined as follows: 

Acute RQrespiratory irritants = ∑ acute RQacetaldehyde + RQnaphthalene + RQNO2 + RQSO2 

Inherent to this calculation is the conservative assumption that a receptor will be simultaneously exposed 

to the maximum predicted air concentration for each of the chemicals considered in a chemical mixture 

group. For example, the maximum predicted 1-hour air concentrations for acetaldehyde, naphthalene, 

NO2 and SO2 will occur at the same location over the same duration and act together to exert additive 

effects on the respiratory system. 
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4.0 RESULTS 

The risk characterisation results for receptor exposure to COPCs during Project construction activities 

are described in Section 4.1. The acute and chronic inhalation exposure results are summarised in 

Sections 4.1.1 and Section 4.1.2, respectively. 

The results for receptor exposure to COPCs as a result of air emissions under existing and future 

operating conditions are described in Section 4.2. The results for acute inhalation are summarised 

in Sections 4.2.1 and Sections 4.2.2 and the results for chronic inhalation are summarised in 

Sections 4.2.3 and 4.2.4. The risk characterisation results for multi-media exposure of farmer and TFN 

receptors are provided in Section 4.2.5. 

4.1 CONSTRUCTION SCENARIOS 

4.1.1 Acute inhalation 

The highest acute inhalation RQ values determined during construction are summarised below for peak 

construction emissions (Table 14) and average construction emissions (Table 15). RQ values were 

determined for each discrete receptor group and at the MPOIs for land and water.  

The maximum acute RQ values were <1.0 at all of the discrete receptor locations when peak or average 

construction emissions were assumed. All of the remaining RQ values for discrete receptors were less 

than those presented in Tables 14 and 15. The individual acute inhalation RQ results for each of the 

receptor locations considered are provided in Appendix A.  

Acute RQ values <1.0 were determined at the MPOI for land when average construction emissions were 

assumed. Under conditions of peak construction, RQ values determined at the MPOI for land were 

slightly above 1.0 (from 1.1 to 2.0) for exposure to NO2, PM10, PM2.5 and combined exposure to the 

respiratory irritant group (i.e., acetaldehyde, naphthalene, NO2 and SO2), largely driven by the RQ value 

for NO2.  

The highest RQ values (ranging from 2.5 to 32.6) were determined at the MPOI over water assuming 

peak construction emissions. Acute RQ values >1.0 were determined for 24-hour exposure to particulate 

matter (PM10 and PM2.5), 1-hour exposure to acrolein, formaldehyde, NO2, and combined exposure to the 

respiratory irritant group (largely due to NO2) and the eye irritant group (i.e., acrolein, formaldehyde and 

naphthalene), largely due to acrolein and formaldehyde. The acute RQ values determined at this location 

during conditions of average construction were lower but still above 1.0 (from 1.5 to 12.1) for 24-hour 

exposure to particulate matter, 1-hour exposure to acrolein, formaldehyde, NO2, and combined exposure 

to the respiratory irritant and eye irritant groups.  
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The spatial extent over which chemical concentrations in air during construction were predicted to be 

higher than the selected exposure limits (i.e., area of impact) was investigated further for acrolein, 

formaldehyde, NO2, PM10, and PM2.5, as illustrated in Figures 4 to 8 below. 

The regions where maximum 1-hour concentrations of acrolein and formaldehyde were higher than 

exposure limits based on acute eye irritation are illustrated in Figures 4 and 5, respectively. The areas of 

potential concern are within the purple borders in these figures, where air concentrations up to 2.5-fold 

higher than exposure limits for protection against eye irritation were predicted. Figure 6 illustrates the 

areas of impact for maximum predicted 1-hour NO2 concentrations, which represent air concentrations up 

to 2.5-fold higher than the acute exposure limit for protection against respiratory irritation. The estimated 

areas of potential health influence for acrolein and formaldehyde (eye irritants) and NO2 (respiratory 

irritant) were similar under conditions of either average or peak emissions and these areas were limited to 

a region between the proposed Project footprint and the existing Westshore Terminals. 

The regions where maximum 24-hour concentrations of PM10 and PM2.5 were higher than corresponding 

exposure limits are illustrated in Figures 7 and 8, respectively. The acute exposure limits for both 

fractions of particulate matter (i.e., < 10 microns in diameter and < 2.5 microns in diameter) were based 

on epidemiological evidence for increased population mortality and morbidity, particularly related to the 

cardiovascular and respiratory systems. An important consideration, however, is that the epidemiological 

studies have largely focussed on transportation-related air pollutants (i.e., based primarily on combustion 

engine emissions), while the major portion of particulate matter in the RBT2 LSA as predicted from air 

dispersion modelling is expected to originate from the regular disturbance and handling of soil and fill, 

resulting in dust generation. 

The areas of impact for particulate matter are noticeably different under the two Project construction 

emission scenarios considered. The maximum predicted PM10 concentrations were up to 33-fold higher 

and 12-fold higher than the corresponding exposure limit, assuming peak and average day emissions, 

respectively. The maximum predicted PM2.5 concentrations were up to 12-fold higher and 7-fold higher 

than the corresponding exposure limit for peak and average day emissions. As evident in the Figures 7 

and 8, the highest air concentrations are predicted to occur close to the proposed RBT2 footprint and 

existing Westshore Terminals. However, in either case, the areas of impact extend beyond the existing 

Westshore Terminals, and, when assuming PM10 emissions on a peak construction day (Figure 7), 

beyond the BC Ferries Terminal.  
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Table 14 Peak Day Construction Scenario - Acute Inhalation RQ 

Chemical 
Averaging 

Time 

Estimated Risk Quotients (RQ) 

TFN Farmers 
Canadian 
Residents 

US Residents Recreationists 
MPOI over 

Land 
MPOI over 

Water 

Carbon 
Monoxide 

1 hour 0.04 0.04 0.03 0.03 0.04 0.05 0.30 

8 hours 0.06 0.06 0.06 0.07 0.07 0.09 0.29 

Nitrogen Dioxide 1 hour 0.85 0.87 0.86 0.85 0.81 1.3 6.7 

Sulphur Dioxide 
10 minutes 0.04 0.05 0.05 0.05 0.05 0.06 0.18 

1 hour 0.06 0.07 0.07 0.07 0.08 0.09 0.27 

PM10 24 hours 0.64 0.74 0.56 0.59 0.61 2.0 32.6 

PM2.5 24 hours 0.45 0.49 0.41 0.42 0.43 1.1 12.0 

Acrolein 1 hour 0.14 0.14 0.11 0.12 0.14 0.33 2.5 

Benzene 1 hour 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 0.001 0.001 0.001 0.003 

24 hours 0.05 0.05 0.05 0.05 0.05 0.05 0.03 

Acetaldehyde 1 hour 0.01 0.01 0.01 0.01 0.01 0.02 0.09 

Formaldehyde 1 hour 0.14 0.15 0.11 0.13 0.14 0.33 2.5 

Naphthalene 1 hour 0.001 0.001 0.001 0.001 0.001 0.001 0.005 

Eye Irritants
1
 1 hour 0.28 0.29 0.22 0.26 0.28 0.66 4.9 

Respiratory 
Irritants

2
 

1 hour 0.93 0.95 0.94 0.93 0.90 1.5 7.1 

bold: RQ > 1
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 15 Average Day Construction Scenario - Acute Inhalation RQ 

Chemical 
Averaging 

Time 

Estimated Risk Quotients (RQ) 

TFN Farmers 
Canadian 
Residents 

US Residents Recreationists 
MPOI over 

Land 
MPOI over 

Water 

Carbon 
Monoxide 

1 hour 0.04 0.03 0.03 0.03 0.03 0.04 0.20 

8 hours 0.06 0.06 0.06 0.06 0.07 0.07 0.24 

Nitrogen Dioxide 1 hour 0.39 0.41 0.48 0.48 0.56 0.55 1.5 

Sulphur Dioxide 
10 minutes 0.03 0.03 0.03 0.03 0.03 0.03 0.04 

1 hour 0.05 0.04 0.05 0.05 0.05 0.05 0.06 

PM10 24 hours 0.51 0.53 0.51 0.54 0.52 0.81 12.1 

PM2.5 24 hours 0.39 0.39 0.40 0.43 0.41 0.58 6.9 

Acrolein 1 hour 0.12 0.12 0.11 0.12 0.13 0.24 2.3 

Benzene 1 hour 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 0.001 0.001 0.001 0.003 

24 hours 0.05 0.05 0.05 0.05 0.05 0.05 0.03 

Acetaldehyde 1 hour 0.01 0.01 0.01 0.01 0.01 0.02 0.08 

Formaldehyde 1 hour 0.13 0.12 0.11 0.13 0.13 0.24 2.3 

Naphthalene 1 hour 0.001 0.001 0.001 0.001 0.001 0.001 0.005 

Eye Irritants
1
 1 hour 0.25 0.24 0.21 0.25 0.26 0.48 4.6 

Respiratory 
Irritants

2
 

1 hour 0.45 0.47 0.54 0.54 0.58 0.62 1.6 

bold: RQ > 1
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Figure 4 One Hour Air Concentrations of Acrolein (µg/m
3
) During an Average and Peak Construction Day 
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Figure 5 One Hour Air Concentrations of Formaldehyde (µg/m
3
) During an Average and Peak Construction Day 
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Figure 6 One Hour Air Concentrations of NO2 (µg/m
3
) During an Average and Peak Construction Day 
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Figure 7 Twenty Four Hour Air Concentrations of PM10 (µg/m
3
) During an Average and Peak Construction Day 
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Figure 8 Twenty Four Hour Air Concentrations of PM2.5 (µg/m
3
) During an Average and Peak Construction Day 
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4.1.2 Chronic Inhalation 

The highest chronic inhalation RQ values that were estimated for each discrete receptor location during 

construction are summarised below in Table 16. All of the chronic RQ values were <1.0. This table 

provides a summary of the maximum RQ values determined for TFN, farmer, and residential receptors. 

The remaining RQ values are lower than those presented in these tables. The complete set of chronic 

inhalation RQ results for each of the individual receptor locations is provided in Appendix A.  

Table 16 Construction Scenario - Chronic Inhalation RQ 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

TFN Farmers 
Canadian 
Residents 

US Residents 

PM2.5 Annual 0.06 0.06 0.06 0.07 

DPM Annual 0.05 0.06 0.06 0.07 

NO2 Annual 0.17 0.19 0.17 0.21 

SO2 Annual 0.001 0.001 0.002 0.002 

PM10 Annual 0.52 0.52 0.52 0.52 

Acrolein Annual 0.001 0.001 0.001 0.001 

Benzene Annual 0.10 0.10 0.10 0.10 

1,3-Butadiene Annual 0.0004 0.0005 0.0004 0.0005 

Acetaldehyde Annual 0.0001 0.0001 0.0001 0.0001 

Formaldehyde Annual 0.01 0.01 0.01 0.01 

Napthalene Annual 0.001 0.002 0.001 0.001 

Nasal Irritants
1
 Annual 0.01 0.01 0.01 0.01 

bold: RQ > 1 
1
combined exposure to acetaldehyde, acrolein, formaldehyde and naphthalene 

4.2 OPERATIONS SCENARIOS 

4.2.1 Acute inhalation – Discrete Receptor Locations 

The highest acute inhalation RQ values determined for each discrete receptor group exposed to 

emissions under existing and future operations are summarised in Tables 17 through 21 as follows: 

 TFN - Table 17; 

 Farmers - Table 18; 

 Canadian Residents - Table 19; 

 U.S. Residents - Table 20; and 

 Recreationists - Table 21. 
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For all of the discrete receptor locations, the maximum acute inhalation RQ values determined for future 

conditions with the Project were all below 1.0. The highest exposures and risks are estimated for existing 

conditions, since air quality is predicted to improve in the future either with or without the project; 

nonetheless, the maximum acute inhalation RQ values determined for existing conditions were <1.0. 

There was a negligible incremental change between acute RQ estimates for future conditions without or 

with the Project scenarios for the majority of COPCs. 

The RQ values present in Tables 17 to 21 represent the maximum values determined for each receptor 

group. All remaining RQ values were less than those presented in the tables below. The individual acute 

inhalation RQ results for all receptor locations are provided in Appendix A.  

Table 17 Acute Inhalation RQs – TFN Receptors 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 
Conditions 

Future without 
Project 

Future with 
Project 

Carbon Monoxide 
1 hour 0.06 0.04 0.04 

8 hours 0.07 0.06 0.07 

Nitrogen Dioxide 1 hour 0.57 0.41 0.51 

Sulphur Dioxide 
10 minutes 0.13 0.03 0.03 

1 hour 0.20 0.05 0.05 

PM10 24 hours 0.51 0.48 0.48 

PM2.5 24 hours 0.44 0.38 0.39 

Acrolein 1 hour 0.17 0.11 0.15 

Benzene 1 hour 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.02 0.01 0.01 

Formaldehyde 1 hour 0.16 0.12 0.15 

Naphthalene 1 hour 0.001 0.001 0.001 

Eye Irritants
1
 1 hour 0.32 0.23 0.30 

Respiratory Irritants
2
 1 hour 0.79 0.47 0.57 

bold: RQ > 1.0
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 18 Acute Inhalation RQs – Farmer Receptors 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 
Conditions 

Future without 
Project 

Future with 
Project 

Carbon Monoxide 
1 hour 0.05 0.03 0.04 

8 hours 0.07 0.06 0.07 

Nitrogen Dioxide 1 hour 0.54 0.40 0.55 

Sulphur Dioxide 
10 minutes 0.11 0.03 0.03 

1 hour 0.17 0.05 0.05 

PM10 24 hours 0.51 0.48 0.49 

PM2.5 24 hours 0.43 0.38 0.38 

Acrolein 1 hour 0.15 0.10 0.16 

Benzene 1 hour 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.01 0.01 0.02 

Formaldehyde 1 hour 0.14 0.11 0.17 

Naphthalene 1 hour 0.001 0.001 0.001 

Eye Irritants
1
 1 hour 0.29 0.21 0.33 

Respiratory Irritants
2
 1 hour 0.73 0.46 0.61 

bold: RQ > 1.0
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 19 Acute Inhalation RQs – Canadian Residential Receptors 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 
Conditions 

Future without 
Project 

Future with 
Project 

Carbon Monoxide 
1 hour 0.05 0.03 0.04 

8 hours 0.07 0.06 0.07 

Nitrogen Dioxide 1 hour 0.57 0.41 0.46 

Sulphur Dioxide 
10 minutes 0.12 0.03 0.03 

1 hour 0.19 0.05 0.05 

PM10 24 hours 0.52 0.48 0.49 

PM2.5 24 hours 0.45 0.38 0.39 

Acrolein 1 hour 0.12 0.09 0.10 

Benzene 1 hour 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.01 0.01 0.01 

Formaldehyde 1 hour 0.12 0.10 0.10 

Naphthalene 1 hour 0.001 0.001 0.001 

Eye Irritants
1
 1 hour 0.24 0.19 0.20 

Respiratory Irritants
2
 1 hour 0.77 0.47 0.52 

bold: RQ > 1.0
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 20 Acute Inhalation RQs – U.S. Residential Receptors 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing Conditions 
Future without 

Project 
Future with Project 

Carbon Monoxide 
1 hour 0.05 0.03 0.03 

8 hours 0.08 0.06 0.07 

Nitrogen Dioxide 1 hour 0.66 0.47 0.53 

Sulphur Dioxide 
10 minutes 0.13 0.03 0.03 

1 hour 0.20 0.05 0.05 

PM10 24 hours 0.53 0.49 0.49 

PM2.5 24 hours 0.47 0.39 0.40 

Acrolein 1 hour 0.12 0.09 0.10 

Benzene 1 hour 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.01 0.01 0.01 

Formaldehyde 1 hour 0.12 0.10 0.11 

Naphthalene 1 hour 0.001 0.001 0.001 

Eye Irritants
1
 1 hour 0.25 0.20 0.21 

Respiratory Irritants
2
 1 hour 0.87 0.54 0.60 

bold: RQ > 1.0 
1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 21 Acute Inhalation RQs – Recreational Receptors 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 

RQ 

Future without 
Project 

RQ 

Future with 
Project 

RQ 

Carbon Monoxide 
1 hour 0.14 0.05 0.05 

8 hours 0.18 0.08 0.08 

Nitrogen Dioxide 1 hour 0.69 0.56 0.56 

Sulphur Dioxide 
10 minutes 0.24 0.03 0.03 

1 hour 0.37 0.05 0.05 

PM10 24 hours 0.53 0.49 0.49 

PM2.5 24 hours 0.57 0.39 0.40 

Acrolein 1 hour 0.30 0.13 0.13 

Benzene 1 hour 0.007 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.001 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.01 0.01 0.01 

Formaldehyde 1 hour 0.27 0.14 0.14 

Naphthalene 1 hour 0.001 0.001 0.001 

Eye Irritants
1
 1 hour 0.57 0.27 0.27 

Respiratory Irritants
2
 1 hour 1.0 0.59 0.59 

bold: RQ > 1.0
 

1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 

4.2.2 Acute inhalation – Maximum Point of Impingement (MPOI) 

The acute inhalation RQ values determined at the MPOI for land and water for the existing and future 

operations scenarios are provided in Tables 22 and 23, respectively. All of the RQ values at the MPOI 

over land were <1.0 under existing and future conditions without and with the Project (Table 22). The 

highest acute inhalation RQ values for operational emissions were determined at the MPOI over water 

(Table 23). Similar to the results for the discrete receptor locations, the RQ values determined under 

existing conditions were greater than the RQ values determined under future conditions. Individual RQ 

values above 1.0 (from 1.3 to 3.3) were estimated for 1-hour exposure to maximum predicted nitrogen 

dioxide, acrolein and formaldehyde concentrations or 24 hour exposure to maximum PM10 or PM2.5 

concentrations, under existing conditions. RQ values above 1.0 were also estimated for the respiratory 

group, assuming combined exposure to acetaldehyde, naphthalene, nitrogen dioxide plus sulphur 

dioxide, and for the eye irritation group which assumed combined exposure to acrolein, formaldehyde and 

naphthalene.  
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Under the future conditions without the Project scenario, RQ values slightly higher than 1.0 (from 1.1 to 

1.7) were determined at the MPOI over water for PM10 or PM2.5 and for the eye irritation group. There was 

no incremental change in the range of RQ values assuming future conditions with the Project. 

Table 22 Acute Inhalation RQs – MPOI over Land 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 

 

Future without 
Project 

 

Future with Project 

 

Carbon Monoxide 
1 hour 0.07 0.05 0.09 

8 hours 0.10 0.08 0.13 

Nitrogen Dioxide 1 hour 0.68 0.45 0.83 

Sulphur Dioxide 
10 minutes 0.15 0.03 0.03 

1 hour 0.23 0.05 0.05 

PM10 24 hours 0.56 0.52 0.57 

PM2.5 24 hours 0.52 0.41 0.47 

Acrolein 1 hour 0.24 0.15 0.46 

Benzene 1 hour 0.01 0.01 0.01 

1,3 Butadiene 
1 hour 0.001 0.001 0.002 

24 hours 0.05 0.05 0.05 

Acetaldehyde 1 hour 0.02 0.01 0.03 

Formaldehyde 1 hour 0.22 0.16 0.47 

Naphthalene 1 hour 0.001 0.001 0.002 

Eye Irritants
1
 1 hour 0.46 0.31 0.93 

Respiratory Irritants
2
 1 hour 0.93 0.51 0.91 

bold: RQ > 1.0 
1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 
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Table 23 Acute Inhalation RQs – MPOI over Water 

Chemical Averaging Time 

Estimated Risk Quotients (RQ) 

Existing 
Future without 

Project 
Future with Project 

Carbon Monoxide 
1 hour 0.59 0.17 0.17 

8 hours 0.84 0.24 0.24 

Nitrogen Dioxide 1 hour 1.4 0.57 0.75 

Sulphur Dioxide 
10 minutes 0.29 0.02 0.02 

1 hour 0.44 0.03 0.03 

PM10 24 hours 1.9 1.1 1.1 

PM2.5 24 hours 3.3 1.7 1.7 

Acrolein 1 hour 1.5 0.64 0.65 

Benzene 1 hour 0.01 0.004 0.004 

1,3 Butadiene 
1 hour 0.002 0.001 0.002 

24 hours 0.03 0.01 0.01 

Acetaldehyde 1 hour 0.05 0.02 0.02 

Formaldehyde 1 hour 1.3 0.65 0.66 

Naphthalene 1 hour 0.003 0.001 0.001 

Eye Irritants
1
 1 hour 2.8 1.3 1.3 

Respiratory Irritants
2
 1 hour 1.9 0.62 0.81 

bold: RQ > 1.0 
1
combined 1-hour RQ values: acrolein, formaldehyde and naphthalene 

2
combined 1-hour RQ values for: acetaldehyde, naphthalene, nitrogen dioxide and sulphur dioxide 

4.2.3 Chronic Inhalation: Non-carcinogenic Effects 

Risk characterisation results for non-carcinogenic effects following chronic inhalation exposure under 

existing and future operations are summarised Tables 24 through 27, as follows: 

 Tsawwassen First Nation Lands - Table 24; 

 Farmers - Table 25; 

 Canadian Residents - Table 26; and 

 U.S. Residents - Table 27. 

All of the chronic RQ values determined for non-carcinogenic effects were less than 1.0, under existing 

(2010) and future (2025) conditions with and without the Project. The incremental change in chronic RQ 

values assuming conditions with or without the Project in 2025 was negligible. 
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These tables provide a summary of the maximum RQ values determined for TFN, farmer, and residential 

receptors. The remaining RQ values are lower than those presented in these tables. Chronic inhalation 

RQ results for each of the individual receptor locations considered are provided in Appendix A.  

Table 24 Chronic Inhalation RQs for Non-carcinogenic Effects – TFN Receptors 

Chemical 
Estimated Risk Quotients (RQ) 

Existing Future without Project Future with Project 

PM2.5 0.60 0.59 0.59 

DPM 0.16 0.15 0.15 

Nitrogen Dioxide 0.37 0.35 0.36 

Sulphur Dioxide 0.01 0.01 0.01 

PM10 0.52 0.52 0.52 

Acrolein 0.02 0.02 0.02 

Benzene 0.10 0.10 0.10 

1,3 Butadiene 0.08 0.08 0.08 

Acetaldehyde 0.004 0.004 0.004 

Formaldehyde 0.21 0.21 0.21 

Naphthalene 0.08 0.08 0.08 

Nasal Irritants
1
 0.32 0.32 0.32 

bold: RQ > 1 
1
combined exposure to acetaldehyde, acrolein, formaldehyde and naphthalene 

Table 25 Chronic Inhalation RQs for Non-carcinogenic Effects – Farmer Receptors 

Chemical 
Estimated Risk Quotients (RQ) 

Existing Future without Project Future with Project 

PM2.5 0.60 0.59 0.60 

DPM 0.16 0.15 0.15 

Nitrogen Dioxide 0.38 0.36 0.37 

Sulphur Dioxide 0.01 0.01 0.01 

PM10 0.52 0.52 0.52 

Acrolein 0.02 0.02 0.02 

Benzene 0.10 0.10 0.10 

1,3 Butadiene 0.08 0.08 0.08 

Acetaldehyde 0.004 0.004 0.004 

Formaldehyde 0.21 0.21 0.21 

Naphthalene 0.08 0.08 0.08 

Nasal Irritants
1
 0.32 0.32 0.32 

bold: RQ > 1 
1
combined exposure to acetaldehyde, acrolein, formaldehyde and naphthalene 
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Table 26 Chronic Inhalation RQs for Non-carcinogenic Effects – Canadian Residents 

Chemical 
Estimated Risk Quotients (RQ) 

Existing Future without Project Future with Project 

PM2.5 0.60 0.59 0.60 

DPM 0.16 0.15 0.15 

Nitrogen Dioxide 0.38 0.35 0.36 

Sulphur Dioxide 0.01 0.01 0.01 

PM10 0.52 0.52 0.52 

Acrolein 0.02 0.02 0.02 

Benzene 0.10 0.10 0.10 

1,3 Butadiene 0.08 0.08 0.08 

Acetaldehyde 0.004 0.004 0.004 

Formaldehyde 0.21 0.21 0.21 

Naphthalene 0.08 0.08 0.08 

Nasal Irritants
1
 0.32 0.32 0.32 

bold: RQ > 1 
1
combined exposure to acetaldehyde, acrolein, formaldehyde and naphthalene 

Table 27 Chronic Inhalation RQs for Non-carcinogenic Effects – U.S. Residents 

Chemical 
Estimated Risk Quotients (RQ) 

Existing Future without Project Future with Project 

PM2.5 0.61 0.60 0.60 

DPM 0.17 0.15 0.16 

Nitrogen Dioxide 0.40 0.37 0.37 

Sulphur Dioxide 0.02 0.01 0.01 

PM10 0.52 0.52 0.52 

Acrolein 0.02 0.02 0.02 

Benzene 0.10 0.10 0.10 

1,3 Butadiene 0.08 0.08 0.08 

Acetaldehyde 0.004 0.004 0.004 

Formaldehyde 0.21 0.21 0.21 

Naphthalene 0.08 0.08 0.08 

Nasal Irritants
1
 0.32 0.32 0.32 

bold: RQ > 1 
1
combined exposure to acetaldehyde, acrolein, formaldehyde and naphthalene 
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4.2.4 Chronic Inhalation: Carcinogenic Effects 

The risk characterisation results for carcinogenic effects following chronic inhalation exposure to 

emissions from the Project alone are summarised in the Tables 28 through 31, as follows: 

 Tsawwassen First Nation Land - Table 28; 

 Farmers - Table 29; 

 Canadian Residents - Table 30; and 

 U.S. Residents - Table 31. 

The RQ values presented below reflect the incremental increase in lifetime cancer risk as a result 

of exposure to Project emissions (i.e., future with Project minus future without Project). An RQ value 

< 1.0 indicates the incremental lifetime cancer risk associated with carcinogen exposure is negligible 

(i.e., below 1 in 100,000). 

All of the chronic inhalation RQ values determined for cancer risks were <1.0, indicating negligible 

incremental lifetime cancer risks associated with exposure to Project emissions. The tables below provide 

the highest determined chronic inhalation RQ values for each receptor. RQ results for all of the receptor 

locations evaluated are provided in Appendix A. 

Table 28 Chronic Inhalation RQs for Carcinogenic Effects – TFN Receptors 

Chemical 
Project-only 

RQ 

DPM 0.46 

Benzene 0.0006 

Benzo[a]pyrene 0.02 

1,3 Butadiene 0.0005 

Acetaldehyde 0.0008 

Formaldehyde 0.004 

Naphthalene 0.002 

Nasal Tumours
1
 0.008 

Lung Tumours
2
 0.48 

Leukemia
3
 0.001 

bold: RQ > 1.0
 

1
combined exposure to acetaldehyde, formaldehyde and naphthalene 

2
combined exposure to DPM and benzene[a]pyrene 

3
combined exposure to 1,3-butadiene and benzene 
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Table 29 Chronic Inhalation RQs for Carcinogenic Effects – Farmer Receptors 

Chemical 
Project-only 

RQ 

DPM 0.55 

Benzene 0.0008 

Benzo[a]pyrene 0.03 

1,3 Butadiene 0.0006 

Acetaldehyde 0.001 

Formaldehyde 0.006 

Naphthalene 0.003 

Nasal Tumours
1
 0.01 

Lung Tumours
2
 0.57 

Leukemia
3
 0.001 

bold: RQ > 1.0 
1
combined exposure to acetaldehyde, formaldehyde and naphthalene 

2
combined exposure to DPM and benzene[a]pyrene 

3
combined exposure to 1,3-butadiene and benzene 

Table 30 Chronic Inhalation RQs for Carcinogenic Effects – Canadian Residents 

Chemical 
Project-only 

RQ 

DPM 0.30 

Benzene 0.0005 

Benzo[a]pyrene 0.01 

1,3 Butadiene 0.0003 

Acetaldehyde 0.0005 

Formaldehyde 0.003 

Naphthalene 0.001 

Nasal Tumours
1
 0.005 

Lung Tumours
2
 0.31 

Leukemia
3
 0.001 

bold: RQ > 1
 

1
combined exposure to acetaldehyde, formaldehyde and naphthalene 

2
combined exposure to DPM and benzene[a]pyrene 

3
combined exposure to 1,3-butadiene and benzene 
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Table 31 Chronic Inhalation RQs for Carcinogenic Effects – U.S. Residents 

Chemical 
Project-only 

RQ 

DPM 0.37 

Benzene 0.0006 

Benzo[a]pyrene 0.01 

1,3 Butadiene 0.0004 

Acetaldehyde 0.0006 

Formaldehyde 0.003 

Naphthalene 0.001 

Nasal Tumours
1
 0.005 

Lung Tumours
2
 0.38 

Leukemia
3
 0.001 

bold: RQ > 1
 

1
combined exposure to acetaldehyde, formaldehyde and naphthalene 

2
combined exposure to DPM and benzene[a]pyrene 

3
combined exposure to 1,3-butadiene and benzene 

4.2.5 Multi-Media Exposures 

This section presents the risk characterisation results for multi-media exposure of farmer and TFN 

receptors to formaldehyde (Table 32) and B[a]P (Table 33). The maximum RQ values determined for 

exposures at the discrete receptor locations identified for farmer and TFN receptors are presented. RQ 

values were also determined at the MPOI for chronic air concentrations of formaldehyde and B[a]P over 

land. The exposure of TFN receptors to sediments and shellfish was based on maximum deposition rates 

at the MPOI for chronic air concentrations of B[a]P over water. All of the RQ values determined for multi-

media exposure to formaldehyde and B[a]P were < 1.0. 

Table 32 Chronic Multi-media RQs - Formaldehyde 

Receptor 

Estimated Risk Quotients (RQ) 

Existing  Future with Project Future without Project 

Farmer 0.001 0.001 0.0007 

Farmer (MPOI over land) 0.008 0.01 0.006 

TFN 0.002 0.002 0.001 

TFN (MPOI over land) 0.02 0.03 0.01 
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Table 33 Chronic Multi-media RQs – B[a]P 

Receptor 
Project-only 

RQ 

Farmer 0.00007 

Farmer (MPOI over land) 0.0001 

TFN 0.00008 

TFN (MPOI over land) 0.0001 
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5.0 DISCUSSION 

Section 5.1 provides an analysis of the uncertainties associated with the quantification of health risks, the 

assumptions made, and the potential effect of these assumptions on the quantification of risk. 

A discussion of the results of the HHRA for predicted emissions under Project operational and 

construction scenarios is provided in Sections 5.2 and 5.3, respectively. Overall, the results of the HHRA 

indicate that predicted exposures to chemicals in air emissions from the Project, accounting for ambient 

air quality, were below exposure limits associated with no adverse health risks for the majority of the 

chemicals, exposure scenarios, and receptor locations considered. The few exceptions were for acute 

RQ values determined at the MPOI over water under existing conditions and during construction.  

5.1 UNCERTAINTY ANALYSIS  

The goal of the HHRA-Air Emissions Study was to evaluate the potential for adverse effects on human 

health as a result of changes in air quality that were attributable to the Project. This was a predictive 

analysis and relied on assumptions to estimate the magnitude of human exposures, including use of 

modeled air concentrations, assumptions of chemical fate and transport, and use of generic receptor 

characteristics to describe lifestyles/behaviours that affect exposure potential. The degree of uncertainty 

associated with various assumptions about chemical toxicity was reduced by the use of exposure limits 

determined by authoritative regulatory agencies following substantial scientific review. The exposure 

limits identified for the HHRA were generally the most stringent and defensible of those available from 

regulatory agencies and are recognised as safe levels of exposure. The key uncertainties associated with 

predicting human health risks and the conservative assumptions made to minimise those uncertainties 

are summarised below in Table 34. 
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Table 34 Key Uncertainties and Assumptions in the HHRA 

Uncertainty Assumption Effect 

Project emission estimates and 
dispersion of emissions under 
various meteorological 
conditions 

Project emissions were based on simultaneous 
operations at peak loads and conservative 
assumptions were made in the modelling of 
emission dispersion.  

Air concentrations as a 
result of Project 
emissions likely to be 
over-estimated. 

Highest predicted air 
concentration may not occur at 
one of the selected discrete 
receptor location 

Acute exposure to the highest predicted air 
concentrations that might occur over land and over 
water. 

Potential for exposure at 
the MPOIs likely over-
estimated. 

Exposure concentrations 

COPCs in existing and future terminal emissions 
were assumed not to contribute to ambient air 
concentrations (i.e., maximum measured air 
concentrations were added to concentrations 
predicted from emission sources). Furthermore, no 
changes in ambient air concentrations were 
assumed for the future, despite proposed 
reductions in emissions. 

Potential for double 
counting of exposure to 
individual COPC with 
exposure likely to be 
over-estimated. 

Exposure duration 
No attenuation of receptor exposure assumed – 
e.g., continuous exposure up to 24 hours/day, 7 
days/week, 52 weeks/year. 

Exposure likely to be 
over-estimated. 

Exposure via pathways other 
than inhalation 

Maximum deposition rates and air concentrations 
were used to predict concentrations in media other 
than air (i.e., soil, sediment, plant and wildlife 
tissue). Exposure likely to be 

over-estimated. 
Tsawwassen First Nation and farming residents 
were assumed to obtain the majority of their food 
from local sources. 

Chemical toxicity 

Evaluation of a range of exposure limits from 
several regulatory agencies and selection of the 
most protective and defensible limit for non-
carcinogenic effects.  

Exposure limits represent a concentration or dose 
level that is below the lowest observed 
effect/response levels (i.e., health endpoint) with 
additional safety factors applied to account for 
sensitive individuals (e.g., those with compromised 
respiratory systems). 

Potential for threshold 
effects from chemical 
exposures were not 
likely to be under-
estimated. 

Evaluation of a range of exposure limits from 
several regulatory agencies and selection of the 
most defensible and protective limit for 
carcinogenic effects. 

Exposure limits for carcinogens were based on an 
acceptable incremental increase in lifetime cancer 
risk of 1 in 100,000, considered by Health Canada 
to be a negligible increase in cancer risk.  

Potential for non-
threshold effects from 
chemical exposures 
were not likely to be 
under-estimated. 

Potential interaction between 
chemicals that share a similar 
health effect endpoint 

An additive interaction was assumed for chemicals 
with similar health endpoints, despite lack of 
scientific evidence for additive effects. 

Chemical group toxicity 
and the potential health 
risks of chemical groups 
were not likely to be 
under-estimated. 
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All of the assumptions made in the evaluation of potential human health risks are such that chemical 

exposures were likely over-estimated and it is unlikely the potential toxicity of chemicals (individual and 

groups) were under-estimated. No adverse health effects are expected to occur where a RQ value equal 

to or below unity (i.e., <1) is determined. Assumptions made in the modeling of air emissions were such 

that the maximum acute air concentrations of COPCs predicted under existing emission conditions over-

estimated the maximum observed (measured) acute air concentrations by a factor of at least two. 

Considering this, as well as the conservative exposure and toxicity assumptions inherent to the HHRA, 

RQ values slightly above unity (i.e., between 1 and 2), particularly for acute exposures, were considered 

to be of negligible consequence to public health.  

5.2 OPERATIONS SCENARIOS 

The results for acute inhalation exposures, chronic inhalation exposures and multi-media exposures as a 

result of Project operations are discussed below in Sections 5.2.1 to 5.2.3.  

5.2.1 Acute Inhalation 

The maximum acute inhalation RQ values determined for future conditions with the Project were below 

one at all of the discrete agricultural, residential or recreational receptor locations considered. The RQ 

values determined under future conditions with the Project were consistently lower than those determined 

under existing conditions, as a result of initiatives to reduce future marine emissions. The incremental 

change between RQ values assuming future conditions without or with the Project was negligible for the 

majority of chemicals evaluated. Therefore, acute inhalation exposures to COPCs in Project emissions at 

the discrete receptor locations were considered to be of negligible consequence to public health.  

All of the RQ values were less than one when exposure to the maximum air concentrations predicted on 

land (MPOI over land) was assumed. Acute RQ values above one were determined at the MPOI over 

water under existing and future conditions. However, the highest RQ value determined under future 

conditions was below two and the contribution of the Project to predicted future emissions was negligible. 

Therefore, acute inhalation exposures to COPCs in Project emissions at the MPOI over water were 

considered to be of negligible consequence to public health.  

5.2.2 Chronic Inhalation  

The maximum chronic inhalation RQ values determined for non-carcinogenic effects under future 

conditions with the Project were below one at all of the receptor locations considered. The incremental 

change between chronic RQ values determined for future conditions without or with the Project was 

negligible for all of the COPCs evaluated. The maximum chronic inhalation RQ values determined for 

exposure to carcinogens in Project emissions were below one at all of the receptor locations considered. 

Therefore, chronic inhalation exposures to COPCs in Project emissions were considered to be of 

negligible consequence to public health. 
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5.2.3 Multi-Media  

The multi-media assessment considered deposition of non-volatile chemicals to soil, sediment and plants 

and determined exposure as a result of direct contact with these media as well as the consumption of 

plants, livestock or wildlife consuming or in direct contact with these media. All of the maximum RQ 

values determined for the multi-media exposure assessment were below one and therefore no adverse 

health effects are expected from the exposure of TFN and farmer receptors to non-volatile COPCs in 

Project emissions that could occur in media other than air.  

5.3 CONSTRUCTION SCENARIOS 

The results determined for acute and chronic inhalation exposures to emissions during Project 

construction are discussed below in Sections 5.3.1 and 5.3.2, respectively.  

5.3.1 Acute Inhalation 

The maximum acute inhalation RQ values determined for discrete agricultural, residential or recreational 

receptors were below one, assuming either peak or average emissions during construction. Therefore, 

acute inhalation exposure to COPCs in construction emissions at the discrete receptor locations was 

considered to be of negligible consequence to public health.  

Acute inhalation RQ values were below one at the MPOI over land, when average emissions during 

Project construction were assumed. The majority of RQ values were also below one when peak 

emissions were assumed. RQ values slightly above one (but equal or less than two) were determined for 

acute exposure to nitrogen dioxide and particulate matter (PM2.5 and PM10), and combined exposure to 

respiratory irritants (primarily nitrogen dioxide). Considering the highest acute inhalation RQ values did 

not exceed two, exposure to COPCs in construction emissions at the MPOI over land was considered to 

be of negligible consequence to public health.  

The highest RQ values determined in the HHRA for air emissions occurred at the MPOI over water, 

assuming acute inhalation exposure to peak emissions during Project construction. RQ values slightly 

greater than two were determined for acrolein and formaldehyde, and combined exposure to eye irritants 

(primarily acrolein and formaldehyde). Higher RQ values were determined for NO2 and combined 

exposure to respiratory irritants (primarily NO2). The highest RQ values were determined for PM2.5 and 

PM10. When average emissions were assumed during Project construction, RQ values less than or equal 

to two were determined for acrolein, formaldehyde and nitrogen dioxide, and combined exposure to 

respiratory irritants. However, estimated RQ values were high (above two) for acute inhalation exposures 

to PM2.5 and PM10, and combined exposure to eye irritants (primarily acrolein and formaldehyde).  
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The geographical extent of the area where acute exposures could lead to RQs >2.5 for eye irritants 

(i.e., acrolein and formaldehyde) and respiratory irritants (i.e., nitrogen dioxide) under both peak and 

average emission scenarios is confined to a small area between the proposed RBT2 terminal and the 

existing Westshore Terminals. Although shipping traffic in this area will likely limit public use of these 

waters, there is the potential for occasional, short-term exposure. The predicted COPC concentrations in 

air at these locations were considered to be of moderate consequence to public health. 

The geographical extent of the area where PM10 and PM2.5 could result in RQs >2.5 under the peak 

emissions scenarios and the average emissions scenario extend beyond the Westshore Terminals. In the 

case of PM10, the area of adverse influence for the peak scenario was predicted to extend over the 

Roberts Bank causeway and water between the RBT2 terminal footprint and the existing container 

terminals. Again, some restrictions to public use of waters where the highest PM concentrations in air 

were predicted is likely; however, considering the extent of the areas of potential impact, the PM air 

concentrations predicted during construction were considered to be of moderate consequence to human 

health. This conclusion needs to be tempered by the fact that the PM is likely to be associated primarily 

with dust generation, while the threshold of effects estimated used in this HHRA are generally based on 

epidemiological studies of human exposures to transportation-related air pollutants. 

5.3.2 Chronic Inhalation  

The maximum RQ values determined for chronic inhalation exposure to peak or average emissions 

during construction were below one at all of the receptor locations considered. Therefore, chronic 

inhalation exposures to COPCs in construction emissions were considered to be of negligible 

consequence for public health. 
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6.0 CONCLUSIONS  

The goal of the HHRA-Air Emissions Study was to evaluate the potential for adverse effects on human 

health as a result of changes in air quality that are attributable to the Project. The HHRA considered the 

potential for adverse health effects as a result of changes in air quality during Project construction. For 

the majority of chemicals, chemical groups and receptor locations, predicted exposures to COPCs in 

construction emissions were below exposure limits associated with no adverse health risks. Exceptions 

were noted for acute exposure to the maximum predicted concentrations of eye irritants (i.e., acrolein and 

formaldehyde), respiratory irritants (i.e., nitrogen dioxide), and particulate matter (PM10 and PM2.5) at the 

MPOI over water, particularly when peak construction emissions were assumed. The potential for 

exposure to these chemicals during the constriction period were considered to be of moderate 

consequence to the health of receptors spending time in these areas. 

Three operation scenarios were evaluated including the existing case, the future case without the Project 

and the future case with the Project. For the majority of chemicals, chemical groups and receptor 

locations, predicted exposures to COPCs in Project emissions during future operations (future case with 

the Project) were below exposure limits associated with no adverse health risks. Notably, where 

maximum acute concentrations over water were above acute exposure limits, the contribution of Project 

emissions to the RQ values determined under future conditions was negligible. Therefore, the HHRA 

determined that exposure to COPCs in Project emissions were of negligible consequence to public 

health. 
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9.0 STATEMENT OF LIMITATIONS 

This report was prepared by Hemmera Envirochem Inc. (“Hemmera”) for the sole benefit and exclusive 

use of Port Metro Vancouver. The material in it reflects Hemmera’s best judgment in light of the 

information available to it at the time of preparing this Report. Any use that a third party makes of this 

Report, or any reliance on or decision made based on it, is the responsibility of such third parties. 

Hemmera accepts no responsibility for damages, if any, suffered by any third party as a result of 

decisions made or actions taken based on this Report. 

Hemmera has performed the work as described above and made the findings and conclusions set out in 

this Report in a manner consistent with the level of care and skill normally exercised by members of the 

environmental science profession practicing under similar conditions at the time the work was performed. 

This Report represents a reasonable review of the information available to Hemmera within the 

established Scope, work schedule and budgetary constraints. The conclusions and recommendations 

contained in this Report are based upon applicable legislation existing at the time the Report was drafted. 

Any changes in the legislation may alter the conclusions and/or recommendations contained in the 

Report. Regulatory implications discussed in this Report were based on the applicable legislation existing 

at the time this Report was written. 

In preparing this Report, Hemmera has relied in good faith on information provided by others as noted in 

this Report, and has assumed that the information provided by those individuals is both factual and 

accurate. Hemmera accepts no responsibility for any deficiency, misstatement or inaccuracy in this 

Report resulting from the information provided by those individuals. 
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C-1.0 Existing Conditions (2010)
Table C-1.1 Acute Inhalation Exposures and Risk Quotients for Existing Conditions

Receptor
Existing 
modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ Existing modeled 

(ug/m3)
Existing plus BG 

(ug/m3) RQ

Ladner 79.7 450.9 0.03 21.5 360.8 0.06 20.2 64.9 0.35 14.1 26.8 0.05 8.5 16.2 0.08 0.67 23.8 0.48

Farmer 1 197.2 568.4 0.04 61.0 400.3 0.07 37.2 81.9 0.44 23.2 35.9 0.07 14.1 21.8 0.11 1.37 24.5 0.49

Tsawwassen First Nations 508.4 879.6 0.06 83.1 422.4 0.07 62.5 107.2 0.57 54.4 67.1 0.13 33.0 40.7 0.20 2.44 25.5 0.51

Farmer 2 366.8 738.0 0.05 72.5 411.8 0.07 57.0 101.7 0.54 43.1 55.8 0.11 26.1 33.8 0.17 2.22 25.3 0.51

Farmer 3 258.2 629.4 0.04 66.5 405.8 0.07 54.3 99.0 0.53 34.1 46.8 0.09 20.7 28.4 0.14 2.06 25.2 0.50

Tsawwassen Beach Campsite 350.1 721.3 0.05 70.9 410.2 0.07 56.8 101.5 0.54 50.8 63.5 0.13 30.8 38.5 0.19 2.65 25.8 0.52

Beach Grove 175.2 546.4 0.04 35.3 374.6 0.06 29.2 73.9 0.39 22.0 34.7 0.07 13.3 21.0 0.11 0.92 24.0 0.48

Boundary Bay 131.6 502.8 0.03 39.3 378.6 0.06 30.5 75.2 0.40 24.3 37.0 0.07 14.7 22.4 0.11 1.64 24.7 0.49

Tsawwassen 354.4 725.6 0.05 98.7 438.0 0.07 62.0 106.7 0.57 48.5 61.2 0.12 29.4 37.1 0.19 2.83 25.9 0.52

Point Roberts 1 115.3 486.5 0.03 43.0 382.3 0.06 38.3 83.0 0.44 28.0 40.7 0.08 17.0 24.7 0.12 1.46 24.6 0.49

Point Roberts 2 334.6 705.8 0.05 123.5 462.8 0.08 79.7 124.4 0.66 52.7 65.4 0.13 32.0 39.7 0.20 3.25 26.3 0.53

Delta Hospital 75.5 446.7 0.03 22.3 361.6 0.06 18.2 62.9 0.33 14.3 27.0 0.05 8.7 16.4 0.08 0.66 23.8 0.48

Reifel Bird Sanctuary 181.1 552.3 0.04 29.2 368.5 0.06 34.5 79.2 0.42 25.8 38.5 0.08 15.6 23.3 0.12 1.32 24.4 0.49

Boundary Bay GVRD Park 163.4 534.6 0.04 31.1 370.4 0.06 24.9 69.6 0.37 19.5 32.2 0.06 11.8 19.5 0.10 1.08 24.2 0.48

English Bluffs Beach 539.2 910.4 0.06 193.6 532.9 0.09 84.6 129.3 0.69 65.6 78.3 0.16 39.7 47.4 0.24 3.36 26.5 0.53

South Arm Marsh 101.9 473.1 0.03 24.2 363.5 0.06 21.3 66.0 0.35 15.0 27.7 0.06 9.1 16.8 0.08 0.98 24.1 0.48

Air Quality Station T39 302.0 673.2 0.04 89.4 428.7 0.07 59.8 104.5 0.56 44.1 56.8 0.11 26.7 34.4 0.17 2.54 25.6 0.51

Maximum Over Land 665.3 1036.5 0.07 246.5 585.8 0.10 82.9 127.6 0.68 64.1 76.8 0.15 38.9 46.6 0.23 5.10 28.2 0.56

Ferry Terminal 2035.2 na 0.14 1090.2 na 0.18 119.4 na 0.63 121.1 na 0.24 73.4 na 0.37 15.76 na 0.32

Maximum Over Water 8855.8 n/a 0.59 5056.5 n/a 0.84 256.9 n/a 1.37 144.7 n/a 0.29 87.7 n/a 0.44 94.75 n/a 1.90
Background 371.2 339.3 44.7 12.7 7.7 23.1

*10 min SO2 from 1-hour data 
using a conversion factor of 1.65 
as per Ontario Air Dispersion 
Modeling Guideline A-11 (2009)

bold: RQ >1
n/a - not applicable (acute 
background concentrations not 
considered at locations over 
water)
Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

ACUTE 1-h ACUTE 8-h
CO NO2

ACUTE 1-h (98th %ile)
SO2

ACUTE 10-min*
PM10

ACUTE 24-hACUTE 1-h (99th %ile)
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C-1.0 Existing Conditions (2010)
Table C-1.1 Acute Inhalation Exposures and Risk Quotients for Existing Conditions

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

Background

*10 min SO2 from 1-hour data 
using a conversion factor of 1.65 
as per Ontario Air Dispersion 
Modeling Guideline A-11 (2009)

bold: RQ >1
n/a - not applicable (acute 
background concentrations not 
considered at locations over 
water)
Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

Existing modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ

0.60 9.3 0.37 0.05 0.2 0.09 0.08 3.5 0.01 0.02 0.8 0.001

1.22 9.9 0.40 0.12 0.3 0.11 0.18 3.6 0.01 0.04 0.8 0.001

2.22 10.9 0.44 0.24 0.4 0.17 0.35 3.7 0.01 0.09 0.9 0.001

2.00 10.7 0.43 0.20 0.4 0.15 0.31 3.7 0.01 0.08 0.8 0.001

1.84 10.5 0.42 0.15 0.3 0.13 0.26 3.6 0.01 0.06 0.8 0.001

2.41 11.1 0.44 0.15 0.3 0.13 0.22 3.6 0.01 0.06 0.8 0.001

0.84 9.5 0.38 0.08 0.3 0.10 0.12 3.5 0.01 0.03 0.8 0.001

1.49 10.2 0.41 0.06 0.2 0.09 0.11 3.5 0.01 0.02 0.8 0.001

2.56 11.3 0.45 0.11 0.3 0.11 0.28 3.7 0.01 0.05 0.8 0.001

1.33 10.0 0.40 0.05 0.2 0.09 0.10 3.5 0.01 0.02 0.8 0.001

2.94 11.6 0.47 0.14 0.3 0.12 0.23 3.6 0.01 0.05 0.8 0.001

0.61 9.3 0.37 0.04 0.2 0.08 0.06 3.4 0.01 0.01 0.8 0.001

1.19 9.9 0.40 0.08 0.3 0.10 0.12 3.5 0.01 0.03 0.8 0.001

0.97 9.7 0.39 0.07 0.2 0.10 0.14 3.5 0.01 0.03 0.8 0.001

3.04 11.7 0.47 0.15 0.3 0.13 0.45 3.8 0.01 0.08 0.9 0.001

0.89 9.6 0.38 0.05 0.2 0.09 0.08 3.5 0.01 0.02 0.8 0.001

2.30 11.0 0.44 0.13 0.3 0.12 0.23 3.6 0.01 0.05 0.8 0.001

4.30 13.0 0.52 0.43 0.6 0.24 0.85 4.2 0.01 0.19 1.0 0.001

14.14 na 0.57 0.75 na 0.30 1.35 na 0.002 0.31 na 0.0005

83.10 n/a 3.32 3.76 n/a 1.50 5.01 n/a 0.01 1.48 n/a 0.002

8.7 0.17 3.4 0.77

1-h
1,3-Butadiene

1-h
Benzene

1-h
AcroleinPM2.5

ACUTE 24-h
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C-1.0 Existing Conditions (2010)
Table C-1.1 Acute Inhalation Exposures and Risk Quotients for Existing Conditions

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

Background

*10 min SO2 from 1-hour data 
using a conversion factor of 1.65 
as per Ontario Air Dispersion 
Modeling Guideline A-11 (2009)

bold: RQ >1
n/a - not applicable (acute 
background concentrations not 
considered at locations over 
water)
Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

Eye Irritants Respiratory Irritants

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ RQ RQ

0.001 0.77 0.05 0.30 5.8 0.01 0.83 4.4 0.09 0.07 1.9 0.0010 0.18 0.44

0.003 0.77 0.05 0.73 6.2 0.01 2.02 5.6 0.11 0.18 2.0 0.001 0.23 0.56

0.005 0.77 0.05 1.55 7.1 0.02 4.28 7.9 0.16 0.37 2.2 0.001 0.32 0.79

0.005 0.77 0.05 1.26 6.8 0.01 3.45 7.1 0.14 0.30 2.1 0.001 0.29 0.73

0.005 0.77 0.05 0.96 6.5 0.01 2.60 6.2 0.12 0.22 2.0 0.001 0.25 0.68

0.004 0.77 0.05 0.95 6.4 0.01 2.61 6.2 0.12 0.23 2.1 0.001 0.25 0.75

0.002 0.77 0.05 0.53 6.0 0.01 1.46 5.1 0.10 0.13 2.0 0.001 0.20 0.51

0.002 0.77 0.05 0.45 6.0 0.01 1.16 4.8 0.10 0.09 1.9 0.001 0.19 0.53

0.005 0.77 0.05 0.72 6.2 0.01 1.94 5.5 0.11 0.17 2.0 0.001 0.22 0.77

0.002 0.77 0.05 0.37 5.9 0.01 0.95 4.5 0.09 0.07 1.9 0.001 0.18 0.58

0.006 0.78 0.05 0.96 6.5 0.01 2.51 6.1 0.12 0.22 2.0 0.001 0.25 0.87

0.001 0.77 0.05 0.24 5.7 0.01 0.65 4.3 0.09 0.05 1.9 0.0009 0.17 0.43

0.002 0.77 0.05 0.54 6.0 0.01 1.49 5.1 0.10 0.13 2.0 0.001 0.20 0.55

0.002 0.77 0.05 0.53 6.0 0.01 1.38 5.0 0.10 0.10 1.9 0.001 0.20 0.48

0.007 0.78 0.05 1.07 6.6 0.01 2.75 6.4 0.13 0.23 2.1 0.001 0.26 0.94

0.002 0.77 0.05 0.36 5.9 0.01 0.98 4.6 0.09 0.08 1.9 0.001 0.18 0.45

0.004 0.77 0.05 0.93 6.4 0.01 2.43 6.0 0.12 0.19 2.0 0.001 0.24 0.74

0.023 0.79 0.05 2.71 8.2 0.02 7.33 10.9 0.22 0.66 2.5 0.001 0.46 0.93

0.043 na 0.003 4.94 na 0.01 13.40 na 0.27 1.16 na 0.001 0.57 1.0

0.44 n/a 0.03 23.98 n/a 0.05 66.23 n/a 1.32 5.81 n/a 0.003 2.83 1.86

0.77 5.5 3.6 1.8

Formaldehyde Naphthalene
24-h 1-h 1-h 1-h

1,3-Butadiene Acetaldehyde
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C-1.0 Existing Conditions (2010)
Table C-1.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Existing Conditions

Receptor
Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Ladner 0.03 3.5 0.59 0.03 0.7 0.15 0.56 13.4 0.33 0.08 1.5 0.01

Farmer 1 0.06 3.6 0.59 0.05 0.8 0.15 1.20 14.0 0.35 0.12 1.5 0.01

Tsawwassen First Nations 0.10 3.6 0.60 0.10 0.8 0.16 2.07 14.9 0.37 0.26 1.7 0.01

Farmer 2 0.09 3.6 0.60 0.09 0.8 0.16 1.94 14.7 0.37 0.21 1.6 0.01

Farmer 3 0.10 3.6 0.60 0.10 0.8 0.16 2.32 15.1 0.38 0.20 1.6 0.01

Beach Grove 0.04 3.5 0.59 0.04 0.7 0.15 0.81 13.6 0.34 0.13 1.5 0.01

Boundary Bay 0.04 3.5 0.59 0.04 0.7 0.15 0.88 13.7 0.34 0.15 1.5 0.01

Tsawwassen 0.11 3.6 0.60 0.10 0.8 0.16 2.23 15.0 0.38 0.35 1.8 0.01

Point Roberts 1 0.05 3.6 0.59 0.05 0.8 0.15 1.15 14.0 0.35 0.19 1.6 0.01

Point Roberts 2 0.15 3.7 0.61 0.14 0.8 0.17 3.14 15.9 0.40 0.51 1.9 0.02

Delta Hospital 0.02 3.5 0.59 0.02 0.7 0.14 0.48 13.3 0.33 0.07 1.5 0.01

Air Quality Station T39 0.10 3.6 0.60 0.10 0.8 0.16 2.11 14.9 0.37 0.34 1.7 0.01
Background 3.50 0.70 12.80 1.4

Nasal Irritants: acetaldehyde, 
acrolein, formaldehyde, naphthalene

CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual

PM2.5 DPM NO2 SO2
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C-1.0 Existing Conditions (2010)
Table C-1.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Existing Conditions

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39
Background

Nasal Irritants: acetaldehyde, 
acrolein, formaldehyde, naphthalene

Existing 
modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ Existing modeled 

(ug/m3)
Existing plus BG 

(ug/m3) RQ Existing modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ

0.03 10.3 0.52 0.0003 0.06 0.022 0.0004 0.96 0.10

0.06 10.4 0.52 0.0007 0.06 0.022 0.0011 0.96 0.10

0.11 10.4 0.52 0.0013 0.06 0.023 0.0020 0.96 0.10

0.10 10.4 0.52 0.0012 0.06 0.023 0.0019 0.96 0.10

0.12 10.4 0.52 0.0016 0.06 0.023 0.0023 0.96 0.10

0.04 10.3 0.52 0.0004 0.06 0.022 0.0007 0.96 0.10

0.05 10.3 0.52 0.0004 0.06 0.022 0.0007 0.96 0.10

0.12 10.4 0.52 0.0011 0.06 0.023 0.0019 0.96 0.10

0.06 10.4 0.52 0.0005 0.06 0.022 0.0008 0.96 0.10

0.17 10.5 0.52 0.0015 0.06 0.023 0.0023 0.96 0.10

0.03 10.3 0.52 0.0002 0.06 0.022 0.0003 0.96 0.10

0.11 10.4 0.52 0.0010 0.06 0.023 0.0017 0.96 0.10

10.30 0.06 0.96

CHRONIC Annual CHRONIC Annual CHRONIC Annual

PM10 Acrolein Benzene
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C-1.0 Existing Conditions (2010)
Table C-1.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Existing Conditions

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39
Background

Nasal Irritants: acetaldehyde, 
acrolein, formaldehyde, naphthalene

Nasal Irritants

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus BG 
(ug/m3) RQ

Existing 
modeled 
(ug/m3)

Existing plus 
BG (ug/m3) RQ RQ

0.0001 0.2 0.08 0.0019 1.72 0.004 0.0054 1.9 0.21 0.0004 0.25 0.08 0.32

0.0003 0.2 0.08 0.0048 1.72 0.004 0.0136 1.9 0.21 0.0011 0.25 0.08 0.32

0.0005 0.2 0.08 0.0085 1.73 0.004 0.0238 1.9 0.21 0.0020 0.25 0.08 0.32

0.0004 0.2 0.08 0.0080 1.73 0.004 0.0225 1.9 0.21 0.0019 0.25 0.08 0.32

0.0006 0.2 0.08 0.0104 1.73 0.004 0.0295 1.9 0.21 0.0024 0.25 0.08 0.32

0.0002 0.2 0.08 0.0028 1.72 0.004 0.0080 1.9 0.21 0.0006 0.25 0.08 0.32

0.0001 0.2 0.08 0.0028 1.72 0.004 0.0079 1.9 0.21 0.0006 0.25 0.08 0.32

0.0004 0.2 0.08 0.0074 1.73 0.004 0.0206 1.9 0.21 0.0017 0.25 0.08 0.32

0.0002 0.2 0.08 0.0033 1.72 0.004 0.0094 1.9 0.21 0.0008 0.25 0.08 0.32

0.0005 0.2 0.08 0.0096 1.73 0.004 0.0268 1.9 0.21 0.0022 0.25 0.08 0.32

0.0001 0.2 0.08 0.0015 1.72 0.004 0.0043 1.9 0.21 0.0004 0.25 0.08 0.32

0.0004 0.2 0.08 0.0068 1.73 0.004 0.0189 1.9 0.21 0.0015 0.25 0.08 0.32

0.15 1.72 1.89 0.25

CHRONIC Annual

Napthalene

CHRONIC Annual CHRONIC Annual

1,3-Butadiene Acetaldehyde Formaldehyde

CHRONIC Annual
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions Without the Project

Receptor

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ
Future without 

Project modeled 
(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

Ladner 33.2 404.4 0.03 9.3 348.6 0.06 11.0 55.7 0.30 0.8 13.5 0.03 0.5 8.2 0.04

Farmer 1 77.1 448.3 0.03 30.8 370.1 0.06 20.1 64.8 0.34 1.2 13.9 0.03 0.8 8.5 0.04

Tsawwassen First Nations 167.1 538.3 0.04 31.4 370.7 0.06 31.6 76.3 0.41 2.8 15.5 0.03 1.7 9.4 0.05

Farmer 2 136.3 507.5 0.03 32.8 372.1 0.06 30.5 75.2 0.40 2.2 14.9 0.03 1.3 9.0 0.05

Farmer 3 124.0 495.2 0.03 32.5 371.8 0.06 29.1 73.8 0.39 1.8 14.5 0.03 1.1 8.8 0.04

Tsawwassen Beach Campsite 111.6 482.8 0.03 37.8 377.1 0.06 27.9 72.6 0.39 2.7 15.4 0.03 1.6 9.3 0.05

Beach Grove 58.4 429.6 0.03 16.2 355.5 0.06 15.7 60.4 0.32 1.1 13.8 0.03 0.7 8.4 0.04

Boundary Bay 53.7 424.9 0.03 16.2 355.5 0.06 16.9 61.6 0.33 1.3 14.0 0.03 0.8 8.5 0.04

Tsawwassen 153.2 524.4 0.03 44.3 383.6 0.06 31.3 76.0 0.40 2.6 15.3 0.03 1.6 9.3 0.05

Point Roberts 1 49.8 421.0 0.03 19.0 358.3 0.06 21.1 65.8 0.35 1.4 14.1 0.03 0.9 8.6 0.04

Point Roberts 2 116.6 487.8 0.03 48.8 388.1 0.06 44.6 89.3 0.47 2.8 15.5 0.03 1.7 9.4 0.05

Delta Hospital 38.6 409.8 0.03 12.2 351.5 0.06 10.3 55.0 0.29 0.7 13.4 0.03 0.5 8.2 0.04

Reifel Bird Sanctuary 59.4 430.6 0.03 11.9 351.2 0.06 18.6 63.3 0.34 1.3 14.0 0.03 0.8 8.5 0.04

Boundary Bay GVRD Park 66.2 437.4 0.03 13.3 352.6 0.06 14.0 58.7 0.31 1.0 13.7 0.03 0.6 8.3 0.04

English Bluffs Beach 256.7 627.9 0.04 100.0 439.3 0.07 39.4 84.1 0.45 3.6 16.3 0.03 2.2 9.9 0.05

South Arm Marsh 37.3 408.5 0.03 11.3 350.6 0.06 11.8 56.5 0.30 0.8 13.5 0.03 0.5 8.2 0.04

Air Quality Station T39 119.6 490.8 0.03 37.1 376.4 0.06 31.7 76.4 0.41 2.3 15.0 0.03 1.4 9.1 0.05

Maximum Over Land 329.7 700.9 0.05 155.0 494.3 0.08 39.2 83.9 0.45 3.6 16.3 0.03 2.2 9.9 0.05

Ferry Terminal 720.1 n/a 0.05 467.5 n/a 0.08 105.2 n/a 0.56 7.3 n/a 0.01 4.4 n/a 0.02

Maximum Over Water 2548.3 n/a 0.17 1442.2 n/a 0.24 107.0 n/a 0.57 8.7 n/a 0.02 5.3 n/a 0.03
BG - background 371.2 339.3 44.7 12.7 7.7

*10 min SO2 from 1-hour data using a conversion factor of 
1.65 as per Ontario Air Dispersion Modeling Guideline A-11 
(2009)

bold: RQ >1

n/a - not applicable (acute background concentrations not 
considered at locations over water)

Eye Irritants: acrolein, formaldehyde, naphthalene

Respiratory Irritants: acetaldehyde, naphthalene, NO2, SO2

CO NO2

ACUTE 1-h ACUTE 8-h ACUTE 1-h (98th %ile) ACUTE 10-min* ACUTE 1-h (99th %ile)

SO2
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions Without the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

BG - background

*10 min SO2 from 1-hour data using a conversion factor of 
1.65 as per Ontario Air Dispersion Modeling Guideline A-11 
(2009)

bold: RQ >1

n/a - not applicable (acute background concentrations not 
considered at locations over water)

Eye Irritants: acrolein, formaldehyde, naphthalene

Respiratory Irritants: acetaldehyde, naphthalene, NO2, SO2

Future without 
Project modeled 

(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

Future without 
Project modeled 

(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

0.25 23.3 0.47 0.21 8.9 0.36 0.02 0.19 0.08 0.04 3.42 0.01 0.01 0.8 0.001

0.61 23.7 0.47 0.47 9.2 0.37 0.05 0.22 0.09 0.08 3.46 0.01 0.02 0.8 0.001

0.88 24.0 0.48 0.74 9.4 0.38 0.11 0.28 0.11 0.16 3.54 0.01 0.03 0.8 0.001

0.75 23.9 0.48 0.61 9.3 0.37 0.09 0.26 0.10 0.14 3.52 0.01 0.03 0.8 0.001

0.91 24.0 0.48 0.72 9.4 0.38 0.07 0.24 0.10 0.13 3.51 0.01 0.02 0.8 0.001

1.05 24.1 0.48 0.88 9.6 0.38 0.06 0.23 0.09 0.11 3.49 0.01 0.02 0.8 0.001

0.34 23.4 0.47 0.28 9.0 0.36 0.04 0.21 0.08 0.06 3.44 0.01 0.01 0.8 0.001

0.62 23.7 0.47 0.52 9.2 0.37 0.03 0.20 0.08 0.07 3.45 0.01 0.01 0.8 0.001

1.09 24.2 0.48 0.89 9.6 0.38 0.06 0.23 0.09 0.10 3.48 0.01 0.02 0.8 0.001

0.57 23.7 0.47 0.48 9.2 0.37 0.03 0.20 0.08 0.06 3.44 0.01 0.01 0.8 0.001

1.32 24.4 0.49 1.10 9.8 0.39 0.07 0.24 0.09 0.13 3.51 0.01 0.02 0.8 0.001

0.25 23.3 0.47 0.20 8.9 0.36 0.02 0.19 0.08 0.03 3.41 0.01 0.01 0.8 0.001

0.48 23.6 0.47 0.41 9.1 0.36 0.04 0.21 0.08 0.06 3.44 0.01 0.01 0.8 0.001

0.44 23.5 0.47 0.35 9.0 0.36 0.04 0.21 0.08 0.08 3.46 0.01 0.01 0.8 0.001

1.24 24.3 0.49 1.02 9.7 0.39 0.07 0.24 0.10 0.16 3.54 0.01 0.03 0.8 0.001

0.37 23.5 0.47 0.31 9.0 0.36 0.03 0.20 0.08 0.04 3.42 0.01 0.01 0.8 0.001

0.98 24.1 0.48 0.80 9.5 0.38 0.06 0.23 0.09 0.13 3.51 0.01 0.02 0.8 0.001

2.72 25.8 0.52 1.65 10.4 0.41 0.21 0.38 0.15 0.37 3.75 0.01 0.07 0.8 0.001

6.42 n/a 0.13 5.11 n/a 0.20 0.33 n/a 0.13 0.58 n/a 0.001 0.11 n/a 0.0002

57.20 n/a 1.14 42.06 n/a 1.68 1.60 n/a 0.64 2.22 n/a 0.004 0.54 n/a 0.001

23.1 8.7 0.17 3.4 0.77

1-h1-h

1,3-Butadiene

1-h

PM10

ACUTE 24-h

PM2.5 Acrolein Benzene

ACUTE 24-h
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions Without the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

BG - background

*10 min SO2 from 1-hour data using a conversion factor of 
1.65 as per Ontario Air Dispersion Modeling Guideline A-11 
(2009)

bold: RQ >1

n/a - not applicable (acute background concentrations not 
considered at locations over water)

Eye Irritants: acrolein, formaldehyde, naphthalene

Respiratory Irritants: acetaldehyde, naphthalene, NO2, SO2

Eye Irritants Respiratory Irritants

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ
Future without 

Project modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future without 
Project 

modeled 
(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ RQ RQ

0.0005 0.8 0.05 0.15 5.65 0.01 0.45 4.05 0.08 0.03 1.86 0.0009 0.16 0.35

0.001 0.8 0.05 0.36 5.86 0.01 1.08 4.68 0.09 0.09 1.92 0.0010 0.18 0.40

0.002 0.8 0.05 0.75 6.25 0.01 2.21 5.81 0.12 0.18 2.01 0.001 0.23 0.47

0.002 0.8 0.05 0.62 6.12 0.01 1.82 5.42 0.11 0.14 1.97 0.001 0.21 0.46

0.002 0.8 0.05 0.52 6.02 0.01 1.47 5.07 0.10 0.11 1.94 0.001 0.20 0.45

0.002 0.8 0.05 0.45 5.95 0.01 1.32 4.92 0.10 0.10 1.93 0.001 0.19 0.45

0.001 0.8 0.05 0.26 5.76 0.01 0.76 4.36 0.09 0.06 1.89 0.0009 0.17 0.38

0.001 0.8 0.05 0.28 5.78 0.01 0.71 4.31 0.09 0.04 1.87 0.0009 0.17 0.38

0.002 0.8 0.05 0.41 5.91 0.01 1.05 4.65 0.09 0.08 1.91 0.001 0.18 0.46

0.001 0.8 0.05 0.22 5.72 0.01 0.58 4.18 0.08 0.03 1.86 0.0009 0.16 0.41

0.002 0.8 0.05 0.57 6.07 0.01 1.49 5.09 0.10 0.10 1.93 0.001 0.20 0.54

0.001 0.8 0.05 0.14 5.64 0.01 0.38 3.98 0.08 0.03 1.86 0.0009 0.16 0.35

0.001 0.8 0.05 0.26 5.76 0.01 0.77 4.37 0.09 0.06 1.89 0.0009 0.17 0.39

0.001 0.8 0.05 0.32 5.82 0.01 0.83 4.43 0.09 0.05 1.88 0.0009 0.17 0.37

0.003 0.8 0.05 0.63 6.13 0.01 1.64 5.24 0.10 0.10 1.93 0.001 0.20 0.51

0.001 0.8 0.05 0.18 5.68 0.01 0.52 4.12 0.08 0.04 1.87 0.0009 0.16 0.35

0.002 0.8 0.05 0.54 6.04 0.01 1.43 5.03 0.10 0.08 1.91 0.001 0.19 0.47

0.010 0.8 0.05 1.42 6.92 0.01 4.26 7.86 0.16 0.34 2.17 0.001 0.31 0.51

0.017 n/a 0.001 2.36 n/a 0.01 6.81 n/a 0.14 0.52 n/a 0.0003 0.27 0.59

0.17 n/a 0.01 10.93 n/a 0.02 32.44 n/a 0.65 2.60 n/a 0.001 1.29 0.62

0.77 5.5 3.6 1.8

Naphthalene1,3-Butadiene Acetaldehyde Formaldehyde

24-h 1-h 1-h 1-h
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Future Conditions Without the Project

Receptor

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Ladner 0.01 3.51 0.59 0.01 0.71 0.14 0.34 13.14 0.33 0.01 1.4 0.01

Farmer 1 0.03 3.53 0.59 0.02 0.72 0.14 0.74 13.54 0.34 0.01 1.4 0.01

Tsawwassen First Nations 0.05 3.55 0.59 0.04 0.74 0.15 1.23 14.03 0.35 0.02 1.4 0.01

Farmer 2 0.05 3.55 0.59 0.04 0.74 0.15 1.19 13.99 0.35 0.02 1.4 0.01

Farmer 3 0.06 3.56 0.59 0.05 0.75 0.15 1.47 14.27 0.36 0.02 1.4 0.01

Beach Grove 0.02 3.52 0.59 0.02 0.72 0.14 0.49 13.29 0.33 0.01 1.4 0.01

Boundary Bay 0.02 3.52 0.59 0.02 0.72 0.14 0.54 13.34 0.33 0.01 1.4 0.01

Tsawwassen 0.06 3.56 0.59 0.05 0.75 0.15 1.33 14.13 0.35 0.03 1.4 0.01

Point Roberts 1 0.03 3.53 0.59 0.03 0.73 0.15 0.70 13.50 0.34 0.02 1.4 0.01

Point Roberts 2 0.08 3.58 0.60 0.07 0.77 0.15 1.88 14.68 0.37 0.05 1.4 0.01

Delta Hospital 0.01 3.51 0.59 0.01 0.71 0.14 0.29 13.09 0.33 0.01 1.4 0.01

Air Quality Station T39 0.06 3.56 0.59 0.05 0.75 0.15 1.26 14.06 0.35 0.03 1.4 0.01
BG - background 3.50 0.70 12.80 1.4

Nasal Irritants: acetaldehyde, acrolein, 
formaldehyde, naphthalene

CHRONIC Annual

PM2.5 DPM NO2 SO2

CHRONIC Annual CHRONIC Annual CHRONIC Annual
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Future Conditions Without the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39
BG - background

Nasal Irritants: acetaldehyde, acrolein, 
formaldehyde, naphthalene

Future without 
Project modeled 

(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

Future without 
Project modeled 

(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

Future without 
Project modeled 

(ug/m3)

Future without 
Project plus BG 

(ug/m3)
RQ

0.02 10.32 0.52 0.0002 0.0602 0.02 0.0003 0.960 0.10

0.04 10.34 0.52 0.0004 0.0604 0.02 0.0006 0.961 0.10

0.07 10.37 0.52 0.0007 0.0607 0.02 0.0011 0.961 0.10

0.06 10.36 0.52 0.0007 0.0607 0.02 0.0011 0.961 0.10

0.07 10.37 0.52 0.0009 0.0609 0.02 0.0013 0.961 0.10

0.03 10.33 0.52 0.0002 0.0602 0.02 0.0004 0.960 0.10

0.03 10.33 0.52 0.0002 0.0602 0.02 0.0004 0.960 0.10

0.07 10.37 0.52 0.0006 0.0606 0.02 0.0011 0.961 0.10

0.04 10.34 0.52 0.0003 0.0603 0.02 0.0005 0.960 0.10

0.10 10.40 0.52 0.0008 0.0608 0.02 0.0014 0.961 0.10

0.01 10.31 0.52 0.0001 0.0601 0.02 0.0002 0.960 0.10

0.07 10.37 0.52 0.0006 0.0606 0.02 0.0010 0.961 0.10

10.30 0.06 0.96

CHRONIC Annual CHRONIC Annual CHRONIC Annual

PM10 Acrolein Benzene
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C-2.0 Future Conditions (2025) Without the Project
Table C-2.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Future Conditions Without the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39
BG - background

Nasal Irritants: acetaldehyde, acrolein, 
formaldehyde, naphthalene

Nasal Irritants

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ

Future 
without 
Project 

modeled 
(ug/m3)

Future 
without 

Project plus 
BG (ug/m3)

RQ RQ

0.0001 0.15 0.075 0.001 1.721 0.004 0.003 1.893 0.21 0.0002 0.250 0.08 0.32

0.0001 0.15 0.075 0.003 1.723 0.004 0.008 1.898 0.21 0.0006 0.251 0.08 0.32

0.0002 0.15 0.075 0.005 1.725 0.004 0.015 1.905 0.21 0.0011 0.251 0.08 0.32

0.0002 0.15 0.075 0.005 1.725 0.004 0.014 1.904 0.21 0.0010 0.251 0.08 0.32

0.0003 0.15 0.075 0.006 1.726 0.004 0.018 1.908 0.21 0.0014 0.251 0.08 0.32

0.0001 0.15 0.075 0.002 1.722 0.004 0.005 1.895 0.21 0.0003 0.250 0.08 0.32

0.0001 0.15 0.075 0.002 1.722 0.004 0.005 1.895 0.21 0.0003 0.250 0.08 0.32

0.0002 0.15 0.075 0.004 1.724 0.004 0.012 1.902 0.21 0.0009 0.251 0.08 0.32

0.0001 0.15 0.075 0.002 1.722 0.004 0.006 1.896 0.21 0.0004 0.250 0.08 0.32

0.0002 0.15 0.075 0.006 1.726 0.004 0.016 1.906 0.21 0.0011 0.251 0.08 0.32

0.0000 0.15 0.075 0.001 1.721 0.004 0.003 1.893 0.21 0.0002 0.250 0.08 0.32

0.0002 0.15 0.075 0.004 1.724 0.004 0.012 1.902 0.21 0.0008 0.251 0.08 0.32

0.15 1.72 1.89 0.25

CHRONIC Annual CHRONIC AnnualCHRONIC Annual CHRONIC Annual

Napthalene1,3-Butadiene Acetaldehyde Formaldehyde
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C-3.0 Future Conditions (2025) With the Project
Table C-3.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions With the Project

Receptor

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ
Future with 

Project modeled 
(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Ladner 68.28 439.5 0.03 18.58 357.9 0.06 18.7 63.4 0.34 1.2 13.9 0.03 0.8 8.5 0.04

Farmer 1 179.24 550.4 0.04 54.33 393.6 0.07 38.4 83.1 0.44 1.8 14.5 0.03 1.1 8.8 0.04

Tsawwassen First Nations 219.89 591.1 0.04 64.75 404.1 0.07 50.9 95.6 0.51 3.6 16.3 0.03 2.2 9.9 0.05

Farmer 2 234.39 605.6 0.04 78.13 417.4 0.07 58.6 103.3 0.55 3.0 15.7 0.03 1.8 9.5 0.05

Farmer 3 213.92 585.1 0.04 56.67 396.0 0.07 57.7 102.4 0.54 2.5 15.2 0.03 1.5 9.2 0.05

Tsawwassen Beach Campsite 143.37 514.6 0.03 51.62 390.9 0.07 40.2 84.9 0.45 3.6 16.3 0.03 2.2 9.9 0.05

Beach Grove 80.34 451.5 0.03 22.59 361.9 0.06 23.9 68.6 0.36 1.9 14.6 0.03 1.1 8.8 0.04

Boundary Bay 81.07 452.3 0.03 24.33 363.6 0.06 20.9 65.6 0.35 1.9 14.6 0.03 1.1 8.8 0.04

Tsawwassen 173.12 544.3 0.04 61.08 400.4 0.07 42.1 86.8 0.46 3.6 16.3 0.03 2.2 9.9 0.05

Point Roberts 1 67.06 438.3 0.03 23.97 363.3 0.06 25.8 70.5 0.37 2.1 14.8 0.03 1.3 9.0 0.04

Point Roberts 2 146.92 518.1 0.03 61.05 400.3 0.07 55.2 99.9 0.53 3.8 16.5 0.03 2.3 10.0 0.05

Delta Hospital 51.39 422.6 0.03 16.80 356.1 0.06 16.7 61.4 0.33 1.2 13.9 0.03 0.7 8.4 0.04

Reifel Bird Sanctuary 72.80 444.0 0.03 19.48 358.8 0.06 25.2 69.9 0.37 2.0 14.7 0.03 1.2 8.9 0.04

Boundary Bay GVRD Park 87.19 458.4 0.03 18.24 357.5 0.06 20.0 64.7 0.34 1.6 14.3 0.03 1.0 8.7 0.04

English Bluffs Beach 284.22 655.4 0.04 116.84 456.1 0.08 51.7 96.4 0.51 4.7 17.4 0.03 2.8 10.5 0.05

South Arm Marsh 70.59 441.8 0.03 18.75 358.0 0.06 19.1 63.8 0.34 1.2 13.9 0.03 0.7 8.4 0.04

Air Quality Station T39 143.21 514.4 0.03 47.44 386.7 0.06 41.0 85.7 0.46 3.1 15.8 0.03 1.9 9.6 0.05

Maximum Over Land 953.87 1325.1 0.09 451.55 790.9 0.13 110.6 155.3 0.83 4.7 17.4 0.03 2.8 10.5 0.05

Ferry Terminal 729.21 n/a 0.05 484.83 n/a 0.08 105.9 n/a 0.56 8.0 n/a 0.02 4.9 n/a 0.02

Maximum Over Water 2599.10 n/a 0.17 1445.00 n/a 0.24 140.2 n/a 0.75 11.4 n/a 0.02 6.9 n/a 0.03
Background 371.2 339.3 44.7 12.7 7.7

data using a conversion factor 
of 1.65 as per Ontario Air 
Dispersion Modeling Guideline 

bold: RQ >1
n/a - not applicable (acute 
background concentrations 
not considered at locations 

Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

ACUTE 1-h ACUTE 8-h ACUTE 1-h (98th %ile) ACUTE 10-min* ACUTE 1-h (99th %ile)

CO NO2 SO2
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C-3.0 Future Conditions (2025) With the Project
Table C-3.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions With the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

Background

data using a conversion factor 
of 1.65 as per Ontario Air 
Dispersion Modeling Guideline 

bold: RQ >1
n/a - not applicable (acute 
background concentrations 
not considered at locations 

Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

Future with 
Project modeled 

(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Future with 
Project modeled 

(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future 
with 

Project 
modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

0.32 23.4 0.47 0.26 9.0 0.36 0.06 0.23 0.09 0.10 3.5 0.006 0.02 0.79 0.001

0.90 24.0 0.48 0.70 9.4 0.38 0.16 0.33 0.13 0.26 3.6 0.006 0.05 0.82 0.001

1.13 24.2 0.48 0.96 9.7 0.39 0.19 0.36 0.15 0.30 3.7 0.006 0.06 0.83 0.001

1.07 24.2 0.48 0.71 9.4 0.38 0.23 0.40 0.16 0.35 3.7 0.006 0.07 0.84 0.001

1.16 24.3 0.49 0.89 9.6 0.38 0.17 0.34 0.14 0.29 3.7 0.006 0.05 0.82 0.001

1.19 24.3 0.49 1.01 9.7 0.39 0.08 0.25 0.10 0.18 3.6 0.006 0.03 0.80 0.001

0.46 23.6 0.47 0.40 9.1 0.36 0.05 0.22 0.09 0.09 3.5 0.006 0.02 0.79 0.001

0.82 23.9 0.48 0.70 9.4 0.38 0.05 0.22 0.09 0.12 3.5 0.006 0.02 0.79 0.001

1.32 24.4 0.49 1.07 9.8 0.39 0.08 0.25 0.10 0.16 3.5 0.006 0.02 0.79 0.001

0.70 23.8 0.48 0.61 9.3 0.37 0.04 0.21 0.08 0.09 3.5 0.006 0.01 0.78 0.001

1.64 24.7 0.49 1.38 10.1 0.40 0.08 0.25 0.10 0.19 3.6 0.006 0.03 0.80 0.001

0.32 23.4 0.47 0.27 9.0 0.36 0.04 0.21 0.08 0.07 3.5 0.006 0.01 0.78 0.001

0.56 23.7 0.47 0.46 9.2 0.37 0.05 0.22 0.09 0.10 3.5 0.006 0.01 0.78 0.001

0.55 23.7 0.47 0.44 9.1 0.37 0.05 0.22 0.09 0.12 3.5 0.006 0.02 0.79 0.001

1.49 24.6 0.49 1.23 9.9 0.40 0.11 0.28 0.11 0.19 3.6 0.006 0.04 0.81 0.001

0.48 23.6 0.47 0.39 9.1 0.36 0.06 0.23 0.09 0.10 3.5 0.006 0.02 0.79 0.001

1.19 24.3 0.49 0.97 9.7 0.39 0.07 0.24 0.10 0.16 3.5 0.006 0.02 0.79 0.001

5.61 28.7 0.57 3.04 11.7 0.47 0.98 1.15 0.46 1.48 4.9 0.008 0.32 1.09 0.002

6.38 n/a 0.13 5.07 n/a 0.20 0.33 n/a 0.13 0.59 n/a 0.001 0.11 n/a 0.0002

57.12 n/a 1.14 42.01 n/a 1.68 1.63 n/a 0.65 2.30 n/a 0.004 1.16 n/a 0.002

23.1 8.7 0.17 3.4 0.77

ACUTE 24-h ACUTE 24-h 1-h

PM2.5 Acrolein Benzene 1,3-ButadienePM10

1-h 1-h
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C-3.0 Future Conditions (2025) With the Project
Table C-3.1 Acute Inhalation Exposures and Risk Quotients for Future Conditions With the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Tsawwassen Beach Campsite

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Park

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water

Background

data using a conversion factor 
of 1.65 as per Ontario Air 
Dispersion Modeling Guideline 

bold: RQ >1
n/a - not applicable (acute 
background concentrations 
not considered at locations 

Eye Irritants: acrolein, 
formaldehyde, naphthalene

Respiratory Irritants: 
acetaldehyde, naphthalene, 
NO2, SO2

Eye Irritants Respiratory Irritants

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ
Future with 

Project modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ RQ RQ

0.001 0.7709 0.05 0.40 5.9 0.01 1.18 4.8 0.10 0.09 1.92 0.0010 0.19 0.39

0.003 0.7725 0.05 1.12 6.6 0.01 3.32 6.9 0.14 0.26 2.09 0.001 0.27 0.50

0.003 0.7731 0.05 1.30 6.8 0.01 3.91 7.5 0.15 0.31 2.14 0.001 0.30 0.57

0.004 0.7738 0.05 1.56 7.1 0.02 4.67 8.3 0.17 0.37 2.20 0.001 0.33 0.61

0.003 0.7730 0.05 1.19 6.7 0.01 3.43 7.0 0.14 0.26 2.09 0.001 0.28 0.61

0.002 0.7722 0.05 0.59 6.1 0.01 1.68 5.3 0.11 0.13 1.96 0.001 0.21 0.51

0.001 0.7713 0.05 0.36 5.9 0.01 1.07 4.7 0.09 0.08 1.91 0.001 0.18 0.42

0.002 0.7718 0.05 0.43 5.9 0.01 1.09 4.7 0.09 0.06 1.89 0.001 0.18 0.41

0.003 0.7733 0.05 0.54 6.0 0.01 1.40 5.0 0.10 0.10 1.93 0.001 0.20 0.52

0.001 0.7712 0.05 0.32 5.8 0.01 0.82 4.4 0.09 0.05 1.88 0.0009 0.17 0.43

0.004 0.7735 0.05 0.70 6.2 0.01 1.87 5.5 0.11 0.12 1.95 0.001 0.21 0.60

0.001 0.7708 0.05 0.27 5.8 0.01 0.78 4.4 0.09 0.05 1.88 0.0009 0.17 0.38

0.001 0.7712 0.05 0.33 5.8 0.01 0.91 4.5 0.09 0.07 1.90 0.001 0.18 0.43

0.002 0.7715 0.05 0.42 5.9 0.01 1.09 4.7 0.09 0.06 1.89 0.001 0.18 0.40

0.004 0.7740 0.05 0.74 6.2 0.01 2.21 5.8 0.12 0.18 2.01 0.001 0.23 0.58

0.001 0.7713 0.05 0.42 5.9 0.01 1.19 4.8 0.10 0.09 1.92 0.0010 0.19 0.40

0.003 0.7729 0.05 0.61 6.1 0.01 1.62 5.2 0.10 0.10 1.93 0.001 0.20 0.52

0.021 0.7915 0.05 6.61 12.1 0.03 19.87 23.5 0.47 1.57 3.40 0.002 0.93 0.91

0.018 n/a 0.001 2.40 n/a 0.01 6.91 n/a 0.14 0.53 n/a 0.0003 0.27 0.59

0.17 n/a 0.01 11.14 n/a 0.02 33.04 n/a 0.66 2.65 n/a 0.001 1.31 0.81

0.77 5.5 3.6 1.8

1-h 1-h

Formaldehyde Naphthalene1,3-Butadiene Acetaldehyde

24-h 1-h
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C-3.0 Future Conditions (2025) With the Project
Table C-3.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Future Conditions With the Project

Receptor

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ
Future with 

Project modeled 
(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Future with 
Project modeled 

(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Ladner 0.02 3.52 0.59 0.02 0.72 0.14 0.44 13.2 0.33 0.01 1.41 0.01 0.02 10.3 0.52 0.0003 0.06 0.02

Farmer 1 0.04 3.54 0.59 0.03 0.73 0.15 1.05 13.8 0.35 0.02 1.42 0.01 0.05 10.4 0.52 0.0007 0.06 0.02

Tsawwassen First Nations 0.07 3.57 0.59 0.06 0.76 0.15 1.75 14.5 0.36 0.03 1.43 0.01 0.09 10.4 0.52 0.0012 0.06 0.02

Farmer 2 0.07 3.57 0.59 0.05 0.75 0.15 1.76 14.6 0.36 0.03 1.43 0.01 0.09 10.4 0.52 0.0012 0.06 0.02

Farmer 3 0.08 3.58 0.60 0.06 0.76 0.15 2.12 14.9 0.37 0.03 1.43 0.01 0.10 10.4 0.52 0.0015 0.06 0.02

Beach Grove 0.03 3.53 0.59 0.02 0.72 0.14 0.63 13.4 0.34 0.02 1.42 0.01 0.03 10.3 0.52 0.0004 0.06 0.02

Boundary Bay 0.03 3.53 0.59 0.02 0.72 0.14 0.66 13.5 0.34 0.02 1.42 0.01 0.03 10.3 0.52 0.0004 0.06 0.02

Tsawwassen 0.07 3.57 0.60 0.06 0.76 0.15 1.61 14.4 0.36 0.04 1.44 0.01 0.09 10.4 0.52 0.0009 0.06 0.02

Point Roberts 1 0.04 3.54 0.59 0.03 0.73 0.15 0.82 13.6 0.34 0.02 1.42 0.01 0.04 10.3 0.52 0.0004 0.06 0.02

Point Roberts 2 0.10 3.60 0.60 0.08 0.78 0.16 2.18 15.0 0.37 0.06 1.46 0.01 0.12 10.4 0.52 0.0011 0.06 0.02

Delta Hospital 0.02 3.52 0.59 0.01 0.71 0.14 0.37 13.2 0.33 0.01 1.41 0.01 0.02 10.3 0.52 0.0002 0.06 0.02

Air Quality Station T39 0.07 3.57 0.59 0.06 0.76 0.15 1.50 14.3 0.36 0.04 1.44 0.01 0.08 10.4 0.52 0.0008 0.06 0.02
Background 3.50 0.70 12.80 1.4 10.30 0.06
Nasal Irritants: acetaldehyde, acrolein, 
formaldehyde, naphthalene

SO2

CHRONIC Annual

Acrolein

CHRONIC Annual

PM2.5 DPM

CHRONIC Annual CHRONIC Annual

NO2

CHRONIC Annual

PM10

CHRONIC Annual
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C-3.0 Future Conditions (2025) With the Project
Table C-3.2 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Future Conditions With the Project

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39

Background
Nasal Irritants: acetaldehyde, acrolein, 
formaldehyde, naphthalene

Nasal Irritants

Future with 
Project modeled 

(ug/m3)

Future with 
Project plus BG 

(ug/m3)
RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future 
with 

Project 
modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ

Future with 
Project 

modeled 
(ug/m3)

Future with 
Project plus 
BG (ug/m3)

RQ RQ

0.0005 0.960 0.098 0.0001 0.15 0.075 0.002 1.72 0.004 0.005 1.90 0.21 0.0004 0.250 0.08 0.32

0.0011 0.961 0.098 0.0002 0.15 0.075 0.005 1.72 0.004 0.014 1.90 0.21 0.0010 0.251 0.08 0.32

0.0019 0.962 0.098 0.0004 0.15 0.075 0.008 1.73 0.004 0.023 1.91 0.21 0.0018 0.252 0.08 0.32

0.0019 0.962 0.098 0.0004 0.15 0.075 0.008 1.73 0.004 0.024 1.91 0.21 0.0018 0.252 0.08 0.32

0.0023 0.962 0.098 0.0005 0.15 0.075 0.010 1.73 0.004 0.030 1.92 0.21 0.0023 0.252 0.08 0.32

0.0007 0.961 0.098 0.0001 0.15 0.075 0.003 1.72 0.004 0.007 1.90 0.21 0.0005 0.251 0.08 0.32

0.0007 0.961 0.098 0.0001 0.15 0.075 0.003 1.72 0.004 0.007 1.90 0.21 0.0005 0.251 0.08 0.32

0.0017 0.962 0.098 0.0003 0.15 0.075 0.006 1.73 0.004 0.018 1.91 0.21 0.0013 0.251 0.08 0.32

0.0008 0.961 0.098 0.0001 0.15 0.075 0.003 1.72 0.004 0.008 1.90 0.21 0.0006 0.251 0.08 0.32

0.0021 0.962 0.098 0.0004 0.15 0.075 0.008 1.73 0.004 0.022 1.91 0.21 0.0015 0.252 0.08 0.32

0.0004 0.960 0.098 0.0001 0.15 0.075 0.001 1.72 0.004 0.004 1.89 0.21 0.0003 0.250 0.08 0.32

0.0015 0.962 0.098 0.0003 0.15 0.075 0.006 1.73 0.004 0.016 1.91 0.21 0.0012 0.251 0.08 0.32

0.96 0.15 1.72 1.89 0.25

CHRONIC Annual

Acetaldehyde

CHRONIC Annual CHRONIC Annual

Formaldehyde

CHRONIC Annual

NapthaleneBenzene

CHRONIC Annual

1,3-Butadiene
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C-4.0 Future Conditions (2025) Project-alone
Table C-4.1 Chronic Inhalation Exposures and Risk Quotients for Carcinogenic Effects Under Future Conditions - Project-alone

Future with 
Project-alone* 

(ug/m3)

RQ 
(ILCR PER 
100,000)

Future with 
Project-alone* 

(ug/m3)

RQ 
(ILCR PER 
100,000)

Future with 
Project-alone* 

(ug/m3)

RQ 
(ILCR PER 100,000)

Future with Project-
alone* (ug/m3)

RQ 
(ILCR PER 
100,000)

Ladner 0.003 0.10 0.0002 0.0002 0.000001 0.0045 0.00003 0.00012

Farmer 1 0.008 0.28 0.0005 0.0004 0.000002 0.0128 0.00010 0.00032

Tsawwassen First Nations 0.014 0.46 0.0008 0.0006 0.000002 0.0200 0.00015 0.00049

Farmer 2 0.015 0.49 0.0008 0.0006 0.000003 0.0219 0.00016 0.00053

Farmer 3 0.016 0.55 0.0010 0.0008 0.000003 0.0264 0.00019 0.00064

Beach Grove 0.004 0.15 0.0003 0.0002 0.000001 0.0063 0.00005 0.00016

Boundary Bay 0.004 0.14 0.0003 0.0002 0.000001 0.0060 0.00005 0.00016

Tsawwassen 0.009 0.30 0.0006 0.0005 0.000002 0.0130 0.00010 0.00033

Point Roberts 1 0.004 0.15 0.0003 0.0003 0.000001 0.0062 0.00005 0.00016

Point Roberts 2 0.011 0.37 0.0008 0.0006 0.000002 0.0148 0.00012 0.00039

Delta Hospital 0.003 0.09 0.0002 0.0001 0.000000 0.0036 0.00003 0.00009

Air Quality Station T39 0.008 0.26 0.0006 0.0004 0.000001 0.0119 0.00009 0.00031

* Project‐alone = Future with Project minus Future 
without Project
Nasal tumours: acetaldehyde, formaldehyde, 
naphthalene
Lung tumours: B[a]P, DPM

Leukemia: benzene, 1,3‐butadiene

Receptor

DPM Benzene Benzo[a]pyrene 1,3-Butadiene
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C-4.0 Future Conditions (2025) Project-alone
Table C-4.1 Chronic Inhalation Exposures and Risk Quotients for Carcinogenic Effects Under Future Conditions - Project-alone

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39

* Project‐alone = Future with Project minus Future 
without Project
Nasal tumours: acetaldehyde, formaldehyde, 
naphthalene
Lung tumours: B[a]P, DPM

Leukemia: benzene, 1,3‐butadiene

Receptor

Nasal Tumors Lung Tumors Leukemia
Future with 

Project-alone* 
(ug/m3)

RQ 
(ILCR PER 
100,000)

Future with Project-
alone* (ug/m3)

RQ 
(ILCR PER 
100,000)

Future with Project-
alone* (ug/m3)

RQ 
(ILCR PER 
100,000)

ILCR PER 
100,000

RQ 
(ILCR PER 
100,000)

RQ 
(ILCR PER 
100,000)

0.0007 0.0002 0.0019 0.0009 0.0001 0.0005 0.002 0.11 0.0003

0.0019 0.0005 0.0055 0.0028 0.0004 0.0014 0.005 0.29 0.0007

0.0030 0.0008 0.0089 0.0045 0.0007 0.0023 0.008 0.48 0.0011

0.0033 0.0009 0.0098 0.0049 0.0008 0.0025 0.008 0.51 0.0012

0.0040 0.0011 0.0117 0.0059 0.0009 0.0030 0.010 0.57 0.0014

0.0009 0.0002 0.0026 0.0013 0.0002 0.0006 0.002 0.15 0.0004

0.0009 0.0002 0.0024 0.0012 0.0002 0.0006 0.002 0.15 0.0004

0.0019 0.0005 0.0054 0.0027 0.0004 0.0013 0.005 0.31 0.0008

0.0009 0.0002 0.0025 0.0012 0.0002 0.0006 0.002 0.16 0.0004

0.0022 0.0006 0.0060 0.0030 0.0004 0.0014 0.005 0.38 0.0010

0.0005 0.0001 0.0015 0.0007 0.0001 0.0004 0.001 0.09 0.0002

0.0017 0.0005 0.0048 0.0024 0.0004 0.0012 0.004 0.28 0.0008

Formaldehyde NapthaleneAcetaldehyde
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A-5.0 Construction Conditions
Table A-5.1 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Peak Day)

Receptor peak construct
Peak construct 

with Project plus 
BG (ug/m3)

RQ peak construct
Peak construct with 

Project plus BG 
(ug/m3)

RQ peak 
construct

Peak construct 
with Project plus 

BG (ug/m3)
RQ peak construct

Peak construct 
with Project plus 

BG (ug/m3)
RQ peak 

construct

Peak 
construct with 

Project plus 
BG (ug/m3)

RQ

Ladner 41.7 412.9 0.03 14.3 353.6 0.06 82.1 126.8 0.7 3.6 16.3 0.03 2.2 9.9 0.05

Farmer 1 93.9 465.1 0.03 29 368.3 0.06 110.2 154.9 0.8 4.3 17.0 0.03 2.6 10.3 0.05

Tsawwassen First Nation 193.7 564.9 0.04 35.5 374.8 0.06 115.1 159.8 0.9 7.8 20.5 0.04 4.7 12.4 0.06

Farmer 2 169.9 541.1 0.04 37.4 376.7 0.06 118.1 162.8 0.9 9.9 22.6 0.05 6 13.7 0.07

Farmer 3 128.3 499.5 0.03 46.8 386.1 0.06 116.3 161.0 0.9 6.3 19.0 0.04 3.8 11.5 0.06

Tsawwassen Beach Cam 113 484.2 0.03 53.3 392.6 0.07 103.2 147.9 0.8 8.6 21.3 0.04 5.2 12.9 0.06

Beach Grove 69.4 440.6 0.03 16 355.3 0.06 96.9 141.6 0.8 3.6 16.3 0.03 2.2 9.9 0.05

Boundary Bay 66.1 437.3 0.03 25.7 365.0 0.06 100.3 145.0 0.8 6.4 19.1 0.04 3.9 11.6 0.06

Tsawwassen 117.9 489.1 0.03 45.6 384.9 0.06 116.6 161.3 0.9 9.2 21.9 0.04 5.6 13.3 0.07

Point Roberts 1 51.3 422.5 0.03 21.5 360.8 0.06 98.1 142.8 0.8 5.3 18.0 0.04 3.2 10.9 0.05

Point Roberts 2 139.1 510.3 0.03 53.2 392.5 0.07 114.2 158.9 0.8 11.4 24.1 0.05 6.9 14.6 0.07

Delta Hospital 33.8 405.0 0.03 16.8 356.1 0.06 61 105.7 0.6 3.8 16.5 0.03 2.3 10.0 0.05

Reifel Bird Sanctuary 61.7 432.9 0.03 14 353.3 0.06 92.4 137.1 0.7 3.5 16.2 0.03 2.1 9.8 0.05

Boundary Bay GVRD Pa 71.7 442.9 0.03 19.5 358.8 0.06 99.5 144.2 0.8 6.8 19.5 0.04 4.1 11.8 0.06

English Bluffs Beach 156.6 527.8 0.04 60.3 399.6 0.07 107 151.7 0.8 13.5 26.2 0.05 8.2 15.9 0.08

South Arm Marsh 49.1 420.3 0.03 15.8 355.1 0.06 89.5 134.2 0.7 3.3 16.0 0.03 2 9.7 0.05

Air Quality Station T39 116 487.2 0.03 38.5 377.8 0.06 104.1 148.8 0.8 10.4 23.1 0.05 6.3 14.0 0.07

Maximum Over Land 436.1 807.3 0.05 186.9 526.2 0.1 206.1 250.8 1.3 17.2 29.9 0.06 10.4 18.1 0.1

Ferry Terminal 583.5 n/a 0.04 316.9 n/a 0.1 142.5 n/a 0.8 22.6 n/a 0.05 13.7 n/a 0.1

Maximum Over Water 4524.2 n/a 0.30 1721.2 n/a 0.3 1257.6 n/a 6.7 90.3 n/a 0.18 54.7 n/a 0.3

BG - background 371.2 339.3 44.7 12.7 7.7

*10 min SO2 from 1-
hour data using a 
conversion factor of 
1.65 as per Ontario Air 
Dispersion Modeling 
Guideline A-11 (2009)

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

Eye Irritants: acrolein, 
formaldehyde, 
naphthalene

Respiratory Irritants: 
acetaldehyde, 
naphthalene, NO2, 
SO2

CO NO2 (98 %ile) SO2

ACUTE 1-h ACUTE 8-h ACUTE 1-h ACUTE 10-min* ACUTE 1-h
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A-5.0 Construction Conditions
Table A-5.1 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Peak Day)

Receptor

Ladner

Farmer 1

Tsawwassen First Nation

Farmer 2

Farmer 3

Tsawwassen Beach Cam

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Pa

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal 

Maximum Over Water

BG - background

*10 min SO2 from 1-
hour data using a 
conversion factor of 
1.65 as per Ontario Air 
Dispersion Modeling 
Guideline A-11 (2009)

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

Eye Irritants: acrolein, 
formaldehyde, 
naphthalene

Respiratory Irritants: 
acetaldehyde, 
naphthalene, NO2, 
SO2

peak 
construct

Peak construct 
with Project 

plus BG 
(ug/m3)

RQ peak 
construct

Peak construct 
with Project plus 

BG (ug/m3)
RQ peak 

construct

Peak construct 
with Project plus 

BG (ug/m3)
RQ peak construct

Peak 
construct 

with Project 
plus BG 
(ug/m3)

RQ peak 
construct

Peak 
construct 

with Project 
plus BG 
(ug/m3)

RQ

2.0 25.1 0.5 0.5 9.2 0.4 0.05 0.22 0.09 0.07 3.5 0.006 0.02 0.79 0.001

6.0 29.1 0.6 1.6 10.3 0.4 0.13 0.30 0.12 0.18 3.6 0.006 0.04 0.81 0.001

8.8 31.9 0.6 2.4 11.1 0.4 0.18 0.35 0.14 0.24 3.6 0.006 0.06 0.83 0.001

9.1 32.2 0.6 2.6 11.3 0.5 0.19 0.36 0.14 0.25 3.6 0.006 0.06 0.83 0.001

13.8 36.9 0.7 3.6 12.3 0.5 0.16 0.33 0.13 0.22 3.6 0.006 0.05 0.82 0.001

5.1 28.2 0.6 1.5 10.2 0.4 0.08 0.25 0.10 0.14 3.5 0.006 0.03 0.80 0.001

2.2 25.3 0.5 0.6 9.3 0.4 0.06 0.23 0.09 0.09 3.5 0.006 0.02 0.79 0.001

2.1 25.2 0.5 0.6 9.3 0.4 0.06 0.23 0.09 0.1 3.5 0.006 0.02 0.79 0.001

5.0 28.1 0.6 1.5 10.2 0.4 0.1 0.27 0.11 0.15 3.5 0.006 0.03 0.80 0.001

1.8 24.9 0.5 0.5 9.2 0.4 0.04 0.21 0.08 0.07 3.5 0.006 0.01 0.78 0.001

6.6 29.7 0.6 1.8 10.5 0.4 0.14 0.31 0.12 0.21 3.6 0.006 0.04 0.81 0.001

1.5 24.6 0.5 0.4 9.1 0.4 0.04 0.21 0.08 0.05 3.4 0.006 0.01 0.78 0.001

2.8 25.9 0.5 0.7 9.4 0.4 0.05 0.22 0.09 0.08 3.5 0.006 0.02 0.79 0.001

2.1 25.2 0.5 0.6 9.3 0.4 0.06 0.23 0.09 0.1 3.5 0.006 0.02 0.79 0.001

7.3 30.4 0.6 2.0 10.7 0.4 0.08 0.25 0.10 0.16 3.5 0.006 0.03 0.80 0.001

2.3 25.4 0.5 0.6 9.3 0.4 0.05 0.22 0.09 0.08 3.5 0.006 0.02 0.79 0.001

4.0 27.1 0.5 1.2 9.9 0.4 0.09 0.26 0.10 0.16 3.5 0.006 0.03 0.80 0.001

76.8 99.9 2.0 19.6 28.3 1.1 0.65 0.82 0.33 0.89 4.3 0.007 0.1 0.88 0.001

23.4 n/a 0.47 6.0 n/a 0.24 0.34 n/a 0.14 0.52 n/a 0.001 0.11 n/a 0.0002

1627 n/a 32.5 301.9 n/a 12.1 6.18 n/a 2.5 8.12 n/a 0.014 1.9 n/a 0.003

23.1 8.7 0.17 3.4 0.77

PM10 PM2.5

1-h 1-hACUTE 24-h ACUTE 24-h 1-h

Acrolein Benzene 1,3-Butadiene
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A-5.0 Construction Conditions
Table A-5.1 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Peak Day)

Receptor

Ladner

Farmer 1

Tsawwassen First Nation

Farmer 2

Farmer 3

Tsawwassen Beach Cam

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Pa

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal 

Maximum Over Water

BG - background

*10 min SO2 from 1-
hour data using a 
conversion factor of 
1.65 as per Ontario Air 
Dispersion Modeling 
Guideline A-11 (2009)

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

Eye Irritants: acrolein, 
formaldehyde, 
naphthalene

Respiratory Irritants: 
acetaldehyde, 
naphthalene, NO2, 
SO2

Eye Irritants Respiratory Irritants

peak 
construct

Peak 
construct 

with Project 
plus BG 
(ug/m3)

RQ peak 
construct

Peak 
construct 

with Project 
plus BG 
(ug/m3)

RQ peak 
construct

Peak 
construct with 

Project plus 
BG (ug/m3)

RQ peak 
construct

Peak construct 
with Project 

plus BG 
(ug/m3)

RQ RQ RQ

0.001 0.7710 0.05 0.30 5.8 0.01 1 4.6 0.09 0.1 1.91 0.0010 0.2 0.7

0.003 0.7730 0.05 0.90 6.4 0.01 2.59 6.2 0.1 0.2 2.03 0.001 0.2 0.9

0.005 0.7750 0.05 1.20 6.7 0.01 3.56 7.2 0.1 0.3 2.11 0.001 0.3 0.9

0.006 0.7760 0.05 1.20 6.7 0.01 3.73 7.3 0.1 0.3 2.12 0.001 0.3 0.9

0.008 0.7780 0.05 1.10 6.6 0.01 3.2 6.8 0.1 0.2 2.08 0.001 0.3 0.9

0.003 0.7730 0.05 0.60 6.1 0.01 1.63 5.2 0.1 0.1 1.96 0.001 0.2 0.9

0.002 0.7720 0.05 0.40 5.9 0.01 1.28 4.9 0.10 0.1 1.93 0.001 0.2 0.8

0.002 0.7720 0.05 0.50 6.0 0.01 1.25 4.9 0.1 0.1 1.91 0.001 0.2 0.8

0.004 0.7740 0.05 0.70 6.2 0.01 1.86 5.5 0.1 0.1 1.96 0.001 0.2 0.9

0.002 0.7720 0.05 0.30 5.8 0.01 0.88 4.5 0.09 0.1 1.88 0.0009 0.2 0.8

0.005 0.7750 0.05 1.00 6.5 0.01 2.94 6.5 0.1 0.2 2.05 0.001 0.3 0.9

0.001 0.7710 0.05 0.30 5.8 0.01 0.73 4.3 0.09 0.1 1.89 0.0009 0.2 0.6

0.002 0.7720 0.05 0.40 5.9 0.01 1.08 4.7 0.09 0.1 1.91 0.001 0.2 0.8

0.002 0.7720 0.05 0.50 6.0 0.01 1.23 4.8 0.1 0.1 1.91 0.001 0.2 0.8

0.006 0.7760 0.05 0.70 6.2 0.01 1.85 5.5 0.1 0.1 1.96 0.001 0.2 0.9

0.002 0.7720 0.05 0.40 5.9 0.01 1.07 4.7 0.09 0.1 1.91 0.0010 0.2 0.8

0.004 0.7740 0.05 0.70 6.2 0.01 1.86 5.5 0.1 0.1 1.98 0.001 0.2 0.9

0.005 0.7750 0.05 4.3 9.8 0.02 13.07 16.7 0.3 1.0 2.86 0.001 0.7 1.4

0.02 n/a 0.001 2.30 n/a 0.005 6.96 n/a 0.1 0.6 n/a 0.0003 0.3 0.8

0.09 n/a 0.0256 41.2 n/a 0.09 123.54 n/a 2.5 9.8 n/a 0.005 4.9 7.1

0.77 5.5 3.6 1.8

24-h 1-h 1-h 1-h

Naphthalene1,3-Butadiene Acetaldehyde Formaldehyde
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A-5.0 Construction Conditions
Table A-5.2 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Average Day)

Receptor
Construction 

(ug/m3)
Construction plus 

BG (ug/m3)
RQ

Construction 
(ug/m3)

Construction plus 
BG (ug/m3)

RQ
Constructio
n (ug/m3)

Construction plus 
BG (ug/m3)

RQ
Construction 

(ug/m3)
Construction plus 

BG (ug/m3)
RQ

Constructio
n (ug/m3)

Construction 
plus BG 
(ug/m3)

RQ

Ladner 27.8 399.0 0.03 8.1 347.4 0.06 10.5 55.2 0.3 0.7 13.4 0.03 0.4 8.1 0.04

Farmer 1 65.5 436.7 0.03 22.3 361.6 0.06 19.7 64.4 0.3 1.1 13.8 0.03 0.7 8.4 0.04

Tsawwassen First Natio 161.0 532.2 0.04 28.5 367.8 0.06 29.3 74.0 0.4 2.6 15.3 0.03 1.6 9.3 0.05

Farmer 2 121.7 492.9 0.03 22.5 361.8 0.06 30.0 74.7 0.4 2.0 14.7 0.03 1.2 8.9 0.04

Farmer 3 90.6 461.8 0.03 24.5 363.8 0.06 32.2 76.9 0.4 1.6 14.3 0.03 1.0 8.7 0.04

Tsawwassen Beach Cam 108.0 479.2 0.03 25.4 364.7 0.06 26.9 71.6 0.4 2.4 15.1 0.03 1.5 9.2 0.05

Beach Grove 58.5 429.7 0.03 13.3 352.6 0.06 13.4 58.1 0.3 1.0 13.7 0.03 0.6 8.3 0.04

Boundary Bay 58.0 429.2 0.03 16.6 355.9 0.06 14.0 58.7 0.3 1.1 13.8 0.03 0.7 8.4 0.04

Tsawwassen 105.2 476.4 0.03 34.5 373.8 0.06 31.8 76.5 0.4 2.5 15.2 0.03 1.5 9.2 0.05

Point Roberts 1 46.9 418.1 0.03 17.5 356.8 0.06 17.9 62.6 0.3 1.3 14.0 0.03 0.8 8.5 0.04

Point Roberts 2 118.2 489.4 0.03 43.2 382.5 0.06 45.9 90.6 0.5 2.7 15.4 0.03 1.7 9.4 0.05

Delta Hospital 29.5 400.7 0.03 8.7 348.0 0.06 45.9 90.6 0.5 0.6 13.3 0.03 0.4 8.1 0.04

Reifel Bird Sanctuary 64.8 436.0 0.03 10.5 349.8 0.06 16.2 60.9 0.3 1.1 13.8 0.03 0.7 8.4 0.04

Boundary Bay GVRD Pa 143.1 514.3 0.03 11.9 351.2 0.06 12.1 56.8 0.3 0.8 13.5 0.03 0.5 8.2 0.04

English Bluffs Beach 36.3 407.5 0.03 51.0 390.3 0.07 39.3 84.0 0.4 3.5 16.2 0.03 2.1 9.8 0.05

South Arm Marsh 105.1 476.3 0.03 8.7 348.0 0.06 11.1 55.8 0.3 0.7 13.4 0.03 0.4 8.1 0.04

Air Quality Station T39 106.5 477.7 0.03 28.4 367.7 0.06 30.5 75.2 0.4 2.2 14.9 0.03 1.3 9.0 0.05

Maximum Over Land 239.5 610.7 0.04 68.106 407.4 0.1 58.4 103.1 0.5 3.3 16.0 0.03 2.0 9.7 0.0

Ferry Terminal 54.8 n/a 0.004 306.1 n/a 0.1 104.6 n/a 0.6 7.1 n/a 0.01 4.3 n/a 0.02

Maximum Over Water 2991.5 n/a 0.20 1422.6 n/a 0.2 273.8 n/a 1.5 20.1 n/a 0.04 12.2 n/a 0.1

BG - background 371.2 339.3 44.7 12.7 7.7

*10 min SO2 calculated from 1-hour data using a conversion factor of 1.65 as per Ontario Air Dispersion Modeling Guideline A-11 (2009)

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

ACUTE 1-h ACUTE 8-h ACUTE 1-h (98th %ile) ACUTE 10-min* ACUTE 1-h (99th %ile)

CO NO2 SO2
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A-5.0 Construction Conditions
Table A-5.2 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Average Day)

Receptor

Ladner

Farmer 1

Tsawwassen First Natio

Farmer 2

Farmer 3

Tsawwassen Beach Cam

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Pa

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water 

BG - background

*10 min SO2 calculated

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

Constructi
on 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Constructi

on 
(ug/m3)

Construction 
plus BG (ug/m3)

RQ
Constructio
n (ug/m3)

Construction 
plus BG (ug/m3)

RQ
Construction 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Constructio
n (ug/m3)

Construction 
plus BG 
(ug/m3)

RQ

0.658 23.8 0.5 0.298 9.0 0.4 0.03 0.20 0.08 0.04 3.4 0.006 0.010 0.78 0.001

1.666 24.8 0.5 0.796 9.5 0.4 0.07 0.24 0.10 0.10 3.5 0.006 0.023 0.79 0.001

2.39 25.5 0.5 1.058 9.8 0.4 0.14 0.31 0.1 0.19 3.6 0.006 0.044 0.81 0.001

2.498 25.6 0.5 0.775 9.5 0.4 0.12 0.29 0.1 0.17 3.5 0.006 0.039 0.81 0.001

3.633 26.7 0.5 1.133 9.8 0.4 0.09 0.26 0.1 0.13 3.5 0.006 0.026 0.80 0.001

1.976 25.1 0.5 1.206 9.9 0.4 0.08 0.25 0.1 0.13 3.5 0.006 0.025 0.79 0.001

0.911 24.0 0.5 0.468 9.2 0.4 0.05 0.22 0.09 0.07 3.5 0.006 0.017 0.79 0.001

1.44 24.5 0.5 0.866 9.6 0.4 0.06 0.23 0.09 0.09 3.5 0.006 0.016 0.79 0.001

2.477 25.6 0.5 1.365 10.1 0.4 0.09 0.26 0.1 0.15 3.5 0.006 0.025 0.80 0.001

1.178 24.3 0.5 0.73 9.4 0.4 0.04 0.21 0.08 0.07 3.4 0.006 0.011 0.78 0.001

3.902 27.0 0.5 2.148 10.8 0.4 0.14 0.31 0.1 0.20 3.6 0.006 0.042 0.81 0.001

0.605 23.7 0.5 0.287 9.0 0.4 0.03 0.20 0.08 0.04 3.4 0.006 0.008 0.78 0.001

0.999 24.1 0.5 0.515 9.2 0.4 0.05 0.22 0.09 0.07 3.4 0.006 0.014 0.78 0.001

1.087 24.2 0.5 0.555 9.3 0.4 0.05 0.22 0.09 0.10 3.5 0.006 0.015 0.79 0.001

2.924 26.0 0.5 1.512 10.2 0.4 0.08 0.25 0.1 0.16 3.5 0.006 0.025 0.79 0.001

0.88 24.0 0.5 0.429 9.1 0.4 0.04 0.21 0.08 0.05 3.4 0.006 0.012 0.78 0.001

2.242 25.3 0.5 1.242 9.9 0.4 0.08 0.25 0.1 0.15 3.5 0.006 0.026 0.80 0.001

17.2 40.3 0.8 5.748 14.4 0.6 0.42 0.59 0.2 0.54 3.9 0.007 0.132 0.90 0.001

11.794 n/a 0.2 5.514 n/a 0.2 0.32 n/a 0.1 0.51 n/a 0.001 0.105 n/a 0.0002

605.98 n/a 12.1 173.65 n/a 6.9 5.79 n/a 2.3 7.41 n/a 0.013 1.812 n/a 0.003

23.1 8.7 0.17 3.4 0.77

1-h 1-hACUTE 24-h ACUTE 24-h 1-h

Acrolein Benzene 1,3-ButadienePM2.5PM10
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A-5.0 Construction Conditions
Table A-5.2 Acute Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Average Day)

Receptor

Ladner

Farmer 1

Tsawwassen First Natio

Farmer 2

Farmer 3

Tsawwassen Beach Cam

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Reifel Bird Sanctuary

Boundary Bay GVRD Pa

English Bluffs Beach

South Arm Marsh

Air Quality Station T39

Maximum Over Land

Ferry Terminal

Maximum Over Water 

BG - background

*10 min SO2 calculated

bold: RQ >1

n/a - not applicable 
(acute background 
concentrations not 
considered at locations 
over water)

Eye Irritants Respiratory Irritants

Constructi
on 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Constructio
n (ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Constructi

on 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Constructi

on 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ RQ RQ

0.0010 0.7710 0.05 0.2 5.7 0.01 0.6 4.2 0.08 0.05 1.88 0.0009 0.2 0.3

0.0020 0.7720 0.05 0.5 6.0 0.01 1.5 5.1 0.1 0.12 1.95 0.001 0.2 0.4

0.0030 0.7730 0.05 0.9 6.4 0.01 2.8 6.4 0.1 0.22 2.05 0.001 0.3 0.5

0.0030 0.7730 0.05 0.8 6.3 0.01 2.5 6.1 0.1 0.20 2.03 0.001 0.2 0.5

0.0040 0.7740 0.05 0.6 6.1 0.01 1.8 5.4 0.1 0.13 1.96 0.001 0.2 0.5

0.0020 0.7720 0.05 0.6 6.1 0.01 1.6 5.2 0.1 0.13 1.96 0.001 0.2 0.4

0.0010 0.7710 0.05 0.4 5.9 0.01 1.1 4.7 0.09 0.08 1.91 0.001 0.2 0.4

0.0020 0.7720 0.05 0.4 5.9 0.01 1.2 4.8 0.1 0.08 1.91 0.001 0.2 0.4

0.0030 0.7730 0.05 0.7 6.2 0.01 1.8 5.4 0.1 0.11 1.94 0.001 0.2 0.5

0.0020 0.7720 0.05 0.3 5.8 0.01 0.8 4.4 0.09 0.05 1.88 0.0009 0.2 0.4

0.0050 0.7750 0.05 1.0 6.5 0.01 2.8 6.4 0.1 0.21 2.04 0.001 0.3 0.5

0.0010 0.7710 0.05 0.2 5.7 0.01 0.5 4.1 0.08 0.04 1.87 0.0009 0.2 0.5

0.0010 0.7710 0.05 0.3 5.8 0.01 1.0 4.6 0.09 0.07 1.90 0.001 0.2 0.4

0.0020 0.7720 0.05 0.4 5.9 0.01 1.1 4.7 0.1 0.07 1.90 0.001 0.2 0.4

0.0040 0.7740 0.05 0.7 6.2 0.01 1.8 5.4 0.1 0.12 1.95 0.001 0.2 0.5

0.0010 0.7710 0.05 0.3 5.8 0.01 0.8 4.4 0.09 0.06 1.89 0.0009 0.2 0.4

0.0030 0.7730 0.05 0.6 6.1 0.01 1.7 5.3 0.1 0.13 1.96 0.001 0.2 0.5

0.0130 0.7830 0.05 2.8 8.3 0.02 8.5 12.1 0.2 0.67 2.50 0.001 0.5 0.6

0.0190 n/a 0.001 2.3 n/a 0.005 6.7 n/a 0.1 0.51 n/a 0.0003 0.3 0.6

0.4000 n/a 0.03 38.6 n/a 0.08 116.2 n/a 2.3 9.18 n/a 0.005 4.6 1.6

0.77 5.5 3.6 1.8 acrolein acetaldehyde
formaldehyde naphthalene
naphthalene NO2

SO2

24-h 1-h 1-h 1-h

Naphthalene1,3-Butadiene Acetaldehyde Formaldehyde
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A-5.0 Construction Conditions
Table A-5.3 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Average Day)

Receptor
Construction 

(ug/m3)
Construction 

plus BG (ug/m3)
RQ

Construction 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)
Construction 

plus BG (ug/m3)
RQ

Construction 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ

Ladner 0.04 0.25 0.04 0.03 0.20 0.04 0.70 4.80 0.12 0.02 0.1 0.001 0.07 0.43 0.02 0.0003 0.0019 0.001

Farmer 1 0.07 0.28 0.05 0.06 0.23 0.05 1.60 5.70 0.14 0.03 0.1 0.001 0.19 0.55 0.52 0.0008 0.0024 0.001

Tsawwassen First Nations 0.12 0.33 0.06 0.10 0.27 0.05 2.50 6.60 0.17 0.06 0.2 0.001 0.30 0.66 0.52 0.0013 0.0029 0.001

Farmer 2 0.11 0.32 0.05 0.09 0.26 0.05 2.40 6.50 0.16 0.05 0.2 0.001 0.28 0.64 0.52 0.0012 0.0028 0.001

Farmer 3 0.15 0.36 0.06 0.12 0.29 0.06 3.40 7.50 0.19 0.04 0.2 0.001 0.47 0.83 0.52 0.0018 0.0034 0.001

Beach Grove 0.05 0.26 0.04 0.04 0.21 0.04 1.10 5.20 0.13 0.03 0.1 0.001 0.11 0.47 0.52 0.0005 0.0021 0.001

Boundary Bay 0.06 0.27 0.05 0.05 0.22 0.04 1.20 5.30 0.13 0.03 0.1 0.001 0.11 0.47 0.52 0.0005 0.0021 0.001

Tsawwassen 0.14 0.35 0.06 0.12 0.29 0.06 2.80 6.90 0.17 0.08 0.2 0.002 0.27 0.63 0.52 0.0012 0.0028 0.001

Point Roberts 1 0.08 0.29 0.05 0.06 0.23 0.05 1.50 5.60 0.14 0.04 0.2 0.001 0.13 0.49 0.52 0.0006 0.0022 0.001

Point Roberts 2 0.21 0.42 0.07 0.17 0.34 0.07 4.10 8.20 0.21 0.11 0.2 0.002 0.36 0.72 0.52 0.0016 0.0032 0.001

Delta Hospital 0.03 0.24 0.04 0.03 0.20 0.04 0.60 4.70 0.12 0.01 0.1 0.001 0.06 0.42 0.52 0.0003 0.0019 0.001

Air Quality Station T39 0.14 0.35 0.06 0.11 0.28 0.06 2.70 6.80 0.17 0.07 0.2 0.001 0.25 0.61 0.52 0.0011 0.0027 0.001
BG - background 3.50 0.70 12.80 1.4 10.30 0.06

bold: RQ >1

n/a - not applicable

PM2.5 DPM NO2 SO2

CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual

PM10 Acrolein
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A-5.0 Construction Conditions
Table A-5.3 Chronic Inhalation Exposures and Risk Quotients for Non-Carcinogenic Effects Under Project Construction Conditions (Average Day)

Receptor

Ladner

Farmer 1

Tsawwassen First Nations

Farmer 2

Farmer 3

Beach Grove

Boundary Bay

Tsawwassen

Point Roberts 1

Point Roberts 2

Delta Hospital

Air Quality Station T39
BG - background

bold: RQ >1

n/a - not applicable

Nasal Irritants

Construction 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)
Construction 

plus BG (ug/m3)
RQ

Construction 
(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ
Construction 

(ug/m3)

Construction 
plus BG 
(ug/m3)

RQ RQ

0.0010 0.004 0.0 0.0001 0.001 0.0003 0.0020 0.014 0.00004 0.01 0.040 0.004 0.0004 0.003 0.001 0.006

0.0010 0.004 0.1 0.0002 0.001 0.0003 0.0060 0.018 0.00005 0.02 0.050 0.006 0.0011 0.003 0.001 0.008

0.0020 0.005 0.1 0.0004 0.001 0.0004 0.0090 0.021 0.00005 0.03 0.060 0.007 0.0018 0.004 0.001 0.009

0.0020 0.005 0.1 0.0004 0.001 0.0004 0.0090 0.021 0.00005 0.02 0.050 0.006 0.0017 0.004 0.001 0.008

0.0030 0.006 0.1 0.0005 0.001 0.0005 0.0120 0.024 0.00006 0.04 0.070 0.008 0.0026 0.005 0.002 0.011

0.0010 0.004 0.1 0.0001 0.001 0.0003 0.0040 0.016 0.00004 0.01 0.040 0.004 0.0006 0.003 0.001 0.006

0.0010 0.004 0.1 0.0001 0.001 0.0003 0.0040 0.016 0.00004 0.01 0.040 0.004 0.0007 0.003 0.001 0.006

0.0020 0.005 0.1 0.0003 0.001 0.0004 0.0090 0.021 0.00005 0.02 0.050 0.006 0.0016 0.004 0.001 0.008

0.0010 0.004 0.1 0.0002 0.001 0.0003 0.0040 0.016 0.00004 0.01 0.040 0.004 0.0008 0.003 0.001 0.006

0.0030 0.006 0.1 0.0005 0.001 0.0005 0.0120 0.024 0.00006 0.03 0.060 0.007 0.0021 0.004 0.001 0.009

0.0004 0.003 0.1 0.0001 0.001 0.0003 0.0020 0.014 0.00004 0.01 0.040 0.004 0.0004 0.002 0.001 0.006

0.0020 0.005 0.1 0.0003 0.001 0.0004 0.0080 0.020 0.00005 0.02 0.050 0.006 0.0015 0.004 0.001 0.008

0.96 0.15 1.72 1.89 0.25

1,3-Butadiene Acetaldehyde Formaldehyde Napthalene

CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual CHRONIC Annual

Benzene
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A-6.0 Ambient Air Concentrations
Table A-6.1 Ambient Air Concentrations Considered for the HHRA

Chemical Averaging Period1,2 Ambient Air Concentration (ug/m3)

CO 1-hour 371.2

8-hour 339.3

NO2 1-hour 44.7

Annual 12.80

SO2 10-min3 12.7

1-hour 7.7

Annual 1.4

PM10 24-hour 23.1

Annual 10.30

PM2.5 24-hour 8.7

Annual 3.50

DPM Annual4 0.70

Acrolein 1-hour 0.17

Annual 0.06

Benzene 1-hour 3.4

Annual 0.96

1,3-Butadiene 1-hour/24-hour 0.77

Annual 0.15

Acetaldehyde 1-hour 5.5

Annual 1.72

Formaldehyde 1-hour 3.6

Annual 1.89

Naphthalene 1-hour 1.8

Annual 0.25
1Acute background concentrations based on measured 98th percentile 24 hour values as described in Appendix B of the Air Quality Assessment
2Chronic (annual) background concentrations based on measured 24-hour mean values as described in Appendix B of the Air Quality Assessment
3The 10 min SO2 calculated from 1-hour data using a conversion factor of 1.65 as per Ontario Air Dispersion Modeling Guideline A-11 (2009)
4Ambient annual DPM concentrations were not measured but were assumed to be 19% of PM 2.5 for the GVRD as per the Levelton (2007): Air Toxics Emission 
Inventory and Human Health Risk Assessment, prepared for GVRD
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1.0 INTRODUCTION 

This appendix provides the equations and input variables for the estimation of COPC exposure via multi-

media exposure pathways (Section 2.0).  The exposure model results for agricultural receptors, First 

Nations receptors, and at the maximum point of impingement (MPOI) over land and over water are 

summarised in Section 3.0.  The equations for human exposure to COPC via the multi-media pathways 

are provided in Section 4.0.  The risk characterisation equations are provided in Section 5.0 and the risk 

characterisation results presented in Section 6.0.  
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2.0 SAMPLE CALCULATIONS FOR MULTI-MEDIA EXPOSURE PATHWAYS 

2.1 CALCULATING THE DEPOSITION TERM (DS) FOR SOIL OR SEDIMENT CONCENTRATION 

Equation 1 

Ds = [
Fv × (Ddv + Dwv) + (Ddp + Dwp) × (1 − Fv)

(Zs × BD × 1000)
] 

Term  Description Value 

Ds  = 
 chemical specific deposition (mg of chemical 
/kg of soil/year) 

calculated 

Dwv  = 
 chemical-specific wet vapour deposition rate 
(mg/m

2
/year) 

Atmospheric Model Output 

Farmer 1- Project Alone 

Benzo(a)pyrene = 9.05×10
-6

 

With Project 

Formaldehyde = 0.27 

MPOI over Water 

Benzo(a)pyrene = 1.24×10
-5

 

Dwp  = 
 chemical-specific wet particle deposition rate 
(mg/m

2
/year) 

Atmospheric Model Output 

Farmer 1- Project Alone 

Benzo(a)pyrene = 1.41×10
-5

 

With Project 

Formaldehyde =  0 

MPOI over Water 

Benzo(a)pyrene = 1.96×10
-5

 

Ddv  = 
 chemical-specific dry vapour deposition rate 
(mg/m

2
/year) 

Atmospheric Model Output 

Farmer 1- Project Alone 

With Project 

Benzo(a)pyrene = 2.56×10
-5

 

Formaldehyde = 0.75 

MPOI over Water 

Benzo(a)pyrene = 4.75×10
-5

 

Ddp  = 
 chemical-specific dry particle deposition rate 
(mg/m

2
/year) 

Atmospheric Model Output 

Farmer 1- Project Alone 

Benzo(a)pyrene =3.11×10
-6

 

With Project 

Formaldehyde = 0 

MPOI over Water 

Benzo(a)pyrene = 1.51×10
-5

 

Zs  =  soil or sediment mixing zone depth (m) 

Soil Tilled = 0.02 (USEPA 2005)
a
 

Soil Untilled = 0.2 (USEPA 2005)
b
 

Sediment = 0.03 (USEPA 2005)
c
 

BD  =  soil bulk density (g soil/cm
3
 soil) 1.5 (USEPA 2005) 

Fv = 
Fraction of COPC air concentration in vapour 
phase (unitless) 

Benzo(a)pyrene = 0.294 (USEPA 2005); 

Formaldehyde = 1 (USEPA 2005) 

1000 = Units Conversion factor (g/cm
3
 to kg/m

3
) 1000 

MPOI – maximum point of impingement 
a
 Tilled soil concentrations used to estimate root uptake in grain only 

b
 Untilled soil concentrations used to estimate root uptake in all other plants and direct exposure to soil 

c
 Sediment concentrations used to estimate shellfish uptake  
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Receptor –  Farmer 1 – Project Alone 

Benzo(a)pyrene 

Ds (tilled soils) = 7.4386 × 10−7mg of chemical per kg of soil per year 

Ds (untilled soils) = 7.4386 × 10−6mg of chemical per kg of soil per year 

Receptor –  Farmer 1 – With Project 

Formaldehyde 

Ds (tilled soils) = 3.379 × 10−3mg of chemical per kg of soil per year 

Ds (untilled soils) = 3.379 × 10−2mg of chemical per kg of soil per year 

Receptor – MPOI over Water 1 – Project Alone 

Benzo(a)pyrene 

Ds (sediment) = 9.3522 × 10−7mg of chemical per kg of soil per year 
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2.2 COPC LOSS CONSTANT DUE TO VOLATILISATION (KSV) 

Equation 2 

ksv = [
3.1536 × 107 × H

(Zs × Kds × R × Ta × BD)
] × (

Da

Zs
) × [1 − (

BD

ρsoil
) − θsw] 

Term 
 

Description Value 

ksv  = COPC loss constant due to volatilisation (yr
-1

) Calculated 

3.1536 × 10
7
  = Units conversion factor (s/yr) 3.1536 × 10

7
  

H  = Henry’s Law constant (atm-m
3
/mol) 

Benzo(a)pyrene = 1.1×10
-6

 

Formaldehyde = 3.36×10
-7

 

Zs  = Soil mixing zone depth (cm) 

Soil Tilled = 0.02 (USEPA 2005)
a
 

Soil Untilled = 0.2 (USEPA 2005)
b
 

Sediment = 0.03 (USEPA 2005)
c
 

Kds  = Soil/water partition coefficient (mL/g) 
Benzo(a)pyrene = 160000 (USEPA 2005) 

Formaldehyde = 0.02 (USEPA 2005) 

R  = Universal gas constant (atm-m
3
/mol-K)  8.207×10

-5
  

Ta  = Ambient air temperature (K)  298 (USEPA 2005) 

BD  = Soil bulk density (g soil/cm
3
 soil)  1.5 (USEPA 2005) 

Da  = Diffusivity of COPC in air (cm
2
/s) 

Benzo(a)pyrene = 0.043 (USEPA 2005) 

Formaldehyde = 0.178 (USEPA 2005) 

Psoil  = Solids particle density (g/cm
3
)  2.7 (USEPA 2005) 

θsw = Soil volumetric water content (ml/cm
3
 soil)  0.2 (USEPA 2005) 

Receptor – Farmer 1–  Project Alone 

Benzo(a)pyrene 

ksv (tilled soils) = 1.55 × 10−7yr−1 

ksv (untilled soils) = 1.55 × 10−5 yr−1 

Receptor – Farmer 1–  With Project 

Formaldehyde 

ksv (tilled soils) = 1.571 yr−1 

ksv (untilled soils) = 157.1 yr−1 

Soil Tilled = 0.02 (USEPA 2005)
a
 

Soil Untilled = 0.2 (USEPA 2005)
b
 

Sediment = 0.03 (USEPA 2005)
c
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2.3 CHEMICAL LOSS VIA BIOTIC AND ABIOTIC DEGRADATION (KSG) 

Equation 3 

𝑘𝑠𝑔 =
0.693

𝑇1/2
 

Term 
 

Description Value 

ksg = 
COPC soil loss constant due to biotic 
and abiotic degradation (yr

-1
) 

Benzo(a)pyrene = 0.48 (USEPA 2005) 

Formaldehyde = 36.14 (USEPA 2005) 

T1/2 = Half-time of COPC in soil (days) N/A  

 

Receptor(s) – Farmer 1 – Project Alone / – MPOI over Water 1 – Project Alone 

Benzo(a)pyrene 

𝑘𝑠𝑔 = 0.48 yr−1 

Receptor(s) – Farmer 1 – With Project 

Formaldehyde 

𝑘𝑠𝑔 = 36.14 yr−1 
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2.4 THE TOTAL SOIL LOSS CONSTANT (KS) 

Equation 4 

𝑘𝑠 = 𝑘𝑠𝑔 + 𝑘𝑠𝑒 + 𝑘𝑠𝑟 + 𝑘𝑠𝑙 + 𝑘𝑠𝑣 

Term 
 

Description Value 

ks = 
COPC soil loss constant due to all 
processes (yr

-1
) 

Calculated 

ksg  = 
COPC loss constant due to biotic and 
abiotic degradation (yr

-1
) 

Equation 3 

Farmer 1- With Project 

Soil 

Benzo(a)pyrene = 0.48 (USEPA 2005) 

Formaldehyde = 36.14 (USEPA 2005) 

MPOI over Water- With Project 

Sediment 

Benzo(a)pyrene = 0.000949 (USEPA 2005) 

kse  = 
COPC loss constant due to soil erosion 
(yr

-1
) 

0 (no loss assumed) 

ksr  = 
COPC loss constant due to surface 
runoff (yr

-1
) 

0 (no loss assumed) 

ksl  = 
COPC loss constant due to leaching (yr-
1
) 

0 (no loss assumed) 

ksv  = 
COPC loss constant due to volatilisation 
(yr

-1
) 

Equation 2 

Farmer 1- Project Alone 

Benzo(a)pyrene 

ksv (tilled soils)=1.55×10
-7

 

ksv (untilled soils)=1.55×10
-5 

Formaldehyde 

ksv (tilled soils)=1.571 

ksv (untilled soils)=157.1 

MPOI over Water- With Project 

Benzo(a)pyrene 

ksv (sediment)= 0 

 

Receptor – Farmer 1 – Project Alone 

Benzo(a)pyrene 

𝑘𝑠 (𝑡𝑖𝑙𝑙𝑒𝑑 𝑠𝑜𝑖𝑙𝑠) = 0.48 𝑦𝑟−1 
 

𝑘𝑠 (𝑢𝑛𝑡𝑖𝑙𝑙𝑒𝑑 𝑠𝑜𝑖𝑙𝑠) = 0.48 𝑦𝑟−1 
 
Receptor – Farmer 1 – With Project 

Formaldehyde 

𝑘𝑠 (𝑡𝑖𝑙𝑙𝑒𝑑 𝑠𝑜𝑖𝑙𝑠) = 37.711 𝑦𝑟−1 
 

𝑘𝑠 (𝑢𝑛𝑡𝑖𝑙𝑙𝑒𝑑 𝑠𝑜𝑖𝑙𝑠) = 193.24 𝑦𝑟−1 
 
Receptor – MPOI over Water 1 – Project Alone 

Benzo(a)pyrene 

 

𝑘𝑠 (𝑠𝑒𝑑𝑖𝑚𝑒𝑛𝑡) = 0.000949 𝑦𝑟−1 
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2.5 CALCULATING THE SOIL CONCENTRATION FOR NON-CARCINOGENS (CSTD) 

Equation 5 

𝐶𝑠𝑡𝐷 =
Ds × [1 − exp (−ks × tD)]

ks
 

Term 
 

Description Value 

CstD = 
average soil concentration over exposure duration (mg/kg 
soil) 

Calculated 

Ds = 
deposition term (mg of chemical/kg soil/year for untilled and 
tilled soils, respectively) 

Equation 1 

Formaldehyde 

Ds (tilled soils)=3.379×10
-3

 

Ds (untilled soils)= 3.379×10
-2

 

T1 = time period at the beginning of combustion (years) 0 (USEPA 2005) 

ks = chemical soil loss constant due to all processes (year
-1

) 

Equation 4 

Formaldehyde 

ks (tilled soils)=37.711 

ks (untilled soils)=193.24 

tD = time period over which deposition occurs (years) 30 (USEPA 2005) 

 

Receptor – Farmer 1 – With Project 

Non-Carcinogens – Formaldehyde 

𝐶𝑠𝑡𝐷(tilled soils) = 8.960 × 10−5 mg/kg 

𝐶𝑠𝑡𝐷(untilled soils) = 1.749 × 10−4 mg/kg 
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2.6 CALCULATING THE SOIL AND SEDIMENT CONCENTRATIONS FOR CARCINOGENS (CS) 

Equation 6 

For T2≤tD – When exposure duration is less than or equal to the operating lifetime of the emissions source: 

𝐶𝑠 =
Ds

ks × (tD − T1)
× [(tD +

exp (−ks × tD)

ks
) − (T1 +

exp (−ks × T1)

ks
)] 

For T1<tD<T2 – When exposure duration is greater than the operating lifetime of the emission source: 

𝐶𝑠 =
(

Ds × tD − CStD

ks
) + (

CStD

ks
) × (1 − exp[−ks × (T2 − tD)]

T2 − T1
 

Term 
 

Description Value 

Cs = 
average soil or sediment concentration over exposure 
duration (mg/kg soil) 

calculated 

Ds = 
deposition term (mg of chemical/kg soil/year for untilled 
and tilled soils, sediment) 

Equation 1 

Benzo(a)pyrene 

Farmer 1 –Project Alone 

Ds (tilled soils)= 7.4386×10
-7

  

Ds (untilled soils)= 7.4386×10
-6

  

MPOI over Water –Project Alone 

Ds (sediment)= 9.3522×10
-7

 

T1 = time period at the beginning of combustion (years) 0 (USEPA 2005) 

ks = chemical soil loss constant due to all processes (year
-1

) 

Equation 4 

Benzo(a)pyrene 

Farmer 1 – With Project 

ks (tilled soils)=0.48 

ks (untilled soils)=0.48 

MPOI over Water 1– With Project 

ks (sediment)=0.000949 

tD = time period over which deposition occurs (years) 30 (USEPA 2005) 

CstD = 
average soil or sediment concentration over exposure 
duration (mg/kg soil)   

Equation 5 

(Calculations below for Benzo(a)pyrene) 

T2 = 
length of exposure duration (year; applicable for 
carcinogens only) 

80 (Health Canada 2012) 

 

Receptor – Farmer 1 – Project Alone 

Carcinogens – Benzo(a)pyrene 

T1<tD<T2 = True 

Then, 

𝐶𝑠(tilled soils) = 5.8114 × 10−8 mg/kg 
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𝐶𝑠(untilled soils) =  5.8114 × 10−7 mg/kg 

Receptor – MPOI over Water – Project Alone 

Carcinogens – Benzo(a)pyrene 

T1<tD<T2 = True 

𝐶𝑠(sediment) = 2.20953 × 10−5 mg/kg 
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2.7 PLANT CONCENTRATION DUE TO DIRECT PARTICLE DEPOSITION 

Equation 7 

𝑃𝑑 =
(1 − Fv) × [Ddp + (Fw × Dwp)] × Rp × [1.0 − exp(−kp × Tp)]

Yp × kp
 

Term 
 

Description Value 

Pd  = 
Plant (aboveground produce) concentration due to 
direct particle (wet and dry) deposition (mg COPC/kg 
DW) 

calculated 

Fv  = 
Fraction of COPC air concentration in vapor phase 
(unitless) 

BaP = 0.294 (USEPA 2005) 

Formaldehyde = 1 (USEPA 2005) 

Ddp = 
yearly average dry deposition from particle phase 
(mg/m

2
/year) 

Atmospheric Model Output 

Benzo(a)pyrene =3.11×10
-6

 

Formaldehyde = 0 

Fw  = 

Fraction of COPC wet deposition that adheres to plant 
surfaces: 

0.2 for anions, 0.6 for cations & most organics 
(unitless) 

0.6 (US EPA 2005) 

Dwp = 
yearly average wet deposition from particle phase 
(mg/m

2
/year) 

Atmospheric Model Output 

Benzo(a)pyrene = 1.41×10
-5

 

Formaldehyde =  0 

Rp  = 
Interception fraction of the edible portion of plant 
(unitless) 

Plant Specific 

Equation 7.1 

kp  = Plant surface loss coefficient (yr
-1

)  18 (USEPA 2005) 

Tp  = 
Length of plant exposure to deposition per harvest of 
the edible portion of the ith plant group (yr) 

Plant Specific 

Equation 7.3 

Yp  = 
Yield or standing crop biomass of the edible portion of 
the plant (productivity) (kg DW/m

2
) 

2.24 (USEPA 2005) 

 

Receptor – Farmer 1 – Project Alone 

Benzo(a)pyrene 

𝑃𝑑 (𝐹𝑜𝑟𝑎𝑔𝑒) = 8.9542 × 10−8 mg COPC per kg DW 

𝑃𝑑 (𝐺𝑟𝑎𝑖𝑛) = 7.4516 × 10−8 mg COPC per kg DW 

𝑃𝑑 (𝑆𝑖𝑙𝑎𝑔𝑒) = 8.7890 × 10−8 mg COPC per kg DW 

𝑃𝑑 (𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 7.4823 × 10−8 mg COPC per kg DW 

Formaldehyde 

𝑃𝑑 (𝐹𝑜𝑟𝑎𝑔𝑒) = 0 mg COPC per kg DW 

𝑃𝑑 (𝐺𝑟𝑎𝑖𝑛) = 0 mg COPC per kg DW 

𝑃𝑑 (𝑆𝑖𝑙𝑎𝑔𝑒) = 0 mg COPC per kg DW 

𝑃𝑑 (𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 0 mg COPC per kg DW 
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2.7.1 Intercept Fraction (Rp) 

Equation 7.1 

𝑅𝑝 = 1 − 𝑒−γ𝑌𝑝 

Term 
 

Description Value 

Rp = intercept fraction of the edible portion of the plant (unitless) 
Plant specific (USEPA 2005 
see below) 

γ = 
empirical constant, Chamberlain (1970) presents a range of 
2.3 to 3.3 

N/A 

Yp = yield or standing crop biomass (productivity) (kg DW/m
2
) 2.24 (USEPA 2005) 

 

Receptor – Farmer 1 – With Project 

RP (Forage) = 0.5 
RP (Grain) = 0.39 
RP (Silage) = 0.46 
RP (Above ground produce) = 0.39 

2.7.2 Plant Surface Loss Coefficient (kp) 

Equation 7.2 

𝑘𝑝 = [
ln (2)

t1/2
] × 365 

 

Term 
 

Description Value 

kp = Plant surface loss coefficient (yr
-1

) 18 (USEPA 2005) 

t1/2 = half-life (days) N/A 

365 = Units conversion factor (days/yr) N/A 

 

Receptor –  Farmer 1 – With Project  

𝑘𝑝 = 18 yr−1 
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2.7.3 Growing Season or Length of Plant Exposure per year (Tp) 

Equation 7.3 

𝑇𝑝 =
Days

365
 

Term 
 

Description Value 

Tp = 
Length of plant exposure to deposition per 
harvest of edible portion of plant (yr) 

(USEPA 2005) 

Days = half-life (days) N/A 

365 = Units conversion factor (days/yr) N/A 

    

 

Receptor –  Farmer 1 – With Project 

Tp (Forage) = 0.12 yr 
Tp (Grain) = 0.16 yr 
Tp (Silage) = 0.16 yr 
Tp (Aboveground produce) = 0.164 yr 

2.7.4 Yield or Standing Crop Biomass or Productivity (Yp) 

Equation 7.4 

𝑌𝑝 =
Yhi

Ahi
 

Term 
 

Description Value 

Yp = Standing Crop Biomass (kg DW/m
2
) 2.24 (USEPA 2005) 

Yhi  =  harvest yield of the ith crop (kg DW) N/A 

Ahi  =  area planted to the ith crop (m
2
) N/A 

 

Receptor –  Farmer 1– With Project 

Yp (Forage) = 2.24 kg DW/m
2
 

Yp (Grain) = 2.24 kg DW/m
2
 

Yp (Silage) = 2.24 kg DW/m
2
 

Yp (Aboveground produce) = 2.24 kg DW/m
2
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2.8 PLANT CONCENTRATION DUE TO VAPOUR UPTAKE  

Equation 8 

𝑃𝑣 =
(Cair × Bvag × Fv × VGag)

ρair

 

Term 
 

Description Value 

Pv = 
Concentration of COPC in the plan resulting from air-to-plant 
transfer  (mg/kg DW) 

Calculated 

Cair = COPC concentration in air (mg/m
3
) 

Atmospheric Model Input 

Benzo(a)pyrene =1.53×10
-9

 

Formaldehyde = 1.91×10
-3

 

Bvag = 
mass-based air-to-plant biotransfer factor (µg/g dry-weight 
plant / µg/g air) (unitless) 

BaP = 124742 (USEPA 2005) 

Formaldehyde = 1 (USEPA 2005) 

Fv = 
Fraction of COPC air concentration in vapour phase 
(unitless) 

BaP = 0.294 (USEPA 2005) 

Formaldehyde = 1 (USEPA 2005) 

VGag = 
Empirical correction factor depending for above ground 
produce (unitless) 

Plant Specific (See Below) 

ρair = Density of air (1.19 kg/m
3
 ) 1.19 (USEPA 2005) 

 

Receptor –  Farmer 1 – Project Alone 
 
Benzo(a)pyrene 
 

𝑃𝑣(Forage) = 4.7257 × 10−5𝑚𝑔/𝑘𝑔 𝐷𝑊 
 

𝑃𝑣(Grain) = 4.7257 × 10−5𝑚𝑔/𝑘𝑔 𝐷𝑊 
 

𝑃𝑣(Silage) = 2.3629 × 10−5𝑚𝑔/𝑘𝑔 𝐷𝑊 
 

𝑃𝑣(Above ground produce) = 4.7257 × 10−7𝑚𝑔/𝑘𝑔 𝐷𝑊 
 
Receptor –  Farmer 1 – With Project 

Formaldehyde 

 

𝑃𝑣(Forage) = 6.305 × 10−4 𝑚𝑔/𝑘𝑔 𝐷𝑊 
 

𝑃𝑣(Grain) = 6.305 × 10−4 𝑚𝑔/𝑘𝑔 𝐷𝑊 
 

𝑃𝑣(Silage) = 3.152 × 10−4 𝑚𝑔/𝑘𝑔 𝐷𝑊 

𝑃𝑣(Above ground produce) = 6.305 × 10−6𝑚𝑔/𝑘𝑔 𝐷𝑊 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 14 - December 2014 

2.8.1 The Air-to-Plant Biotransfer Factor for Aboveground Produce (Bv) 

Receptor - Farmer 1– With Project 

Benzo(a)pyrene Formaldehyde 

Bvag (Forage) = 124742 

Bvag (Grain) = 124742 

Bvag (Silage) = 124742 

Bvag (Aboveground produce) = 124742 

Bvag (Forage) = 0.329 

Bvag (Grain) = 0.329 

Bvag (Silage) = 0.329 

Bvag (Aboveground produce) = 0.329 

2.8.2 Empirical Correction Factor (VGag) 

Empirical Correction Factor for Aboveground Produce (VGag)      

 for COPCs with a log Kow greater than 4 (Benzo(a)pyrene = 6) 

 for COPCs with a log Kow less than 4 (Formaldehyde = 0.35) 

 

Receptor - Farmer 1 – With Project 

Benzo(a)pyrene Formaldehyde 

VGag (Forage) = 1 

VGag (Grain) = 1 

VGag (Silage) = 0.5 

VGag (Aboveground produce) = 0.01 

VGag (Forage) = 1 

VGag (Grain) = 1 

VGag (Silage) = 0.5 

VGag (Aboveground produce) = 1 

 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 15 - December 2014 

2.9 PRODUCE CONCENTRATION DUE TO ROOT UPTAKE (PR) FOR ABOVEGROUND PRODUCE 

Equation 9a 

𝑃𝑟(𝐶𝑎𝑟𝑐𝑖𝑛𝑜𝑔𝑒𝑛) = 𝐶𝑠 × 𝐵𝑟𝑎𝑔 

or 

𝑃𝑟(𝑁𝑜𝑛−𝑐𝑎𝑟𝑐𝑖𝑛𝑜𝑔𝑒𝑛) = 𝐶𝑠𝑡𝐷 × 𝐵𝑟𝑎𝑔 

Term 
 

Description Value 

Pr = 
contaminant concentration in 
produce as a result of root uptake 
(mg/kg) 

Calculated 

Cs or CstD = 
tilled or untilled soil concentration 
(mg/kg soil) 

Equation 6 

Benzo(a)pyrene (tilled) = 5.8114×10
-8

 

Benzo(a)pyrene (untilled) = 5.8114×10
-7 

Equation 5 

Formaldehyde (tilled) =8.960×10
-5

 

Formaldehyde (untilled) = 1.749×10
-4

 

Brag = 
plant-soil  bioconcentration  factor  
for  aboveground  produce  (unitless) 

Br defaults 

Benzo(a)pyrene 

BrForage = 0.0132 (USEPA 2005) 

BrGrain  = 0.0132 (USEPA 2005) 

BrSilage  = 0.0132 (USEPA 2005) 

BrAbove Ground Produce = 0.0132 (USEPA 2005) 

Formaldeyde  

BrForage = 8.38 (USEPA 2005) 

BrGrain = 8.38 (USEPA 2005) 

BrSilage  = 8.38 (USEPA 2005) 

BrAbove Ground Produce = 8.38 (USEPA 2005) 

Log Kow = 
plant-soil  bioconcentration  factor  
for  aboveground  produce  (unitless) 

Benzo(a)pyrene = 6 (US EPA 2005) 

Formaldeyde = 0.02 (US EPA 2005) 

 

Receptor - Farmer 1 – Project Alone 

Benzo(a)pyrene 

𝑃𝑟(𝐹𝑜𝑟𝑎𝑔𝑒) = 7.6708 × 10−9𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝐺𝑟𝑎𝑖𝑛 ) = 7.6708 × 10−10𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝑆𝑖𝑙𝑎𝑔𝑒) = 7.6708 × 10−9𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 7.6708 × 10−9𝑚𝑔/𝑘𝑔 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 16 - December 2014 

Receptor - Farmer 1 – With Project 

Formaldehyde 

𝑃𝑟(𝐹𝑜𝑟𝑎𝑔𝑒) = 1.465 × 10−3𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝐺𝑟𝑎𝑖𝑛) = 7.509 × 10−4𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝑆𝑖𝑙𝑎𝑔𝑒) = 1.465 × 10−3𝑚𝑔/𝑘𝑔 

 

𝑃𝑟(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 1.465 × 10−3𝑚𝑔/𝑘𝑔 

 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 17 - December 2014 

2.9.1 Produce Concentration Due to Root Uptake (Pr) for Belowground Ground Produce 

Equation 9b 

𝑃𝑟 = Cs × Brrootveg × VGrootveg 

𝑃𝑟 = CstD × Brrootveg × VGrootveg 

Equation 9b.1 

𝐵𝑟𝑟𝑜𝑜𝑡𝑣𝑒𝑔 =
RCF

Kds
 

Term 
 

Description Value 

Pr = 
Concentration of COPC in produce due to 
root uptake (mg/kg) 

Calculated 

Cs or CstD = 
Average soil concentration over exposure 
duration (mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7 

Equation 5 

Formaldehyde (untilled) =1.749×10
-4

 

Brrootveg = 
Plant-soil bioconcentration factor for 
produce (unitless) 

Equation 9b.1 

RCF = Root concentration factor (unitless) 
Benzo(a)pyrene = 9684 (USEPA 2005) 

Formaldehyde = 6.74 (USEPA 2005) 

VGrootveg = 
Empirical correction factor for belowground 
produce (unitless) 

Benzo(a)pyrene = 0.01 (USEPA 2005) 

Formaldehyde = 1 (USEPA 2005) 

Kds = Soil/water partition coefficient (L/kg) 
Benzo(a)pyrene = 160000 (USEPA 2005) 

Formaldehyde = 0.02 (USEPA 2005) 

1 = Kg/L conversion factor 1 

    

 

Receptor - Farmer 1 –Project Alone 

Benzo(a)pyrene 

𝑃𝑟(𝐵𝑒𝑙𝑜𝑤 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 3.5158 ×  10−10mg/kg 

 
 
Receptor - Farmer 1 – With Project 

Formaldehyde 

𝑃𝑟(𝐵𝑒𝑙𝑜𝑤 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒) = 5.3337 × 10−2mg/kg 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 18 - December 2014 

2.10 CONCENTRATION OF COPC IN PLANT TYPE I EATEN BY THE ANIMAL (PI) 

Equation 10 

Pi = ∑(Pd + Pv + Pr)

𝑛

𝑘=𝑖

 

Term 
 

Description Value 

Pi = Concentration of COPC in each plant type i eaten by the animal (mg COPC/kg DW) Calculated 

Pd = Plant concentration due to direct deposition (mg COPC/kg DW) Equation 7 

Pv = Plant concentration due to air-to-plant transfer (mg COPC/kg DW) Equation 8 

Pr = Plant concentration due to root uptake (mg COPC/kg DW) Equation 9 

 

Receptor - Farmer 1 –Project Alone 
Benzo(a)pyrene  

P(Forage) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Forage) =  4.73545 × 10−5𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Grain) = 𝑃𝑟 

 
P(Grain) = 7.67107 × 10−10𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Silage) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Silage) = 2.37242 × 10−5𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Above ground produce) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Above ground produce) = 5.55067 × 10−7𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

Receptor - Farmer 1 – With Project 
Formaldehyde 

 

P(Forage) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Forage) = 2.0959 × 10−3𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Grain) = 𝑃𝑟 

 
P(Grain) = 7.50918 × 10−4𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Silage) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Silage) = 1.780693 × 10−3𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 

P(Above ground produce) = 𝑃𝑑 + 𝑃𝑣 + 𝑃𝑟 

 
P(Above ground produce) = 1.471762 × 10−3𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐷𝑊 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 19 - December 2014 

2.11 CONCENTRATION OF COPC IN WILD GAME (ADEER) 

Equation 11 

Adeer = (∑(Fi × Qpi × Pi) + Qs × Cs

𝑛

𝑘=𝑖

× Bs) × Bawild game × MF 

Adeer_forage = ((𝐹(𝐹𝑜𝑟𝑎𝑔𝑒) × Qp(Forage) × P(Forage)) + Qs × Cs(untilled_soils) × Bs) × Bawild_game × MF 

Adeer = Abeef_forage 

Term 
 

Description Value 

Abeef = 
Concentration of COPC in beef (mg 
COPC/kg) 

Calculated 

Fi  = 
Fraction of plant type i grown on 
contaminated soil and ingested by the animal 
(mule deer) (unitless) 

1 (USEPA 2005) 

Qpi  = 
Quantity of plant type i eaten by the animal 
(mule deer) each day (kg DW plant/day) 

Forage = 1.6  

Pi  = 
Concentration of COPC in plant type i eaten 
by the animal (mule deer) (mg/kg DW) 

Equation 10 

Benzo(a)pyrene 

P(Forage) =4.73545×10
-5

 

Qs  = 
Quantity of soil eaten by the animal (mule 
deer) each day (kg soil/day) 

0.0161 (USEPA 2005) 

Cs  = 
Average soil concentration over exposure 
duration (mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7

 

Bs  = Soil bioavailability factor (unitless) 1 (USEPA 2005) 

Bawild_game = 
COPC biotransfer factor for deer (day/kg WW 
tissue) 

Benzo(a)pyrene 

Bawild_game = Babeef (Assumed) 

Bawild_game = 0.037562423 (USEPA 2005) 

MF  = Metabolism factor (unitless) 0.01 (Hofelt et al. 2001) 

 

Receptor – Farmer 1– Project Alone 

Benzo(a)pyrene 

Adeer = 2.84635 × 10−8mg COPC/kg 

 

 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 20 - December 2014 

2.12 CONCENTRATION OF COPC IN BEEF (ABEEF) 

Equation 12 

Abeef = (∑(Fi × Qpi × Pi) + Qs × Cs

𝑛

𝑘=𝑖

× Bs) × Babeef × MF 

Abeef = ([(𝐹(𝐹𝑜𝑟𝑎𝑔𝑒) × Qp(Forage) × P(Forage)) + (𝐹(𝐺𝑟𝑎𝑖𝑛) × Qp(Grain) × P(Grain)) + (𝐹(𝑆𝑖𝑙𝑎𝑔𝑒) × Qp(Silage) × P(Silage))] + Qs

× Cs(untilled_soils) × Bs) × Babeef × MF 

Term 
 

Description Value 

Abeef = Concentration of COPC in beef (mg COPC/kg) Calculated 

Fi  = 
Fraction of plant type i grown on contaminated 
soil and ingested by the animal (cattle) 
(unitless) 

1 (USEPA 2005) 

Qpi  = 
Quantity of plant type i eaten by the animal 
(cattle) each day (kg DW plant/day) 

Forage = 8.8 (USEPA 2005) 

Grain = 0.47 (USEPA 2005) 

Silage = 2.5 (USEPA 2005) 

Pi  = 
Concentration of COPC in plant type i eaten by 
the animal (cattle) (mg/kg DW) 

Equation 10 

Benzo(a)pyrene 

P(Forage) = 7.50614×10
-5

 

P(Grain) = 1.3365×10
-9

 

P(Silage) = 3.7614×10
-5

 

Qs  = 
Quantity of soil eaten by the animal (cattle) 
each day (kg soil/day) 

0.5 (USEPA 2005) 

Cs  = 
Average soil concentration over exposure 
duration (mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7

 

Bs  = Soil bioavailability factor (unitless) 1 (USEPA 2005) 

Babeef = 
COPC biotransfer factor for beef (day/kg WW 
tissue) 

Benzo(a)pyrene = 0.037562423 (USEPA 2005) 

MF  = Metabolism factor (unitless) 0.01(Hofelt et al. 2001) 

 

Receptor - Farmer 1– Project Alone 

Benzo(a)pyrene 

 

Abeef = 1.78918 × 10−7mg COPC/kg 

 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 21 - December 2014 

2.13 CONCENTRATION OF COPC IN MILK (AMILK) 

Equation 13 

Abeef = (∑(Fi × Qpi × Pi) + Qs × Cs

𝑛

𝑘=𝑖

× Bs) × Bamilk × MF 

AMilk = ([(𝐹(𝐹𝑜𝑟𝑎𝑔𝑒) × Qp(Forage) × P(Forage)) + (𝐹(𝐺𝑟𝑎𝑖𝑛) × Qp(Grain) × P(Grain)) + (𝐹(𝑆𝑖𝑙𝑎𝑔𝑒) × Qp(Silage) × P(Silage))] + Qs

× Cs(untilled_soils) × Bs) × Bamilk × MF 

Term 
 

Description Value 

Amilk = Concentration of COPC in milk (mg COPC/kg) Calculated 

Fi  = 
Fraction of plant type i grown on contaminated soil 
and ingested by the animal (dairy cattle) (unitless) 

1 (USEPA 2005) 

Qpi  = 
Quantity of plant type i eaten by the animal (dairy 
cattle) each day (kg DW plant/day) 

Forage = 13.2 (USEPA 2005) 

Grain = 3.0 (USEPA 2005) 

 Silage = 4.1 (USEPA 2005) 

Pi  = 
Concentration of COPC in plant type i eaten by the 
animal (dairy cattle) (mg/kg DW) 

Equation 10 

Benzo(a)pyrene 

P(Forage) =4.73545×10
-5

 

P(Grain) = 7.67107×10
-10

 

P(Silage) = 2.37242×10
-5

 

Qs  = 
Quantity of soil eaten by the animal (dairy cattle) 
each day (kg soil/day) 

0.4 (USEPA 2005) 

Cs  = 
Average soil concentration over exposure duration 
(mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7

 

Bs  = Soil bioavailability factor (unitless) 1 (USEPA 2005) 

Bamilk = 
COPC biotransfer factor for milk (day/kg WW 
tissue) 

Benzo(a)pyrene = 0.007907879 (USEPA 
2005) 

MF  = Metabolism factor (unitless) 0.01(Hofelt et al. 2001) 

 

Receptor - Farmer 1– With Project 

Benzo(a)pyrene 

 

Amilk = 1.32781 × 10−14mg COPC/kg 

 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 22 - December 2014 

2.14 CONCENTRATION OF COPC IN PORK (APORK) 

Equation 14 

Apork = (∑(Fi + Qpi + Pi) × Qs × Cs

𝑛

𝑘=𝑖

× Bs) × Bapork × MF 

Apork_grain = ([(F(Grain) × Qp(Grain) × P(Grain)) + (F(Silage) × Qp(Silage) × P(Silage))] × Qs × Cs × Bs) × Bapork × MF 

 

Term 
 

Description Value 

Apork = 
Concentration of COPC in pork (mg COPC/kg 
FW tissue) 

calculated 

Fi = 
Fraction of plant type i grown on contaminated 
soil and ingested by the animal (swine)(unitless) 

1 (USEPA 2005) 

Qpi = 
Quantity of plant type i eaten by the animal 
(swine) each day (kg DW plant/day) 

Grain = 3.3 (USEPA 2005) 

Silage = 1.4 (USEPA 2005) 

Pi = 
Concentration of COPC in plant type i eaten by 
the animal (swine) (mg/kg DW) 

Equation 10 

Benzo(a)pyrene 

P(Grain) = 7.67107×10
-10

 

P(Silage) = 2.37242×10
-5

 

Qs = 
Quantity of soil eaten by the animal (swine) 
(kg/day) 

0.37 (USEPA 2005) 

Cs = 
Average soil concentration over exposure 
duration (mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7

 

Bs = Soil bioavailability factor (unitless) 1 

Bapork = 
COPC biotransfer factor for pork (day/kg FW 
tissue) 

Benzo(a)pyrene = 0.04547 (US EPA 2005) 

MF = Metabolism factor (unitless) 0.01(Hofelt et al. 2001) 

 

Receptor - Farmer 1– With Project 

Benzo(a)pyrene 

Apork = 3.24751 × 10−15 mg COPC/kg FW Tissue 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 23 - December 2014 

2.15 CONCENTRATION OF COPC IN CHICKEN (ACHICKEN) 

Equation 15 

Achicken 𝑜𝑟 Aegg = (∑(Fi × Qpi × Pi) + Qs × Cs

𝑛

𝑘=𝑖

× Bs) × (Baegg or Bachicken) 

Achicken 𝑜𝑟 Aegg = [(F(Grain) × Qp(Grain) × P(Grain)) + Qs × Cs × Bs] × (Baegg 𝑜𝑟 𝐵𝑎𝑐ℎ𝑖𝑐𝑘𝑒𝑛)  

Terms 
 

Description Value 

Achicken = 
Concentration of COPC in chicken (mg 
COPC/kg FW tissue) 

Calculated 

Aegg = 
Concentration of COPC in eggs (mg COPC/kg 
FW tissue) 

Calculated 

Fi = 
Fraction of plant type i (grain) grown on 
contaminated soil and ingested by the animal 
(chicken)(unitless) 

1 (USEPA 2005) 

Qpi = 
Quantity of plant type i (grain) eaten by the 
animal (chicken) each day (kg DW plant/day) 

0.2 (USEPA 2005) 

Pi = 
Concentration of COPC in plant type i (grain) 
eaten by the animal (chicken) (mg/kg DW) 

Equation 10 

P(Grain) = 7.67107×10
-10

 

 

Qs = 
Quantity of soil eaten by the animal (chicken) 
(kg/day) 

0.022 (USEPA 2005) 

Cs = 
Average soil concentration over exposure 
duration (mg COPC/kg soil) 

Equation 6 

Benzo(a)pyrene (untilled) = 5.8114×10
-7

 

Bs = Soil bioavailability factor (unitless) 1 (USEPA 2005) 

Bachicken = 
COPC biotransfer factor for chicken (day/kg 
FW tissue) 

Benzo(a)pyrene = 0.027677575 (USEPA 2005) 

Baegg = 
COPC biotransfer factor for eggs (day/kg FW 
tissue) 

Benzo(a)pyrene = 0.015815757 (USEPA 2005) 

 

Receptor - Farmer 1– With Project 

Benzo(a)pyrene 

Achicken = 3.58096 × 10−10 𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 

 

Achicken egg = 2.04626 × 10−10 𝑚𝑔 𝐶𝑂𝑃𝐶/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 24 - December 2014 

2.16 FISH CONCENTRATION (CFISH) FROM BIOTA-TO-SEDIMENT ACCUMULATION FACTORS (BSAF) 

Equation 16 

𝐶𝑓𝑖𝑠ℎ =
𝐶𝑠𝑏 × 𝑓𝑙𝑖𝑝𝑖𝑑 × BSAF

OCsed
 

Terms  Description Value 

Cfish = Concentration of COPC in fish (mg COPC/kg FW tissue) Calculated 

Csb = 
Concentration of COPC sorbed to bed sediment (mg 
COPC/kg bed sediment) 

Equation 6 

Benzo(a)pyrene=2.20953×10
-5

 

flipid = Fish lipid content (unitless) 
0.03 (characteristic of cold water 
marine fish and shellfish) 

BSAF = Biota-to-sediment accumulation factor (unitless)  
Equation 14.1 

(Calculated Below – Species specific) 

OCsed = Fraction of organic carbon in bottom sediment (unitless) 

0.01734 

(98
th

 percentile concentration derived 
from Roberts bank sediment samples) 

 

Receptor – MPOI over Water –Project AloneBenzo(a)pyrene 

 

𝐶𝐶𝑜𝑐𝑘𝑙𝑒𝑠 = 4.20338 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 
 

𝐶𝐿𝑖𝑡𝑡𝑙𝑒𝑛𝑒𝑐𝑘 = 1.49932 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 
 

𝐶𝑀𝑎𝑐𝑜𝑚𝑎 = 3.15317 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 
 

𝐶𝑂𝑦𝑒𝑠𝑡𝑒𝑟𝑠 = 1.81927 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 

 

𝐶𝑀𝑢𝑠𝑠𝑒𝑙𝑠 = 3.81018 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 𝑡𝑖𝑠𝑠𝑢𝑒 
 

𝐶𝑀𝑎𝑥 𝑠ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ = 4.20338 × 10−7 𝑚𝑔/𝑘𝑔 𝐹𝑊 tissue 

 

 

Equation 16.1 

𝐵𝑆𝐴𝐹 =
C𝑜/𝑓𝑙

C𝑠𝑒𝑑/𝑓𝑠𝑜𝑐
 

 

Terms  Description Value 

BSAF = Biota-to-sediment accumulation factor (unitless) Calculated 

Co = 
Concentration of COPC in the organism (mg COPC/kg FW 
tissue) 

Measured 

Csed = 
Concentration of the chemical in the sediment (mg COPC/kg bed 
sediment) 

Measured 

fl = Lipid content in tissue (unitless) 0.03 (Assumed) 

fsoc = Fraction of organic carbon in bottom sediment (unitless) Estimated 

1 
Predicted BSAFs for Bivalves 
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Location Species 

Biota-to-
sediment 

accumulation 
factor 

(unitless) 

BaP Tissue 
Concentration 

(ng/g FW) 

Ba Sediment 
Concentration 

(ng/g DW) 

Measured 
Tissue Lipid 

Content 

(unitless) 

2 
Fraction of 
Organic 
Carbon 

(unitless) 

BSAF Co Csed fl fsoc 

13RBCT82 cockles 0.13824 0.203 1.24 0.0045 0.0038 

13RBCT67 littleneck 0.02845 0.08 1.37 0.0078 0.0038 

13RBCT71 macoma 0.06763 0.028 0.228 0.0069 0.0038 

13RBCT103a oysters 0.02470 0.053 0.748 0.0109 0.0038 

13RBCT103b mussels 0.05639 0.111 0.748 0.01 0.0038 

1 - B[a]P measured in sediments at same locations bivalves were collected. 

2 – Maximum fraction of organic carbon obtained from nearby sediment samples collected within 25 m from tissue 
sample locations. 

 

Receptor – MPOI over Water – With Project 

Benzo(a)pyrene 

𝐵𝑆𝐴𝐹𝐶𝑜𝑐𝑘𝑙𝑒𝑠 =
0.203/0.0045

1.24/0.0038
 

 

𝐵𝑆𝐴𝐹𝐶𝑜𝑐𝑘𝑙𝑒𝑠 = 0.14 
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3.0 SUMMARY OF THE MULTI-MEDIA EXPOSURE MODEL RESULTS 

3.1 ATMOSPHERIC DEPOSITION RATES AND AIR CONCENTRATIONS  

Scenario 
Wet Vapour 

Deposition Rate 
Wet Particle 

Deposition Rate 
Dry Vapour 

Deposition Rate 

Dry Particle 
Deposition 

Rate 

Air 
Concentration 

 
Dwv (mg/m

2
/yr) Dwp (mg/m

2
/yr) Ddv (mg/m

2
/yr) 

Ddp 
(mg/m

2
/yr) 

Cair (mg/m
3
) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE 

Farmer 1 9.05E-06 1.41E-05 2.56E-05 3.11E-06 1.53E-09 

Tsawwassen 
First Nations 

5.55E-06 8.76E-06 4.18E-05 4.12E-06 2.40E-09 

Farmer 2 4.94E-06 7.76E-06 4.70E-05 4.77E-06 2.62E-09 

Farmer 3 2.58E-05 3.82E-05 5.65E-05 6.85E-06 3.17E-09 

MPOI over 
Land 

2.57E-05 3.68E-05 8.48E-04 9.47E-05 4.41E-09 

MPOI - Water 1.24E-05 1.96E-05 4.75E-05 1.51E-05 3.39E-08 

2010 EXISTING CONDITIONS - FORMALDEHYDE 

Farmer 1 2.45E-01 n/a 7.04E-01 n/a 1.91E-03 

Tsawwassen 
First Nations 

2.48E-01 n/a 1.36E+00 n/a 1.92E-03 

Farmer 2 1.70E-01 n/a 1.27E+00 n/a 1.92E-03 

Farmer 3 7.01E-01 n/a 1.56E+00 n/a 1.93E-03 

MPOI over 
Land 

5.56E-01 n/a 1.46E+01 n/a 2.08E-03 

FUTURE WITHOUT PROJECT - FORMALDEHYDE 

Farmer 1 1.57E-01 n/a 4.38E-01 n/a 1.91E-03 

Tsawwassen 
First Nations 

1.57E-01 n/a 8.43E-01 n/a 1.91E-03 

Farmer 2 1.10E-01 n/a 8.00E-01 n/a 1.91E-03 

Farmer 3 4.44E-01 n/a 9.72E-01 n/a 1.92E-03 

MPOI over 
Land  

3.68E-01 n/a 1.01E+01 n/a 2.02E-03 

FUTURE WITH PROJECT - FORMALDEHYDE 

Farmer 1 2.66E-01 n/a 7.48E-01 n/a 1.91E-03 

Tsawwassen 
First Nations 

2.20E-01 n/a 1.36E+00 n/a 1.92E-03 

Farmer 2 1.67E-01 n/a 1.38E+00 n/a 1.92E-03 

Farmer 3 7.64E-01 n/a 1.67E+00 n/a 1.93E-03 

MPOI over 
Land 

6.97E-01 n/a 2.10E+01 n/a 2.16E-03 

n/a – not applicable as formaldehyde is 100% vapour; formaldehyde includes background  
MPOI – maximum point of impingement 
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3.2 SOIL AND SEDIMENT CONCENTRATIONS (DRY WEIGHT)  

Scenario Exposed Surface Soil Tilled Soils Beach Sediment 

 CsTD or Cs (mg/kg DW) CsTD or Cs (mg/kg DW) 
CsTD or Cs (mg/kg 

DW) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE 

Farmer 1 5.81E-07 5.81E-08 - 

Tsawwassen First Nations 5.99E-07 5.99E-08 - 

Farmer 2 6.28E-07 6.28E-08 - 

Farmer 3 1.46E-06 1.46E-07 - 

MPOI over Land  9.10E-06 9.10E-07 - 

MPOI - Water  - - 2.21E-05 

2010 EXISTING CONDITIONS - (FORMALDEHYDE)  

Farmer 1 1.64E-04 6.23E-01 n/a 

Tsawwassen First Nations 2.77E-04 1.05E+00 n/a 

Farmer 2 2.48E-04 9.45E-01 n/a 

Farmer 3 3.91E-04 1.49E+00 n/a 

MPOI over Land  2.62E-03 9.99E+00 n/a 

FUTURE WITHOUT PROJECT - (FORMALDEHYDE)  

Farmer 1 1.03E-04 3.91E-01 n/a 

Tsawwassen First Nations 1.72E-04 6.57E-01 n/a 

Farmer 2 1.57E-04 5.98E-01 n/a 

Farmer 3 2.44E-04 9.30E-01 n/a 

MPOI over Land  1.80E-03 6.87E+00 n/a 

FUTURE WITH PROJECT - (FORMALDEHYDE) 

Farmer 1 1.75E-04 6.66E-01 n/a 

Tsawwassen First Nations 2.72E-04 1.04E+00 n/a 

Farmer 2 2.67E-04 1.02E+00 n/a 

Farmer 3 4.20E-04 1.60E+00 n/a 

MPOI over Land  3.75E-03 1.43E+01 n/a 

n/a – not applicable, B[a]P in sediments only considered at the MPOI over water 
MPOI – maximum point of impingement 
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3.3 FEED PLANT CONCENTRATIONS (DRY WEIGHT) 

Scenario Forage Grain Silage 

 PForage (mg/kg DW) PGrain (mg/kg DW) PSilage (mg/kg DW) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE 
  

Farmer 1 7.67E-09 7.67E-10 7.67E-09 

Tsawwassen First Nations 7.91E-09 7.91E-10 7.91E-09 

Farmer 2 8.29E-09 8.29E-10 8.29E-09 

Farmer 3 1.92E-08 1.92E-09 1.92E-08 

MPOI over Land  1.20E-07 1.20E-08 1.20E-07 

2010 EXISTING CONDITIONS - FORMALDEHYDE 
  

Farmer 1 1.37E-03 7.03E-04 1.37E-03 

Tsawwassen First Nations 2.32E-03 1.19E-03 2.32E-03 

Farmer 2 2.08E-03 1.06E-03 2.08E-03 

Farmer 3 3.28E-03 1.68E-03 3.28E-03 

MPOI over Land  2.20E-02 1.13E-02 2.20E-02 

FUTURE WITHOUT PROJECT - FORMALDEHYDE 
  

Farmer 1 8.60E-04 4.41E-04 8.60E-04 

Tsawwassen First Nations 1.45E-03 7.41E-04 1.45E-03 

Farmer 2 1.32E-03 6.74E-04 1.32E-03 

Farmer 3 2.05E-03 1.05E-03 2.05E-03 

MPOI over Land 1.51E-02 7.74E-03 1.51E-02 

FUTURE WITH PROJECT - FORMALDEHYDE 
  

Farmer 1 1.47E-03 7.51E-04 1.47E-03 

Tsawwassen First Nations 2.28E-03 1.17E-03 2.28E-03 

Farmer 2 2.24E-03 1.15E-03 2.24E-03 

Farmer 3 3.52E-03 1.80E-03 3.52E-03 

MPOI over Land 3.14E-02 1.61E-02 3.14E-02 

MPOI – maximum point of impingement 
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3.4 VEGETABLES AND PRODUCE CONCENTRATIONS (DRY WEIGHT)  

Scenario Above Ground Produce Root Vegetables 

 PAbove Ground Produce (mg/kg DW) PRoot Vegetables (mg/kg DW) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE  

Farmer 1 7.67E-09 3.52E-10 

Tsawwassen First Nations 7.91E-09 3.63E-10 

Farmer 2 8.29E-09 3.80E-10 

Farmer 3 1.92E-08 8.82E-10 

MPOI over Land 1 1.20E-07 5.51E-09 

2010 EXISTING CONDITIONS - FORMALDEHYDE  

Farmer 1 1.37E-03 4.99E-02 

Tsawwassen First Nations 2.32E-03 8.44E-02 

Farmer 2 2.08E-03 7.56E-02 

Farmer 3 3.28E-03 1.19E-01 

MPOI over Land 1 2.20E-02 7.99E-01 

FUTURE WITHOUT PROJECT - FORMALDEHYDE  

Farmer 1 8.60E-04 3.13E-02 

Tsawwassen First Nations 1.45E-03 5.26E-02 

Farmer 2 1.32E-03 4.79E-02 

Farmer 3 2.05E-03 7.45E-02 

MPOI over Land 1 1.51E-02 5.50E-01 

FUTURE WITH PROJECT - FORMALDEHYDE  

Farmer 1 1.47E-03 5.33E-02 

Tsawwassen First Nations 2.28E-03 8.30E-02 

Farmer 2 2.24E-03 8.15E-02 

Farmer 3 3.52E-03 1.28E-01 

MPOI over Land 1 3.14E-02 1.14E+00 
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3.5 VEGETABLES AND PRODUCE CONCENTRATIONS (WET WEIGHT) 

Scenario Above Ground Produce Root Vegetables 

 PAbove Ground Produce (mg/kg WW) PRoot Vegetables (mg/kg WW) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE  

Farmer 1 1.15E-09 5.27E-11 

Tsawwassen First Nations 1.19E-09 5.44E-11 

Farmer 2 1.24E-09 5.70E-11 

Farmer 3 2.89E-09 1.32E-10 

MPOI over Land 1 1.80E-08 8.26E-10 

2010 EXISTING CONDITIONS - FORMALDEHYDE  

Farmer 1 2.06E-04 7.49E-03 

Tsawwassen First Nations 3.48E-04 1.27E-02 

Farmer 2 3.12E-04 1.13E-02 

Farmer 3 4.91E-04 1.79E-02 

MPOI over Land 1 3.29E-03 1.20E-01 

FUTURE WITHOUT PROJECT - FORMALDEHYDE  

Farmer 1 1.29E-04 4.70E-03 

Tsawwassen First Nations 2.17E-04 7.89E-03 

Farmer 2 1.97E-04 7.18E-03 

Farmer 3 3.07E-04 1.12E-02 

MPOI over Land 1 2.27E-03 8.25E-02 

FUTURE WITH PROJECT - FORMALDEHYDE  

Farmer 1 2.20E-04 8.00E-03 

Tsawwassen First Nations 3.42E-04 1.25E-02 

Farmer 2 3.36E-04 1.22E-02 

Farmer 3 5.28E-04 1.92E-02 

MPOI over Land 1 4.71E-03 1.71E-01 
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3.6 MEAT, EGG, DAIRY AND SHELLFISH CONCENTRATIONS (WET WEIGHT) 

Scenario Wild Game Shellfish Beef Dairy Pork Chicken Egg 

 

Pwild game (mg/kg 
WW) 

PShellfish (mg/kg 
WW) 

PBeef (mg/kg 
WW) 

PDairy (mg/kg 
WW) 

PPork (mg/kg 
WW) 

PChicken 
(mg/kg WW) 

PEgg 
(mg/kg WW) 

2025 FUTURE PROJECT ALONE - BENZO(A)PYRENE 

Farmer 1 2.85E-08 - 1.79E-07 1.33E-14 3.25E-15 3.58E-10 2.05E-10 

Tsawwassen First 
Nations 

4.46E-08 - 2.80E-07 2.14E-14 5.24E-15 3.69E-10 2.11E-10 

Farmer 2 4.86E-08 - 3.06E-07 2.45E-14 5.99E-15 3.87E-10 2.21E-10 

Farmer 3 5.89E-08 - 3.70E-07 6.89E-14 1.69E-14 8.99E-10 5.13E-10 

MPOI over Land 1 8.24E-08 - 5.19E-07 6.02E-13 1.48E-13 5.61E-09 3.21E-09 

MPOI over Water 1 - 7.93E-07 - - - - - 
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4.0 SAMPLE CALCULATIONS FOR EXPOSURE CHARACTERISATION 

4.1 INADVERTENT INGESTION OF SOIL  

The formula used to estimate receptor exposures’ resulting from inadvertent ingestion of soil was as 

follows: 

Dose =
𝐶𝑠 × 𝐼𝑅𝑆 × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Where: 

Parameter Description Value – Adult Reference 

Cs 
Concentration of 
COPC in soil (mg/kg)  

Receptor – Farmer 1 – With Project 

Soil - Benzo(a)pyrene = 5.8114×10
-7

 

Soil - Formaldehyde = 1.749×10
-4

 

Receptor – Tsawwassen First Nations – 
With Project 

Soil - Benzo(a)pyrene = 5.9929×10
-7

 

Soil - Formaldehyde = 2.7217×10
-4

 

Measured Value 

IRs 
Receptor soil intake 
rate (kg/d) 

0.00002 – Infant 

0.00008 – Toddler 

0.00002 – Child 

0.00002 – Teen 

0.00002 – Adult 

Health Canada 2012 

RAFOral 
Absorption factor for 
the gastrointestinal 
tract (unitless) 

Benzo(a)pyrene = 1.0 

Formaldehyde = 1.0 
Health Canada 2012 

BW Body weight (kg) 

8.2 – Infant 

16.5 – Toddler 

32.9 – Child 

59.7 – Teen 

70.7 – Adult 

Health Canada 2012 

LE 
Life expectancy (yr) – 
for carcinogens only 

80 Health Canada 2012 

D2 
Days per week 
exposed/7 days (d/d) 

7 Health Canada 2012 

D3 
Weeks per year 
exposed/52 weeks 
(wk/wk) 

52 Health Canada 2012 

D4 
Total years exposed 
to site (yr) – for 
carcinogens only 

0.5 – Infant 

4.5 – Toddler 

7 – Child 

8 – Teenager 

60 – Adult 

Health Canada 2012 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 33 - December 2014 

Dose calculation: 

Farmer – 1 – Project Alone 

Benzo(a)pyrene (Carcinogen) 

DoseInfant = 8.86 × 10−15 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseToddler = 1.58 × 10−13 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseChild = 3.09 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseTeen = 1.95 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseAdult = 1.23 × 10−13 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
Farmer – 1 – With Project 

Formaldehyde (Non-carcinogen) 

 

DoseInfant = 4.27 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseToddler = 8.48 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseChild = 1.06 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseTeen = 5.86 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseAdult = 4.95 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦  
 

 

Receptor – Tsawwassen First Nations – Project Alone 

Benzo(a)pyrene (Carcinogen) 

 

DoseFN Infant = 9.13 × 10−15 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Toddler = 1.63 × 10−13 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Child = 3.19 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Teen = 2.01 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Adult = 1.27 × 10−13 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
 
Receptor – Tsawwassen First Nations – With Project 

Formaldehyde (Non-carcinogen) 

 

DoseFN Infant = 6.64 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Toddler = 1.32 × 10−9 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Child = 1.65 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
 

DoseFN Teen = 9.12 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Adult = 7.69 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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4.2 DERMAL CONTACT WITH SOIL 

The formula used to estimate receptor exposures’ resulting from dermal contact with soil was as follows: 

Dose =
[(𝐶𝑠 × 𝑆𝐴𝐻 × 𝑆𝐿𝐻) +  (𝐶𝑠 × 𝑆𝐴𝑂 × 𝑆𝐿𝑜)] × 𝑅𝐴𝐹𝐷𝑒𝑟𝑚 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Where: 

Parameter Description Value Reference 

CS 
Concentration of COPC in soil 
(mg/kg)  

Receptor – Farmer 1 – With Project 

Soil - Benzo(a)pyrene = 5.8114×10
-7

 

Soil - Formaldehyde = 1.749×10
-4

 

Receptor – Tsawwassen First Nations 
– With Project 

Soil - Benzo(a)pyrene = 5.9929×10
-7

 

Soil - Formaldehyde = 2.7217×10
-4

 

Measured Value 

SAH 
Skin surface area exposed 
(cm

2
)                        - hands 

320 – Infant 

430 – Toddler 

590 – Child 

800 – Teenager 

890 – Adult 

Health Canada 2012 

SAA 
 Skin surface area exposed 
(cm

2
)                                                                          

- arms  

550 – Infant 

890 – Toddler 

1480 – Child 

2230 – Teenager 

2500 – Adult 

Health Canada 2012 

SAL 
Skin surface area exposed 
(cm

2
)                                                                            

- legs 

910 – Infant 

1690 – Toddler 

3070 – Child 

4970 – Teenager 

5720 – Adult 

Health Canada 2012 

SLH 
Soil loading to exposed skin 
(kg/cm

2
-event)       - hands 

1.0 x 10
-7 

Health Canada 2012 

SLO 
Soil loading to exposed skin 
(kg/cm

2
-event)       - other than 

hands 
1.0 x 10

-8
 Health Canada 2012 

RAFDerm 
Dermal absorption factor 
(unitless) 

Benzo(a)pyrene = 0.148 

Formaldehyde = 1 
Health Canada 2012 

BW Body weight (kg) 

8.2 – Infant 

16.5 – Toddler 

32.9 – Child 

59.7 – Teen 

70.7 – Adult 

Health Canada 2012 
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Parameter Description Value Reference 

LE 
Life expectancy (yr) – for 
carcinogens only 

80 Health Canada 2012 

D2 
Days per week exposed/7 days 
(d/d) 

7 Health Canada 2012 

D3 
Weeks per year exposed/52 
weeks (wk/wk) 

52 Health Canada 2012 

D4 
Total years exposed to site (yr) 
– for carcinogens only 

0.5 – Infant 

4.5 – Toddler 

7 – Child 

8 – Teenager 

60 – Adult 

Health Canada 2012 

 

Dose calculation: 

Dose =
[(𝐶𝑠 × 𝑆𝐴𝐻 × 𝑆𝐿𝐻) + (𝐶𝑠 × (𝑆𝐴𝐴𝑟𝑚𝑠 + 𝑆𝐴𝐿𝑒𝑔𝑠) × 𝑆𝐿𝑜)] × 𝑅𝐴𝐹𝐷𝑒𝑟𝑚 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Farmer – 1 –Project Alone 

Benzo(a)pyrene (Carcinogen) 
 

DoseInfant =  3.05 × 10−15 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseToddler = 2.02 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseChild = 2.39 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseTeenager = 2.19 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

 

DoseAdult =  1.56 × 10−13  𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
Formaldehyde (Non-Carcinogen) 
 

DoseInfant =  9.94 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseToddler = 7.29 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseChild = 5.55 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseTeenager = 4.45 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

 

DoseAdult =  4.23 × 10−10  𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
 
Receptor – Tsawwassen First Nations – With Project 
 
Benzo(a)pyrene (Carcinogen) 
 

DoseFN Infant =  3.15 × 10−15 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Toddler = 2.08 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Child = 2.47 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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DoseFN Teenager = 2.26 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

 

DoseFN Adult =  1.61 × 10−13  𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 
 
Formaldehyde (Non-Carcinogen) 
 

DoseFN Infant =  1.55 × 10−9 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Toddler = 1.13 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Child = 8.64 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Teenager = 6.93 × 10−10 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

 

DoseFN Adult =  6.59 × 10−10  𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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4.3 INHALATION OF SOIL PARTICLES 

The formula used to estimate receptor exposures resulting from inhalation of soil particles was 

Dose =
𝐶𝑠 × 𝑃𝐴𝑖𝑟 × 𝐼𝑅𝐴 × 𝑅𝐴𝐹𝐼𝑛ℎ × 𝐷1 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Where: 

Parameter Description Value – Adult Reference 

Cs  
Concentration of COPC in 
soil (mg/kg) 

 Receptor – Farmer 1 – With Project 

Soil - Benzo(a)pyrene = 5.8114×10
-7

 

Soil - Formaldehyde = 1.749×10
-4

 

Receptor – Tsawwassen First 
Nations – With Project 

Soil - Benzo(a)pyrene = 5.9929×10
-7

 

Soil - Formaldehyde = 2.7217×10
-4

 

Measured 

PAir 
Particulate concentration in 
air (kg/m

3
) 

7.6×10
-10

 Health Canada 2012 

IRA 
Receptor air intake 
(inhalation) rate (m

3
/day) 

2.2 – Infant 

8.3 – Toddler 

14.5 – Child 

15.6 – Teen 

16.6 – Adult 

Health Canada 2012 

RAFInh 
Relative absorption factor by 
Inhalation (unitless) 

1 Health Canada 2012 

BW Body weight (kg) 

8.2 – Infant 

16.5 – Toddler 

32.9 – Child 

59.7 – Teen 

70.7 – Adult 

Health Canada 2012 

LE 
Life expectancy (yr) – for 
carcinogens only 

80 Health Canada 2012 

D1 
Hours per day exposed/24 
hours (hr/hr) 

12 Health Canada 2012 

D2 
Days per week exposed/7 
days (d/d) 

7 Health Canada 2012 

D3 
Weeks per year exposed/52 
weeks (wk/wk) 

52 Health Canada 2012 

D4 
Total years exposed to site 
(yr) – for carcinogens only 

0.5 – Infant 

4.5 – Toddler 

7 – Child 

8 – Teenager 

30 – Adult 

Health Canada 2012 

 

 

 

US EPA 2005 
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Farmer – 1 – Project Alone 

Benzo(a)pyrene (Carcinogen) 

 

DoseInfant = 3.81 × 10−19 mg/kg/day 
 

DoseToddler = 6.44 × 10−18 mg/kg/day 
 

DoseChild = 8.78 × 10−18 mg/kg/day 
 

DoseTeenager = 5.95 × 10−18 mg/kg/day 

 

DoseAdult = 4.01 × 10−17 mg/kg/day 
 
 
Formaldehyde (Non-Carcinogen) 

 

DoseInfant = 2.77 × 10−14 mg/kg/day 
 

DoseToddler = 5.20 × 10−14 mg/kg/day 
 

DoseChild = 4.56 × 10−14 mg/kg/day 
 

DoseTeenager = 2.70 × 10−14 mg/kg/day 

 

DoseAdult = 2.43 × 10−14 mg/kg/day 
 

 

Receptor – Tsawwassen First Nations – With Project 
Benzo(a)pyrene (Carcinogen) 

 

DoseFN Infant = 3.81 × 10−19 mg/kg/day 
 

DoseFN Toddler = 6.44 × 10−18 mg/kg/day 
 

DoseFN Child = 8.78 × 10−18 mg/kg/day 
 

DoseFN Teenager = 5.95 × 10−18 mg/kg/day 

 

DoseFN Adult = 4.01 × 10−17 mg/kg/day 
 
 
Formaldehyde (Non-Carcinogen) 

 

DoseFN Infant = 2.77 × 10−14 mg/kg/day 
 

DoseFN Toddler = 5.20 × 10−14 mg/kg/day 
 

DoseFN Child = 4.56 × 10−14 mg/kg/day 
 

DoseFN Teenager = 2.70 × 10−14 mg/kg/day 

 

DoseFN Adult = 2.43 × 10−14 mg/kg/day 
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4.4 DERMAL CONTACT WITH SEDIMENT 

The formula used to estimate receptor exposures’ resulting from dermal contact with soil was as follows: 

Dose

=
[(𝐶𝑠 × 𝑆𝐴𝐻 × 𝑆𝐿𝐻) +  (𝐶𝑠 × 𝑆𝐴𝐴 × 𝑆𝐿𝐴) + (𝐶𝑠 × 𝑆𝐴𝐿 × 𝑆𝐿𝐿)] × 𝑅𝐴𝐹𝐷𝑒𝑟𝑚 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Where: 

Parameter Description Value Reference 

CS 
Concentration of COPC in 
sediment (mg/kg)  

Receptor – MPOI over Water 1– 
With Project 

Sediment- 
Benzo(a)pyrene=2.20953×10

-5
 

Measured Value 

SAH 
Skin surface area exposed (cm

2
)                        

- hands 

320 – Infant 

430 – Toddler 

590 – Child 

800 – Teenager 

890 – Adult 

Health Canada 2012 

SAA 
 Skin surface area exposed 
(cm

2
)                                                                          

- arms  

550 – Infant 

890 – Toddler 

1480 – Child 

2230 – Teenager 

2500 – Adult 

Health Canada 2012 

SAL 
Skin surface area exposed (cm

2
)                                                                            

- legs 

910 – Infant 

1690 – Toddler 

3070 – Child 

4970 – Teenager 

5720 – Adult 

Health Canada 2012 

SLH 
Sediment loading to exposed 
skin (kg/cm

2
-event)       - hands 

Playing in sediment (Non-adults) 

4.9 x 10
-7 

Clamming (Adult) 

8.8 x 10
-7 

USEPA 2011 

SLA 
Sediment loading to exposed 
skin (kg/cm

2
-event)       - arms 

Playing in sediment (Non-adults) 

1.7 x 10
-7 

Clamming (Adult) 

1.2 x 10
-7

 

USEPA 2011 

SLL 
Sediment loading to exposed 
skin (kg/cm

2
-event)       - legs 

Playing in sediment (Non-adults) 

7.0 x 10
-7 

Clamming (Adult) 

1.6 x 10
-7

 

USEPA 2011 

RAFDerm 
Dermal absorption factor 
(unitless) 

Benzo(a)pyrene = 0.148 

Formaldehyde = 1 
Health Canada 2012 
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Parameter Description Value Reference 

BW Body weight (kg) 

8.2 – Infant 

16.5 – Toddler 

32.9 – Child 

59.7 – Teen 

70.7 – Adult 

Health Canada 2012 

LE 
Life expectancy (yr) – for 
carcinogens only 

80 Health Canada 2012 

D2 
Days per week exposed/7 days 
(d/d) 

7 Health Canada 2012 

D3 
Weeks per year exposed/52 
weeks (wk/wk) 

52 Health Canada 2012 

D4 
Total years exposed to site (yr) – 
for carcinogens only 

0.5 – Infant 

4.5 – Toddler 

7 – Child 

8 – Teenager 

60 – Adult 

Health Canada 2012 

Dose calculation: 

Dose =
[(𝐶𝑠 × 𝑆𝐴𝐻 × 𝑆𝐿𝐻) + (𝐶𝑠 × 𝑆𝐴𝐴 × 𝑆𝐿𝐴) + (𝐶𝑠 × 𝑆𝐴𝐿 × 𝑆𝐿𝐿)] × 𝑅𝐴𝐹𝐷𝑒𝑟𝑚 × 𝐷2 × 𝐷3 × 𝐷4

𝐵𝑊 × 𝐿𝐸
 

Receptor – MPOI over Water 1 – With Project 
 
Benzo(a)pyrene (Carcinogen) 
 

DoseFN Infant =  0 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Toddler = 3.72 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Child = 2.90 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Teenager = 5.08 × 10−12 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
 

DoseFN Adult =  3.21 × 10−11  𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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4.5 INGESTION OF FOOD 

The formula used to estimate receptor exposures’ resulting from ingestion of contaminated foods was as 

follows: 

Dose =
∑[𝐶𝐹𝑜𝑜𝑑𝑖 × 𝐼𝑅𝐹𝑜𝑜𝑑𝑖 × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙𝑖 × 𝐷𝑖] × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

Where: 

Parameter Description Value Reference 

CFoodi 

Concentration 
of COPC in 
contaminant in 
food i (mg/kg)  

Benzo(a)pyrene (Carcinogen) 

Farmer 1 

Beef= 1.78918×10
-7

; Dairy= 1.32781×10
-14

; Chicken= 
3.58096×10

-10
; 

Egg= 2.04626×10
-10

; Pork=3.24751×10
-15

 

Above ground produce = 1.15062×10
-9

 ; 

Rooted Vegetables = 5.27369×10
-11

; 

First Nations 

Wild game= 4.45806×10
-8

 ; Shellfish = 7.927×10
-7

; 

Above ground produce = 1.18659×10
-9

;  Rooted Vegetables 
=5.43855×10

-11
 

Measured 
Value 

IRFoodi 
Receptor food I 
intake rate 
(kg/d) 

Farmer 1 

Infant 

Beef=0; Dairy=0; Chicken=0; Egg=0; Pork=0; 

Above ground produce = 0.072; Rooted Vegetables =0.083 

Toddler 

Beef=0.1134; Dairy=0.375; Chicken=0.0648; Egg=0.0085;  

Pork=0.00648; Above ground produce = 0.067; 

Rooted Vegetables =0.105 

Child 

Beef=0.1134; Dairy=0.375; Chicken=0.0648; Egg=0.0085; 
Pork=0.00648; Above ground produce = 0.098; 

Rooted Vegetables =0.161 

Teenager 

Beef=0.08586; Dairy=1.0536; Chicken=0.04536; Egg=0.05221; 
Pork=0.03888; Above ground produce = 0.120; 

Rooted Vegetables =0.227 

Adult 

Beef=0.08586; Dairy=1.0536; Chicken=0.04536; Egg=0.05221; 
Pork=0.03888; Above ground produce = 0.137; 

Rooted Vegetables =0.188  

First Nations 

Infant 

Wild game=0; Shellfish = 0; Above ground produce = 0.072;  

Rooted Vegetables =0.083 

Toddler 

Health 
Canada 
2012; 
Health 
Canada 
2007; 
USEPA 
2005 
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Parameter Description Value Reference 

Wild game=0.085; Shellfish = 0.0191; 

Above ground produce = 0.067; Rooted Vegetables =0.105 

Child 

Wild game=0.125; Shellfish = 0.0214; 

Above ground produce = 0.098;Rooted Vegetables =0.161 

Teenager 

Wild game=0.175; Shellfish = 0.0269; 

Above ground produce = 0.120; Rooted Vegetables =0.227 

Adult 

Wild game=0.270; Shellfish = 0.0283; 

Above ground produce = 0.137; Rooted Vegetables =0.188 

RAFOrali 

Relative 
absorption 
factor from the 
gastrointestinal 
tract for 
contaminant I 
(unitless) 

1 
Health 
Canada 
2012 

Di 

Days per year 
during which 
consumption of 
food i will occur 

365 

 

 

Health 
Canada 
2012 

D4 

Total years 
exposed to site 
(yr) – for 
carcinogens 
only 

0.5 – Infant 

4.5 – Toddler 

7 – Child 

8 – Teenager 

60 – Adult 

Health 
Canada 
2012 

BW 
Body Weight 
(kg) 

8.2 – Infant 

16.5 – Toddler 

32.9 – Child 

59.7 – Teen 

70.7 – Adult 

Health 
Canada 
2012 

 

Farmer 1 – Project Alone 

Benzo(a)pyrene (Carcinogen) 
 
Farmer Infant 

DoseFarmer Infant (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Infant (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) = 6.65 × 10−14 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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Farmer Toddler 

DoseFarmer Toddler (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Toddler =

=
[𝐶𝐵𝑒𝑒𝑓 × 𝐼𝑅𝐵𝑒𝑒𝑓 + 𝐶𝑀𝑖𝑙𝑘 × 𝐼𝑅𝑀𝑖𝑙𝑘 + 𝐶𝐶ℎ𝑖𝑐𝑘𝑒𝑛 × 𝐼𝑅𝐶ℎ𝑖𝑐𝑘𝑒𝑛 + 𝐶𝐸𝑔𝑔𝑠 × 𝐼𝑅𝐸𝑔𝑔𝑠 + 𝐶𝑃𝑜𝑟𝑘 × 𝐼𝑅𝑃𝑜𝑟𝑘] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Toddler = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝐵𝑒𝑒𝑓 + 𝑀𝑖𝑙𝑘+𝐶ℎ𝑖𝑐𝑘𝑒𝑛+𝐸𝑔𝑔𝑠+ 𝑃𝑜𝑟𝑘)   

DoseFarmer Toddler (Food) = 7.21 × 10−12 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

Farmer Child 

DoseFarmer Child (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Child =

=
[𝐶𝐵𝑒𝑒𝑓 × 𝐼𝑅𝐵𝑒𝑒𝑓 + 𝐶𝑀𝑖𝑙𝑘 × 𝐼𝑅𝑀𝑖𝑙𝑘 + 𝐶𝐶ℎ𝑖𝑐𝑘𝑒𝑛 × 𝐼𝑅𝐶ℎ𝑖𝑐𝑘𝑒𝑛 + 𝐶𝐸𝑔𝑔𝑠 × 𝐼𝑅𝐸𝑔𝑔𝑠 + 𝐶𝑃𝑜𝑟𝑘 × 𝐼𝑅𝑃𝑜𝑟𝑘] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Child = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝐵𝑒𝑒𝑓 + 𝑀𝑖𝑙𝑘+𝐶ℎ𝑖𝑐𝑘𝑒𝑛+𝐸𝑔𝑔𝑠+ 𝑃𝑜𝑟𝑘)  

DoseFarmer Child (𝐹𝑜𝑜𝑑) = 5.73 × 10−12𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

Farmer Teenager 

DoseFarmer Teenager (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Teenger =

=
[𝐶𝐵𝑒𝑒𝑓 × 𝐼𝑅𝐵𝑒𝑒𝑓 + 𝐶𝑀𝑖𝑙𝑘 × 𝐼𝑅𝑀𝑖𝑙𝑘 + 𝐶𝐶ℎ𝑖𝑐𝑘𝑒𝑛 × 𝐼𝑅𝐶ℎ𝑖𝑐𝑘𝑒𝑛 + 𝐶𝐸𝑔𝑔𝑠 × 𝐼𝑅𝐸𝑔𝑔𝑠 + 𝐶𝑃𝑜𝑟𝑘 × 𝐼𝑅𝑃𝑜𝑟𝑘] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFarmer Teenager = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝐵𝑒𝑒𝑓 + 𝑀𝑖𝑙𝑘+𝐶ℎ𝑖𝑐𝑘𝑒𝑛+𝐸𝑔𝑔𝑠+ 𝑃𝑜𝑟𝑘)   

DoseFarmerTeenager (𝐹𝑜𝑜𝑑) = 2.60 × 10−11𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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Farmer Adult 

DoseFarmer Adult = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝐵𝑒𝑒𝑓 + 𝑀𝑖𝑙𝑘+𝐶ℎ𝑖𝑐𝑘𝑒𝑛+𝐸𝑔𝑔𝑠+ 𝑃𝑜𝑟𝑘)   

DoseFarmer Adult (𝐹𝑜𝑜𝑑) = 1.65 × 10−10𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

First Nations – Project Alone 

Benzo(a)pyrene (Carcinogen) 

First Nations Infant 

DoseFirst Nations Infant =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations  Infant = 7.29 × 10−14𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

First Nations Toddler 

DoseFirst Nations Toddler (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Toddler =
[𝐶𝑤𝑖𝑙𝑑 𝑔𝑎𝑚𝑒 × 𝐼𝑅𝑤𝑖𝑙𝑑 𝑔𝑎𝑚𝑒 + 𝐶𝑠ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ × 𝐼𝑅𝑠ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Toddler = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝑤𝑖𝑙𝑑 𝑔𝑎𝑚𝑒+𝑠ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ)   

DoseFirst Nations Toddler (Food) = 1.32 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

First Nations Child 

DoseFirst Nations Child (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Child =

=
[𝐶𝐵𝑒𝑒𝑓 × 𝐼𝑅𝐵𝑒𝑒𝑓 + 𝐶𝑀𝑖𝑙𝑘 × 𝐼𝑅𝑀𝑖𝑙𝑘 + 𝐶𝐶ℎ𝑖𝑐𝑘𝑒𝑛 × 𝐼𝑅𝐶ℎ𝑖𝑐𝑘𝑒𝑛 + 𝐶𝐸𝑔𝑔𝑠 × 𝐼𝑅𝐸𝑔𝑔𝑠 + 𝐶𝑃𝑜𝑟𝑘 × 𝐼𝑅𝑃𝑜𝑟𝑘] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Child = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝑤𝑖𝑙𝑑 𝑔𝑎𝑚𝑒+𝑠ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ)   

DoseFirst Nations Child (Food) = 1.52 × 10−11 𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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First Nations Teenager 

DoseFirst Nations Teenager (Above Ground Produce & 𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) =

=
[𝐶𝐴𝑏𝑜𝑣𝑒 𝐺𝑟𝑜𝑢𝑛𝑑 𝑃𝑟𝑜𝑑𝑢𝑐𝑒 × 𝐼𝑅𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒 + 𝐶𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠 × 𝐼𝑅𝑅𝑜𝑜𝑡 𝑉𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Teenger =

=
[𝐶𝐵𝑒𝑒𝑓 × 𝐼𝑅𝐵𝑒𝑒𝑓 + 𝐶𝑀𝑖𝑙𝑘 × 𝐼𝑅𝑀𝑖𝑙𝑘 + 𝐶𝐶ℎ𝑖𝑐𝑘𝑒𝑛 × 𝐼𝑅𝐶ℎ𝑖𝑐𝑘𝑒𝑛 + 𝐶𝐸𝑔𝑔𝑠 × 𝐼𝑅𝐸𝑔𝑔𝑠 + 𝐶𝑃𝑜𝑟𝑘 × 𝐼𝑅𝑃𝑜𝑟𝑘] × 𝑅𝐴𝐹𝑂𝑟𝑎𝑙 × 𝐷𝑖 × 𝐷4

𝐵𝑊 × 365 × 𝐿𝐸
 

DoseFirst Nations Teenager = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝑊𝑖𝑙𝑑 𝑔𝑎𝑚𝑒 + 𝑆ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ)   

DoseFirst Nations Teenager (𝐹𝑜𝑜𝑑) = 1.33 × 10−11𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 

First Nations Adult 

DoseFirst Nations Adult = 𝐷𝑜𝑠𝑒(𝐴𝑏𝑜𝑣𝑒 𝑔𝑟𝑜𝑢𝑛𝑑 𝑝𝑟𝑜𝑑𝑢𝑐𝑒+𝑅𝑜𝑜𝑡 𝑣𝑒𝑔𝑒𝑡𝑎𝑏𝑙𝑒𝑠) + 𝐷𝑜𝑠𝑒(𝑊𝑖𝑙𝑑 𝑔𝑎𝑚𝑒+𝑆ℎ𝑒𝑙𝑙𝑓𝑖𝑠ℎ)   

DoseFN Adult (𝐹𝑜𝑜𝑑) = 1.29 × 10−10𝑚𝑔/𝑘𝑔/𝑑𝑎𝑦 
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5.0 SAMPLE CALCULATIONS FOR RISK CHARACTERISATION 

Risk from exposure to formaldehyde (non-carcinogens) and benzo(a)pyrene (non-carcinogens) were 

characterised through the calculation of risk quotients. The formulas used to derive RQs for COPCs were 

as follows: 

RQ =
EDI

TRV
 

Where: 

Parameter Description Value Reference 

RQ 
Risk Quotient 
(Unitless) 

Calculated Estimated 

EDI 

Estimated Daily 
Intake of COPC in 
contaminant in 
media 
(mg/kg/day)  

Life stage specific 

Calculated 
Value 

(See Previous 
Results) 

TRV 

Toxicity reference 
value – reference 
dose or risk 
specific dose 
(mg/kg/day) 

Benzo(a)pyrene 

RsD = 0.000005 mg/kg/day 

Formaldehyde 

RfD = 0.15 mg/kg/day 

See Toxicity 
Profiles for 
more 
information. 

5.1 EXAMPLE OF RISK CHARACTERISATION CALCULATIONS FOR FAMER 1 (PROJECT ALONE & WITH 

PROJECT) 

Scenario 

Project Alone With Project 

Pathway Equation 
Benzo(a)pyrene 

RQ 
Equation 

Formaldehyde 
RQ 

Farmer 1  

Soil 
Ingestion 

RQInfant

=
8.86 × 10−15 

0.000005  
 

RQInfant = 1.8 × 10−9 

RQInfant

=
4.27 × 10−10

0.15
 

RQInfant

= 2.8 × 10−9 

Soil 
Ingestion 

RQToddler

=
1.58 × 10−13

0.000005 
 

RQToddler = 3.2 × 10−8 

RQToddler

=
8.48 × 10−11

0.15
 

RQToddler

= 5.7 × 10−10 

Soil 
Ingestion RQChild =

3.09 × 10−14 

0.000005 
 RQChild = 6.2 × 10−9 

RQChild

=
1.06 × 10−11

0.15
 

RQChild

= 7.1 × 10−11 

Soil 
Ingestion RQTeen =

1.95 × 10−14 

0.000005  
 RQTeen = 3.9 × 10−9 

RQTeen

=
5.86 × 10−11

0.15
 

RQTeen

= 3.9 × 10−10 

Soil 
Ingestion RQAdult =

1.23 × 10−13 

0.000005  
 RQAdult = 2.5 × 10−8 

RQAdult

=
4.95 × 10−11

0.15
 

RQAdult

= 3.3 × 10−10 
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Scenario 

Project Alone With Project 

Pathway Equation 
Benzo(a)pyrene 

RQ 
Equation 

Formaldehyde 
RQ 

Farmer 1  

Soil 
Dermal 
Contact 

RQInfant

=  
3.05 × 10−15

0.000005 
 

RQInfant =  6.1 × 10−10 

RQInfant

=  
9.94 × 10−10

0.15
 

RQInfant

=  6.6 × 10−9 

Soil 
Dermal 
Contact 

RQToddler

=
2.02 × 10−14

0.000005 
 

RQToddler = 4.0 × 10−9 

RQToddler

=
7.29 × 10−10

0.15
 

RQToddler

= 4.9 × 10−9 

Soil 
Dermal 
Contact 

RQChild =
2.39 × 10−14

0.000005 
 RQChild = 4.8 × 10−9 

RQChild

=
5.55 × 10−10

0.15
  

RQChild

= 3.7 × 10−9  

Soil 
Dermal 
Contact 

RQTeenager

=
2.19 × 10−14

0.000005 
 

RQTeenager = 4.4 × 10−9 

RQTeenager

=
4.45 × 10−10

0.15
 

RQTeenager

= 3.0 × 10−9 

Soil 
Dermal 
Contact 

RQAdult =  
1.56 × 10−13

0.000005 
 RQAdult =  3.1 × 10−8 

RQAdult

=  
4.23 × 10−10

0.15
 

RQAdult

=  2.8 × 10−9 

Farmer 1  

Soil 
Particulate 
Inhalation 

RQInfant =
3.70 × 10−19 

0.000005 
 RQInfant = 7.4 × 10−14 

RQInfant

=
1.78 × 10−14 

0.15
 

RQInfant

= 1.2 × 10−13 

Soil 
Particulate 
Inhalation 

RQToddler

=
6.25 × 10−18 

0.000005 
 

RQToddler = 1.2 × 10−12 

RQToddler

=
3.34 × 10−14 

0.15
 

RQToddler

= 2.2 × 10−13 

Soil 
Particulate 
Inhalation 

RQChild =
8.52 × 10−18 

0.000005 
 RQChild = 1.7 × 10−12 

RQChild

=
2.93 × 10−14 

0.15
 

RQChild

= 2.0 × 10−13 

Soil 
Particulate 
Inhalation 

RQTeenager

=
5.77 × 10−18 

0.000005 
 

RQTeenager

= 1.2 × 10−12 

RQTeenager

=
1.74 × 10−14 

0.15
 

RQTeenager

= 1.2 × 10−13 

Soil 
Particulate 
Inhalation 

RQAdult =
3.89 × 10−18 

0.000005 
 RQAdult = 7.8 × 10−12 

RQAdult

=
1.56 × 10−14 

0.15
 

RQAdult

= 1.0 × 10−13 

Farmer 1  

Food 
Ingestion RQInfant =

6.65 × 10−14

0.000005
 RQInfant = 1.3 × 10−8 

RQInfant

=
8.29 × 10−5 

0.15
 

RQInfant

= 5.5 × 10−4 

Food 
Ingestion 

RQToddler

=
7.21 × 10−12

0.000005
 

RQToddler = 1.4 × 10−6 

RQToddler

=
5.18 × 10−5 

0.15
 

RQToddler

= 3.5 × 10−4 

Food 
Ingestion RQChild =

5.73 × 10−12

0.000005
 RQChild = 1.1 × 10−6 

RQChild

=
3.98 × 10−5 

0.15
 

RQChild

= 2.7 × 10−4 

Food 
Ingestion 

RQTeenager 

=
2.60 × 10−11

0.000005
 

RQTeenager 

= 5.2 × 10−6 

RQTeenager

=
3.09 × 10−5 

0.15
 

RQTeenager

= 2.1 × 10−4 

Food 
Ingestion RQAdult =

1.65 × 10−10

0.000005
 RQ Adult = 3.3 × 10−5 

RQAdult

=
2.17 × 10−5 

0.15
 

RQAdult

= 1.4 × 10−4 
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5.2 EXAMPLE OF RISK CHARACTERISATION CALCULATIONS FOR TSAWWASSEN FIRST NATIONS RECEPTOR 

(PROJECT ALONE  & WITH PROJECT) 

 Project Alone With Project 

Scenario Pathway Equation 
Benzo(a)pyrene 

RQ 
Equation 

Formaldehyde 
RQ 

First 
Nations  

Soil 
Ingestion RQInfant =

9.13 × 10−15

0.000005
 

RQInfant

= 1.8 × 10−9 

RQInfant

=
6.64 × 10−10

0.15
 

RQInfant

= 4.4 × 10−9 

Soil 
Ingestion RQToddler =

1.63 × 10−13

0.000005
 

RQToddler

= 3.3 × 10−8 

RQToddler

=
1.32 × 10−9

0.15
 

RQToddler

= 8.8 × 10−9 

Soil 
Ingestion RQChild =

3.19 × 10−14

0.000005
 

RQChild

= 6.3 × 10−9 

RQChild

=
1.65 × 10−10

0.15
 

RQChild

= 1.1 × 10−9 

Soil 
Ingestion RQTeen =

2.01 × 10−14

0.000005
 

RQTeen

= 4.0 × 10−9 

RQTeen

=
9.12 × 10−11

0.15
 

RQTeen

= 6.1 × 10−10 

Soil 
Ingestion RQAdult =

1.27 × 10−13

0.000005
 

RQAdult

= 2.5 × 10−8 

RQAdult

=
7.69 × 10−11

0.15
 

RQAdult

= 5.1 × 10−10 

First 
Nations  

Soil 
Dermal 
Contact 

RQInfant =  
3.15 × 10−15

0.000005
 

RQInfant

=  6.3 × 10−10 

RQInfant

=  
1.55 × 10−9

0.15
 

RQInfant

=  1.0 × 10−8 

Soil 
Dermal 
Contact 

RQToddler =
2.08 × 10−14

0.000005
 

RQToddler

= 4.2 × 10−9 

RQToddler

=
1.13 × 10−10

0.15
 

RQToddler

= 7.6 × 10−10 

Soil 
Dermal 
Contact 

RQChild =
2.47 × 10−14

0.000005
 

RQChild

= 4.9 × 10−9 

RQChild

=
8.64 × 10−10

0.15
 

RQChild

= 5.8 × 10−9 

Soil 
Dermal 
Contact 

RQTeenager =
2.26 × 10−14

0.000005
 

RQTeenager

= 4.5 × 10−9 

RQTeenager

=
6.93 × 10−10

0.15
 

RQTeenager

= 4.6 × 10−9 

Soil 
Dermal 
Contact 

RQAdult =  
1.61 × 10−13

0.000005
 

RQAdult

=  3.2 × 10−8 

RQAdult

=  
6.59 × 10−10

0.15
 

RQAdult

=  4.4 × 10−9 

First 
Nations  

Soil 
Particulate 
Inhalation 

RQInfant =
3.81 × 10−19 

0.000005
 

RQInfant

= 7.6 × 10−13  

RQInfant

=
2.77 × 10−14 

0.15
 

RQInfant

= 1.8 × 10−13  

Soil 
Particulate 
Inhalation 

RQToddler =
6.44 × 10−18 

0.000005
 

RQToddler

= 1.2 × 10−12  

RQToddler

=
5.20 × 10−14 

0.15
 

RQToddler

= 3.5 × 10−13  

Soil 
Particulate 
Inhalation 

RQChild =
8.78 × 10−18 

0.000005
 

RQChild

= 1.8 × 10−12  

RQChild

=
4.56 × 10−14 

0.15
 

RQChild

= 3.0 × 10−13  

Soil 
Particulate 
Inhalation 

RQTeenager

=
5.95 × 10−18 

0.000005
 

RQTeenager

= 1.2 × 10−12  

RQTeenager

=
2.70 × 10−14 

0.15
 

RQTeenager

= 1.8 × 10−13  
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 Project Alone With Project 

Scenario Pathway Equation 
Benzo(a)pyrene 

RQ 
Equation 

Formaldehyde 
RQ 

Soil 
Particulate 
Inhalation 

RQAdult =
4.01 × 10−17 

0.000005
 

RQAdult

= 8.0 × 10−12  

RQAdult

=
2.43 × 10−14 

0.15
 

RQAdult

= 1.62 × 10−13  

First 
Nations 
– MPOI 
over 
Water 1 

Sediment 
Dermal 
Contact 

RQInfant =  
0

0.000005
 RQInfant =  0 n/a n/a 

Sediment 
Dermal 
Contact 

RQToddler =
3.72 × 10−11

0.000005
 

RQToddler

= 7.4 × 10−6 
n/a n/a 

Sediment 
Dermal 
Contact 

RQChild =
2.90 × 10−11

0.000005
 

RQChild

= 5.8 × 10−6 
n/a n/a 

Sediment 
Dermal 
Contact 

RQTeenager =
5.08 × 10−12

0.000005
 

RQTeenager

= 1.0 × 10−6 
n/a n/a 

Sediment 
Dermal 
Contact 

RQAdult =  
3.21 × 10−11

0.000005
 

RQAdult

=  6.4 × 10−6 
n/a n/a 

First 
Nations  

Food 
Ingestion RQFN Infant =

7.29 × 10−14

0.000005
 

RQInfant

=  1.5 × 10−8 

RQFN Infant

=
2.9 × 10−4

0.15
 

RQFN Infant

= 1.9 × 10−3 

Food 
Ingestion 

RQFN Toddler

=
1.32 × 10−11

0.000005
 

RQToddler

= 2.6 × 10−6 

RQFN Toddler

=
1.4 × 10−4

0.15
 

RQFN Toddler

= 9.6 × 10−4 

Food 
Ingestion RQFN Child =

1.52 × 10−11

0.000005
 

RQChild

= 3.0 × 10−6 

RQFN Child

=
7.2 × 10−5

0.15
 

RQFN Child

= 4.8 × 10−4 

Food 
Ingestion 

RQFN Teenager

=
1.33 × 10−11

0.000005
 

RQTeenager

= 2.7 × 10−6 

RQFN Teenager

=
4.0 × 10−5

0.15
 

RQFN Teenager

= 2.7 × 10−4 

Food 
Ingestion RQFN Adult =

1.29 × 10−10

0.000005
 

RQAdult

=  2.6 × 10−5 

RQFN Adult

=
3.4 × 10−5

0.15
 

RQFN Adult

= 2.3 × 10−4 
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6.0 SUMMARY OF RISK CHARACTERISATION RESULTS 

6.1 RISK QUOTIENT VALUES FOR BENZO[A]PYRENE - AGRICULTURAL RECEPTORS  

Location/Chemical/Scenario RQ Infant RQ Toddler RQ Child 
RQ 

Teenager 
RQ Adult 

Farmer 1 

Benzo(a)pyrene 
     

2025 FUTURE PROJECT 
ALONE 

1.6E-08 1.5E-06 1.2E-06 5.2E-06 3.3E-05 

Farmer 2 

Benzo(a)pyrene 
     

2025 FUTURE PROJECT 
ALONE 

1.7E-08 2.5E-06 1.9E-06 8.9E-06 5.6E-05 

Farmer 3 

Benzo(a)pyrene 
     

2025 FUTURE PROJECT 
ALONE 

3.9E-08 3.1E-06 2.4E-06 1.1E-05 6.9E-05 

MPOI 

Benzo(a)pyrene 
     

2025 FUTURE PROJECT 
ALONE 

2.5E-07 5.5E-06 4.4E-06 1.6E-05 1.0E-04 

MPOI: maximum point of impingement 

6.2 RISK QUOTIENT VALUES FOR BENZO[A]PYRENE - FIRST NATIONS RECEPTORS  

Location/Chemical/Scenario RQ Infant 
RQ 

Toddler 
RQ Child 

RQ 
Teenager 

RQ Adult 

Tsawwassen First Nations      

Benzo(a)pyrene      

2025 FUTURE PROJECT ALONE 1.8E-06 2.1E-05 1.9E-05 1.1E-05 8.4E-05 

MPOI      

Benzo(a)pyrene      

2025 FUTURE PROJECT ALONE 2.1E-06 2.5E-05 2.3E-05 1.4E-05 1.2E-04 

MPOI: maximum point of impingement 

6.3 RISK QUOTIENT VALUES FOR FORMALDEHYDE - FIRST NATIONS RECEPTORS  

Location/Scenario RQ Infant 
RQ 

Toddler 
RQ Child 

RQ 
Teenager 

RQ Adult 

Tsawwassen First Nations      

Formaldehyde      

2010 EXISTING CONDITIONS  2.0E-03 9.7E-04 4.9E-04 2.7E-04 2.3E-04 

2025 FUTURE WITH PROJECT  1.9E-03 9.6E-04 4.8E-04 2.7E-04 2.3E-04 

2025 FUTURE WITHOUT 
PROJECT  

1.2E-03 6.1E-04 3.1E-04 1.7E-04 1.4E-04 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – HHRA – Air Emissions - 51 - December 2014 

Location/Scenario RQ Infant 
RQ 

Toddler 
RQ Child 

RQ 
Teenager 

RQ Adult 

MPOI      

Formaldehyde      

2010 EXISTING CONDITIONS  1.9E-02 9.2E-03 4.6E-03 2.6E-03 2.2E-03 

2025 FUTURE WITH PROJECT 2.7E-02 1.3E-02 6.6E-03 3.7E-03 3.1E-03 

2025 FUTURE WITHOUT 
PROJECT  

1.3E-02 6.3E-03 3.2E-03 1.8E-03 1.5E-03 

MPOI: maximum point of impingement 

6.4 RISK QUOTIENT VALUES FOR FORMALDEHYDE - AGRICULTURAL RECEPTORS  

Location/Chemical/Scenario RQ Infant RQ Toddler RQ Child 
RQ 

Teenager 
RQ Adult 

Farmer 1 

Formaldehyde 
     

2010 EXISTING CONDITIONS 5.2E-04 3.2E-04 2.5E-04 1.9E-04 1.4E-04 

2025 FUTURE WITH PROJECT 5.5E-04 3.5E-04 2.7E-04 2.1E-04 1.5E-04 

2025 FUTURE W/OUT 
PROJECT 

3.2E-04 2.0E-04 1.6E-04 1.2E-04 8.5E-05 

Farmer 2 

Formaldehyde 
     

2010 EXISTING CONDITIONS  7.8E-04 4.9E-04 3.8E-04 2.9E-04 2.1E-04 

2025 FUTURE WITH PROJECT  8.5E-04 5.3E-04 4.1E-04 3.2E-04 2.2E-04 

2025 FUTURE W/OUT 
PROJECT 

5.0E-04 3.1E-04 2.4E-04 1.9E-04 1.3E-04 

Farmer 3 

Formaldehyde 
     

2010 EXISTING CONDITIONS  1.2E-03 7.7E-04 5.9E-04 4.6E-04 3.2E-04 

2025 FUTURE WITH PROJECT  1.3E-03 8.3E-04 6.4E-04 4.9E-04 3.5E-04 

2025 FUTURE W/OUT 
PROJECT 

7.7E-04 4.8E-04 3.7E-04 2.9E-04 2.0E-04 

MPOI 

Formaldehyde 
     

2010 EXISTING CONDITIONS  8.3E-03 5.2E-03 4.0E-03 3.1E-03 2.2E-03 

2025 FUTURE WITH PROJECT 1.2E-02 7.4E-03 5.7E-03 4.4E-03 3.1E-03 

2025 FUTURE W/OUT 
PROJECT 

5.7E-03 3.6 E-03 2.7E-03 2.1E-03 1.5E-03 

MPOI: maximum point of impingement 
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ACRONYMS 

µg   Microgram 

µg/kg/day Microgram per kilogram body weight /day 

µg/m
3
 Microgram per cubic metre 

95UCLM 95
th

 upper confidence limit on the mean 

AAQO Ambient Air Quality Objective (Alberta) 

ACGIH American Conference of Governmental Industrial Hygienists 

AENV Alberta Environment 

ATSDR Agency for Toxic Substances and Disease Registry 

BMC Benchmark Concentration 

BMCL05 
Benchmark Concentration, 95% Lower confidence limit of the concentration expected to produce a 
response rate of 5% 

BMD Benchmark Dose 

BMDL05 
Benchmark Dose, 95% Lower confidence limit of the dose expected to produce a response rate of 
5% 

CCME Canadian Council of Ministers of the Environment 

COHb Carboxyhemoglobin 

COPC Chemicals of Potential Concern 

CR Carcinogenic Risk (RIVM) 

CWS Canada-Wide Standards 

d day 

DPM Diesel Particulate Matter 

EPA Environmental Protection Agency 

ESL Effects Screening Level (TCEQ) 

HEC Human Equivalent Concentration 

HHRA Human Health Risk Assessment 

HSDB Hazardous Substances Databank 

IARC International Agency for Research on Cancer 

ILCR Incremental Lifetime Cancer Risk 

IRIS Integrated Risk Information System 

LEC05 Lower 95% confidence interval on the effective concentration associated with a 5% response rate 

LOAEL Lowest-observable-adverse-effects level 

m³ cubic metre 

MAL Maximum acceptable level (BC MOE) 

MDL Maximum desirable level (BC MOE) 

mg milligram 

mg/kg milligrams per kilogram 

MOE Ministry of Environment 

mg/m
3
 milligram per cubic metre 

MRL Minimal Risk Level 
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NAAQO National Ambient Air Quality Objective (Canada) 

NAAQS National Ambient Air Quality Standard (US) 

NIOSH National Institute of Occupational Safety and Health 

NOAEL No-observable-adverse-effects level 

NTP National Toxicity Program 

OEHHA Office of Environmental Health Hazard Assessment (California EPA) 

OSHA Occupational Safety and Health Administration 

PAH Polycyclic Aromatic Hydrocarbon 

PEF Potency equivalency factor 

PHC Petroleum hydrocarbon 

PM2.5 Particulate matter less than 2.5 microns in diameter (fine particulate matter) 

PM10 Particulate matter less than 10  microns in diameter (coarse particulate matter) 

POD 

Point  of departure -  A dose considered to be in the range of observed responses, without 
significant extrapolation. A POD can be a data point or an estimated point that is derived from 
observed dose-response data. A POD is used to mark the beginning of extrapolation to determine 
risk associated with lower environmentally relevant human exposures.  

ppb Parts per billion 

ppm  Parts per million 

REL Reference Exposure Level (OEHHA) 

ReV Inhalation Reference Value (TCEQ) 

RfC Reference Concentration 

RfD Reference Dose 

RIVM 
Rijksinstituut Voor Volksgezondheid En Milieu  

(Dutch National Institute for Public Health and the Environment) 

RQ Risk Quotient 

RsC Risk Specific Concentration 

RsD Risk Specific Dose 

TC Tolerable Concentration  

TC05   Tumourigenic Concentration resulting in a 5% increase in the incidence of, or death due to, tumours 

TCA Tolerable Concentration in Air 

TCEQ Texas Commission on Environmental Quality 

TD Tolerable Dose 

TDI Tolerable Daily Intake 

TD05 Tumourigenic Dose resulting in a 5% increase in the incidence of, or death due to, tumours 

TPHCWG Total Petroleum Hydrocarbon Criteria Working Group 

TRV Toxicity Reference Value 

US United States 

WHO World Health Organisation 
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1.0 INTRODUCTION 

Hazard identification is the process in which the potential adverse health effects resulting from exposure 

to a chemical agent are determined.  The outcome of this process is the identification of a safe exposure 

level at which adverse health effects are not predicted to occur, that is, an exposure limit.   This appendix 

describes the exposure limits identified for the assessment of human health effects associated with 

exposure to chemicals identified in Project emissions. Exposure limits specific to acute and chronic 

inhalation were reviewed for all chemicals identified in Project emissions.  Exposure limits specific to the 

ingestion (oral) pathway were reviewed for non-volatile chemicals (i.e., benzo[a]pyrene and 

formaldehyde).  Oral exposure limits were also assumed for the assessment of dermal exposure as 

exposure limits specific to dermal contact were not available. 

1.1 EXPOSURE LIMIT SELECTION 

The following profiles describe the recommended exposure limits for airborne chemicals of potential 

concern (COPC) that are predicted to be released from the Project.  For each of the chemicals identified, 

the available exposure limits recommended by the following provincial, federal and international 

regulatory agencies were reviewed:   

 Agency for Toxic Substances and Disease Registry (ATSDR); 

 British Columbia Ministry of Environment (BC MOE); 

 California Office of Environmental Health Hazard Assessment (OEHHA); 

 Canadian Council of Ministers of the Environment (CCME); 

 Health Canada; 

 Metro Vancouver (MV); 

 Texas Commission on Environmental Quality (TCEQ); 

 United States Environmental Protection Agency (US EPA); 

 World Health Organisation (WHO); and 

 Netherlands National Institute of Public Health and the Environment (RIVM). 

The following attributes were reviewed and summarised for each exposure limit: 

 key toxicology (animal) or epidemiology (human) study; 

 primary effect or chemical mode of action; 

 point of departure (POD) or starting point for subsequent extrapolations and analyses (lowest 

effect dose that is adequately supported by dose-response data); 

 dosimetric adjustments for animal to human exposures; and 

 uncertainty factors. 
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In general, the most stringent of exposure limits recommended for COPC in Project emissions were used 

in the HHRA, which included uncertainty factors that further reduced the acceptable exposure limit for the 

protection of individuals who may be more sensitive to chemical exposure.  

1.2 CHEMICAL GROUPING  

The primary health effect associated with the exposure limit selected for each individual chemical was 

reviewed and chemicals with similar endpoints (i.e., respiratory irritation) where grouped together and 

assumed to act in an additive manner.  Table 1-1 summarises the chemical groups for acute and chronic 

inhalation effects for the COPC evaluated in the current assessment. No groups were identified for the 

oral/dermal exposure pathway as the health endpoints for these COPC were unique to each chemical. 

Table 1-1 Chemical Mixtures 

Exposure Duration Health Endpoint of Chemical Mixtures COPCs in Chemical Mixtures 

Acute Inhalation 

Eye irritation  

Acrolein 

Formaldehyde 

Naphthalene 

Respiratory irritation 

Acetaldehyde 

Naphthalene 

Nitrogen Dioxide 

Sulphur Dioxide 

Chronic Inhalation 

Nasal irritation 

Acetaldehyde 

Acrolein 

Formaldehyde 

Naphthalene 

Nasal tumours  

Acetaldehyde 

Formaldehyde 

Naphthalene 

Lung tumours 
Diesel Particulate Matter 

Benzo[a]pyrene 

Leukemia  
1,3-Butadiene 

Benzene 
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2.0 ACETALDEHYDE 

2.1 INHALATION EXPOSURE LIMITS 

2.1.1 Acute Inhalation  

Table 2-1 Acute Inhalation Exposure Limits for Acetaldehyde 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical 
Organ or 

Effect 
Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
1-hour REL 

8-hour REL 

470 

300 

Respiratory 
irritation 

Nasal 
irritation 

Human 

Rat 

Prieto et al. 
2000; 

Appelman et al. 
1982; 1986 

OEHHA 
2014; 2008 

TCEQ 
1-hour 

ESL 
15 Odour - - TCEQ 2014 

- not available 

The OEHHA (2014) recommend a 1-hour REL of 470 µg/m
3
 for acetaldehyde.  This REL was derived 

from responses observed in asthmatic individuals following controlled, short-term (2-5 minutes) exposures 

to acetaldehyde (Prieto et al. 2000). A LOAEL of 142 mg/m
3
 for bronchoconstriction was identified from 

this study.  The OEHHA (2008) applied a 300-fold uncertainty factor to this LOAEL account for use of a 

LOAEL (10), variability in human response (√10) and potential asthma exacerbation in children (10).  This 

exposure limit was determined by the OEHHA (2008) to also be protective of potential eye irritation 

associated with acute exposure to acetaldehyde, following review of another controlled exposure study in 

humans (Silverman et al. 1946).  

An 8-hour REL of 300 µg/m
3
 is also recommended for acetaldehyde by the OEHHA (2014).  This REL 

was derived from a NOAEL of 270 mg/m
3
 for the degeneration of olfactory epithelium in rats intermittently 

exposed (6 hours/day, 5 days/week) to acetaldehyde over a 4 week period (Appelman et al. 1982; 1986).  

The 8-hour REL was not considered for the acute exposure assessment as it was based on a subchronic 

exposure study and is intended for repeated 8-hour exposures. 

The TCEQ (2014) recommend an acute (1-hour) ESL of 15 µg/m
3 

for acetaldehyde based on odour; 

no supporting documentation was provided for this ESL. 
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The OEHHA 1-hour REL of 470 µg/m
3
 was considered the most appropriate health-based guideline for 

the assessment of acute exposure to acetaldehyde as it was based on acute responses in humans and 

considered sensitive individuals. Although considered protective of eye and nasal irritation, the exposure 

limit was specific to respiratory irritation and therefore acetaldehyde was only included in the chemical 

group for respiratory irritation following acute inhalation exposures. 

2.1.2 Chronic Inhalation 

Table 2-2 Chronic Inhalation Exposure Limits for Acetaldehyde  

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical 
Organ or 

Effect 
Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

TC 

RsC 

390 

17 

Nasal lesions 

Nasal 
tumours 

Rat 

Appelman et al. 
1982; 1986 

Woutersen et al. 
1986 

Health 
Canada 

2000 

METRO 
VANCOUVER 

-  - - - MV 2011 

OEHHA 
REL 

RsC 

140 

3.7 

Nasal lesions 

Nasal 
tumours 

Rat 

Appelman et al. 
1982; 1986 

Woutersen et al. 
1986 

OEHHA 
2014; 2011; 

2008 

RIVM - - - - - RIVM 2001 

TCEQ ESL 45 - - - TCEQ 2014 

US EPA 
RfC 

RsC 

9 

5 

Nasal lesions 

Nasal 
tumours 

Rat 

Appelman et al. 
1982; 1986 

Woutersen and 
Appleman 1984 

US EPA 
1991 

WHO - - - - - WHO 2000 

- not available  

IARC (2014) has classified acetaldehyde as possibly carcinogenic to humans (Group 2B).   Health 

Canada (2000), the OEHHA (2011) and US EPA (1991) have established chronic inhalation guidelines 

based on evidence in rats of an association between chronic inhalation exposure to acetaldehyde and 

nasal tumours (Woutersen et al. 1986; Woutersen and Appleman 1984).  These agencies also 

established guidelines based on nasal lesions in rats (Appelman et al. 1982; 1986) following 

acetaldehyde inhalation.   
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Health Canada (2000) developed a TC of 390 µg/m
3
 for the noncarcinogenic effects of acetaldehyde 

following chronic inhalation exposure.  This guideline was based on the Appelman et al. (1982; 1986) 

inhalation studies reporting nasal lesions in rats intermittently exposed (6 hours/day, 5 days/week) to 

acetaldehyde over a 4 week period.  The THRESH program (Howe 1995) was used to calculate a BMC05 

of 218 mg/m
3
 for non-neoplastic lesions in the nasal olfactory epithelium of male rats.  The BMC05 was 

adjusted for continuous exposure (6h/24h, 5d/7d) and an uncertainty factor of 100 applied to account for 

extrapolation from an animal study (10) and variability in human response (10) (Health Canada 2000).   

An additional uncertainty factor to account for use of a short term study was not considered appropriate 

based on evidence that there was no indication that severity of the critical effects increases with duration 

of exposure (Health Canada 2000). 

A TC05 of 86 mg/m
3
 was also recommended by Health Canada (2000) based on the incidence of tumours 

in the nasal cavity of rats exposed to acetaldehyde for 6 hours/day, 5 days/week over 28 months 

(Woutersen et al., 1986).  The TC05 was derived using multistage modeling and adjusted for continuous 

exposure (Health Canada 2000). The TC05 is associated with a 5% increase in tumour incidence over 

background.  Dividing the TC05 by a factor of 5,000 results in an RsC of 17 µg/m³ for a 1 in 

100,000 incremental cancer risk level. 

The OEHHA (2014) recommends an REL of 140 µg/m
3
 for the noncarcinogenic effects of acetaldehyde 

following chronic inhalation exposure.  This REL was derived from the same rat inhalation studies 

(Appelman et al. 1982; 1986) identified for the 8-hour OEHHA REL.   A study NOAEL of 270 mg/m
3
 for 

degeneration of olfactory epithelium was identified.  The OEHHA (2008) applied benchmark modelling 

(US EPA 2003) to determine a BMC05 of 178 mg/m³ for the incidence of degeneration of olfactory 

epithelium.  The BMC05 was converted to a human equivalent concentration of 242 mg/m³ using a 

pharmacokinetic model specific to acetaldehyde (Teeguarden et al. 2008) and adjusted for continuous 

exposure to result in a BMC05HEC of 43.2 mg/m³.  A cumulative uncertainty factor of 300 was applied to 

account for subchronic exposure (√10), extrapolation from an animal study (√10), variability in human 

response (√10) and potential asthma exacerbation in children (10) (OEHHA 2008).  

A unit risk factor of 0.0000027 per µg/m
3
 was recommended for acetaldehyde by the OEHHA (2011).  

Similar to Health Canada, this risk factor was calculated from the incidence of nasal tumours in rats 

(obligate nose breathers) following exposure to acetaldehyde for 6 hours/day, 5 days/week and up to 

28 months (Woutersen et al. 1986).  However, the OEHHA (2011) also applied an interspecies surface 

area correction factor (based on relative bodyweight) to account for potential exposure of the entire 

human respiratory tract, including the lung.  The unit risk factor translates to an RsC of 3.7 µg/m
3
, 

assuming an acceptable incremental cancer risk of 1 in 100,000.  

The TCEQ (2014) recommends a chronic ESL of 45 µg/m
3
 for acetaldehyde, however no supporting 

documentation was provided for this exposure limit. 
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The US EPA (1991) recommends an RfC of 9 µg/m
3
 for acetaldehyde based on noncarcinogenic effects 

following chronic exposure.  A NOAEL of 273 mg/m
3
 for degeneration of olfactory epithelium was 

identified from the Appelman et al. (1982; 1986) studies.  The US EPA adjusted the NOAEL for 

continuous exposure and calculated a NOAELHEC of 8.7 mg/m
3
 for a gas:respiratory effect in the extra 

thoracic region. A 1,000-fold uncertainty factor was applied to the NOAELHEC to account for use of a 

subchronic study (10), extrapolation from an animal study/ incompleteness of the database (10) and 

variability in human response (10). 

The US EPA (1991) recommends a unit risk factor of 0.0000022 per µg/m
3
 for acetaldehyde.  This risk 

factor was calculated from the incidence of nasal tumours in rats following exposure to acetaldehyde for 

6 hours/day, 5 days/week for 27 months (Woutersen and Appleman 1984).   The unit risk factor translates 

to an RsC of 5 µg/m
3
 assuming a 1 in 100,000 incremental cancer risk.  

The TC of 390 µg/m
3
 recommended by Health Canada was selected for the evaluation of 

noncarcinogenic effects following chronic inhalation exposure to acetaldehyde.  The Health Canada TC 

was considered more appropriate than the exposure limits recommended by the US EPA and OEHHA as 

the TC was developed using benchmark modelling to determine a POD (unlike the US EPA) and the 

study on which all of these guidelines were based did not indicate that an additional safety factor for use 

of a subchronic study (as assigned by the US EPA and OEHHA) was warranted.  Acetaldehyde was 

included in the chemical group for nasal irritation following chronic inhalation exposures. 

The RsC of 3.7 µg/m
3 
(OEHHA) was selected for the assessment of carcinogenic effects following chronic 

inhalation exposure to acetaldehyde.   Both the OEHHA and Health Canada selected results from the 

more recently published Woutersen et al. (1986) study for the determination of a unit risk factor.  The 

OEHHA accounted for the fact that humans are not obligate nose breathers and adjusted the unit risk 

estimate to take into account the greater surface area of the human respiratory tract.  Acetaldehyde was 

included in the chemical group for nasal tumours following chronic inhalation exposures.   
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3.0 ACROLEIN 

3.1 INHALATION EXPOSURE LIMITS 

3.1.1 Acute Inhalation  

Table 3-1 Acute Inhalation Exposure Limits for Acrolein 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m3) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR 
1-hour 

MRL 
7 

Decreased 
respiratory rate; 
respiratory tract 

irritation 

Human 
Weber-

Tschopp et al. 
1977 

ATSDR 
2014; 2007 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
1-hour REL 

8-hour REL 

2.5 

0.7 

Eye irritation 

Respiratory 
irritation 

Human 

Rat 

Darley et al. 
1960;  

Weber-
Tschopp et al. 
1977; Dorman 

et al., 2008 

OEHHA 
2014; 2008 

TCEQ 
1-hour 

ReV 
11 

Decreased 
respiratory rate; 

eye and respiratory 
tract irritation 

Human 
Weber-

Tschopp et al. 
1977 

TCEQ 
2014; 2010 

US EPA - - - - - 
US EPA 
2003a 

- not available 

The ATSDR (2014), OEHHA (2014) and TCEQ (2014) all recommend 1-hour exposure limits for acrolein 

based on eye, nasal and respiratory irritation reported in controlled human exposure studies (Weber-

Tschopp et al. 1977; Darley et al. 1960).   The US EPA do not recommend an acute exposure limit for 

acrolein but cites the clinical study by Weber-Tschopp et al. (1977) as the most comprehensive for 

describing the acute effects of acrolein inhalation in humans (US EPA 2003a). 

The ATSDR (2014) 1-hour MRL for acrolein is 7 µg/m
3
.  The MRL was based on a LOAEL of 0.3 ppm 

(700 mg/m
3
) for decreased respiratory rate as well as nose and throat irritation in human volunteers 

exposed to acrolein for 60 minutes (Weber-Tschopp et al. 1977). An uncertainty factor of 100 was applied 

to the LOAEL to account for use of a LOAEL (10) and variation in human response (10) (ATSDR 2007). 

The OEHHA (2014) recommend a 1-hour REL of 2.5 µg/m
3
 for acrolein.  The OEHHA (2008) identified a 

LOAEL of 0.06 ppm (140 µg/m
3
) for eye irritation in human volunteers following short-term (5-minutes) 

exposure to acrolein (Darley et al. 1960). Ocular irritation was first reported by Weber-Tschopp et al. 
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(1977) during 40 minutes exposure to increasing concentrations of acrolein at a similar LOAEL (0.07 ppm 

or 160 µg/m
3
).  Acute REL values of 2.3 and 2.7 µg/m

3 
were determined for each study LOAEL after an 

uncertainty factor of 60 was applied to account for use of a LOAEL for a mild effect (6) and variation in 

human response (10).  No time adjustment was made to the RELs as the critical effect was a sensory 

irritancy effect.  The geometric mean of the REL values from these studies (i.e., 2.5 µg/m
3
) was selected 

as the 1-hour REL for acrolein (OEHHA 2008). 

An 8-hour REL of 0.7 µg/m
3
 was also recommended for acrolein by the OEHHA (2014).  This REL was 

based on a subchronic study where a NOAEL of 0.2 ppm (465 µg/m
3
) was identified for lesions in the 

respiratory epithelium of rats exposed to acrolein 6 hours/day, 5 days/week over 65 days (Dorman et al. 

2008).  The 8-hour REL for acrolein was not considered for the acute exposure assessment as it was 

based on subchronic exposure data in animals and is intended for repeated 8-hour exposures.  

An acute ReV of 11 µg/m
3
 is recommended for acrolein by the TCEQ (2014).  Similar to the ATSDR 

(2007), the TCEQ (2010) identified a LOAEL of 0.3 ppm (700 mg/m
3
) for eye, nose, throat irritation and 

decreased respiratory rate in human volunteers exposed for 60 minutes to acrolein (Weber-Tschopp et al. 

1977).  An uncertainty factor of 63 was applied to the LOAEL to account for use of a LOAEL (6.3) and 

variation in human response (10) (TCEQ 2010). 

The 1-hour exposure limit of 2.5 µg/m
3
 (OEHHA, 2008) was selected for the assessment of acute 

exposure to acrolein as it was based on the most sensitive human response (eye irritation) to acute 

acrolein exposure and supported by more than 1 study.  This acute exposure limit for acrolein is 

considered very conservative. As described below, the limit identified for chronic exposure to acrolein, 

based on nasal lesions, is very similar to this 1-hour exposure limit.  Although protective of nasal and 

respiratory irritation, the 1-hour exposure limit was specific to eye irritation and therefore acrolein was only 

included in the chemical group for eye irritation following acute inhalation exposures.  

3.1.2 Chronic Inhalation  

Table 3-2 Chronic Inhalation Exposure Limits for Acrolein  

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical 
Organ or 

Effect 
Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

TC 0.4 
Nasal 

Lesions 
Rat 

Cassee et 
al.  

1996 

Health 
Canada 

2000 

METRO 
VANCOUVER 

- - - - - MV 2011 
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Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical 
Organ or 

Effect 
Species Study Source 

OEHHA REL 0.35 
Nasal 

Lesions 
Rat 

Dorman et 
al. 2008 

OEHHA 
2013; 2008 

RIVM - - - - - RIVM 2001 

TCEQ ReV 2.7 
Nasal 

Lesions 
Rat 

Dorman et 
al. 2008 

TCEQ 2014; 
2010 

US EPA RfC 0.02 
Nasal 

Lesions 
Rat 

Feron et al. 
1978 

US EPA 
2003b 

WHO - - - - - WHO 2000 

- not available 

Health Canada (2000) recommends a TC of 0.4 µg/m
3
 for chronic exposure to acrolein.  The THRESH 

program (Howe 1995) was used to calculate a BMC05 of 0.14 mg/m
3
,  the air concentration representing a 

5% increase in the incidence of nasal lesions in rats following inhalation (nose-only) exposure to acrolein 

for 6 hours/day over a 3 day period (Cassee et al. 1996).  The BMC05 was adjusted for continuous 

exposure and an uncertainty factor of 100 applied to account for use of an animal study (10) and 

variability in human response (10).  No uncertainty factor was applied for less than chronic exposure as 

Health Canada (2000) noted the degenerative changes observed by Cassee et al. (1996) following short-

term exposures were consistent with observations in longer term bioassays in rats (Feron et al. 1978) and 

hamsters (Feron and Kruysse, 1977). 

The OEHHA (2014) recommend a chronic REL of 0.35 µg/m
3
 for acrolein.  Similar to the 8-hour REL, the 

chronic REL was based on a NOAEL of 0.2 ppm (465 µg/m
3
) for lesions in the respiratory epithelium of 

rats exposed to acrolein 6 hours/day, 5 days/week for 13 weeks (Dorman et al. 2008).  The OEHHA 

(2008) calculated a NOAELHEC of 0.03 ppm (70 µg/m
3
) after adjusting the NOAEL for continuous 

exposure and applying a dosimetric adjustment factor (DAF) of 0.85 based on comparative modeling of 

gas flux in human and rat nasal passages with formaldehyde.  An uncertainty factor of 200 was applied to 

account for extrapolation from an animal study (√10), use of a subchronic study (√10), variability in human 

response (10) and use of a DAF for formaldehyde, an analogue chemical, to determine the human 

exposure concentration for acrolein (2). 

The TCEQ (2014) recommend an ReV of 2.7 µg/m
3
 for chronic exposure to acrolein.  Similar to the 

OEHHA (2008), this guideline was based on a NOAEL of 0.2 ppm (465 µg/m
3
) for hyperplasia of the 

respiratory epithelium of rats exposed to acrolein 6 hours/day, 5 days/week for 13 weeks (Dorman et al. 

2008).  The study investigated duration and concentration effects for several exposure groups and 

evaluated the histopathology and recovery of the respiratory tract post-exposure.  The TCEQ (2010) 

calculated a NOAEL(HEC) of 35.7 ppb (83 µg/m
3
) for acrolein after adjusting the NOAEL for continuous 

exposure.  An uncertainty factor of 30 was applied to the NOAEL(HEC) account for extrapolation from an 
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animal study (3) and variability in human response (10).  No adjustment was made for use of a 

subchronic response as the TCEQ (2010) concluded that concentration played more of a role in the 

irritant effects of acrolein than duration of exposure. Unlike the OEHHA, the TCEQ (2010) did not 

consider the use of a DAF based on formaldehyde appropriate for acrolein due to differences in nasal 

dosimetry patterns for acrolein and formaldehyde and did not apply an additional 2-fold uncertainty factor 

for use of a DAF.  

The US EPA (2003b) recommends an RfC of 0.02 µg/m
3
 for acrolein based on a LOAEL of 0.9 mg/m

3
 for 

nasal lesions in rats exposed to acrolein for 5 days/week over 13 days (Feron et al. 1978).  The US EPA 

calculated a LOAEL(HEC) of 0.02 mg/m
3
 after adjusting for continuous exposure and applied a 1000-fold 

uncertainty factor to account for use of a minimal LOAEL (3), use of a subchronic study (10), 

extrapolation from an animal study (3) and variability in human response (10).  The US EPA selected the 

Feron et al. (1978) study over the Cassee et al. (1996) selected by Health Canada, based on the 

reporting of results for a higher number of test animals (including both sexes of rats, hamsters and 

rabbits), a longer exposure duration, and better characterisation of multiple endpoints and the dose-

response by Feron et al. (1978).   

The US EPA (2003b) recommend the lowest chronic inhalation guideline for acrolein, however, this 

guideline was based on an older study which identified a LOAEL which required a higher uncertainty 

factor. The OEHHA and TCEQ identified guidelines for acrolein based on the most recent study for nasal 

irritation in rats which identified a NOAEL for nasal lesions (Dorman et al. 2008), however the OEHHA 

REL included use of a DAF that is not considered relevant to acrolein (TCEQ 2014).  Therefore, the ReV 

of 2.7 µg/m
3
 recommended by the TCEQ (2014) was considered the most appropriate for the assessment 

of chronic inhalation exposure to acrolein.  Acrolein was included in the chemical group for nasal irritation 

following chronic inhalation exposures. 
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4.0 BENZENE 

4.1 INHALATION EXPOSURE LIMITS 

4.1.1 Acute Inhalation  

Table 4-1 Acute Inhalation Exposure Limits for Benzene 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ/ 
Effect 

Specie
s 

Study Source 

ATSDR 24-hour MRL 30 
Haematological/ 

Immunological 
Mice 

Rozen et 
al 1984 

ATSDR 
2014; 2007 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 6-hour REL 1,300 

Reproductive/ 

developmental 
toxicity 

Rats 
Coate et 
al 1984 

OEHHA 
1999a; 
2014a 

TCEQ 1-hour ReV 580 
Haematological/ 

Immunological 
Mice 

Rozen et 
al 1984 

TCEQ 2007 

US EPA - - - - - 
US EPA 

2002 

- not available 

The ATSDR recommend an acute (24-hour) MRL of 30 µg/m
3
 for benzene (ATSDR 2014).  This MRL is 

based on an observed decrease in mitogen-induced lymphocyte proliferation following the exposure of 

mice to benzene vapours for 6 hours per day over a 6 day period (Rozen et al 1984).  The study LOAEL 

of 10.2 ppm (33 mg/m
3
) was adjusted from intermittent to 24-hour exposure and converted to an human 

equivalent concentration (HEC) of 2.55 ppm (8 mg/m
3
) using US EPA (1994) methodology for the 

extrarespiratory effects of a category 3 gas.  The 24-hour LOAELHEC was divided by a 300-fold 

uncertainty factor to account for use of a LOAEL (10), extrapolation from animals (3) to humans and 

human variability (10) (ATSDR 2007). 

The OEHHA (2014a) recommend an acute REL of 1,300 for 6-hour exposure to benzene.  This REL was 

derived from a study of developmental toxicity in rats conducted by Coate et al. (1984).  The study 

addressed the most sensitive noncancer endpoint associated with benzene inhalation which was lowered 

fetal body weights in offspring following dam exposure for 6 hours/day on gestational days 6 to 

15 (OEHHA 1999a).  It is noted the OEHHA reference exposure levels for benzene are currently under 

review and a 1-hour REL based on haematological effects in mice (Keller and Snyder et al. 1988) is being 

proposed (OEHHA 2014b). 

The TCEQ (2007) developed a 1-hour ReV of 580 µg/m
3
 for benzene using the same study and LOAEL 

identified by the ATSDR.  The hematotoxic effects observed in the Rozen et al. 1984 study were 

supported by two additional studies in mice (Dempster and Snyder 1991; Corti and Snyder, 1996).  The 
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TCEQ (2007) converted the LOAEL of 10.2 ppm (33 mg/m
3
) to a 1-hour HEC of 18.5 ppm (59 mg/m

3
) 

which was then divided by a 100-fold uncertainty factor to account for use of a LOAEL (3), extrapolation 

from animals to humans (3) and human variability (10).  

The US EPA do not recommend an acute exposure limit for benzene but do cite a variety of animal 

studies examining the acute effects of benzene inhalation which confirm that acute exposure to high 

benzene concentrations results in hematotoxic effects, with a greater sensitivity observed in mice over 

rats (US EPA 2002). 

The TCEQ 1-hour ReV of 580 µg/m
3
 was selected for the current assessment of acute exposure to 

benzene as the effect of benzene on lymphocyte response in mice was supported by several studies and 

the 1-hour exposure duration selected by the TCEQ was considered the most appropriate for the 

response observed.  

4.1.2 Chronic Inhalation  

Table 4-2 Chronic Inhalation Exposure Limits for Benzene  

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ/ 
Effect 

Specie
s 

Study Source 

ATSDR MRL 9.8 Haematological Human Lan et al 2004 
ATSDR 

2014; 2007 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

RsC 3 Leukemia Human Rinsky et al 1987 
Health 

Canada 
2010 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
REL 

RsC 

60 

0.3 

Haematological 

Leukemia 
Human 

Tsai et al 1983 

Rinsky et al 1981 

OEHHA 
1999b; 
2011; 
2014a 

RIVM 
CR 

(adjusted) 
2 Leukemia Human 

Adopted from WHO 
2000 

RIVM 2001 

TCEQ 
ReV 

ESL 

280 

4.5 

Haematological 

Leukemia 
Human 

Rothman et al 1996 

Rinsky et al 1981; 
1987 

TCEQ 
2007 

US EPA 
RfC 

RsC 

30 

1.3 to 4.5 

Haematological 

Leukemia 
Human 

Rothman et 

al. 1996 

Rinsky et al 1981; 
1987 

US EPA 
2003; 2000 

WHO RsC 1.7 Leukemia Human 

Crump and Allen, 
1984; Rinsky et al. 

1987; Paustenbach et 
al. 1992 

WHO 2000 

- not available 
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IARC (2014) has classified benzene as carcinogenic to humans (Group 1). With the exception of ATSDR, 

all the regulatory agencies reviewed have established chronic inhalation guidelines based on 

epidemiological evidence of an association between chronic occupational exposure to benzene and 

leukemia mortality rates.  The ATSDR, OEHHA, TCEQ and US EPA have also established chronic 

inhalation guidelines based on haematological/immunological effects (i.e., lymphocyte response). 

The ATSDR (2014) recommend a chronic MRL of 9.8 µg/m
3 

for benzene.  The MRL was derived from a 

study of workers in Chinese shoe manufacturing industries (Lan et al 2004) which reported an exposure-

response relationship between benzene exposure levels (measured by individual vapour monitors) and 

decreased lymphocyte (B cell) count in workers exposed an average of 6.1 years (ATSDR 2007).  A 

BMCL0.25sd of 0.10 ppm (0.33 mg/m
3
), representing the lower 95% confidence limit for a 0.25 standard 

deviation reduction below the control mean B cell count, was identified as the point of departure (POD) for 

the chronic MRL.   The BMCL0.25sd was adjusted for continuous exposure and an uncertainty factor of 

10 applied for human variability to result in a chronic MRL of 0.003 ppm (0.0098 mg/m
3
).  

Health Canada (2010) derived a TC05 of 15 mg/m
3
 for benzene based on the incidence of mortality from 

leukemia in a cohort of rubber hydrochloride (pliofilm workers) (Rinsky et al. 1987).  The exposure 

concentration associated with a 5% increase in mortality from acute myelogenous leukemia (TC05) was 

derived using cancer potencies based on exposure estimates of Crump and Allen (1984) as described in 

Health Canada (1993).  When divided by 5,000 the TC05 translates to an RsC of 3 µg/m
3 

for a 1 in 

100,000 incremental increase in mortality from acute myelogenous leukemia.   

An REL of 60 µg/m
3
 was derived by OEHHA (2014a) for chronic exposure to benzene.  This REL was 

based on haematological effects following occupational exposure of a cohort of 454 male petroleum 

refinery workers exposed to benzene (personal monitors) over an average for 7.4 years (Tsai et al. 1983).  

Again, the OEHHA reference exposure levels for benzene are currently under review and a chronic REL 

based on haematological effects in Chinese shoe workers (Lan et al 2004), is being proposed 

(OEHHA 2014b). 

The OEHHA (2011) also recommend a unit risk factor of 0.000029 per µg/m
3
 for benzene based on 

mortality from leukemia in pliofilm workers as reported by Rinsky et al (1981) using a weighted cumulative 

exposure/relative risk procedure by CDHS (1984). This unit risk factor translates to a RsC of 0.3 µg/m
3
 for 

a 1 in 100,000 incremental increase in mortality from leukemia.   

The RIVM (2001) has established a CR of 20 µg/m
3
 for benzene assuming an excess cancer risk of 1 in 

10,000.  This was divided by 10-fold to determine an air concentration of 2 µg/m
3
 for an excess cancer 

(leukemia) risk of 1 in 100,000 for comparison with other agencies.  The RIVM (2001) adopted the lower 

limit of the EU (1999) cancer risk estimates for chronic exposure to benzene, which is equivalent to the 

unit risk recommended by the WHO (2000).   
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An ReV of 280 µg/m
3
 is recommended for benzene by the TECQ (2007).  This guideline is based on 

hematotoxic effects (reduced lymphocyte count) in Chinese workers occupationally exposed to benzene 

for an average of 6.3 years (Rothman et al 1996). The critical effect of decreased lymphocyte count is 

supported by the results of Lan et al (2004) for workers in Chinese shoe manufacturing industries 

exposed to benzene for an average of 6.1 years (TCEQ 2007).  The TCEQ (2007) derived a benchmark 

concentration (BMC) of 8.4 mg/m
3
 (adjusted for continuous exposure) from the Rothman et al (1996) 

study to which an uncertainty factor of 30 was applied to account for human variability (10) and a lack of 

data for reproductive/developmental effects (3). 

The TCEQ (2007) also recommend a chronic ESL (
chronic

ESLlinear(c)) of 4.5 µg/m
3
 for an excess lifetime 

cancer risk of 1 in 100,000 following chronic exposure to benzene.  This air concentration was derived 

using the cancer potency estimates of Crump and Allen (1994) for acute myelogenous leukemia in the 

pliofilm cohort described by Rinsky et al. (1981; 1987). 

The US EPA (2003) recommends a RfC of 30 µg/m
3
 for benzene.  This RfC was based on the effect of 

reduced absolute lymphocyte count in Chinese workers reported in the Rothman et al (1996) study.  A 

BMC of 8.2 mg/m
3
 was calculated and adjusted by an uncertainty factor of 300 to account for human 

variability (10), extrapolating from a LOAEL to a NOAEL (3), extrapolating from subchronic to chronic 

exposure (3) and database uncertainties (3) (US EPA 2002). 

The US EPA (2000) also recommends unit risk factors for benzene based on the incidence of acute 

myelogenous leukemia reported in workers exposed to benzene.  Air concentrations recommended for 

benzene at a 1 in 100,000 cancer risk level range from 1.3 to 4.5 µg/m
3
 and were determined from the 

pliofilm cohort described by Rinsky et al. (1981; 1987) using risk calculations recommended by 

Paustenbach et al. (1993); Crump and Allen (1984); Crump (1994) and U.S. EPA (1998).   

The WHO (2000) recommend an air quality of guideline of 1.7 µg/m
3
 for an excess lifetime cancer 

(leukemia) risk of 1 in 100,000 following chronic exposure to benzene.  This guideline was derived from a 

range of studies reporting risk estimates for mortality from leukemia in the pliofilm cohort of workers 

(Crump and Allen, 1984; Rinsky et al. 1987; Paustenbach et al. 1992).  

The lowest air concentration recommended by the ATSDR (2007) for haematological/immunological 

effects (9.8 µg/m
3
) was selected for the assessment of non-carcinogenic effects following chronic 

inhalation exposure to benzene. 

The range of air concentrations identified by the US EPA (2003) for a 1 in 100,000 cancer risk level is 

supported by similar exposure limits derived by Health Canada, RIVM, TCEQ and WHO for the same 

response (i.e., leukemia).  An important distinction of the Health Canada guideline was the identification 

of the exposure concentration associated with mortality from, rather than incidence of, leukemia.  For the 
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purpose of this assessment, the lowest air concentration recommended by the US EPA (1.3 µg/m
3
) was 

selected for the evaluation of potential carcinogenic effects following chronic inhalation exposure to 

benzene. Benzene was included in the chemical group for leukemia following chronic inhalation 

exposures. 
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5.0 BENZO[A]PYRENE 

5.1 INHALATION EXPOSURE LIMITS 

5.1.1 Acute Inhalation  

IARC (2014) has classified benzo[a]pyrene (B[a]P) as carcinogenic to humans (Group 1).   Studies on the 

carcinogenic potential of B[a]P and mixtures of polycyclic aromatic hydrocarbons (PAHs) following chronic 

inhalation or oral exposures are outlined in ATSDR (1995); Health Canada (2010); RIVM (2001); and US 

EPA (1994). 

The effects of acute inhalation exposure to B[a]P have not been characterised and no acute exposure 

limits with supporting documentation were identified.  As a C20 aromatic hydrocarbon B[a]P has 

extremely low volatility and inhalation of the chemical in isolation from particulate matter is unlikely.  

Controlled inhalation and intratracheal instillation studies in animals have demonstrated the 

carcinogenicity of B[a]P over long-term (chronic) exposure periods as described below.   

Table 5-1 Acute Inhalation Exposure Limits for B[a]P 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA - - - - - 
OEHHA 

2014 

TCEQ - - - - - 
TCEQ 
2014 

WHO - - - - - 
WHO 
2000 

- not available 
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5.1.2 Chronic Inhalation  

Table 5-2 Chronic Inhalation Exposure Limits for B[a]P 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

RsC 0.32 
Respiratory 

tract tumours 
Hamsters 

Thyssen et 
al., 1981 

Health 
Canada 

2010 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA RsC 0.009 
Respiratory 

tract tumours 
Hamsters 

Thyssen et 
al., 1981 

OEHHA 
2011 

RIVM - - - - - RIVM 2001 

TCEQ - - - - - 
TCEQ 
2014 

US EPA - - - - - 
US EPA 

1994 

WHO RsC 0.00012 Lung cancer Human 
Redmond, 
1976; US 
EPA 1984 

WHO 
2000; 1987 

- not available 

Health Canada (2010) developed a unit risk factor of 0.031 per µg/m
3 

for B[a]P.  This unit risk factor was 

determined using multistage modeling of the tumour incidence in the respiratory tract of hamsters 

exposed by inhalation (nose only) to B[a]P for 4.5 hours/day, 7 days/week during the first 10 weeks of the 

study and 3 hours/day, 7 days/week for the remainder of the study (up to 96 weeks) (Thyssen et al. 

1981).  This unit risk factor translates to an RsC of 0.32 µg/m
3
 based on a 1 in 100,000 excess lifetime 

cancer risk. 

A unit risk factor of 0.0011 per µg/m
3
 was derived for B[a]P by the OEHHA (2011). Similar to Health 

Canada, the linearised multistage model was fit to respiratory tract tumour data in hamsters as reported 

by Thyssen et al. (1981).  The OEHHA (2011) further calculated an oral risk factor (0.43 per mg/kg body 

weight/day) based on the exposure conditions described in the study and the inhalation rate and body 

weight of hamsters.  A human equivalent unit risk factor for the inhalation pathway was then determined 

by applying an interspecies surface area correction factor, based on bodyweight and surface area, to the 

oral risk factor.  The resulting OEHHA (2011) unit risk factor corresponds to an RsC of 0.009 µg/m
3 

for a 

1 in 100,000 excess lifetime cancer risk.  It is noted that while the bodyweight scaling approach selected 

by the OEHHA (2011) is consistent with US EPA (2005) cancer risk assessment guidance for oral 

exposures, the EPA does not recommend this approach for determining human equivalent exposures for 

the inhalation pathway. 
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The US EPA (1994) does not currently recommend an inhalation unit risk estimate for B[a]P, however, 

the potential inhalation toxicity of B[a]P is currently under review by the US EPA with a draft human health 

assessment released August 2013 for independent peer review and public comment (US EPA 2013).  

The WHO (1987; 2000) selected B[a]P as an indicator of the carcinogenic potential of PAH mixtures in air 

and developed a unit risk factor of 0.0087 per µg/m
3 

using a linearised multistage model and 

epidemiological data for mortality due to lung cancer in workers exposed to mixtures of PAH in coke-oven 

emissions (Redmond 1976; US EPA 1984).  Using this unit risk factor, a B[a]P air concentration of 

0.00012 µg/m
3
 would be associated with a 1 in 100,000 increased risk of mortality as a result of 

lung cancer.   

The WHO (1987; 2000) guideline for B[a]P represents an index of PAH mixtures from coke oven 

emissions and similar combustion processes.  The WHO (2000) noted that although the PAH composition 

in coke-oven emissions may not correlate to PAH in ambient air, epidemiological studies involving other 

PAH mixtures have determined similar cancer risks and a unit risk within the same order of magnitude 

was determined for B[a]P from animal data (i.e., Heinrich et. al 1994). 

The WHO (2000) guideline for B[a]P was considered the most appropriate for the assessment of a 

mixture of carcinogenic PAH in Project emissions.  B[a]P was included in the chemical group for lung 

tumours following chronic inhalation exposures. 

5.1.3 Chronic Oral Exposure Limits 

Table 5-3 Chronic Oral Exposure Limits for Benzo[a]pyrene 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 
(µg/kg/day) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

RsD 0.0043 Gastric tumours Mouse 
Neal and Rigdon, 

1967 

Health 
Canada 

2010 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA RsD 0.00083 Gastric tumours Mouse 
Neal and Rigdon, 

1967 
OEHHA 

2011 

RIVM CR 0.05 
Liver and 

forestomach 
Rat 

Kroese et al., 
1999; 2001 

RIVM 
2001 

US EPA RsD 0.0014 
Forestomach 

tumours 
Mouse, 

rat 

Neal and Rigdon, 
1967; Brune et 

al., 1981 

US EPA 
1994 

- Not available 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 26 - December 2014 

Health Canada (2010) derived an oral slope factor of 2.3 per mg/kg body weight/day for B[a]P.  This slope 

factor was determined using the linear extrapolation model and surface area correction on the data set 

from the Neal and Rigdon (1967) study reporting gastric (stomach) tumours in mice following up to 

110 days exposure to B[a]P in the diet.  The slope factor translates to an RsD of 0.0043 µg/kg 

bodyweight/day, assuming an acceptable lifetime cancer risk of 1 in 100,000. 

The OEHHA (2011) oral slope factor of 12 per mg/kg body weight/day for B[a]P was determined using a 

linearised multistage procedure and the incidence of gastric tumours reported in mice (Neal and Ringdon, 

1967).  The OEHHA slope factor results in an RsD of 0.00083 µg/kg bodyweight/day for a 1 in 100,000 

lifetime cancer risk. 

The RIVM (2001) recommend a CR value of 0.5 µg/kg bodyweight/day for B[a]P assuming a lifetime 

cancer risk of 1 in 10,000, or 0.05 µg/kg bodyweight/day for a lifetime cancer risk of 1 in 100,000.  This 

CR was based the results of a study conducted by RIVM (Kroese et al. 1999; 2001) that reported the 

incidence of tumours in a variety of organs and tissues (predominately liver and forestomach) in rats 

following gavage exposure to B[a]P for 2 years.   

The US EPA (1994) calculated slope factors from two different studies on the effects of oral exposure to 

B[a]P in mice (Neal and Rigdon, 1967) and rats (Brune et al., 1981) which shared similarities in approach 

as well as results.  Slope factors were determined for tumours in the forestomach of mice and rats using 

linearised multistage modeling.  The geometric mean of four of these slope factors was used to determine 

a single unit risk factor of 7.3 per mg/kg bodyweight/day.  This translates to an RsD of 0.0014 µg/kg 

bodyweight/day for an acceptable lifetime cancer risk of 1 in 100,000.  It is noted that the oral toxicity of 

B[a]P is under review by the US EPA and currently at the external review draft stage.   Although not 

considered agency policy yet, a unit risk factor of 1 per mg/kg bodyweight/day (equivalent to an RsD of 

0.01 µg/kg bodyweight/day for a 1 in 100,000 lifetime cancer) is being proposed following the evaluation 

of oral slope factors for mice (Beland and Culp, 1998) and rats (Kroese et al. 2001) (US EPA 2014).  

None of the agencies reviewed have developed an oral guideline that is representative of a mixture of 

carcinogenic PAHs. The RIVM (2001) previously (1991/1993) recommended a maximum permissible 

level of 6.3 µg/kg bodyweight/day for total PAHs, based on a 1 in 10,000 lifetime cancer risk.  In their 

recent evaluation of the carcinogenic effects of B[a]P, the RIVM (2001) adopted a CR value based on a 2 

year feeding study in rats (Kroese et al. 1991; 2001).  These authors recommend that where B[a]P is 

used an indicator compound for a PAH mixture, the exposure limit for B[a]P should be reduced by a factor 

of 10 to account for cancer risks associated with combined exposure to a group of PAHs.  A virtually safe 

dose of 0.005 µg/kg bodyweight/day (for a 1 in 1,000,000 lifetime cancer risk) was determined for B[a]P 

by Kroese et al (2001). For the purpose of this assessment, this dose of 0.005 µg/kg bodyweight/day 

(Kroese et al, 2001) was adopted for the assessment of oral/dermal exposures to a PAH mixture, 

assuming an acceptable lifetime  cancer risk of 1 in 100,000.  
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6.0 1,3-BUTADIENE 

6.1 INHALATION EXPOSURE LIMITS 

6.1.1 Acute Inhalation  

Table 6-1 Acute Inhalation Exposure Limits for 1,3-Butadiene 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

ATSDR - - - - - 
ATSDR 

2012 

OEHHA 
1-hour REL 

8-hour REL 

660 

9 

Developmental 

Ovarian atrophy 
Mice 

Hackett et 
al. 1987; 

NTP 1993 

OEHHA 
2014; 2013 

TCEQ 6-hour ReV 3,700 Developmental Mice 
Hackett et 
al. 1987 

TCEQ 2008 

US EPA 24-hour RfC 15 Developmental Mice 
Hackett et 
al. 1987 

US EPA 
2002 

- not available 

The OEHHA (2014), TCEQ (2008) and US EPA (2002) have all developed acute inhalation exposure 

guidelines for 1,3-butadiene based on a study of developmental toxicity in mice (Hackett et al., 1987).   

Hacket et al. (1987) examined the reproductive and developmental effects of 1,3-butadiene on pregnant 

CD-1 mice and their offspring.  The mice were exposed via inhalation to 0, 40 ppm (88.4 mg/m
3
),  

200 ppm (442 mg/m
3
) or 1,000 ppm (2,210 mg/m

3
) 1,3-butadiene for 6 hours/day on gestational days 6 to 

15 and sacrificed on gestational day 18 (Hackett et al., 1987).  

The OEHHA (2013) 1-hour REL of 660 µg/m
3
 (0.297 ppm) was based on lowered fetal body weights in 

male offspring following dam exposure for 6 hours/day on gestational days 6 to 15 (Hackett et al. 1987).  

A BMCL05 of 17.7 ppm was identified for lowered male fetal weights using values reported by Green 

(2003) following a re-analysis of the Hackett et al. (1987) data.  A dosimetric adjustment factor was used 

to calculate an HEC of 29.7 ppm (65.6 mg/m
3
) to which an uncertainty factor of 100 was applied to 

account for use of an animal study (3) and variability in human response (30) (OEHHA 2013). 

The OEHHA (2013) also developed an 8-hour limit of 9 µg/m
3 

(0.0042 ppm) for 1,3 butadiene based on a 

chronic NTP (1993) bioassay study that reported ovarian atrophy in female mice exposed via inhalation 

for 6 h/day, 5 d/wk over 103 weeks.  This guideline was not selected for the current assessment of acute 

inhalation exposure as it was based on a response to chronic inhalation exposure and is intended for 

repeated 8-hour exposures.  
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The US EPA (2002) subchronic RfC of 15 µg/m
3 

(0.007 ppm) was also based on decreased fetal 

bodyweights in mice (Hackett et al. 1987).  The US EPA (2002) used benchmark modeling to identify an 

LEC05 of 2.9 ppm (6.4 mg/m
3
) for a 24-hour exposure period and applied an uncertainty factor of 400 to 

account for extrapolation from an animal study (3), variability in human response (10), use of a lowest 

effect level (4) and database deficiencies (3). 

The TCEQ (2008) 6-hour ReV of 3,700 µg/m
3
 (1.7 ppm) was based on the maternal toxicity of 

1,3 butadiene in mice (Hackett et al. 1987).  A BMCL1 of 51.3 ppm (113.4 mg/m
3
) was determined for 

decreased maternal extragestational weight gain as a result of daily 6 hour exposures on gestational days 

6 to 15.  An uncertainty factor of 30 was applied to account for use of an animal study (3) and variability in 

human response (10). 

The REL of 660 µg/m
3
 recently developed by OEHHA (2014) using a re-analysis of the Hackett et al. 

(1987) data was selected for the assessment of 1-hour exposures to 1,3-butadiene.  The lowest 

guideline of 15 µg/m
3
 recommended by the US EPA was also selected for assessment of 24-hour 

exposures to 1,3-butadiene.   Use of these two guidelines in the acute inhalation assessment was 

considered protective of 6-hour exposures to 1,3-butadiene.  

It is noted that the limited data available suggests that mice are more sensitive to the developmental 

effects of butadiene compared to rats or humans due to a greater rate of metabolism of butadiene to the 

reactive metabolites responsible for butadiene toxicity (OEHHA 2013; ATSDR 2012; TCEQ 2008)).  The 

ATSDR has not developed an acute inhalation exposure limit for 1,3-butadiene due to the lack of 

available data to account for the significant differences in the metabolism of 1,3-butadiene between 

species and the concern that exposure limits based on responses observed in mice may overestimate the 

potential risks to human health (ATSDR 2012). 

6.1.2 Chronic Inhalation 

Table 6-2 Chronic Inhalation Exposure Limits for 1,3-Butadiene 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical 
Organ or 

Effect 
Species Study Source 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

ATSDR - - - - - 
ATSDR 

2012 

HEALTH  
CANADA 

RsC (based 
on TC01) 

1.7 Leukemia Human 
Delzell et al., 

1995 

Health 
Canada 

2000 
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Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical 
Organ or 

Effect 
Species Study Source 

OEHHA 
RsC 

RfC 

0.06 

2.2 

Lung 
neoplasms 

Ovarian 
atrophy 

Mice 

Melnick et al. 
1990 

NTP 1993 

OEHHA 
2013; 2011 

RIVM RsC 0.3 Leukemia Human 
Health Canada, 
2000; Delzell et 

al., 1995 
RIVM 2009 

TCEQ 
RsC 

ReV 

20 

33 

Leukemia 

Ovarian 
atrophy 

Human 

Mice 

Delzell et al., 
1995, 1996,others 

NTP 1993 

TCEQ 2008 

US EPA 
RsC 

RfC 

0.3 

2 

Leukemia 

Ovarian 
atrophy 

Human 

Mice 

Health Canada, 
2000; Delzell et 

al., 1995 

NTP 1993 

US EPA 
2002 

WHO - - - - - WHO 2000 

-not available 

1,3-Butadiene has been classified as carcinogenic to humans (Group 1) by the International Agency 

for Research on Cancer (IARC 2008; 2013).   An increased incidence of leukemia in workers exposed to 

1,3-butadiene in styrene butadiene rubber plants has been reported by Delzell et al. (1995).  Health 

Canada (2000), the RIVM (2009), TCEQ (2008) and US EPA (2002) have all considered the results of 

this occupational study in the development of chronic inhalation exposure limits.  The OEHHA (2011) 

developed a chronic inhalation exposure limit for 1,3-butadiene based on the occurrence of lung tumours 

in mice as reported by Melnick et al. (1990).  

Health Canada (2000) compiled exposure-response data for workers from 6 styrene butadiene rubber 

plants (Delzell et al. 1995) and used regression analyses to identify a butadiene concentration of 

1.7 mg/m
3
 associated with a 1% (0.01) excess probability of mortality as a result of leukemia (TC01).  By 

extrapolation the air concentration associated with a 1 in 100,000 or 0.00001 leukemia mortality risk 

would be 1.7 µg/m
3
.   

The US EPA (2002) considered the Health Canada (2000) analyses of the Delzell et al (1995) data as 

well as age-specific data on leukemia incidence rates for 1994-1998 from SEER (Surveillance, 

Epidemiology and End Results) program of the National Cancer Institute to estimate the incidence of 

(rather than mortality from) leukemia as a result of chronic inhalation exposure to butadiene.  An 

inhalation unit risk of 0.3 µg/m
3
 at the 1 in 100,000 risk level was recommended by the US EPA (2002) for 

chronic exposure to butadiene.  This RsC was adopted by RIVM as the chronic inhalation limit value for 

the evaluation of 1,3-butadiene in air (2009).  
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The TCEQ (2008) have recommended a risk specific concentration of 20 µg/m
3
 for 1 in 100,000 (1x10

-5
) 

excess cancer risk associated with chronic inhalation of butadiene.  This exposure limit was also based 

on the Delzell et. al. (1995) study but incorporated exposure estimates, epidemiological studies and dose-

response modeling not available at the time of the Health Canada and US EPA assessments.  Relative 

risks were determined using Texas specific rates of leukemia mortality and survival for up to 70 years 

exposure, whereas the US EPA considered 85 years exposure (TERA 2010). 

The OEHHA (2011) recommended a risk specific concentration of 0.06 µg/m
3
 at the 1x10

-5
 excess cancer 

risk for butadiene.  In contrast to Health Canada, the OEHHA (2011) considered the available 

epidemiological data to be insufficient for unit risk calculation.  The RsD was instead derived from chronic 

inhalation studies in mice (Melnick et al. 1990) which reported the occurrence of malignant neoplasms in 

the lung.  

The US EPA (2002) RsC of 0.3 µg/m
3
 for 1x10

-5
 excess risk of leukemia incidence was selected for the 

evaluation of chronic inhalation exposure to 1,3-butadiene.  This guideline was selected over the Health 

Canada guideline as it was based on an incidence rate for leukemia rather than leukemia mortality rates.  

The US EPA guideline was selected over the TCEQ guideline as it was more conservative and 

considered national leukemia incidence rates and a longer exposure term.  The OEHHA recommended 

the lowest guideline for the carcinogenicity of 1,3 butadiene based on the response in mice, however the 

consensus of four agencies on the use of an occupational study did not support the selection of the 

OEHHA guideline. 1,3-butadiene was included in the chemical group for leukemia following chronic 

inhalation exposures.  

Chronic inhalation exposure limits for the non-carcinogenic effects of 1,3-butadiene have also been 

developed by the OEHHA (2014), TCEQ (2008) and US EPA (2002).  All of these agencies developed 

non-cancer guidelines based on the NTP (1993) study of reproductive effects (ovarian atrophy) in mice 

following up to 2 years inhalation exposure to 1,3-butadiene.  

The OEHHA (2013) identified a BMCL05 HEC of 0.66 mg/m
3
 (0.30 ppm) for ovarian atrophy from the NTP 

(1993) study.  This was adjusted by an uncertainty factor of 300, to account for uncertainty in response 

between species (30) and sensitive individuals (10), resulting in a chronic REL of 2.2 µg/m
3
 (0.001 ppm). 

Similarly, the TCEQ (2008) determined a BMCL05 HEC of 1.02 mg/m
3
 (0.462 ppm) for ovarian atrophy 

based on the NTP (1993) study.  An uncertainty factor of 30 was applied to account for sensitive 

individuals (10) and an incomplete database (3), resulting in a chronic ReV of 33 µg/m
3
 (0.015 ppm).  An 

interspecies uncertainty factor was not applied as an HEC was determined from the POD. 
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The US EPA (2002) determined a BMCL10 HEC of 1.9 mg/m
3
 (0.88 ppm) for ovarian atrophy based on 

the NTP (1993) study. This was adjusted by an uncertainty factor of 1,000, to account for uncertainty in 

response between species (3), an incomplete database (3), sensitive individuals (10) and extrapolation to 

a level below the 10% effect level (similar to a LOAEL-to-NOAEL extrapolation), resulting in a chronic RfC 

of 2 µg/m3 (0.001 ppm). 

The lowest recommended exposure limit of 2 µg/m3 was selected for the current assessment of the non-

carcinogenic effects of 1,3-butadiene, based on the US EPA (2002) RfC and supported by the OEHHA 

(2013) REL.  
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7.0 CARBON MONOXIDE 

7.1 INHALATION EXPOSURE LIMITS 

7.1.1 Acute Inhalation  

Table 7-1 Acute Inhalation Exposure Limits for Carbon Monoxide 

Agency 
Exposure 

Limit 
Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014; 2012 

BC MOE 

1-hour 

8-hour 

AAQO 

14,300 

5,500 
- - - 

BC MOE 
2013 

CCME 

1-hour 

8-hour 

NAAQO 

15,000 

6,000 

COHb blood 
level 

Human 

Various 
epidemiological 
studies; PBPK 

modelling 

Coburn et al., 1965 

CCME 
1999; 
Health 

Canada 
1994 

METRO 
VANCOUVER 

1-hour 

8-hour 

AAQO 

30,000 

10,000 
- - - MV 2011 

OEHHA 
1-hour 

REL 
23,000 

COHb blood 
level, 

cardiovascular 
system 

Human Aronow, 1981 
OEHHA 

2014; 1999 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 

1-hour 

8-hour 

NAAQS 

40,000 

10,000 

COHb blood 
level 

Human 

Various 
epidemiological 
studies; PBPK 

modelling 

Coburn et al., 1965 

US EPA 
2010; 2012 

WHO 
1-hour 

8-hour 

30,000 

10,000 

COHb blood 
level 

Human 

Various 
epidemiological 
studies; PBPK 

modelling 

Coburn et al., 1965 

WHO 2000 

- not available 

The toxicity associated with carbon monoxide is largely attributed to its ability to bind hemoglobin and 

form carboxyhemoglobin (COHb), which reduces the oxygen carrying capacity of blood and impairs the 

release of oxygen to tissues (WHO 2000).  Toxicological and epidemiological research indicates that 

exposure to low levels of carbon monoxide (below concentrations resulting in overt poisoning) can result 

in adverse effects on tissues with the greatest oxygen demand, including the heart and brain 

(ATSDR 2012).   
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Individuals sensitive to the effects of carbon monoxide exposure include those with cardiovascular and/or 

respiratory disease (ATSDR 2012).  However, the ATSDR has not developed MRL values for carbon 

monoxide based on the following rationale:  

 The production of CO is physiologically regulated within the body and plays a role in regulating 

physiological processes, including those that underlie the adverse effects observed in the 

available human clinical, epidemiological or animal studies (e.g., brain and muscle oxygen 

storage and utilisation); 

 The exposure threshold for carbon monoxide, considering its  physiological role, is likely at or 

near the endogenous production rate, therefore any external exposure to CO could exceed the 

threshold and result in adverse effects; 

 The available animal and clinical studies do not identify NOAELs and when uncertainty factors 

are applied to the identified LOAELs, the resultant MRLs are within the range of ambient CO 

concentrations in the United States and would result in internal doses that would be similar to 

endogenous CO production; and 

 Considering the variation in heme production at different altitudes and the modes of action of 

carbon monoxide that involve competition with oxygen for heme binding sites, MRLs relevant to 

exposures at sea level may not apply at higher altitudes with lower oxygen partial pressures 

(ATSDR 2012).  

The desirable Canadian NAAQOs for carbon monoxide are 15,000 µg/m
3
 for a 1-hour averaging time and 

6,000 µg/m
3
 over 8 hours (CCME 1999).  These objectives were based on the maintenance of COHb 

levels in the blood below 1% or the upper end of the range of COHb resulting from endogenous 

production in humans.  The 1-hour and 8-hour averaged air concentrations of carbon monoxide that 

correspond to <1% COHb were determined using the PBPK model of Coburn, Forster, and Kane (CFK) 

(Cobrun et al. 1965).   BC MOE (2013) has adopted slightly lower 1-hour (14,300 µg/m
3
) and 8-hour 

(5,500 µg/m
3
) AAQOs as Provincial Level A Pollution Control Objectives for carbon monoxide.  However 

no supporting documentation were available for these objectives. 

The US EPA (2010; 2012) have developed 1-hour and 8-hour NAAQS for carbon monoxide of 

40,000 µg/m
3 

and 10,000 µg/m
3
, respectively, to protect against COHb concentrations in the range at 

which adverse health effects could occur (>2%) based on the health outcomes reported in numerous 

epidemiological studies.  The US EPA (2010) also utilised the CFK PBPK model (Cobrun et al. 1965) to 

determine these air quality standards.  

The OEHHA (2014) derived a 1-hour REL of 23,000 µg/m³ for exposure to carbon dioxide.  This exposure 

limit was set to achieve approximately 1% COHb, based on a LOAEL of 2% COHb reported by Aronow 

(1981) for the aggravation of angina in an epidemiological study (OEHHA 1999).  



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 39 - December 2014 

The WHO (2000) recommended 1-hour and 8-hour guidelines of 30,000 and 10,000 µg/m³, respectively, 

for exposure to carbon monoxide.  These guidelines were based on the maintenance of COHb levels 

below 2.5% using the CFK PBPK model (Cobrun et al. 1965).  The WHO (2000) considered these 

guidelines to be protective of non-smoking population groups with coronary artery disease (i.e., against 

acute ischemic heart attacks) and fetuses of nonsmoking pregnant women (i.e., against hypoxic effects) 

(WHO, 2000).   The 1-hour and 8-hour WHO guidelines have been adopted as AAQOs by Metro 

Vancouver (2011) 

 The various acute exposure limits for carbon monoxide were all based on COHb levels in the blood. The 

Canadian NAAQOs were recommended for the maintenance of <1% COHb in blood or the upper end of 

the range of COHb resulting from endogenous production in humans (Health Canada 1994).  The 

NAAQO 1-hour and 8-hour values of 15,000 and 6,000 µg/m
3
, respectively, were selected for the current 

assessment of the acute inhalation effects of carbon monoxide as they represent objectives that would 

result in COHb blood levels within the endogenous range.  It is noted that the more recent and extensive 

evaluations completed by the US EPA (2010; 2012) and WHO (2000) suggest that higher levels of COHb 

in the blood (i.e., >2%) would be required before adverse effects are observed. 

7.1.2 Chronic Inhalation  

Table 7-2 Chronic Inhalation Exposure Limits for Carbon Monoxide  

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Specie
s 

Stud
y 

Source 

ATSDR - - - - - 
ATSDR 2014; 

2012 

BC MOE - - - - - BC MOE 2013 

CCME - - - - - 
CCME 1999; 

Health Canada 
1994 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA - - - - - 
OEHHA 2014; 

1999 

TCEQ - - - - - TCEQ  2014 

US EPA - - - - - 
US EPA 2010; 

2012 

WHO - - - - - WHO 2000 

- not available 
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The majority of studies of adverse effects of carbon monoxide in humans emphasise steady-state 

%COHb values following exposures of acute duration.  The formation of COHb following exposure to a 

fixed concentration of CO was reported to reach steady state after 6-8 hours of exposure (WHO 2000). 

Chronic exposure limits have not been established for carbon monoxide by any of the regulatory agencies 

reviewed and therefore chronic exposure to carbon monoxide was not considered in the current 

assessment.   

7.2 REFERENCES 

Aronow WS. Aggravation of angina pectoris by two percent carboxyhemoglobin. Am Heart J 

1981;101:154-157.  Cited In: OEHHA 1999a.  

ATSDR (Agency for Toxic Substances and Disease Registry). 2014. Minimal Risk Levels (MRLs) for 

Hazardous Substances. January 2014. US Department of Health and Human Services,Public 

Health Service. Atlanta, GA. http://www.atsdr.cdc.gov/mrls/mrllist.asp. Accessed May 2014.  

ATSDR. 2012. Toxicological Profile for Carbon Monoxide. June 2012. US Department of Health and 

Human Services, Public Health Service. http://www.atsdr.cdc.gov/toxprofiles/index.asp. Accessed 

May 2014.   

BC MOE (British Columbia Ministry of Environment).  Provincial Air Quality Objective Information Sheet.  

British Columbia Ambient Air Quality Objectives.  Updated August 12, 2013.  

http://www.env.gov.bc.ca/epd/bcairquality/reports/pdfs/aqotable.pdf. Accessed May 2014.  

CCME (Canadian Council of Ministers of the Environment). 1999. Canadian National Ambient Air Quality 

Objectives: Process and Status. Canadian Environmental Quality Guidelines. Canadian Council 

of Ministers of the Environment, 1999. http://ceqg-rcqe.ccme.ca/download/en/133/ Accessed May 

2014. 

Coburn RF, Forster RE, Kane PB.  1965.  Considerations of the physiological variables that determine the 

blood carboxyhemoglobin concentration in man.  J Clin Invest 44(11):1899-1910.  Cited In: 

ATSDR 2012.    

Health Canada. 1994. National Ambient Air Quality Objectives for Carbon Monoxide. Desirable, 

Acceptable and Tolerable Levels. Prepared by the CEPA/FPAC (Canadian Environmental 

Protection Act/Federal-Provincial Advisory Committee) Working Group on Air Quality Objectives 

and Guidelines. http://www.hc-sc.gc.ca/ewh-semt/pubs/air/naaqo-onqaa/carbon-monoxyde-

carbone/index-eng.php. Accessed May 2014.  

Metro Vancouver (MV) 2011. Metro Vancouver Integrated Air Quality and Greenhouse Gas Management 

Plan. October 2011. www.metrovancouver.org. 

http://www.metrovancouver.org/services/air/ReviewProcess/Pages/default.aspx. Accessed May 2014.  



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 41 - December 2014 

OEHHA (Office of Environmental Health Hazard Assessment). 2014. Acute, 8-hour and Chronic 

Reference Exposure Level (REL) Summary Table as of January 2014.  California Environmental 

Protection Agency, Office of Environmental Health Hazard Assessment, Air Toxicology and 

Epidemiology. http://www.oehha.ca.gov/air/allrels.html. Accessed May 2014.  

OEHHA. 1999. Technical Support Document for Noncancer RELs. Appendix D.2. Acute RELs and toxicity 

summaries using the previous version of the Hot Spots Risk Assessment Guidelines.  Acute 

Toxicity Summary: Carbon Monoxide. California Environmental Protection Agency, Office of 

Environmental Health Hazard Assessment, Air Toxicology and Epidemiology. 

http://www.oehha.ca.gov/air/hot_spots/2008/AppendixD2_final.pdf#page=41. Accessed May 

2014.  

RIVM (National Institute of Public Health and the Environment, NIPHE). 2001. Re-evaluation of human 

toxicological maximum permissible risk levels.  RIVM Report 711701 025.  March 2001. 

TCEQ (Texas Commission on Environmental Quality). 2014. Effects Screening Levels List. Updated 

March 17, 2014. http://www.tceq.texas.gov/toxicology/esl/list_main.html. Accessed May 2014.  

US EPA (United States Environmental Protection Agency). 2010. Integrated Science Assessment for 

Carbon Monoxide. National Center for Environmental Assessment. EPA/600/R-09/019F.  

http://cfpub.epa.gov/ncea/cfm/recordisplay.cfm?deid=218686. Accessed May 2014.  

US EPA.  2012.  National Ambient Air Quality Standards (NAAQS).  Washington, DC:  U.S. 

Environmental Protection Agency, Office of Air and Radiation. http://www.epa.gov/air/criteria.html. 

Accessed May 2014.  

WHO (World Health Organisation). 2000. Air Quality Guidelines for Europe, Second Edition. World Health 

Organisation, Regional Office for Europe, Copenhagen. WHO Regional Publications, European 

Series, No. 91. ISBN 92 890 1358 3 ISSN 0378-2255 

  



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 42 - December 2014 

8.0 DIESEL EXHAUST PARTICULATE 

8.1 INHALATION EXPOSURE LIMITS 

8.1.1 Acute Inhalation  

Table 8-1 Acute Inhalation Exposure Limits for DPM 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA - - - - - 
OEHHA 

2014 

TCEQ - - - - - 
TCEQ 
2014 

WHO - - - - - WHO 1996 

- not available 

No acute inhalation exposure limits were identified for DPM from the agencies reviewed; therefore the 

assessment of DPM was limited to chronic exposures. 

8.1.2 Chronic Inhalation  

Table 8-2 Chronic Inhalation Exposure Limits for DPM 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

- - - - - 
Health 

Canada 
2010 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
REL 

RsC 

5 

0.03 

Respiratory 
system 

Lung cancer 

Rats 

Human 

Ishinishi et al. 
1988 

Garshick et al. 
1987; 1988 

OEHHA 
1998 

OEHHA 
2011 

RIVM - - - - - RIVM 2001 

TCEQ - - - - - 
TCEQ 
2014 

US EPA RfC 5 
Respiratory 

system 
Rats 

Ishinishi et al. 
1988 

 

US EPA  
2003 

WHO - - - - - WHO 1996 

- not available 
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Diesel engine exhaust contains thousands of chemicals which can complicate measurements of 

exposure. The carbonaceous fraction of diesel particulate, also known as elemental carbon, has been 

identified as a marker for diesel engine exhaust exposure.  Elemental carbon represents a large fraction 

of the particulate mass of diesel exhaust and can be quantified at low levels.  In the case of occupational 

studies, the diesel engine represents the only significant source for elemental carbon in the workplace 

(Birch and Cary 1996).   

The US EPA (2003) and OEHHA (1998) have established chronic exposure limits for diesel particulate 

matter (DPM).  The US EPA (2003) RfC of 5 µg/m
3
 is based on respiratory effects, including pulmonary 

inflammation and histopathological effects (fibrosis), in rats exposed to diesel exhaust for 16 hr/day, 

6 days/week over 130 weeks (Ishinishi et al. 1988).  A NOAEL of 460 µg DPM/m
3
 was identified from the 

study.  This exposure concentration was converted to a human NOAELHEC of 144 µg DPM/m
3
 using a 

mathematical model of DPM deposition and clearance and assuming that equal pulmonary surface 

loadings in rats and humans would be associated with similar effects (US EPA 2003).  An uncertainty 

factor of 30 was applied to the NOAELHEC to account for the response of sensitive individuals (10) and 

interspecies extrapolation (3). The OEHHA (1998) adopted the US EPA RfC of 5 µg/m
3
 as their chronic 

REL for diesel exhaust.  

The US EPA (2003) RfC of 5 µg/m
3
 was selected for the evaluation of non-carcinogenic effects 

associated with exposure to DPM. 

The National Toxicology Program (NTP) has classified diesel exhaust particulate as reasonably 

anticipated to be a human carcinogen based on studies in humans with supporting evidence from animal 

and mechanistic studies (NTP 2014). Diesel exhaust particles, which contain mutagenic and carcinogenic 

chemicals, are small enough to penetrate and persist in the lower lung region and were considered likely 

to account for observed human lung cancers; this is supported by evidence of a lack of lung tumours in 

rats exposed to diesel exhaust that was filtered to remove particles (NTP 2014). The International Agency 

for Research on Cancer (IARC 2012; 2014) has classified diesel engine exhaust as carcinogenic to 

humans (Group 1) based on sufficient epidemiological evidence for increased risk of lung cancer. 

The OEHHA conducted a meta-analysis of studies reporting a relationship between lung cancer and 

exposure to diesel exhaust and determined that there was a positive association between occupational 

exposure to diesel exhaust and an increased risk of developing lung cancer (OEHHA, 2011).  A unit risk 

factor of 0.0003 per µg/m
3
 was recommended for particulate matter from diesel-fueled engines, based on 

the incidence of lung tumours reported in a case control study (Garshick et al. 1987) and a retrospective 

cohort study (Garshick et al. 1988) of US railway workers occupationally exposed to diesel exhaust.  

This unit risk factor translates to an RsC of 0.03 µg/m
3
, assuming an acceptable lifetime cancer risk of 

1 in 100,000. 
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The Health Effects Institute (HEI) organised a Diesel Epidemiology Expert Panel to review two sets of 

epidemiological studies on diesel exhaust available at the time, including the Garshick (1987; 1988) 

studies of railroad workers as well as studies of truck drivers (Steenland et al. 1990) (HEI 1999).  

The panel recommended against using the railroad worker data following a limited analysis of the 

exposure-response associations which, although suggesting lung cancer risk was greater in worker 

groups with higher exposure, also suggested that lung cancer risk decreased with increasing duration of 

employment (HEI 1999).   

The US EPA reported that the weight of available evidence from epidemiology studies indicates that 

occupational exposure to diesel exhaust may pose a lung cancer risk (US EPA 2002; 2003).  The studies 

on railroad workers (Garshick et al. 1987; 1988) and truck drivers (Steenland et al. 1990) were 

considered to have the best available exposure-response information for estimating cancer risk from 

occupational exposures, however the US EPA (2003) did not consider these data suitable to derive a 

cancer risk estimate for environmental exposures, stating there was too much uncertainty in the available 

data and outlining gaps that would require evaluation before a confident quantitative dose-response 

analysis and subsequent derivation of cancer unit risk can be performed.  The US EPA did consider the 

supporting data for DPM carcinogenicity in animals but found the data, particularly for rats, not relevant to 

human exposures as the tumour incidences reported were non-linear and associated with exposure 

concentrations high enough to produce lung particle overload (US EPA 2003).   

Among the evidence for the IARC (2012) classification of diesel engine exhaust as carcinogenic to 

humans was a recently conducted US National Cancer Institute/National Institute for Occupational Safety 

and Health study which reported an increased risk of death from lung cancer in non-metal miners (silica 

limestone, salt, trona and potash mines), following chronic occupational exposure to diesel emissions 

(Silverman et al. 2012; Attfield et al. 2012). The results from the nested case-control (Silverman et al. 

2012) and cohort mortality (Attfield et al. 2012) studies of diesel exhaust exposure in non-metal miners 

provided evidence (robust exposure-response relationships) for an effect on lung cancer from diesel 

exhaust exposure in both underground mine workers as well as surface-only workers, suggesting that 

diesel exhaust may be hazardous in both confined and open spaces and represents a potential public 

health as well as an industrial health hazard. 

This same group of authors (Silverman, Attfield and Garshick) released exposure-response estimates for 

diesel engine exhaust and lung cancer mortality (Vermeulen et al. 2014).  Following a meta-regression 

analysis of lung cancer mortality and cumulative exposure to elemental carbon (EC),  an excess of 21 

lung cancer deaths per 10,000 individuals was predicted following lifetime environmental exposure 

(through 80 years of age) to 0.8 μg/m
3
 EC (Vermeulen et al. 2014).   
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Elemental carbon or EC refers to the carbon-containing components of DPM and is considered the 

carbonaceous fraction of a diesel particle.  The EC content of DPM from heavy duty diesel engines can 

vary widely (from 20 to 90%) but recent emissions profiles (based on the limited data available) suggests 

that EC comprises approximately 75% of DPM from heavy duty diesel engines (US EPA 2002).  So an 

excess of 21 lung cancer deaths per 10,000 individuals following exposure to 0.8 μg/m
3
 EC could be 

interpreted as an excess of 21 lung cancer deaths per 10,000 individuals following exposure to 1 μg/m
3
 

DPM (i.e., 0.8 μg/m3 EC/0.75) and a DPM air concentration 0.005 μg/m
3
 would be associated with a 1 in 

100,000 lifetime risk of lung cancer.  This is a more conservative cancer risk estimate for DPM than the 

RsC (i.e., 0.03 μg/m
3
) currently recommended by the OEHHA (2011).   It is important to note that the risk 

estimate presented for EC by Vermeulen et al. (2014) is still preliminary and no agency has adopted it as 

an exposure limit.  The extrapolation of this information to a DPM air concentration is provided only for 

comparison sake (i.e., to a cancer risk estimate available from a recognised regulatory agency).   

Exposure characterisation remains a source of significant uncertainty in determining the potential human 

cancer risks of diesel particulate matter in diesel exhaust.  Concerns have been raised that lung cancer 

risks based on exposures to past diesel exhaust emissions do not represent lung cancer risks from 

exposure to current or future emissions.  These concerns are based on the recent modifications to diesel 

engines which serve to filter out diesel particulate matter and modifications to diesel fuel, including ultra-

low sulphur content fuel, which also lowers the particulate content in emissions.  

Despite the uncertainty associated with the cancer risk estimate available for DPM, the carcinogenic 

effects of inhalation exposure to DEP were considered for the current assessment, based on the IARC 

(2012) decision and recent epidemiological evidence presented.  The OEHHA (2011) RsC of 0.03 µg/m
3
 

was selected as it is the only regulatory guideline available for cancer risk.  The data provided by 

Vermeulen et al. (2014) suggests that the OEHHA (2011) RsC is within an order of magnitude of a recent 

estimate for lung cancer risk associated with EC exposure.  DPM was included in the chemical group for 

lung tumours following chronic inhalation exposures. 
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9.0 FORMALDEHYDE 

9.1 INHALATION EXPOSURE LIMITS 

9.1.1 Acute Inhalation  

Table 9-1 Acute Inhalation Exposure Limits for Formaldehyde 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR 
MRL 

2-hour  
50 

Eye and nasal 
irritation 

Human 
Pazdrak et al. 

1993 
ATSDR 

2014; 1999 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH 
CANADA 

Short-term  
IAQG 

1-hour  

123 Eye Irritation Humans Kulle et al. 1993 
Health 

Canada 
2006 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 

REL 

1-hour 

8-hour 

 

55 

9 

Eye irritation 
Respiratory 

irritation 
Human 

Kulle et al. 1987 

Wilhelmsson and 
Holmstrom, 1992 

OEHHA 
2014; 

OEHHA 
2008 

TCEQ 
ReV 

1-hour 
50 

Eye and nasal 
irritation 

Human 
Pazdrak et al. 

1993; Krakowiak et 
al. 1998 

TCEQ 2008 

WHO 30 min 100 Eye irritation Human 
Lang et al. 2008; 
Kulle et al. 1987 

WHO 2010 

- not available 

The ATSDR (2014) recommend an acute inhalation MRL of 50 µg/m³ for formaldehyde.  The MRL was 

based on a study by Pazdrak et al. (1993) which reported eye and nose irritation in human volunteers, 

including individuals with skin sensitivity to formaldehyde, following 2 hours exposure to 0.4 ppm 

(0.5 mg/m
3
) formaldehyde.  A 10-fold uncertainty factor was applied to the exposure concentration to 

account for use of a LOAEL (3) and variability in human response (3) (ATSDR 1999). 

Health Canada (2006) recommends an acute (1 hour) indoor air quality guideline of 123 µg/m³ for 

formaldehyde.  This guideline represents one-fifth of the NOAEL of 1,230 µg/m³ for eye irritation in human 

clinical studies (Kulle 1993).   

A 1-hour ReV of 50 µg/m
3
 was recommended by the TCEQ (2008) for acute exposure to formaldehyde.  

Similar to the ATSDR (1999), this ReV was based on eye and nose irritation in human volunteers, 

including individuals with skin sensitivity to formaldehyde (Pazdrak et al. 1993) as well as individuals with 

asthmatic symptoms (Krakowiak et al 1998) following 2 hours exposure to 0.5 mg/m
3 

formaldehyde.  A 

10-fold uncertainty factor was applied to the exposure concentration (0.5 mg/m
3
) to account for use of a 

LOAEL (3) and variability in human response (3) (TCEQ 2008). 
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The OEHHA (2014) recommend a 1-hour REL of 55 µg/m
3
 and an 8-hour REL of 9 µg/m

3
 as acute 

exposure limits for formaldehyde.  The 1-hour REL of 55 µg/m
3
 (0.044 ppm) is based on a NOAEL of 

0.5 ppm for mild to moderate eye irritation in nonasthmatic humans exposed to 0.5-3.0 ppm formaldehyde 

for a 3 hour period (Kulle et al. 1987).  The OEHHA (2008) calculated a BMCL05 of 0.44 ppm for eye 

irritation which was adjusted by an uncertainty factor of 10 to account for potential asthma exacerbation. 

The OEHHA 8-hour REL of 9 µg/m
3
 was based on an occupational study (Wilhelmsson and Holmstrom 

1992) reporting nasal, eye and respiratory tract irritation in chemical plant workers exposed to a mean air 

concentration of 0.26 mg/m
3
 formaldehyde over an average of 10 years (OEHHA 2008).  The 8-hour REL 

was not considered for the acute exposure assessment as it was based on chronic exposure data and is 

intended for repeated 8-hour exposures.  

The WHO (2010) recommended a short-term (30 minute) indoor air quality guideline of 100 µg/m
3
 for 

formaldehyde.  This guideline was derived from a NOAEL of 0.63 mg/m
3
 for eye irritation (Lang et al. 

2008; Kulle et al. 1987).  The NOAEL was adjusted by a factor of 5, derived from the standard deviation 

of nasal pungency, resulting in a short term exposure guideline of 0.1 mg/m
3
. The short-term guideline 

was also considered protective of long-term health effects associated with formaldehyde exposure, 

including cancer.  The carcinogenic effects of formaldehyde (i.e., nasal carcinomas in rats) were 

attributed to increased cell proliferation as a result of cell damage from exposure to concentrations at and 

above 2.5 mg/m
3
 (WHO 2010).  

The lowest 1-hour guideline of 50 µg/m
3
 (ATSDR, 1999; TCEQ 2008) was selected for the current 

assessment of acute inhalation exposure to formaldehyde.  Formaldehyde was included in the chemical 

group for eye irritation following acute inhalation exposures. 

9.1.2 Chronic Inhalation  

Table 9-2 Chronic Inhalation Exposure Limits for Formaldehyde 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR MRL 10 
Eye and 

respiratory 
irritation 

Human 
Holmstrom et al. 

1989 

ATSDR 
2014; 
1999 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

RsC 1.9 Nasal tumours Rats 
Monticello et al. 

1996 

Health 
Canada 

2001 

HEALTH  
CANADA 

Long-term 
IAQG 

(8 hour 
average) 

50 
Asthma 

Hospitalisation  
Human Rumchev et al. 2002 

Health 
Canada 

2006 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 51 - December 2014 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ 
or Effect 

Species Study Source 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
REL 

RsC 

9 

2 

Respiratory 
irritation 

Human 

Rat 

Wilhelmsson and 
Holmstrom, 1992 

 Kerns et al. 1983 

OEHHA 
2008 

2011 

RIVM - - - - - 
RIVM, 
2001 

TCEQ 
ReV 

RsC 

11 

18 

Respiratory 
irritation 

Cell 
proliferation

1
 

Human 

Rat 

Wilhelmsson and 
Holmstrom, 1992 

Schlosser et al. 2003 

TCEQ  
2008 

US EPA RsC 0.8 Nasal tumours Rat Kerns et al. 1983 
US EPA 

1991 

- not available 
1
 Key precursor event to tumourigenesis 

The ATSDR (2014) recommend a chronic MRL of 10 µg/m
3
 (0.008 ppm) for formaldehyde.  This MRL 

was based on a LOAEL of 0.24 ppm as an average 8-hour TWA for mild irritation of the eye and 

respiratory tract and mild damage to nasal epithelium in chemical plant workers occupationally exposed 

to formaldehyde for an average of 10.4 years (Holmstrom et al. 1989).  The LOAEL was adjusted by an 

uncertainty factor of 30 for use of a LOAEL for mild effects (3) and human variability (10).  No adjustment 

was made for extrapolation to continuous exposure based on evidence provided by Wilmer et al. (1987) 

that formaldehyde exposure concentration was more important than the product of exposure duration and 

concentration for determining the severity of epithelial damage of the upper respiratory tract 

(ATSDR 1999). 

The OEHHA (2014) recommend a chronic REL of 9 µg/m
3
 for noncarcinogenic effects following chronic 

exposure to formaldehyde.  This exposure limit is based on the Wilhelmsson and Holmstrom (1992) study 

NOAEL (0.09 mg/m
3
) and uncertainty factor (10) identified for the 8-hour REL for nasal, eye and 

respiratory tract irritation in chemical plant workers exposed to formaldehyde (OEHHA 2008). 

The TCEQ (2008) recommend a chronic ReV of 11 µg/m
3
 for noncarcinogenic effects associated with 

chronic exposure to formaldehyde.  This exposure limit is based on the Wilhelmsson and Holmstrom 

(1992) study NOAEL (0.09 mg/m
3
) for nasal, eye and respiratory tract irritation in chemical plant workers 

exposed to formaldehyde for 8 hours/day, 5 days/week over an average of 10 years.  The NOAEL was 

adjusted for continuous exposure (0.032 mg/m
3
) and an uncertainty factor of 3 was applied to account for 

human variability (TCEQ 2008). 
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Health Canada (2006) recommended a long term indoor air quality guideline of 50 µg/m³ (based on an 8 

hour average) for formaldehyde.  This guideline is based on a study by Rumchev et al. (2002) that 

reported an association between formaldehyde concentrations in indoor air and hospitalisation for asthma 

in children from six months to three years of age.  An air concentration of 50 µg/m³ represents the lower 

end of the exposure concentration range associated with no significant increase of asthma 

hospitalisation. Although an increase in rat nasal carcinomas was reported in studies of exposures to high 

formaldehyde concentrations, this was considered the result of proliferative regeneration in response to 

cytotoxicity.  Negligible cancer risks were predicted from lifetime exposure to 50 µg/m³ as this air 

concentration was considered to be sufficiently low to prevent irritation and inflammatory responses 

(Health Canada 2006). 

IARC (2014) has classified formaldehyde as carcinogenic to humans (Group 1) and the NTP (2014) has 

listed formaldehyde as known to be a human carcinogen.  Although not completely understood, there is 

evidence for a genotoxic mode of action for nasal tumours and lymphohematopoietic cancers observed in 

human and animal chronic formaldehyde exposure studies (NTP 2014).  Health Canada (2001), 

OHEHHA (2011), TECQ (2008) and US EPA (1991) have developed chronic inhalation exposure limits 

based on the carcinogenic potential of formaldehyde. 

The US EPA (1991) identified an inhalation unit risk of 1.3 × 10
-5

 per µg/m³ from a study reporting nasal 

squamous cell carcinomas in rats following chronic (2 year) inhalation exposure to formaldehyde (Kerns 

et al. 1983).  This unit risk is equivalent to an RsC of 0.8 µg/m³ assuming a 1 in 100,000 incremental 

cancer risk level.  It is noted that the potential inhalation toxicity of formaldehyde is currently under review 

by the US EPA with a draft human health assessment released on June 2, 2010 for independent peer 

review and public comment (US EPA 2012).  

The OEHHA (2011) derived an inhalation unit risk of 6 × 10
-6

 per µg/m³ using the Kerns et al. (1983) data 

for nasal squamous cell carcinomas in rats.  The OEHHA unit risk is equivalent to an RsC of 2 µg/m³ for 

an incremental cancer risk of 1 in 100,000.  The upper range of cancer risks predicted by the OEHHA 

(2011) using the rat bioassay data were determined to be consistent  with lung cancer mortality risk 

estimates for workers (cohort of over 26,000) exposed to formaldehyde (Blair et al. 1986). 

Health Canada (2001) determined a TC05 of 9.5 mg/m³ using data for the incidence of nasal squamous 

tumours in a more recent study in rats (Monticello et al. 1996).   This air concentration is associated with a 

5% (1 in 20) increase in tumour incidence over background.  Dividing the TC05 by a factor of 5,000 results 

in an RsC of 1.9 µg/m³ for a 1 in 100,000 incremental cancer risk level.  

The TCEQ (2008) recommend an RsC of 18 µg/m³ for formaldehyde assuming a 1 in 100,000 cancer risk 

level.  This exposure limit was derived from Schlosser et al. (2003) who reported BMC and POD values 

for tumour incidence and cell proliferation in 3 data sets (including Kerns et al. 1983) describing these 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 53 - December 2014 

effects in rats following chronic formaldehyde inhalation.  Nasal cell proliferation was the POD selected 

for guideline development as it represents a key event in formaldehyde-induced carcinogenesis.  A 

PODHEC of 0.44 ppm, representing the 95% BMCL01, was determined for this endpoint.  The RsC of 

0.015 ppm (18 µg/m³) was developed by applying an uncertainty factor of 30 to the POD to account for 

extrapolation from animal data (3) and human variability (10). 

An exposure limit of 9 µg/m
3
, recommended by the OEHHA and supported by the ATSDR and TCEQ 

limits, was selected for the evaluation of non-carcinogenic effects following chronic inhalation exposure to 

formaldehyde.  Formaldehyde was included in the chemical groups for nasal irritation following chronic 

inhalation exposures. 

An exposure limit of 2 µg/m
3
, recommended by the OEHHA was selected for the evaluation of 

carcinogenic effects following chronic inhalation exposure to formaldehyde.  Although the US EPA 

provided the most conservative guideline (currently under review), the OEHHA conducted a more recent 

evaluation of the available data and considered the results of animal as well as human studies.  

Formaldehyde was included in the chemical group for nasal tumours following chronic inhalation 

exposures. 

9.1.3 Chronic Oral Exposure Limit 

Table 9-3 Chronic Oral Exposure Limits for Formaldehyde 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value 

(µg/kg bw/day) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR MRL 200 GI tract Rat 
Til et al. 

1989 
ATSDR 2014; 

1999 

Health 
Canada 

TDI 150 GI tract Rat 
Til et al. 

1989 
Health 

Canada 2001 

OEHHA RsD 0.48 
Route 

extrapolation 
Rat 

Kerns et 
al. 1983 

OEHHA 2013 

RIVM - - - - - RIVM 2001 

US EPA RfD 200 GI tract Rat 
Til et al. 

1989 
US EPA 1990 

- not available 

The ATSDR (2014), Health Canada (2001) and US EPA (1990) have all developed oral exposure limits 

for formaldehyde based on the same study (Til et al. 1989) reporting stomach irritation in rats following 

chronic exposure to formaldehyde in drinking water.  

The ATSDR (1999) and US EPA (1990) both identified a NOAEL of 15 mg/kg bw/day from the Til et al. 

(1989) study for histopathological changes in the gastrointestinal tract of rats following 2 years exposure 

to formaldehyde in drinking water.  An uncertainty factor of 100 was applied to this NOEAL to account for 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 54 - December 2014 

extrapolation from an animal study (10) and human variability (10).  The final MRL and RfD values were 

rounded up from 0.15 to 0.2 mg/kg bw/day, resulting in chronic exposure limits of 200 µg/kg bw/day 

(ATSDR 1999; US EPA 1990). 

Health Canada (2001) identified the same NOAEL of 15 mg/kg bw/day from the Til et al. (1989) study for 

histopathological effects in the forestomach and glandular stomach.  An uncertainty factor of 100 was 

applied to account for extrapolation from an animal study (10) and human variability (10).  There was 

no rounding of the final value, resulting in a chronic exposure limit of 150 µg/kg bw/day. 

The OEHHA (2011) recommend an oral slope factor of 0.021 per mg/kg bw/day for formaldehyde.  This 

slope factor was derived from the chronic inhalation cancer risk estimate described earlier (based on 

Kerns et al. 1983) for nasal squamous cell carcinomas in rats .  The OEHHA oral slope factor is 

equivalent to an RsD of 0.48 µg/kg bw/day assuming a 1 in 100,000 cancer risk level.   

Gastric irritation was the critical effect identified by the ATSDR, Health Canada and US EPA following 

chronic ingestion exposure to formaldehyde.  No treatment-related tumours were reported by Til et al. 

(1989).  Therefore the lowest exposure limit recommended from the drinking water study (i.e., 150 µg/kg 

bw/day) was selected for the current assessment of oral/dermal exposures to formaldehyde.    
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10.0 NAPTHALENE 

10.1 INHALATION EXPOSURE LIMITS 

10.1.1 Acute Inhalation  

Table 10-1 Acute Inhalation Exposure Limits for Naphthalene 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE - - - - - 
BC MOE 

2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA - - - - - 
OEHHA 

2014 

TCEQ ESL 200 Odour - - 
TCEQ  
2014 

WHO - - - - - 
WHO 
2000 

- not available 

The TCEQ have recommended an interim ESL of 200 µg/m
3
 for short–term exposure to naphthalene 

based on odour (TCEQ 2014).  This guideline is not health-based and no supporting documentation was 

provided for the odour threshold identified. 

No other acute inhalation guidelines were identified for public exposure to naphthalene; however the 

American Conference of Governmental Industrial Hygienists (ACGIH) recommends a short-term exposure 

limit (STEL) of 79 mg/m
3
 for naphthalene based on the potential for eye and respiratory tract irritation 

(OSHA 2012).  This STEL was established for occupational exposures up to 15 minutes duration.  A 1-

hour exposure limit was derived from the ACGIH STEL as follows: 79 mg/m
3
 x 15 min = X mg/m

3
 x 60 

min. This assumes that the biological response to acute naphthalene exposure will be a constant that is a 

function of time and exposure concentration (i.e., Habers law).  Using this assumption, a limit of 20 mg/m
3
 

was determined for 1-hour exposure to naphthalene.  The STEL was developed for worker exposure and 

therefore a 10-fold uncertainty factor was applied to the 1-hour air concentration to account for sensitive 

individuals in the general population.  The resulting exposure limit of 2 mg/m
3
 (2,000 µg/m

3
) was selected 

for the evaluation of acute inhalation exposure to naphthalene.   Naphthalene was included in the 

chemical groups for eye irritants and respiratory irritants following acute inhalation exposures. 
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10.1.2 Chronic Inhalation 

Table 10-2 Chronic Inhalation Exposure Limits for Naphthalene 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR MRL 4 Nasal lesions Rat 
Abdo et al., 
2001; NTP 

2000 

ATSDR 
2014; 2005 

BC MOE - - - - - 
BC MOE 

2013 

HEALTH  
CANADA 

TC 3 Nasal lesions Mouse 
NTP, 1992; 

US EPA 
1998 

Health 
Canada 

2010 

HEALTH  
CANADA 

Long-term 
IAQG 

(24 hour 
average) 

10 Nasal lesions Rats NTP 2000 
Health 

Canada 
2013 

METRO 
VANCOUVER 

- - - - - MV 2011 

OEHHA 
RfC 

RsC 

9 

0.3 

Nasal lesions 
Nasal tumours 

Mouse 

Rats 

NTP 1992 

NTP 2000 

OEHHA 
2000; 2011 

RIVM - - - - - RIVM, 2001 

TCEQ ESL 50 - - - 
TCEQ  
2014 

US EPA RfC 3 Nasal lesions Mouse NTP, 1992 
US EPA 

2014; 1998 

WHO 
Long-term 

IAQG 
10 Nasal lesions Rats Various WHO 2010 

- not available 

The ATSDR (2005) recommend a chronic inhalation MRL of 4 µg/m
3
 for naphthalene.  This MRL was 

based on the occurrence of nasal lesions as reported in two chronic inhalation studies in mice (NTP 

1992) and rats (Abdo et al. 2001; NTP 2000).  Mice were exposed to naphthalene concentrations of 

0,10 or 30 ppm for 6 hours/day, 5 days/week over 104 weeks (NTP 1992).  Rats were exposed to 

0,10, 30 or 60 ppm naphthalene for 6 hours/day, 5 days/week over 105 weeks (Abdo et al. 2001; NTP 

2000).  Nasal lesions were observed in both species at the lowest exposure level (LOAEL of 10 ppm or 

52 mg/m
3
).  A LOAELHEC of 1.04 mg/m

3 
(0.2 ppm) was determined for rat nasal lesions, after adjusting for 

continuous exposure and using US EPA (1994) inhalation dosimetry for a category 1 gas to derive a 

human equivalent concentration (from rat to human) (ATSDR 2005).  An uncertainty factor of 300 was 

applied to the LOAELHEC to account for use of a LOAEL (10), extrapolation from rats to humans, with 

dosimetric adjustment (3) and human variability (10).  The ATSDR MRL was not selected for the current 

assessment based on their use of inhalation dosimetry for a category 1 gas when there is evidence to 

suggest that naphthalene is a category 3 gas, as described below.  
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An RfC of 9 µg/m
3
 is recommended by the OEHHA (2000) for non-carcinogenic effects following chronic 

inhalation exposure to naphthalene.  This RfC was based on the NTP (1992) LOAEL of 52 mg/m
3
 

(10 ppm) for the occurrence of nasal lesions in mice exposed to naphthalene 6 hours/day, 5 days/week 

over 104 weeks.  This LOAEL was adjusted for continuous exposure (9 mg/m
3
) and a 1000-fold 

uncertainty factor was applied to account for use of a LOAEL (10), extrapolation from mice to humans 

without dosimetric adjustment (10) and human variability (10).  In keeping with the US EPA (1998) IRIS 

approach, the OEHHA (2000) treated naphthalene as a category 3 gas, based on its low water solubility, 

low direct reactivity and data to suggest that the toxic effects of naphthalene on the respiratory tract are 

the result of a reactive oxygenated metabolite that may be formed in the liver or respiratory tract. 

The TCEQ have recommended an interim ESL of 50 µg/m
3
 for long–term exposure to naphthalene based 

on health (TCEQ 2014), although no supporting documentation was provided for this ESL. 

The US EPA (1998) developed an RfC of 3 µg/m
3
 for naphthalene.  Similar to the OEHHA (2000), this 

guideline was based on a LOAEL of 10 ppm (52 mg/m
3
) for nasal lesions in mice chronically exposed to 

naphthalene (NTP 1992).  The US EPA (1998) determined a LOAELHEC of 9 mg/m
3 

after adjusting for 

continuous exposure and following inhalation dosimetry guidance for a category 3 gas.  An uncertainty 

factor or 3000 was applied to account for use of a LOAEL (10), extrapolation from mice to humans (10), 

human variability (10) and deficiencies in the database, including lack of a 2-generation reproductive 

toxicity study and lack of chronic inhalation data for other animal species (3).  

Health Canada (2010) also established a TC of 3 µg/m
3
 for the noncarcinogenic effects of naphthalene 

based on the US EPA (1998) RfC.  

The WHO (2010) and Health Canada (2013) both established indoor air quality guidelines of 10 µg/m³ for 

chronic exposure to naphthalene.  The WHO (2010) indoor air quality guideline is based on a LOAEL of 

53 mg/m³ for nasal lesions in rats chronically exposed (105 weeks) to naphthalene (NTP 2000). This 

LOAEL was adjusted to account for continuous exposure (6/24 hours × 5/7 days) and an uncertainty 

factor of 1000 was applied to the LOAEL to account for extrapolation from rats to humans (10), human 

variability (10) and use of a LOAEL rather than a NOAEL.  This annual average guideline is considered to 

be protective of the carcinogenic risks of naphthalene exposure (WHO 2010).   

The Health Canada (2013) indoor air quality guideline was also established based on the NTP (2000) 

chronic inhalation study in rats.  Similar to the WHO, Health Canada adjusted a LOAEL of 52 mg/m³ for 

continuous exposure and applied an uncertainty factor of 1000 to account for extrapolation from rats to 

humans (10), human variability (10) and deficiencies in the database.  This guideline is considered to be 

protective of nasal cytotoxicity which can lead to nasal tumour development in rats following chronic 

naphthalene exposure.  The minimum recommended sampling time for this guideline is 24 hours (Health 

Canada 2013).  
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IARC (2014) has classified naphthalene as possibly carcinogenic to humans (Group 2B) and the NTP 

(2014) has stated naphthalene is reasonably anticipated to be a human carcinogen. The supporting 

evidence for the NTP classification was provided in an NTP (2000) study in which chronic exposure to 

naphthalene produced highly malignant and extremely rare tumours of the lining of the nose of rats.  The 

mechanism for naphthalene carcinogenesis is not clear but formation of a specific stereoisomer of 

naphthalene oxide (1R,2S-) as well as oxidative damage and DNA breakage may play a role (NTP 2014).   

The OEHHA (2011) recommend a unit risk value of 0.034 per mg/m
3
 for carcinogenic effects following 

chronic inhalation exposure to naphthalene. This corresponds to an RsC of 0.3 µg/m
3
 assuming1 in 

100,000 (1x10
-5

) excess lifetime cancer risk.  Unit risk factors were developed for naphthalene using 

benchmark dose methodology and tumour incidence data for female mice, male rats and female rats 

(NTP 1992; 2000).  The selected unit risk factor was for the male rat (NTP 2000), the species most 

sensitive to naphthalene exposure via inhalation (OEHHA 2011). 

The US EPA (1998) did not consider the mouse tumour incidence reported in the 1992 NTP study 

(alveolar/bronchiolar carcinomas) to be related to naphthalene exposure as it was within the range of 

incidence in historical controls.  A more recent review of the cancer assessment data for naphthalene was 

conducted by US EPA (2004) and a draft unit risk value has been proposed, based on the increased 

incidence of nasal tumours in rats reported by NTP (2000).  As of October 2014, no changes have been 

made to the IRIS inhalation assessment for naphthalene as a result of this assessment. 

The majority of agencies have developed chronic inhalation exposure limits based on the non-

carcinogenic effects (nasal lesions) of naphthalene reported in mice and rats.  The OEHHA (2011) is the 

only agency to recommend a unit risk value for naphthalene, following an evaluation of the evidence for 

carcinogenicity in mice (lung alveolar/bronchiolar adenoma or carcinoma) and rats (nasal respiratory 

epithelial adenoma and nasal olfactory epithelial neuroblastoma). 

For the purpose of this assessment both carcinogenic and noncarcinogenic endpoints for naphthalene 

were evaluated.  The OEHHA (2011) RsC of 0.3 µg/m³ was selected for the assessment of carcinogenic 

effects and the lowest recommended RfC of 3 µg/m³ (US EPA, Health Canada) was selected for the 

assessment of noncarcinogenic effects following chronic inhalation exposure to naphthalene.  

Naphthalene was included in the chemical groups for nasal tumours and nasal irritation following chronic 

inhalation exposures. 
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11.0 NITROGEN DIOXIDE 

11.1 INHALATION EXPOSURE LIMITS 

11.1.1 Acute Inhalation  

Table 11-1 Acute Inhalation Exposure Limits for Nitrogen Dioxide  

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE 

1-hour  

24-hour 
AAQO 

400 

200 
- - 

Adopted 
NAAQO 

BC MOE 
2013 

CCME 

1-hour 

24-hour 
NAAQO 

400 

200 
- - - CCME 1999 

METRO 
VANCOUVER 

1-hour AAQO 200 - - 
Adopted 
NAAQO 

MV 2011 

OEHHA 
1-hour 

REL 
470 

Respiratory 
system 

Human 
CARB, 
1992 

OEHHA 
2008; 2014 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 
1-hour 

NAAQS 
188 

Respiratory 
system 

Human Various 
US EPA 

2008; 2012 

WHO 1-hour 200 
Respiratory 

system 
Human Various WHO 2006 

- not available  

Clinical studies of controlled human exposure have reported increased airway responsiveness to inhaled 

allergens in sensitive individuals as a result of acute exposure to nitrogen dioxide while epidemiological 

studies have correlated ambient nitrogen dioxide exposure with increased respiratory symptoms, 

emergency department visits and hospital admissions (US EPA 2008). 

The desirable Canadian NAAQOs for NO2 are 400 µg/m
3
 for a 1-hour averaging time and 200 µg/m

3
 over 

24 hours (CCME 1999). BC MOE (2013) has adopted the 1-hour and 24-hour NAAQOs as MAL AAQOs 

for nitrogen dioxide.  The Metro Vancouver (2011) 1-hour AAQO reflects the Canadian 1-hour desirable 

NAAQO for nitrogen dioxide.  Supporting health-based documentation are not available for the nitrogen 

dioxide NAAQO values.  Canada Ambient Air Quality Standards (CAAQS), defined by Environment 

Canada (2013) as health-based air quality objectives for pollutant concentrations in outdoor air, are being 

developed for Canada under the current Air Quality Management System.  There are currently no 

CAAQS for nitrogen dioxide, although work has been initiated by federal, provincial and territorial 

governments (CCME 2013; Environment Canada 2013).   
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The OEHHA (2008; 2014) recommends a 1-hour REL of 470 µg/m
3
.  This REL was equivalent to a 

NOAEL for increased airway reactivity in asthmatics exposed to nitrogen dioxide for 1 hour (CARB, 1992). 

The US EPA (2008; 2012) has implemented a 1-hour NAAQS of 188 µg/m
3
 to protect against the 

respiratory effects of nitrogen dioxide.  This standard considers the 3-year average of the 98
th
 percentile 

of the yearly distribution of 1-hour daily maximum nitrogen dioxide concentrations. 

In controlled exposure studies, acute effects on the pulmonary function of asthmatics were observed at 

nitrogen dioxide concentrations levels greater than 500 µg/m
3
, with one meta-analysis suggesting an 

increase in bronchial responsiveness in asthmatics exposed to air concentrations above 200 µg/m
3
 

(Folinsbee, 1992; WHO 2006).  The WHO (2006) has therefore set a 1-hour exposure limit of 200 µg/m
3
 

for short-term exposure to nitrogen dioxide. 

Considering the weight of available evidence for airway reactivity of susceptible individuals 

(i.e., asthmatics) exposed to nitrogen dioxide, the lowest reported exposure limit, US EPA NAAQS of 

188 µg/m
3
, was selected for use in the acute effects assessment of nitrogen dioxide.  Nitrogen dioxide 

was included in the chemical group for respiratory irritation following acute inhalation exposures. 

11.1.2 Chronic Inhalation  

Table 11-2 Chronic Inhalation Exposure Limits for Nitrogen Dioxide  

Agency 
Exposure Limit 

Type 
Exposure Limit 
Value (µg/m

3
) 

Critical 
Organ or 

Effect 
Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE Annual AAQO 60    
BC MOE 

2013 

CCME 
Annual Average 

NAAQO 
60 - - - CCME 1999 

METRO 
VANCOUVER 

Annual AAQO 40 - - - MV 2011 

OEHHA - - - - - 
OEHHA 

2014 

RIVM - - - - - RIVM, 2001 

TCEQ - - - - - TCEQ  2014 

US EPA 
Annual Average 

NAAQS 
100 

Respiratory 
system 

Human Various 
US EPA 

2008; 2012 

WHO Annual Average 40 
Respiratory 

system 
Human Various 

WHO 2006; 
2000 

- not available 
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The desirable annual average Canadian NAAQO for NO2 is 60 µg/m
3
.  This annual NAAQO was adopted 

by BC MOE (2013) as the MDL AAQO for nitrogen dioxide.  No supporting documentation was available 

for this objective. 

The WHO (2000; 2006) established an annual average guideline value of 40 µg/m
3 

for nitrogen dioxide.  

In the absence of a particular study or set of studies that clearly support an annual average guideline, the 

WHO considered background ambient levels of 15 µg/m
3
 and evidence of a 20% increase in respiratory 

illness in primary children with an increase of 28 µg/m
3
 nitrogen dioxide indoors (averaged over 1 year) 

(WHO 1997).  The annual AAQO recommended for nitrogen dioxide by Metro Vancouver (2011) reflects 

the WHO (2000; 2006) guideline. 

The US EPA (2012) annual standard for nitrogen dioxide is 100 µg/m
3
.  This exposure limit is based on 

limited evidence to support a link between long-term exposure to nitrogen dioxide and adverse respiratory 

effects, particularly for persons with preexisting pulmonary dysfunction (US EPA 2008). 

Considering the available evidence for respiratory illness in children and individuals with pre-existing 

pulmonary dysfunction following long-term exposure to nitrogen dioxide, the lowest WHO guideline of 

40 µg/m
3
 was selected for the assessment of chronic inhalation exposure to nitrogen dioxide. 
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12.0 PARTICULATE MATTER  

12.1 INHALATION EXPOSURE LIMITS 

12.1.1 Acute Inhalation  

Table 12-1 Acute Inhalation Exposure Limits for Fine PM ( <2.5 µm in Diameter) 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE 
24 hour 

AAQO 
25 - - - 

BC MOE 
2013 

CCME 
24-hour 

CWS/CAAQS 
27-30 

Population mortality 
and morbidity 

Human Various 
CCME  

2012; 2000 

CARB 
24 hour 

AAQS 
- - - - 

CARB 
2009 

METRO 
VANCOUVER 

24 hour 

AAQO 
25 - - - MV 2011 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 24-hour 35 
Population mortality 

and morbidity 
Human Various 

US EPA 

2012; 2009 

WHO 24-hour 25 
Population mortality 

and morbidity 
Human Various WHO 2006 

- not available 

Table 12-2 Acute Inhalation Exposure Limits for Coarse PM10 (<10 µm in Diameter) 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE 
24 hour 

AAQO 
50 - - - 

BC MOE 
2013 

CCME - - - - - 
CCME  

2012; 2000 

CARB 
24 hour 

AAQS 
50 

Population mortality 
and morbidity 

Human Various 
CARB 
2009 

METRO 
VANCOUVER 

24 hour 

AAQO 
50 - - - MV 2011 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 24-hour 150 
Population mortality 

and morbidity 
Human Various 

US EPA 

2012; 2009 

WHO 24-hour 50 Based on PM2.5 Human 
Based 

on 
PM2.5 

WHO 2006 

- not available 
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The CCME (2000) developed a 24-hour Canada Wide Standard (CWS) of 30 µg/m
3 

for fine particulate 

matter (PM2.5).  The CWS is based on the 3 year average of the annual 98
th
 percentile of the 24-hour 

average concentrations.  The PM2.5 CWS was based on the weight of available evidence for an 

association between acute exposure to ambient fine particulate matter and increased population mortality 

and morbidity, particularly related to the cardiovascular and respiratory systems, reported in 

numerous epidemiological studies from the US, Canada, Britain and Europe (WGAQOG 1998; Health 

Canada 2000; 2006).   

The available data (epidemiological studies of large populations) have not identified a threshold 

concentration below which adverse effects do not occur; therefore actions to reduce ambient PM2.5 

concentrations is considered an improvement in air quality that will be beneficial to human health (CCME, 

2000; WHO 2006).  In addition to the CWS for fine particulate matter, the CCEM (2000) provides 

guidance for i) continuous improvement and ii) keeping clean areas.  This guidance is intended to 

reinforce the health benefits of lowering ambient PM2.5 air concentrations and dissuade actions that could 

result in "polluting up" to the CWS in areas where ambient PM2.5 concentrations are low.   

In May 2013, the Canadian Ambient Air Quality Standards (CAAQS) for PM2.5 were published in the 

Canada Gazette (Vol 147, No. 21).  The CAAQS will replace the existing CWS for fine particulate matter.  

In keeping with the intent for continuous improvement of air quality, the 24-hour PM2.5 standard to be 

achieved by 2015 will be 28 µg/m
3
 with a slightly more stringent standard of 27 µg/m

3
 recommended 

for 2020 (CCME 2012).  The CAAQS is based on the 3 year average of the annual 98
th
 percentile of the 

24-hour average concentrations. The CCME (2000; 2012) have not established standards specific to 

coarse particulate matter (PM10) as the management of PM2.5 was considered to result in the greatest 

health benefits and reductions in fine particulate matter are expected to reduce concentrations of coarse 

particulate matter (CCME 2000).  

The California Air Resources Board (CARB, 2009) have established an acute ambient air quality standard 

of 50 µg/m
3
 (24-hour average) for PM10.  The acute health effects noted for coarse particulate matter 

exposure include worsening symptoms of asthma and acute bronchitis, particularly in the elderly and very 

young, as well as increased mortality or risk of hospitalisation due to respiratory illness and lung disease 

(CARB 2009). 

The US EPA (2012) implemented a 24-hour primary standard (NAAQS) of 35 µg/m
3
 for PM2.5 based on 

the 3-year average of 98
th
 percentile concentrations.  This standard is intended to increase protection 

against adverse health effects associated with acute exposure to respirable particles, including 

cardiovascular and respiratory effects and premature mortality (US EPA 2009).  The US EPA (2012) also 

recommend an acute NAAQS of 150 µg/m
3
 for PM10 which is not to be exceeded more than once per 

year over a 3 year average.  Similar to PM2.5, this standard is based on evidence of a causal relationship 

between acute exposure to coarse particulate matter (PM10-2.5) and cardiovascular effects, respiratory 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 71 - December 2014 

effects and mortality.   The evidence for these associations was limited in comparison to the evidence for 

PM2.5 and these associations were only apparent for short-term (not long-term) exposures to PM10-2.5 

(US EPA 2009). 

The WHO (2006) recommends a 24-hour guideline of 25 µg/m
3 

for PM2.5 and a 24-hour guideline of 

50 µg/m
3 

for PM10.   The 24-hour guidelines refer to the 99th percentile of the distribution of daily values, 

i.e. the fourth next highest value of the year.  The acute PM guidelines are intended to protect against 

peaks of pollution that could result in excess morbidity or mortality.  The acute PM2.5 guideline was 

established based on relationships between the distributions of 24-hour means and annual average PM 

concentrations.  The acute guideline for PM10 was developed using PM2.5 as an indicator of potential 

health effects and applying a PM2.5/PM10 ratio of 0.5, which represents the approximate ratio of 

PM2.5/PM10 observed in urban areas.  It is noted that the WHO (2006) prefers the use of the PM2.5 

guideline for the evaluation of PM exposure. 

Similar to the WHO (2006), the BC MOE (2013; 2009) also recommend 24-hour guidelines of 25 µg/m
3 
for 

PM2.5 and 50 µg/m
3 
for PM10, which have been adopted by Metro Vancouver (2011).  

The WHO (2006) also recommend three interim 24-hour target levels as a stepped approach for countries 

as they develop abatement measures to move towards eventual compliance with the guidelines.  The 

highest interim targets are 75 and 150 µg/m
3 

for PM2.5 and PM10, respectively.  These targets are 

associated with an approximate 5% increase in short-term mortality risk, relative to the short-term 

mortality risk at the recommended air quality guidelines.  The next interim targets of 50 µg/m
3 

for PM2.5 

and 100 µg/m
3 

for PM10 are associated with ~2.5% increase in short-term mortality risk compared to the 

guidelines.  The lowest interim targets of 37.5 and 75 µg/m
3 

for PM2.5 and PM10, respectively, are 

associated with ~1.2% increase in short-term mortality.  These risk estimates were determined using 

published risk coefficients from multi-centre epidemiological studies and meta-analyses (WHO 2006). 

The lowest recommended 24-hour guidelines of 25 µg/m
3 

for PM2.5 and 50 µg/m
3 

for PM10 (WHO 2006) 

were selected for the assessment of potential health risks following acute inhalation exposure to fine and 

coarse particulate matter, recognising the health benefits of maintaining ambient PM2.5 air concentrations 

as low as possible.   

PM2.5 and PM10 were included in the population mortality/morbidity group for acute (24-hour) inhalation 

exposures. 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 72 - December 2014 

12.1.2 Chronic Inhalation  

Table 12-2 Chronic Inhalation Exposure Limits for PM2.5 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE 

Annual 
Average 

AAQO 

8 (objective) 

6 (goal) 
- - - 

BC MOE 
2013 

CCME 

Annual 
Average 

CAAQS 

8.8-10 
Premature 
mortality 

Human Various 
CCME  
2012; 
2000 

CARB 
Annual 

Average 
12 

Population 
mortality/morbidity 

Human Various 
CARB 
2009 

METRO 
VANCOUVER 

Annual 
Average 

AAQO 

8 (objective) 

6 (goal) 
- - - MV 2011 

RIVM - - - - - 
RIVM, 
2001 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 
Annual 

Average 
NAAQS 

12 
Population 

mortality/morbidity 
Human Various 

US EPA  
2012; 
2009 

WHO 
Annual 

Average 
10 

Population 
mortality/morbidity 

Human 
Pope et al., 

2002, 
others 

WHO 
2006; 
2000 

- not available 

Table 12-3 Chronic Inhalation Exposure Limits for PM10 

Agency 
Exposure 
Limit Type 

Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014 

BC MOE 
Annual Average 

AAQO 
 - - - 

BC MOE 
2013 

CCME - - - - - 
CCME 

2012; 2000 

CARB Annual Average 20 

Population 
mortality 

/morbidity 

Human Various CARB 2009 

METRO 
VANCOUVER 

Annual Average 
AAQO 

20 - - - MV 2011 

RIVM - - - - - RIVM, 2001 

TCEQ - - - - - TCEQ  2014 

US EPA - - - - - 
US EPA  

2012; 2009 

WHO Annual Average 20 Based on PM2.5  
Based on 

PM2.5 
WHO 2006; 

2000 

- not available 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – HHRA – Air Emissions – Toxicity Profiles - 73 - December 2014 

Annual average CAAQS for PM2.5 were published in the Canada Gazette in May 2013.  The annual 

average standard to be achieved by 2015 will be 10 µg/m
3
 with a slightly more stringent standard of 

8.8 µg/m
3
 recommended for 2020. The CAAQS is based on the 3 year average of the annual average 

concentrations (CCME 2012).  

The CARB (2009) established annual ambient air quality standards of 12 and 20 µg/m
3
 (arithmetic 

means) for  PM2.5 and PM10 , respectively.  These standards are intended to protect against: increased 

risk of hospitalisation for lung and heart-related illness; premature death of the elderly and individuals with 

compromised pulmonary function, and; reduced lung function or increased respiratory symptoms/illness 

in children. 

The US EPA (2012) has implemented a primary annual standard (NAAQS) of 12 µg/m
3
 for PM2.5 based 

on the 3-year average of 98
th
 percentile concentrations.  The annual standard is intended to continue 

protection against adverse health effects associated with chronic exposure to respirable particles, 

including cardiovascular effects, respiratory effects, and premature mortality (US EPA 2009).   

The WHO (2006) established an annual mean guideline of 10 µg/m
3 

for PM2.5. This guideline represents 

the lower end of the air concentration range in the American Cancer Society (ACS) epidemiological study 

at which robust associations were reported between mortality and long-term exposure to PM2.5 (Pope et 

al., 2002).  Although threshold levels were not identified, the long-term epidemiological studies reported 

robust associations between PM2.5 exposure and mortality and annual average target concentrations for 

PM2.5 should take precedence over 24-hour average concentrations (WHO 2006).  An annual mean 

guideline of 20 µg/m
3
 is recommended for PM10 assuming a PM2.5/PM10  ratio of 0.5 and using PM2.5 as 

an indicator of potential health effects.   

Three interim target levels were developed for the annual mean guidelines for PM as a stepped approach 

for countries as they develop successive and sustained abatement measures to move towards eventual 

compliance with the recommended air quality guidelines (WHO 2006).  The highest interim targets 

(35 and 70 µg/m
3 

for PM2.5 and PM10, respectively) are associated with a 15% higher long-term mortality 

risk relative to the mortality risk at the lowest recommended air quality guideline .  Attainment of 

intermediate interim targets (25 and 50 µg/m
3 

for PM2.5 and PM10, respectively) is expected to lower the 

mortality risks by 6% when compared to the highest interim targets.  The lowest interim targets (15 and 

30 µg/m
3 

for PM2.5 and PM10, respectively) would reduce by the mortality risks by a further 6%, compared 

to the intermediate targets (WHO 2006). 

The BC MOE (2013; 2009) have established an annual air quality objective of 8 µg/m
3 

and, in the 

absence of a safe threshold for human health effects, a planning goal of 6 µg/m
3
 for PM2.5.  The intent of 

the planning goal being to guide airshed planning efforts and encourage communities to maintain good air 

quality in the face of economic growth and development (BC MOE 2009).  The annual objectives 

recommended for PM2.5 by BC MOE (2013) have been adopted by Metro Vancouver (2011).  
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In the absence of an identified threshold for mortality risks associated with long-term exposure to PM2.5 

(WHO 2006), the lowest recommended guideline of 6 µg/m
3 

(BC MOE 2013) was adopted for the current 

assessment of risks associated with chronic inhalation exposure to PM2.5.  The chronic guideline of 

20 µg/m
3
, supported by WHO (2006), CARB  (2009); BC MOE (2013) and Metro Vancouver (MV 2011), 

was selected for the assessment of long-term exposure to PM10. 

PM2.5 and PM10 were included in the population mortality/morbidity group for chronic inhalation exposures. 
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13.0 SULPHUR DIOXIDE 

13.1 INHALATION EXPOSURE LIMITS 

13.1.1 Acute Inhalation  

Table 13-1 Acute Inhalation Exposure Limits for Sulphur Dioxide 

Agency 
Exposure 
Limit Type 

Exposure 
Limit Value 

(µg/m
3
) 

Critical Organ or 
Effect 

Species Study Source 

ATSDR 
Acute  

MRL 
26 

Respiratory 
system 

Human 
Sheppard et 

al. 1981 

ATSDR 
2014; 
1998 

BC MOE 

1-hour  

24-hour 
AAQO 

450 

160 
- - 

Adopted 

1-hour 
NAAQO 

BC MOE 
2013 

CCME 

1-hour 

24-hour 

NAAQO 

450 

150 
- - - 

CCME 
1999 

METRO 
VANCOUVER 

1-hour 

24-hour 
AAQO 

450 

125 
- - 

Adopted 

1-hour 
NAAQO 

MV 2011 

OEHHA 
1-hour 

REL 
660 

Respiratory 
system 

Human 
Roger et al., 
1985; Linn et 

al. 1987 

OEHHA 
2014; 
2008 

TCEQ - - - - - 
TCEQ  
2014 

US EPA 
1-hour 

NAAQS 
200 

Respiratory 
system 

Human Various 
US EPA 

2012; 
2010 

WHO 
10-min 

24-hour 

500 

20-125  

Respiratory 
system 

Population 
morbidity/mortality 

Human Various 
WHO 
2006 

- not available 

The ATSDR (2014) recommend a MRL of 26 µg/m
3 

for acute exposure to sulphur dioxide.  This MRL was 

derived from a controlled exposure study which examined bronchoconstriction (changes in specific airway 

resistance) in mild asthmatics directly exposed, via a mouthpiece, to sulphur dioxide during 10 minutes of 

exercise (Sheppard et al. 1981).  The ATSDR do not recommend an averaging time for this MRL.  It is 

noted that bronchoconstrictive responses to sulphur dioxide exposures were reported to be highly 

variable in individual asthmatics (ATSDR 1998) and that the LOAEL identified from this study was based 

on the response of 2 out of a total of 7 individuals examined. 
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The desirable Canadian NAAQO for SO2 are 450 µg/m
3
 for a 1-hour averaging time and 150 µg/m

3
 over 

24 hours (CCME 1999).  BC MOE (2013) has adopted the 1-hour NAAQO as a Provincial Level A 

Pollution Control Objective for sulphur dioxide. The BC MOE (2013) 24-hour AAQO of 160 µg/m
3
 is 

slightly higher than the NAAQO (150 µg/m
3
).  The Metro Vancouver (2011) 1-hour AAQO also reflects the 

Canadian 1-hour desirable NAAQO for sulphur dioxide.  Metro Vancouver (2011) recommends a 24-hour 

AAQO of 125 µg/m
3
 for sulphur dioxide. 

Supporting health-based documentation is not available for the sulphur dioxide NAAQO or AAQO values.  

Canada Ambient Air Quality Standards (CAAQS), defined by Environment Canada (2013) as health-

based air quality objectives for pollutant concentrations in outdoor air, are being developed for sul[hur 

dioxide under the current Air Quality Management System.  There are currently no CAAQS for sulphur 

dioxide, although work has been initiated by federal, provincial and territorial governments (CCME 2013; 

Environment Canada 2013).   

The OEHHA (2014) recommends a 1-hour REL of 660 µg/m
3
.  This exposure limit was based on NOAELs 

reported in studies of respiratory effects in healthy, asthmatic and atopic individuals following controlled 

exposure to sulphur dioxide with or without exercise (Roger et al., 1985; Linn et al. 1987). 

The US EPA (2012) has implemented a 1-hour NAAQS of 200 µg/m
3
 for sulphur dioxide to protect 

against respiratory effects.  This standard considers the 3-year average of the 99
th
 percentile of 1-hour 

daily maximum sulphur dioxide concentrations.  The basis for this exposure limit was the protection of 

sensitive individuals (including asthmatic children) from adverse respiratory effects during periods 

of exertion.  This standard also considered epidemiological studies reporting causal associations between 

1-hour daily maximum sulphur dioxide concentrations and respiratory morbidity (increased 

hospital admissions).  The 1-hour NAAQS was expected to substantially limit asthmatics short-term 

exposure (5-10 minutes) to sulphur dioxide concentrations above 500 µg/m
3
 (US EPA 2010).   

Breathing difficulties in response to sulphur dioxide can occur within the first few minutes of exposure and 

may provoke asthma attacks, particularly during exercise; therefore, the WHO (2006) has recommended 

a 10 minute time-weighted average guideline of 500 µg/m
3
 for acute exposures to sulphur dioxide.   

The WHO (2006) also recommends a 24-hour guideline of 20 µg/m
3
 for sulphur dioxide, with two interim 

24-hour target levels of 125 µg/m
3
 and 50 µg/m

3
 as countries move towards compliance with the more 

stringent guideline. These recommendations are based on epidemiological studies that report an 

association between mortality, morbidity or lung function changes and 24-hour average sulphur dioxide 

concentrations in ambient air (WHO 2006), similar to the observed associations with 24 hour 

concentrations of particulate matter. However, as discussed by WHO (2006), these epidemiological 

studies involve exposure to multiple chemicals and there remains considerable uncertainty as to whether 

sulphur dioxide is the chemical responsible for the effects observed or whether sulphur dioxide is a 
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surrogate for ultrafine particles or another correlated substance.  Given this considerable uncertainty and 

considering that 24-hour guidelines for particulate matter are being considered, the 24-hour guideline for 

sulphur dioxide was not included in the current assessment.    

The US EPA NAAQS of 200 µg/m
3
 was selected for the evaluation of 1-hour exposures to sulphur dioxide 

as it was the most recently established acute guideline for sulphur dioxide and is based on the results of a 

range of epidemiological studies that considered sensitive individuals, including asthmatic children.  The 

WHO (2006) 10-min guideline of 500 µg/m
3
 was also selected based on the potential for asthma attacks 

within minutes of exposure to SO2 during exercise. Sulphur dioxide was included in the chemical group 

for respiratory irritation following acute inhalation exposures.   

13.1.2 Chronic Inhalation  

Table 13-2 Chronic Inhalation Exposure Limits for Sulphur Dioxide 

Agency 
Exposure Limit 

Type 
Exposure Limit 
Value (µg/m

3
) 

Critical Organ 
or Effect 

Species Study Source 

ATSDR - - - - - 
ATSDR 

2014; 1998 

BC MOE 
Annual Average 

AAQO 
25 - - - 

BC MOE 
2013 

CCME 
Annual Average 

NAAQO 
30 - - - CCME 1999 

METRO 
VANCOUVER 

Annual Average 

AAQO 
30 - - - MV 2011 

OEHHA - - - - - 
OEHHA 

2014; 2008 

TCEQ - - - - - TCEQ  2014 

US EPA - - - - - 
US EPA 

2012; 2010 

WHO - - - - - WHO 2006 

- not available 

The desirable Canadian NAAQO for SO2 over an annual averaging period is 30 µg/m
3 

(CCME 1999).  

Metro Vancouver (2011) also recommends an annual average AAQO of 30 µg/m
3
 while the BC MOE 

(2013) recommends an annual average AAQO OF 25 µg/m
3
 for sulphur dioxide.   

Although documentation to support the basis for these objectives could not be located, for the purpose of 

this assessment, the BC MOE AAQO of 25 µg/m
3
 was selected for the evaluation of chronic exposure to 

sulphur dioxide, as this represents the lowest of the annual average guidelines recommended by 

Canadian federal and provincial agencies.  
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Technical Report/Technical Data Report Disclaimer 

The Canadian Environmental Assessment Agency determined the scope of the proposed Roberts Bank 

Terminal 2 Project (RBT2 or the Project) and the scope of the assessment in the Final Environmental 

Impact Statement Guidelines (EISG) issued January 7, 2014.  The scope of the Project includes the 

project components and physical activities to be considered in the environmental assessment.  The scope 

of the assessment includes the factors to be considered and the scope of those factors.  The 

Environmental Impact Statement (EIS) has been prepared in accordance with the scope of the Project 

and the scope of the assessment specified in the EISG. For each component of the natural or human 

environment considered in the EIS, the geographic scope of the assessment depends on the extent of 

potential effects.  

At the time supporting technical studies were initiated in 2011, with the objective of ensuring adequate 

information would be available to inform the environmental assessment of the Project, neither the scope 

of the Project nor the scope of the assessment had been determined.   

Therefore, the scope of supporting studies may include physical activities that are not included in the 

scope of the Project as determined by the Agency. Similarly, the scope of supporting studies may also 

include spatial areas that are not expected to be affected by the Project.   

This out-of-scope information is included in the Technical Report (TR)/Technical Data Report (TDR) for 

each study, but may not be considered in the assessment of potential effects of the Project unless 

relevant for understanding the context of those effects or to assessing potential cumulative effects. 
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EXECUTIVE SUMMARY 

The Roberts Bank Terminal 2 Project (RBT2 or the Project), is a proposed new three-berth marine 

terminal at Roberts Bank in Delta, B.C. The Project is part of Port Metro Vancouver’s (PMV) Container 

Capacity Improvement Program, a long-term strategy to deliver projects to meet anticipated growth in 

demand for container capacity to 2030. 

Hemmera was retained by PMV to determine whether predicted Project-related noise and ground-borne 

vibration levels are anticipated to affect human health, using a human health risk assessment (HHRA) 

methodology. This HHRA relies on the findings of the RBT2 Noise and Vibration study (Wakefield 2014).  

The primary objective of this HHRA was to evaluate whether current noise and vibration levels, and future 

predicted noise levels, including noise associated with the Project, could have a potential adverse effect 

on human health. The HHRA considers noise and vibration in the context of two future scenarios: Project 

construction and operation, in comparison to the future without the Project (Future Scenario 1) case. This 

noise HHRA is further intended to identify the need for risk management, although mitigative planning is 

beyond the scope of this technical data report.  

The noise HHRA was completed based on measurements of existing noise, low-frequency noise, and 

ground-borne vibration levels measured by Wakefield Acoustics Ltd. in 2013 at seven sites to 

characterise noise and ground-borne vibration levels at representative sensitive receptor locations 

within the noise and vibration study area. The measurement locations selected did not include all possible 

sensitive receptors, but rather included a representative set of sites that reflect areas where noise and 

ground-borne vibration levels are expected to be highest, and from which predictions about exposure and 

potential effects can be drawn for the larger study area. Noise modelling was completed for a subset of 

the same sites, as well as for the local assessment area (LAA) in general to characterise annual averages 

under existing conditions, as well as future conditions without the Project, during construction of the 

Project, and with the Project at full operational capacity.  

A primary and several secondary indicators were assessed to determine whether the health of residents 

in communities nearest to the proposed Project may be affected as a result of exposure to Project related 

noise and vibration. The primary indicator is percent highly annoyed (%HA) while the secondary 

indicators are sleep disturbance, interference with speech comprehension, and annoyance associated 

with low-frequency noise and ground-borne vibration. Percent highly annoyed is considered to be primary 

indicator because it has been the focus of extensive epidemiological studies of transportation-related 

noise over the last three decades and there is a well-established quantitative relationship between noise 

exposure and adverse human health effects, based on this metric. A project-related increase in %HA 

(percent of the exposed community that may report feeling highly annoyed) of 6.5% or higher is used as a 

guideline for significance for change related to health outcomes associated with hypertension (Health 

Canada 2011). 
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For the Project construction phase, the calculated change in %HA for the sensitive receptor locations was 

below the guideline of 6.5%. In calculation of the %HA, the impulsive characteristic of source noise and 

the presence of low-frequency noise were accounted for with adjustments to the day-night equivalent 

sound levels (Ldn), because the presence of impulsive and low-frequency noise can increase the 

potential annoyance of sound. The predicted daytime equivalent sound level (Ld) at each receptor 

location was found to be below the speech comprehension guideline of 55 A-weighted decibels (dBA) 

outdoors. Finally, the predicted nighttime equivalent sound level (Ln) at all receptor locations exceeded 

the sleep disturbance guideline of 45 dBA outdoors (for continuous noise). It should be noted that the 

baseline Ln values generally exceeded the sleep disturbance guideline as well, and that the anticipated 

increases in Ln as a result of Project construction (as compared to baseline conditions) were minimal. 

For the Project operation phase, the calculated change in %HA for all receptor locations was below the 

guideline of 6.5%. In calculation of the %HA, adjustments were made to the Ldn values to account for the 

presence of impulsive and low-frequency noise. The change in %HA (future conditions in 2025 with the 

Project versus conditions without the Project) was mapped and exceedances of the 6.5% guideline are 

anticipated to occur in the area surrounding the most northeasterly portion of the Project footprint, where 

the Roberts Bank causeway meets the shoreline. The change in %HA is also projected to exceed 6.5% 

immediately adjacent to Deltaport Way eastward to the boundary of the modelled area. Sources of noise 

in these areas include RBT2, Deltaport Terminal, rail and road. The Ld at each receptor location was 

found to be lower than the speech comprehension guideline of 55 dBA outdoors. Finally, the Ln at all 

receptor locations exceeded the sleep disturbance guideline of 45 dBA outdoors (for continuous noise). 

It should be noted that the baseline Ln values generally exceeded the sleep disturbance guideline as well, 

and that the anticipated increases in Ln as a result of Project operation (as compared to conditions without 

the Project) were minimal. At some receptor locations, particularly in close proximity to the Roberts Bank 

rail corridor, transient noise events (for example, locomotives or wheel-rail interactions) may contribute 

to sleep disturbance. 

Low-frequency noise was assessed in two ways: (i) through calculation of the change in %HA (applying a 

+5 dBA adjustment to the Ldn levels to account for low-frequency noise, if it is present or predicted; i.e. if 

dBC values exceed dBA values by 10 dB) for the Project construction and operation phases 

(as compared to baseline conditions), and (ii) through the use of a rattle criterion of 70 decibels (dB). As 

indicated above, the change in %HA at all receptor locations is below the guideline of 6.5%. Furthermore, 

the energy sum of the sound levels in the 16-, 31.5- and 63- Hertz (Hz) octave bands for each site is 

below the rattle criterion. Therefore, low-frequency noise is not anticipated to have an effect on the 

communities nearest to RBT2. Moreover, the predicted increase in low-frequency noise levels as a result 

of Project operation as compared to future conditions without the Project is minimal. 
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Ground-borne vibration was evaluated in this HHRA using an impact criterion of 103 VdB, which is the 

approximate dividing line between barely perceptible and distinctly perceptible vibrations. This criterion is 

applicable to residential areas with occasional vibration events. For two residential sites in rural Delta, the 

maximum ground-borne vibration levels for heavy trucks exceed the selected impact criterion, while for a 

separate rural residential site in Delta the maximum ground-borne vibration level for trains marginally 

exceeds the impact criterion. As such, under current conditions, it is possible that individuals living in the 

vicinity of these sampling locations (that is, in close proximity to Deltaport Way or other roadways where 

heavy trucks travel) may be experiencing annoyance. Maximum construction phase ground-borne 

vibration levels are not expected to exceed 90 VdB. This level is 3 VdB below the 93 VdB threshold of 

perception for humans. In the future, RBT2 is not expected to affect ground-borne vibration levels 

experienced by noise and vibration sensitive upland receptors due to the large setback distances of 

sensitive receptors. Ground-borne vibration levels in these areas are dominated by upland road and rail 

traffic that are outside the jurisdiction of PMV. 

 

 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - iv - December 2014 

 

TABLE OF CONTENTS 

EXECUTIVE SUMMARY ............................................................................................................................... I 

LIST OF ACRONYMS AND ABBREVIATIONS ........................................................................................ VIII 

GLOSSARY  ........................................................................................................................................... IX 

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

1.1 PROJECT BACKGROUND ........................................................................................................ 1 

1.2 OBJECTIVES .......................................................................................................................... 1 

2.0 ASSESSMENT APPROACH ........................................................................................................... 2 

2.1 HUMAN HEALTH RISK ASSESSMENT METHODOLOGY ............................................................... 2 

2.2 NOISE AND VIBRATION MEASUREMENTS AND MODELLING ........................................................ 3 

2.3 STUDY AREA ......................................................................................................................... 3 

2.4 TEMPORAL SCOPE................................................................................................................. 3 

2.4.1 Construction Horizon Year ..................................................................................... 3 

2.4.2 Operation Horizon Year ......................................................................................... 4 

3.0 HAZARD IDENTIFICATION ............................................................................................................ 5 

4.0 RECEPTOR IDENTIFICATION ....................................................................................................... 9 

4.1 RECEPTORS .......................................................................................................................... 9 

4.2 NOISE SOURCES ................................................................................................................. 11 

5.0 APPLICABLE GUIDELINES AND EXPOSURE THRESHOLDS ................................................. 12 

5.1 HEALTH CANADA GUIDANCE ................................................................................................ 12 

5.1.1 Receptors ............................................................................................................. 12 

5.1.2 Noise Parameters ................................................................................................ 13 

5.1.3 Health Impact Indicators ...................................................................................... 13 

5.1.3.1 High Annoyance ................................................................................ 14 

5.1.3.2 Impulsive and Tonal Noise ................................................................ 15 

5.1.3.3 Sleep Disturbance ............................................................................. 15 

5.1.3.4 Interference with Speech Comprehension ........................................ 16 

5.1.3.5 Low-Frequency Noise ........................................................................ 16 

5.2 UNITED STATES FEDERAL TRANSIT ADMINISTRATION ............................................................ 16 

5.3 SUMMARY OF NOISE AND VIBRATION GUIDELINES FOR PROJECT ........................................... 18 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - v - December 2014 

 

6.0 EXPOSURE ASSESSMENT ......................................................................................................... 19 

6.1 NOISE ................................................................................................................................. 19 

6.1.1 Existing Noise Conditions .................................................................................... 19 

6.1.2 Predicted Noise During Construction ................................................................... 19 

6.1.3 Predicted Noise During Operation ....................................................................... 20 

6.2 IMPULSIVE AND TRANSIENT NOISE ........................................................................................ 21 

6.2.1 Existing Noise Conditions .................................................................................... 21 

6.2.2 Predicted Noise During Operation ....................................................................... 23 

6.3 LOW-FREQUENCY NOISE ..................................................................................................... 23 

6.3.1 Existing Low-Frequency Noise Conditions .......................................................... 24 

6.3.2 Predicted Low-Frequency Noise During Operation ............................................. 26 

6.4 GROUND-BORNE VIBRATION ................................................................................................ 26 

6.4.1 Existing Ground-borne Vibration Conditions ........................................................ 26 

6.4.2 Predicted Ground-borne Vibration During Construction ...................................... 28 

6.4.3 Predicted Ground-borne Vibration During Operation ........................................... 28 

7.0 RISK CHARACTERISATION ........................................................................................................ 29 

7.1 HEALTH RISK RELATED TO NOISE ........................................................................................ 29 

7.1.1 Construction Phase .............................................................................................. 29 

7.1.2 Operation Phase .................................................................................................. 30 

7.2 HEALTH RISK RELATED TO LOW-FREQUENCY NOISE ............................................................. 32 

7.3 HEALTH RISK RELATED TO GROUND-BORNE VIBRATION ........................................................ 32 

7.3.1 Construction Phase .............................................................................................. 33 

7.3.2 Operation Phase .................................................................................................. 33 

8.0 CONCLUSIONS ............................................................................................................................. 34 

9.0 CLOSURE ...................................................................................................................................... 36 

10.0 REFERENCES ............................................................................................................................... 37 

11.0 STATEMENT OF LIMITATIONS ................................................................................................... 39 

 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - vi - December 2014 

 

List of Tables (within text) 

Table 4-1  Noise and Vibration Measurement Site Descriptions ....................................................... 10 

Table 4-2 Noise Environment Composition ....................................................................................... 11 

Table 5-1  Human and Structural Response to Different Levels of Ground-borne Vibration ............. 17 

Table 5-2  Ground-borne Vibration Impact Criteria for General Assessment .................................... 18 

Table 6-1  Existing (2013) Annual Average Noise Levels .................................................................. 19 

Table 6-2  Predicted Noise Levels and Noise Level Increases during Project Construction ............. 20 

Table 6-3  Future Scenario 1 Model Results (without RBT2) – Annual Average Noise Levels ......... 20 

Table 6-4   Future Scenario 2 Model Results (with RBT2) – Annual Average Noise Levels .............. 20 

Table 6-5  Effect of Roberts Bank Terminal 2 on Community Noise Levels ...................................... 21 

Table 6-6  Impulsive Noise Levels ..................................................................................................... 22 

Table 6-7  Maximum Sound Levels and Sound Event Levels at Site 3 from Locomotive Pass-bys . 22 

Table 6-8  Predicted Percentage Increases in Port and Rail Corridor-related Transient and Impulsive 

Noise Events ..................................................................................................................... 23 

Table 6-9  Predicted Numbers of Future Impulsive and Transient Noise Events .............................. 23 

Table 6-10  Comparison of A- and C-weighted Existing Noise Levels ................................................ 24 

Table 6-11  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 5) ................... 25 

Table 6-12  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 6) ................... 25 

Table 6-13  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 7) ................... 25 

Table 6-14  Predicted Increases in Low-frequency Noise Levels ........................................................ 26 

Table 6-15  Ground-borne Vibration Measurement Results ................................................................ 27 

Table 7-1 Construction Phase Compliance with Health Canada Noise Limits ................................. 30 

Table 7-2 Operation Phase Compliance with Health Canada Noise Limits ...................................... 30 

Table 7-3 Compliance with Low-Frequency Noise Rattle Criterion .................................................. 32 

Table 7-4 Compliance with Ground-borne Vibration Criterion .......................................................... 33 

List of Figures (within text) 

Figure 2-1 General Risk Assessment Framework ................................................................................ 2 

Figure 3-1  Incidence of Community Annoyance due to Transportation Noise Based on Social 

Surveys ............................................................................................................................... 7 

 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - vii - December 2014 

 

List of Figures (Following text) 

Figure 1 Study Area for HHRA Noise Assessment 

Figure 2 Difference In Predicted Uplands Ldn in the Future With vs Without the Project 

Figure 3 Difference In Predicted Marine Ldn in the Future With vs Without the Project 

Figure 4 Predicted Percentage of Sub-Population that will be Highly Annoyed (%HA) based on the 

Level of Noise, as Ldn, Experienced for Future Without the Project 

Figure 5 Predicted Percentage of Sub-Population that will be Highly Annoyed (%HA) based on the 

Level of Noise, as Ldn, Experienced for Future With the Project 

Figure 6 Predicted Difference in %HA With Versus Without the Project in the Future 

List of Appendices 

Appendix A Calculation of Percent Highly Annoyed 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - viii - December 2014 

 

LIST OF ACRONYMS AND ABBREVIATIONS 

%HA Percent highly annoyed 

AER Alberta Energy Regulator 

CSA Canadian Standards Association  

dB Decibel 

dBA A-weighted decibel 

dBC C-weighted decibel 

CEAA Canadian Environmental Assessment Act 

DTRRIP Deltaport Terminal Road and Rail Improvement Project 

FTA United States Federal Transit Administration 

HC Health Canada 

HEI High energy impulsive 

HHRA Human health risk assessment 

HI Highly impulsive 

Hz Hertz  

Ld Daytime equivalent sound level 

Ldn Day-night equivalent sound level 

Leq 24-hour equivalent sound level 

LFN Low-frequency noise 

Lmax Maximum sound level 

Ln Night equivalent sound level 

L90 Ninety percent exceedance level 

PMV Port Metro Vancouver 

PPV Peak particle velocity 

Project Roberts Bank Terminal 2 Project 

PT Prominent tone  

RI Regular impulsive  

RL Rating level  

RMS Root mean square 

RBRC Roberts Bank Rail Corridor 

RBT2 Roberts Bank Terminal 2 Project 

SEL Sound exposure level  

TEU Twenty-foot equivalent unit  

U.S. United States 

VdB Ground-borne vibration  

WHO World Health Organization 

 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - ix - December 2014 

 

GLOSSARY 

A-weighted decibel (dBA): The human ear and brain system is much more sensitive to sounds at mid-

range and higher frequencies (or pitches) than at lower frequencies. Sound level meters are equipped 

with electronic filtering (or weighting) networks that replicate the ear’s frequency sensitivity. The most 

widely used of such a weighting network is called A-weighting, and sound levels measured with this 

weighting in place are expressed in dBA. 

Airborne noise: the propagation of noise through the air via vibrating air molecules. 

Annoyance: A state of being annoyed, disturbed or bothered, evoking upset of a person’s composure, 

which can include some degree of wearing on the nerves, anger or anxiety, difficulty enduring the source 

of annoyance and ensuing weariness or impatience of spirit, or interference with comfort or peace of 

mind.  

C-weighted decibel (dBC): This sound weighting is a frequency weighting employed in some sound 

level meters, which replicates the ear’s sensitivity to sound at higher intensities (100 decibels (dB) or 

greater) than are typically experienced in day-to-day life. At these high sound levels, the ear’s frequency 

response is much flatter than it is at the much lower sound levels for which the more familiar A-weighting 

was developed. 

Component noise level: Community noise environments typically feature contributions from a variety of 

sources – natural and otherwise. Measured community noise levels include the contributions of all 

sources in a noise environment. To model existing or future noise levels, however, it is often necessary to 

break the noise environment into its various components. Each significant noise source then contributes 

its own component noise level. The logarithmic sum of the component noise levels is then equal to the 

total noise level in a community. Component noise level is a generic term in which noise level, depending 

on the context, can refer to various specific noise metrics such as day-night equivalent sound level (Ldn), 

daytime equivalent sound level (Ld) or night equivalent sound level (Ln).  

Daytime equivalent sound level (Ld): This sound level is the Leq for the time period from 7:00 to 

22:00 hours. 

Day-night equivalent sound level (Ldn): Similar to the 24-hour equivalent sound Level (Leq), the Ldn is an 

energy-averaged descriptor of 24-hour noise exposure expressed in dBA. In computing Ldn, all noise 

levels occurring between 22:00 and 07:00 hours are increased by 10 dBA to reflect the greater sensitivity 

of residential communities to noise at night. 

Decibel (dB): This unit is a logarithmic ratio, multiplied by a factor of 10, of a physical quantity and a 

standard reference value. Decibel is the standard unit of measurement for sound pressure level in which 

the reference value is 20 micropascals.  
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Equivalent sound level (Leq): This is a steady sound level which, over a given 24-hour time period, 

would result in the same overall sound energy exposure as would the actual fluctuating level. This term is 

expressed in units of dBA. 

Exposure pathways: Physical route by which a person can be exposed to a particular source (for 

example, via transmission in air or via ground-borne vibrations). 

Ground-borne vibration (VdB): Sources such as heavy trucks, trains, and construction activities 

produce vibration that travels from the source to the receiver via the ground, often as a mixture of surface 

waves and compressive (longitudinal) waves. 

Highly annoyed: A degree of noise annoyance with a minimum cut-off of 71-73 on a scale of 0 to 100 (7-

10 if the International Organisation for Standardisation [ISO]-recommended scale of 0 to 10 is used) or 

the two top categories (very or extremely) of an adjectival scale (Michaud et al 2008a). 

Impulsive noise: Impulsive or impact noise, such as from hammering, metal forming, and pile driving, is 

characterised by the rapid rise and fall in noise levels, in which the duration of the noise event is brief 

(less than 1 second) compared to the period or interval between the noise events.  

Low-frequency noise: Typically considered to be noise at frequencies below 200 Hertz (Hz), low-

frequency noise is of particular concern because it propagates more efficiently through the atmosphere, 

and penetrates more readily through building façades than higher-frequency noise. The human ear is, 

however, less sensitive to low-frequency sound than middle and higher-frequency sound. 

Maximum sound level (Lmax): The highest sound level that occurs or is measured during a particular 

defined period, Lmax is measured using the root mean square (RMS) averaging detector of sound level 

meters.  

Nighttime equivalent sound level (Ln): This sound level is the Leq for the time period from 22:00 to 

7:00 hours. 

Noise: When sound becomes noise is a subjective matter, as one person’s music may be another 

person’s noise. Some sounds, such as a jackhammer, may be considered noise by almost everyone, 

while others, such the sound of a motorcycle or hot rod car, may not. In general, noise may be considered 

to be unwanted sound. 

Rail shunting: the process of sorting rail cars in railway operation. This process can create impulsive 

noise levels due to rail cars contacting. 

Root mean square (RMS): the root mean square is the square root of the mean of the square of a series 

of discrete values or a continuous varying function. It is particularly helpful in representing functions that 

vary between positive and negative values (e.g., sine wave). In the field of acoustics, it is widely used 

to represent noise and vibration signals. Signals measured using this technique are referred to as RMS 

levels.  
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Sensitive receptor: In the context of noise travelling through the air, and vibration travelling through soil 

or rock, a receptor refers to humans that might experience the sound and vibration energies. A sensitive 

receptor in this context is a person who is most influenced by such noise or vibration propagations by 

virtue of where he or she lives relative to the sources. Specific behaviour and physiology (e.g., age, 

general health) may make a person more vulnerable to noise and vibration. 

Sound: Sound consists of minute fluctuations in atmospheric (air) pressure usually created by vibrating 

objects or moving fluids such as loudspeakers, drums, tires, or car exhausts. Our ears sense and our 

brains interpret as sound these pressure fluctuations occurring over the audible frequency range 

(approximately 20 Hz to 20,000 Hz). 

Sound exposure level (SEL): A logarithmic measure of the sound energy content of a well-defined noise 

event such as a vehicle pass-by or aircraft overflight, SEL is also a function of the intensity and the 

duration of the event. For example, the SEL of an event that features a steady noise at level L (dB) for a 

duration of T (seconds), would be given by; SEL = L + 10 log (T) dB. 

Sound level: Sound level is the intensity of sound expressed on a logarithmic scale similar to the Richter 

Scale of Earthquake Magnitude. The basic unit of sound levels is dB. The wide range of human hearing 

sensitivity is then compressed to sound level range from the threshold of hearing at approximately 0 dB to 

the threshold of pain at approximately 130 dB. 

Sound-level contour map: In communicating the results of noise monitoring or modelling, it is effective 

to present the data in the form of equal noise-level contours. Sound level contours are analogous to the 

ground elevation contours found on topographical maps; they may be labelled with their appropriate 

levels in dB or they may be colour-coded. 

Tonal sound: Specific sound characteristics associated with distribution of sound energies across 

various frequencies. Noise with prominent tonal characteristics is that which occurs over a narrow 

frequency range and thus emerge as being audible and readily distinguishable from the total sound 

environment. 

Transient noise: This is noise that is intermittent, coming and going over regular or irregular intervals. 

Examples of transient noise are noises from cyclical or irregular industrial or agricultural processes, the 

passing of trucks or trains, or the overflights of aircraft. 

Twenty-foot equivalent unit (TEU): An internationally recognised measurement for containers. A 

standard TEU container equals 1 TEU; a forty-foot long container equals 2 TEUs. 
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1.0 INTRODUCTION 

1.1 PROJECT BACKGROUND 

The Roberts Bank Terminal 2 Project (RBT2 or Project) is a proposed new three-berth marine terminal at 

Roberts Bank in Delta, B.C. that could provide 2.4 million TEUs (twenty-foot equivalent unit containers) of 

additional container capacity annually. The Project is part of Port Metro Vancouver’s (PMV) Container 

Capacity Improvement Program, a long-term strategy to deliver projects to meet anticipated growth in 

demand for container capacity to 2030. 

Hemmera was retained by PMV to determine whether predicted Project-related noise and ground-borne 

vibration levels are anticipated to affect human health, using a human health risk assessment (HHRA) 

methodology. This HHRA relies on the findings of the RBT2 Noise and Vibration study (Wakefield 2014).  

1.2 OBJECTIVES 

The primary objective of this HHRA was to evaluate whether future predicted noise levels, including noise 

associated with the Project, may have a potential effect on human health. The HHRA considers noise and 

vibration in the context of two future scenarios: Future Scenario 1 (future conditions without the Project), 

and Future Scenario 2 (future conditions with the Project, including construction and operation phases).  
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2.0 ASSESSMENT APPROACH 

2.1 HUMAN HEALTH RISK ASSESSMENT METHODOLOGY 

The noise and vibration HHRA was completed following a widely accepted risk assessment framework 

wherein potential hazards, exposure pathways and receptors are evaluated to determine whether or not 

a human health risk is present, as illustrated in Figure 2-1. 

Figure 2-1 General Risk Assessment Framework 

RISK

Receptor Hazard

Exposure

 

Consistent with Figure 2-1 above, if all three of these conditions – hazard, exposure pathway, and 

receptor – are met, then a potential risk to human health may exist. The HHRA methodology consists of 

the following steps, and this report is structured accordingly: 

1. Hazard Identification: Identification of the environmental hazards that may pose a health risk 

(i.e., noise and vibration); 

2. Receptor Identification: Identification of the receptors that may be exposed to the above 

hazard(s); 

3. Exposure Thresholds: Identification of published, scientifically reviewed exposure thresholds for 

health effects or guidelines to which exposure levels can be compared; 

4. Exposure Assessment: Qualitative or quantitative evaluation of the likelihood and/or degree to 

which the receptors will be exposed to the hazard(s); 

5. Risk Characterisation: Qualitative or quantitative assessment of the actual health risk each 

hazard poses to each receptor, based on the degree of exposure; and 

6. Uncertainty Assessment: Review of the uncertainty associated with the risk estimation. 
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2.2 NOISE AND VIBRATION MEASUREMENTS AND MODELLING 

Noise (including low-frequency noise and impulsive/transient noise) and vibration measurements, and 

modelling for this HHRA were completed by Wakefield Acoustics Ltd. (Wakefield 2014) and are described 

in detail in their noise and vibration study for the Project (Wakefield 2014). The noise and vibration study 

included measurements and modelling of existing conditions, as well as the modelling of future conditions 

without completion of the project, during Project construction, and following completion when the Project 

is anticipated to be operating at peak capacity. 

2.3 STUDY AREA 

The study area is the same as the study area in the RBT2 Noise and Vibration Technical Report 

(Wakefield 2014). The study considers both an upland area (within 5 km of Deltaport or 2 km of the 

northeast edge of the Project boundary) and a marine area (with a 10 km radius from the approximate 

geometric centre of the new RBT2 terminal). The upland boundaries were chosen to include all upland 

areas where 2025 Project operation noise levels could potentially exceed the World Health Organisation 

(WHO) sleep interference threshold of nighttime equivalent sound level (Ln) 30 A-weighted decibels (dBA) 

indoors, generally corresponding to an outdoor noise level of approximately Ln 45 dBA (WHO 1999) 

assuming partially open windows. The marine boundaries were chosen as a conservative setback 

distance beyond which Project-related noise levels would not be expected to cause any significant 

speech interference. Since most recreational and commercial activities within marine areas will occur 

during the daytime, this criterion was considered to be the most relevant in terms of the influence of noise 

on human health.  

Figure 1 (following the report text) shows the approximate boundaries of (i) the upland portion of the 

study area and (ii) the marine (above-water) study area. 

2.4 TEMPORAL SCOPE 

The Wakefield (2014) noise and vibration study characterises existing noise and vibration environments 

for the year 2013, when noise and vibration levels were measured. 

It is important to note that this report does not evaluate potential noise and vibration related health 

concerns that may have existed in the past. Rather, it is designed to assess the potential risks associated 

with current and future exposures to noise and vibration at specific receptor locations based on present 

day conditions and predicted future conditions. 

2.4.1 Construction Horizon Year 

The temporal scope for the construction horizon year is as described by Wakefield (2014) in their noise 

and vibration study for the Project. Project construction will occur between 2018 and 2023. From 2013 to 
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2018 and from 2018 to 2023, other projects and activities will influence upland noise levels, but there was 

not sufficient information about these projects or activities at the time of the study to permit calculation of 

noise-level trends from 2018 to 2023.  

Rather, construction noise levels are considered relative to noise levels in the year 2025. Since annual 

average noise levels, without the Project, are not predicted to change perceptibly (i.e., <1 dBA) between 

2018 and 2025, noise levels in 2025 are considered a sufficiently accurate proxy for noise levels in 2018. 

This approach is conservative as it will tend towards predicting higher total noise levels than if 

construction noise had been considered relative to noise levels for the period of 2018 to 2023.  

Since most Project construction activities were not expected to result in perceptible levels of ground-

borne vibration, changes to vibration levels were predicted only for periods of dynamic soil compaction – 

the most vibration-intensive construction. Dynamic compaction of marine terminal fill is anticipated to 

occur over a 1½ year period between November 2020 and March 2022. 

2.4.2 Operation Horizon Year 

Changes in noise and ground-borne vibration related to Project operation were predicted and 

characterised for the year 2025. This horizon year was selected because it is when RBT2 is expected to 

have the capacity to operate at its sustainable design capacity of 2.4 million TEUs, and therefore when 

RBT2 noise emissions are expected to be greatest. The expected noise trends are discussed in more 

detail in the RBT2 Noise and Vibration Study (Wakefield 2014). 
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3.0 HAZARD IDENTIFICATION 

Three types of sound pressure are of interest from a human health perspective:  

 Noise in the generally audible range, or A-weighted noise per International standard IEC 

61672:2003, which includes sound pressures in the frequency range of ~20 Hz to ~20 Khz. In 

general, noise may be considered to be unwanted sound. Audible noise from different sources 

can exhibit a wide range of tonal characteristics, depending on the range of frequencies over 

which sound energies are produced and relative intensities across various frequencies. Of 

interest is the general noise level, averaged over time periods of hours to an entire day [noise 

metrics considered in the HHRA include the Ld, Ln, and Ldn (see Glossary for definitions)], as well 

as transient and impulsive noises, with are characterised by short, intense sound events, 

potentially measured as frequency of Lmax beyond a specific threshold or SEL (see Glossary for 

definitions).  

 Low frequency noise, which is outside the audible range (<20 Hz). Low-frequency noise data is 

typically presented as sound pressure level [decibels (dB)] per one-third octave band centre 

frequency (Hz).  

 Ground-borne vibration, which is vibration that travels from the source to the receiver via the 

ground, often as a mixture of surface waves and compressive (longitudinal) waves. Vibration 

levels were characterised in terms of average and maximum root mean square (RMS) particle 

velocities using dB relative to one nanometer per second. This metric is referred to as ground-

borne vibration level (VdB). 

Considerable epidemiological and other research has been conducted on human reactions to audible 

noise, and it is generally possible to draw connections between elevated audible noise and increased 

prevalence of being highly annoyed among community members, sleep disturbance and learning 

disturbance in early learning settings. There is also a probable connection between feelings of annoyance 

and prevalence of hypertension and cardiovascular disease among community members; however, the 

supporting data are more equivocal. Conversely, it is not currently possible to define causal or 

correlational connections between low-frequency noise or vibration and specific human health outcomes 

based on the currently available studies. 

The noise level at any specific point on the landscape constantly changes, and varies over a range of 

amplitudes. The extent to which sound pressures vary over time depend on proximity to more frequent, 

sometimes continuous noise sources. In a suburban residential setting, the variability in noise amplitude 

may increase to 15 to 25 dB due to intermittent noise sources.  In most locations, the range of night-time 

noise levels will often be smaller and the levels significantly reduced compared to daytime levels, as 

activity rates tend to be lower at night.  
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Human health effects of noise can be based on instantaneous peak noise levels (maximum levels 

experienced: signified as Lmax) for those conditions where an acute or ‘startle’ type of response drives the 

effect. Such acute noise exposures are important for sleep disturbance and the interruption of thought 

processes or learning. A single, very large sound, for example, can interfere with normal cognitive 

activities or physiological functions, especially if the noise occurs frequently enough to result in a 

cumulative effect but not frequently enough to allow habituation. 

On the other hand, continuous exposures to noise - which can be defined as an unwanted sound source - 

can lead to annoyance and stress, hyper-sensitisation, and even cardiovascular disease based on 

hypertension, interference with oral communications, and other outcomes, if the persistent noise is 

adequately loud. 

The results from surveys conducted especially in Europe and the United States have shown that 

individuals vary considerably in their sensitivity to transportation-related noise; however, the average or 

community annoyance rating from these surveys have generally shown a consistent relationship with 

noise exposures. Figure 3-1 provides a meta-analysis of noise/annoyance relationships from a number of 

studies, including Schultz (1978) and including noise from aircraft overflights, rail transport and road 

traffic. This incorporates updates by Fidell et al (1991). This curvilinear relationship is the basis for 

published guidance from the United States Federal Aviation Administration on aircraft noise annoyance 

thresholds. 

Health Canada (HC) supports the use of %HA as a suitable means of assessing noise annoyance effects. 

Michaud et al (2008b), Health Canada noise researchers, concluded that: 

“Defining high noise annoyance as an adverse health effect is certainly consistent with Health 

Canada’s definition of what constitutes “health”.” 

and 

“There are a variety of Canadian, U.S. and international criteria and targets for noise mitigation 

with respect to environmental assessment and land use. As a result, there is a place for 

environmental assessments under CEAA to provide predictions of the magnitude of health effects 

due to project-related changes in community noise. This information should be grounded on 

science-based evidence.” 
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Figure 3-1  Incidence of Community Annoyance due to Transportation Noise Based on Social 
Surveys 

 

The Michaud paper also concludes that: 

“Dose-response relationships for predicting high annoyance have a history of using DNL as the 

noise metric and have improved substantially over the years by incorporating adjustments into the 

DNL to account for variables that are unique to either the noise source and/or the exposed 

community. The culmination of these meta-analytic synthesis curves has been the publication of 

the ISO standard for predicting high annoyance using an adjusted DNL (i.e., rating level). This 

standard has been adopted without modification by CSA [102].” 
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The Michaud et al (2008b) paper indicates that HC has used the change in %HA criterion of 6.5% in 

reviews of EAs to indicate the potential severity of project noise effects. 

The current state of knowledge further suggests that sleep disturbance, and the associated subsidiary 

effects on health and wellness, is an important consequence of transportation related noise. Sleep 

disturbance due to noise can take two forms: (i) sleep interruption, resulting in fragmented and lost sleep; 

and (ii) modification of sleep patterns, with altered sleep states and replacement of deeper sleep periods 

by lighter, more fitful sleep. Acute health responses might include changes in blood pressure and heart 

rate, taking a longer time to get to sleep, awakening, and acute annoyance. Such effects are generally 

experienced during a particular noise event; however, individual acute events may have an aggregated 

influence over a single or multiple nights. The possible longer term consequences are not well understood 

but have been hypothesised to include impaired performance and a variety of other effects on physical 

and mental health. 

The published epidemiological evidence for direct or indirect health effects of either low-frequency noise 

or ground-borne vibrations is limited, with no clear quantitative linkages to specific health outcomes, in 

contrast to the case for %HA and audible noise exposures over longer durations. Nonetheless, 

community members who are incidentally exposed to low-frequency noise or ground-borne vibrations 

may also show signs of being annoyed, with potential subsidiary effects on hypertension and 

cardiovascular disease (although such linkages have not been confidently established based on the 

available scientific/health studies). 
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4.0 RECEPTOR IDENTIFICATION 

4.1 RECEPTORS 

Levels of noise, low-frequency noise, ground-borne vibration, or a combination of these were measured at 

seven sites to characterise existing noise and ground-borne vibration levels at representative sensitive 

receptor locations within the study area. The sensitive receptors for this HHRA are residents living in the 

upland study area (Delta, Tsawwassen, and Tsawwassen First Nation Lands) who are expected to have 

the greatest exposure to Project-related noise and vibration (Table 4-1). The measurement locations 

selected did not include all possible sensitive receptors, but rather included a representative set of sites 

that reflect areas where noise and ground-borne vibration levels are expected to be highest, and from 

which predictions about exposure and potential effects can be drawn for the larger study area. Additional 

characterisation of the receptors in the study area is provided in Section 5.1.1. Noise modelling was 

completed for a subset of the same sites to characterise annual averages for existing conditions, as well 

as future conditions. 

The measurements were completed by Wakefield Acoustics Ltd. in July and August 2013. During the 

noise measurements period, there were two freighters berthed at Deltaport Terminal on average: one of 

these being a freighter that residents have reported frequently in the recent past to cause higher-than-

usual noise levels. Table 4-1 provides information about the measurement sites. 

As shown in Table 4-1, not all of the parameters (noise, low-frequency noise, and ground-borne vibration) 

were measured at each site. Specific sites were selected for each measurement type based upon the 

likelihood of noise, low-frequency noise, or vibration impacts occurring at the site and also based on 

information gathered in a community noise and survey conducted in Delta between May and June 2013 

(Economic Planning Group 2013). Ground-borne vibration levels were measured at sites 1 and 2, for 

example, because these sites are located adjacent to arterial roads with heavy trucks, and the survey 

indicated that the residents at these sites experience annoyance due to ground-borne vibration. Figure 1 

shows the locations of the seven measurement sites. More detailed site descriptions, maps, and 

photographs are provided in Appendix A of the Wakefield (2014) RBT2 Noise and Vibration Study. 
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Table 4-1  Noise and Vibration Measurement Site Descriptions 

Site 
Name 

Address or 
Location 

Approximate 
Distance 

from RBT2 
Marine 

Terminal (km) 

Measure-
ment Dates 

Representative 
Receptors 

Measurement 
Type 

Measurement 
Duration 

Site 1 
3449 Arthur 
Drive 

8.8 
August 7, 
2013 

Rural residences 
in Delta adjacent 
to arterial roads 
with heavy trucks 

Ground-borne 
Vibration 

Multiple short-
term  
(1 to 30 
minutes) 

Site 2 
3395 41B 
Street 

7.0 
August 7 
and 8, 2013 

Rural residences 
in Delta adjacent 
to arterial roads 
with heavy trucks 

Ground-borne 
Vibration 

Multiple short-
term 
(1 to 30 
minutes) 

Site 3 
3044 41B 
Street 

6.7 

July 22 to 
24, 2013 

August 7 to 
8, 2013* 

Rural residences 
in Delta adjacent 
to Deltaport Way 
and the British 
Columbia Railway 
Company right-of-
way  

Noise and 
Ground-borne 

Vibration 

24 and 
48 Hours 

Site 4 
Tsawwassen 
First Nation 
Longhouse 

6.0 
July 22 to 
24, 2013 

Tsawwassen First 
Nation community 

Noise 48 Hours 

Site 5 
1043 Pacific 
Drive 

5.6 
July 22 to 
24, 2013 

Residences in the 
Tsawwassen 
neighbourhood 
near the ocean 

Noise and 
Low-frequency 

Noise 
48 Hours 

Site 6 
965 Underhill 
Drive 

6.6 
July 22 to 
24, 2013 

Residences in 
Tsawwassen 
inland from the 
ocean 

Low-frequency 
Noise 

24 Hours 

Site 7 
77 English 
Bluff Road 

6.5 
July 22 to 
24, 2013 

Residences in the 
Tsawwassen 
neighbourhood 
near the ocean 

Low-frequency 
Noise 

24 Hours 

Source:  Wakefield (2014) 
*Note:  The August 7 to 8 measurement period at site 3 was used to characterise train noise levels and frequency 

spectra, and ground-borne vibration levels. 

No measurements were conducted within the marine portion of the study area because: (i) the primary 

focus of the noise and vibration studies has been long-term human exposure potential; and (ii) humans 

are not expected to spend extended periods of time (beyond roughly 48 hours on any given occasion) in 

the marine area, based on recreational, fishing, or other activities, including BC Ferries. This is relevant 

since the noise and vibration emissions from the Roberts Bank terminals, and especially those that could 

occur as a result of the RBT2 Project, will be much lower than those known to be associated with acute 

health effects such as hearing loss. Direct human health effects from upland noise and vibration 

exposures, therefore, are only plausible in geographic areas where chronic (long-term) exposures of 

humans are possible. Potential receptors within the marine study area are not considered further in 

this HHRA.  
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4.2 NOISE SOURCES 

The various sources of noise that were observed to compose the noise environment at sites 3 to 5 are 

summarised in Table 4-2. 

Table 4-2 Noise Environment Composition 

Site No. Dominant Sources of Community Noise 

3 

 Roberts Bank terminals;  

 Roberts Bank causeway road and rail traffic; 

 Deltaport Way traffic; 

 Roberts Bank Rail Corridor (RBRC) traffic;  

 Construction activities on Tsawwassen First Nation Lands; 

 Farming activities;  

 Daycare at residence; 

 Aircraft;  

 Local activities; and 

 Natural sounds (e.g., wildlife, wind). 

4 

 Roberts Bank terminals; 

 Roberts Bank causeway; 

 Deltaport Way traffic; 

 RBRC traffic; 

 Tsawwassen Dr. N traffic; 

 Highway 17 traffic; 

 B.C. Ferries; 

 Aircraft; 

 Local activities; and 

 Natural sounds (e.g., wildlife, wind). 

5 

 Roberts Bank Terminal; 

 Roberts Bank causeway road and rail traffic; 

 Highway 17 traffic; 

 B.C. Ferries;  

 Marine vessels; 

 Aircraft; 

 Local activities; and 

 Natural sounds (e.g., wildlife, wind). 

Source:  Wakefield (2014) 
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5.0 APPLICABLE GUIDELINES AND EXPOSURE THRESHOLDS 

The effects assessment for this HHRA involved identification of published guidelines to which exposure 

levels (noise, low-frequency noise, and ground-borne vibration) could be compared. The municipal noise 

bylaw of the Corporation of Delta provides qualitative guidelines for noise without any quantitative noise 

limits. Federal noise guidelines provide quantitative noise limits, the details of which are summarised in 

the sections below. 

5.1 HEALTH CANADA GUIDANCE 

For a project subject to a review under the Canadian Environmental Assessment Act, 2012 (CEAA 2012), 

regulatory guidance from Health Canada (HC) is applicable. 

Health Canada does not have noise guidelines or enforceable noise thresholds or standards. Instead, 

HC’s approach to noise assessment is to consider a variety of internationally recognised standards for 

acoustics. The approach advised by HC to noise assessment is based on the best possible 

characterisation of baseline and project-related noise and its impact on potential noise-sensitive 

receptors. Health Canada’s “Useful Information for Environmental Assessments” document (Health 

Canada 2010) provides a brief summary of noise-induced health effects and recommendations for items 

that should be considered when completing an assessment of noise exposure on human receptors. In 

April of 2011, HC released a draft document entitled “Guidance for Evaluating Human Health Impacts in 

Environmental Assessments: Noise” (Health Canada 2011), which was intended to expand on the 

recommendations provided in the “Useful Information for Environmental Assessments” document and 

formalise the noise assessment process. However, this draft guidance document was temporarily 

withdrawn by HC pending official publication, and for the time being cannot be formally referenced in 

environmental assessments. In the interim, HC continues to reference the “Useful Information for 

Environmental Assessments” document and the technical standards and publications cited within. 

5.1.1 Receptors 

Health Canada (2011) recommends identifying and describing all existing and reasonably foreseeable 

human receptors in the area that may be influenced by project-related noise. Health Canada (2010 and 

2011) considers the following as commonly encountered receptors: 

 First Nations communities 

 Worker’s living quarters 

 Permanent and seasonal residences 

 Active and passive recreation areas 

 Daycare centres 
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 Places of worship and cemeteries 

 Seniors residences 

 Schools 

 Hospitals 

 Entertainment establishments 

 Industrial premises 

 Commercial premises 

The noise risk assessment focusses especially on individuals living near the proposed Project area, 

including residents in Delta and Tsawwassen First Nation (TFN). The entire Roberts Bank foreshore area 

is also considered a focal area for active and passive recreation, such as nature walks and bird watching. 

While no licensed schools are currently located within the local assessment area, the noise risk 

assessment considers that children are likely to be found in early learning settings in areas such as the 

TFN community centre. While the greater number of possible residences, recreation areas, and 

establishments that support developing children, the elderly or other cohorts of humans that may be 

sensitive to noise are not explicitly examined herein as sensitive receptor sites, the thresholds of effects 

applied to predicted noise exposures at the three worst-case sites examined consider the more sensitive 

sub-populations within the larger community. 

5.1.2 Noise Parameters 

The HC guidelines use measureable parameters such as daytime or nighttime equivalent continuous 

sound levels (Ld and Ln, respectively), adjusted day-night sound level (Ldn), and percent highly annoyed 

(%HA) to quantify noise effects. 

Daytime sound level is a time-averaged sound level over the daytime period from 7 a.m. to 10 p.m. (15-

hours). Nighttime sound level is a time-averaged sound level over the nighttime period from 10 p.m. to 7 

a.m. (9-hours). The adjusted day-night sound level is a time-averaged sound level over a 24-hour period, 

with the nighttime contributions adjusted by 10 dB to account for the expected increased annoyance due 

to noise-induced sleep disturbance and the increased residential population at night relative to daytime. 

The Ldn is calculated using the Ld and Ln by the following equation: 

Ldn = 10 log10 [((15 x 10 Ld/10) + (9 x 10 (Ln + 10)/10))/24]     Equation 1 

5.1.3 Health Impact Indicators 

For environmental assessments, a number of potential health impacts associated with noise are typically 

considered. Health Canada is particularly interested in endpoints that have demonstrated a reasonable 

causal relationship between adverse human health effects and noise exposure. Of particular relevance to 
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the current assessment is high annoyance, sleep disturbance, and interference with speech 

comprehension. The quantitative relationships between sleep disturbance or speech comprehension and 

noise generated via transportation projects have not been as well-established through epidemiological or 

laboratory study as for %HA; therefore, these two indicators are considered secondary (i.e., they are 

relied upon to a lesser degree during effects assessment and subsequent decision making). While it is 

clear from the existing scientific and epidemiological knowledge that noise can cause sleep disturbance 

and speech interference, there is limited consensus among researchers on thresholds of effects for 

communities as a whole, or on important co-variates. The primary indicator for evaluating potential health 

effects from exposure to noise emitted from the Project is high annoyance (Michaud et al 2008b; FTA 

2006). Nonetheless, other documented types of noise-related effects are deemed important for the noise 

effects assessment and inform the conclusions of this HHRA, including sleep disturbance and 

interference with speech comprehension. 

5.1.3.1 High Annoyance 

High annoyance is a reliable and widely accepted indicator of human health effects due to environmental 

noise. The percent highly annoyed (%HA) is frequently used as a measure of community response to 

noise and addresses the potential change in the fraction of people that would be highly annoyed. 

Evaluation of annoyance as a major health effect tends to capture other health effects as well, including 

sleep disturbance and speech interference, since these also increase an individual’s perception of being 

highly annoyed. The change in %HA is quantified by the difference in %HA calculated for the baseline or 

existing condition versus the %HA calculated after consideration of the project noise contribution. Health 

Canada considers the change in %HA as an appropriate indicator of noise-induced human health effects 

for project construction noise (long-term) and operational noise exposure. Health Canada advises that 

noise mitigation measures be considered when a change in the calculated %HA at any given receptor 

exceeds 6.5%. 

The HC guidelines consider the percentage of the exposed population that could be highly annoyed 

(%HA) by increased noise levels caused by projects. The %HA is obtained using the following equation 

(Michaud et al 2008b): 

%𝑯𝑨 = __________ 𝟏𝟎𝟎________________          Equation 2 
 𝟏 + 𝒆xp[𝟏𝟎.𝟒−𝟎.𝟏𝟑𝟐∗R𝑳]            

The rating level (RL) in the equation above is typically an adjusted Ldn, with adjustments made depending 

on the type of noise source and source characteristics (for example, tonality). 
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5.1.3.2 Impulsive and Tonal Noise 

Impulsive and tonal noise are often perceived as annoying and may have a high potential to disturb 

receptors. These source noise characteristics are accounted for in the noise assessment. The HC 

guidelines incorporate impulsive noise and tonality in the %HA analysis (Health Canada 2011). The 

concept of the %HA indicator and the adjustments (impulsiveness and tonality) is based on other 

guidance (CSA 2005). A prominent tone (PT) is noise containing prominent (audible) tones such as 

backup alarms on trucks. Impulsive sound can be classified into one of the three categories as follows: 

 High energy impulsive (HEI) - This refers to sound from one of the following enumerated 

categories of sound sources: quarry and mining explosives, sonic booms, demolition and 

industrial processes that use high explosives, military ordnance, explosive ignition of rockets and 

missiles, explosive industrial circuit breakers, and any other explosive source where the 

equivalent mass of dynamite exceeds 25 grams (g). 

 Highly impulsive (HI) - This refers to sound from one of the following enumerated categories of 

sound sources: small-arms gunfire, metal hammering, wood hammering, drop hammering, pile 

driving, drop forging, pneumatic hammering, pavement breaking, metal impacts during rail-yard 

shunting operation, and riveting. 

 Regular impulsive (RI) - This refers to impulsive sound that is not HI sound or HEI sound. 

Impulsive and tonal characteristics of source noise are accounted for with adjustments in the Ldn level 

from the Project since their presence can increase the potential annoyance of sound. These adjustments 

correspond to a 12 dB, 5 dB, and 5 dB level change (that is, sound quality penalty) for HI, impulsive, and 

prominent tonal noises, respectively. 

5.1.3.3 Sleep Disturbance 

Uninterrupted sleep is known to be a prerequisite for good physiological and mental functioning of healthy 

persons, while sleep disturbance has been shown to contribute to..... Sleep disturbance resulting from 

noise typically includes the following effects: difficulty falling asleep, awakenings, curtailed sleep duration, 

alterations of sleep stages or depth, and increased body movements during sleep (Health Canada 2011). 

Health Canada advises that the recommendations and guidelines of the WHO (1999) regarding sleep 

disturbance be taken into consideration in environmental assessments.  

For continuous noise, the WHO (1999) present an indoor Ln of 30 dBA as a threshold for sleep 

disturbance. Because it is assumed by HC that an outdoor-to-indoor transmission loss with windows at 

least partially open is 15 dBA, an outdoor Ln of 45 dBA is applied as a threshold for sleep disturbance. 

Fully closed windows are expected to reduce outdoor sound levels by roughly 27 dBA (U.S. EPA 1974). 

For intermittent noise, HC suggests that indoor sound pressure levels should not exceed 45 dBA Lmax 

(maximum A-weighted sound pressure level) more than 10 to 15 times per night (or 1.1 to 1.7 times per 

hour). An indoor Lmax of 45 dBA corresponds to an outdoor level of 60 dBA Lmax, again assuming an 

outdoor to indoor noise differential of 15 dBA. 
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5.1.3.4 Interference with Speech Comprehension 

Noise interference with speech comprehension can result in a number of personal disabilities, handicaps, 

and behavioural changes (WHO 1999). Health Canada advises that background indoor sound levels for 

continuous noise be maintained below 40 dBA to sustain adequate speech comprehension. For effective 

outdoor speech comprehension, HC advises that background outdoor sound levels be kept below 55 dBA 

for continuous noise. The higher recommended outdoor sound level is considered appropriate based on i) 

people’s tendency to speak in a louder voice when outdoors (where the separation between speakers is 

typically larger than indoors) and ii) outdoor interferences such as wind, water, and animal sounds may 

cause background noise levels to be raised.  

5.1.3.5 Low-Frequency Noise 

Low-frequency noise (LFN) is generally defined as sound between a frequency range of 20 and 200 Hz. 

Common sources of LFN include ventilation installations, pumps, compressors, diesel engines, gas 

turbine power stations, and means of transport. Low-frequency noise propagates more efficiently 

through the atmosphere, and penetrates more readily through building façades than higher-frequency 

noise. Low-frequency noise is typically not well perceived by the human ear but may induce vibrations in 

residences or worker sleeping quarters that may be perceptible or cause a rattle in these environments 

(Health Canada 2011). Annoyance related to noise is greater when LFN is present (CSA 2005). 

To address LFN in environmental assessment, HC (2011) advises using the American National 

Standards Institute (ANSI 2005) standard to prevent rattles from LFN and the associated annoyance from 

this effect. Specifically, the energy sum of the sound levels in the 16-, 31.5- and 63-Hz octave bands 

should be less than 70 dB. If this 70 dB rattle criterion is exceeded, HC (2011) advises implementing 

feasible mitigation measures. Additionally, when LFN is present (that is, when the C-weighted Ldn 

exceeds the A-weighted Ldn by more than 10 dB (ANSI 2005)), HC (2011) advises using an adjustment to 

the Ldn prior to calculating the %HA. For the current assessment, if LFN is considered to be present at 

receptor locations, then an adjustment of +5 dBA will be applied to the Ldn when calculating the %HA for 

the Project construction and operation phases (as compared to baseline conditions) (Alberta Energy 

Regulator [AER] 2007). 

5.2 UNITED STATES FEDERAL TRANSIT ADMINISTRATION 

The United States Federal Transit Administration (FTA) published a guidance document entitled “Transit 

Noise and Vibration Impact Assessment” in May 2006 (FTA 2006). This document presents procedures 

for predicting and assessing noise and vibration impacts of proposed mass transit projects, and includes 

noise and vibration criteria that are used to assess the magnitude of predicted impacts. Information within 

the FTA (2006) document will be used in the current HHRA to evaluate potential ground-borne vibration 

effects on the communities nearest to RBT2.  



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - 17 - December 2014 

 

Ground-borne vibration is vibration that travels from a source to a receiver via the ground, often as a 

mixture of surface waves and compressive (longitudinal) waves. Ground-borne vibration can be a concern 

for nearby neighbours of a transit system route or maintenance facility, causing buildings to shake and 

rumbling sounds to be heard. Some common sources of ground-borne vibration are trains, buses on 

rough roads, heavy trucks, and construction activities such as blasting, pile-driving, and operating heavy 

earth-moving equipment (FTA 2006).  

The background vibration level in residential areas is typically 78 VdB or lower, while the threshold of 

perception for humans is roughly 93 VdB (FTA 2006). A vibration level of 103 VdB is the approximate 

dividing line between barely perceptible and distinctly perceptible. The range of interest for ground-borne 

vibration levels from a human and structural (building) perspective is from approximately 78 VdB 

(ambient) to 128 VdB—which is the general threshold where minor damage can occur in fragile buildings. 

Table 5-1 presents the human and structural response to different levels of ground-borne vibration. 

Table 5-1  Human and Structural Response to Different Levels of Ground-borne Vibration 

Vibration Velocity Level 
(VdB) 

Human / Structural Response 

78 Typical (that is, not site-specific) background vibration level in residential areas. 

93 Approximate threshold for human perception of vibration. 

103 
Approximate dividing line between barely perceptible and distinctly perceptible. Many 
individuals find that transportation-related vibration at this level is unacceptable.  

113 
Vibration acceptable only if there are an infrequent number of events per day (<30 
vibration events of the same source per day). 

128 Threshold where minor damage can occur in fragile buildings. 

Source:  FTA (2006) 

The FTA (2006) guidance document includes a set of threshold criteria for ground-borne vibration during 

transit operation (Table 5-2). The threshold criteria are based on past experiences with human sensitivity 

and community responses to ground-borne vibration. The FTA-developed criteria for environmental 

impact from ground-borne vibration from transit operation are based on the maximum level for a single 

event. The impact criteria are used to determine whether a project would result in ground-borne vibration 

impacts (i.e., human annoyance). The criteria are specified for three separate land use categories as 

described in Table 5-2. 

The impact thresholds presented in Table 5-2 are based on experience with vibration from rail transit 

systems and not freight trains or other transit modes. They have been used in the past to assess vibration 

from freight trains since no specific impact criteria exist for freight railroads. However, the greater length, 

weight, and axle loads of freight trains make it problematic to use these general impact criteria for freight 

rail. As a conservative approach, the ground-borne vibration impact criteria of 103 VdB (Category 2 and 

occasional vibration events [30 to 70 per day]) will be applied at sites 1 to 3 for evaluation of human 

annoyance. As specified above, this impact criterion also represents the approximate dividing line 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - 18 - December 2014 

 

between barely perceptible and distinctly perceptible. The assumption of 30 to 70 vibration events of the 

same source per day is not unreasonably high considering that sites 1 to 3 are being affected by ground-

borne vibration originating from road traffic, heavy trucks, and trains. 

Table 5-2  Ground-borne Vibration Impact Criteria for General Assessment 

Land Use Category 
Ground-borne Vibration Levels (VdB) 

Frequent Events
1
 Occasional Events

2
 Infrequent Events

3
 

Category 1: 

Buildings where vibration would interfere 
with interior operation. 

93 93 93 

Category 2: 

Residences and buildings where people 
normally sleep. 

100 103 108 

Category 3: 

Institutional land uses with primarily 
daytime use. 

103 106 111 

Source:  FTA (2006) 
Notes: 

1) Frequent Events are defined as more than 70 vibration events of the same source per day. Most rapid 
transit projects fall into this category. 

2) Occasional Events are defined as between 30 and 70 vibration events of the same source per day. 
Most commuter trunk lines have this many operations. 

3) Infrequent Events are defined as fewer than 30 vibration events of the same source per day. This 
category includes most commuter rail branch lines. 

5.3 SUMMARY OF NOISE AND VIBRATION GUIDELINES FOR PROJECT 

The following noise and vibration guidelines, obtained from HC and FTA documents respectively, are 

used to assess the human health effect resulting from noise and vibration from the Project: 

 For continuous noise, an indoor Ln of 30 dBA as a threshold for sleep disturbance or an outdoor 

Ln of 45 dBA assuming a sound transmission loss of 15 dB through a partially opened window. 

For intermittent noise, an indoor sound pressure levels should not exceed 45 dBA Lmax, which 

corresponds to an outdoor level of 60 dBA Lmax, more than 10 to 15 times per night (or 1.1 to 1.7 

times per hour).  

 At residences, the threshold for speech interference is an indoor Ld of 40 dBA and an outdoor Ld 

of 55 dBA (based on the ability to maintain adequate speech comprehension). 

 Maximum allowed increase for change in %HA is 6.5% (taking into consideration noise source 

characteristics such as impulsiveness, tonality, and frequency). 

 To prevent rattles (and associated annoyance) at sensitive receptor locations, the energy sum of 

the sound levels in the 16-, 31.5- and 63-Hz octave bands should be less than 70 dB. 

 A maximum ground-borne vibration level of 103 VdB will be used to assess human annoyance at 

sensitive receptor locations.  

If the above guidelines are exceeded, potential health risks to humans cannot be ruled out, and risk 

management - in the form of mitigation - may be required. The guidelines apply to the assessment of both 

the construction and operation phases of the Project. 
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6.0 EXPOSURE ASSESSMENT 

The exposure assessment for this HHRA involved quantitative evaluation of the degree to which the 

human receptors are exposed to the hazard(s); i.e., noise, low-frequency noise, and ground-borne 

vibration.  

The HHRA relies on noise and vibration measurements and modelling conducted for the Project by 

Wakefield Acoustics Ltd., and described in detail in their noise and vibration study (Wakefield 2014).  

Noise, low-frequency noise, and ground-borne vibration levels included in the noise and vibration study 

that are relevant for the HHRA are presented in the sections below (Wakefield 2014).  

6.1 NOISE  

This section summarises the degree to which receptors will be exposed to the hazard of continuous 

noise, under existing conditions, future conditions without the Project (referred to as future scenario 1), 

and future conditions with the Project, during construction and operation phases. 

6.1.1 Existing Noise Conditions 

Table 6-1 presents the existing annual average noise levels (total noise levels due to all modelled 

sources) at each site as estimated by the noise model.  

Table 6-1  Existing (2013) Annual Average Noise Levels 

Site 

Noise Level (dBA) 

Daytime Equivalent Sound 
Level (Ld) 

Night Equivalent Sound 
Level (Ln) 

Day-night Equivalent Sound 
Level (Ldn) 

3 50.2 50.3 56.7 

4 47.9 43.5 50.9 

5 52.0 47.8 55.1 

Source:  Wakefield (2014) 

According to Health Canada (2011), noise levels at sites 3 and 5 are categorised as typical of normal 

suburban communities (typical Ldn range of 53 to 57 dBA)—not located near industrial activities, while site 

4 may be categorised as a quiet suburban or rural community (typical Ldn range of 48 to 52 dBA)—remote 

from large cities, industrial activity and trucking. 

6.1.2 Predicted Noise During Construction 

Table 6-2 presents the expected (2025) annual average noise levels at each site based on all noise 

sources, without the Project. It also presents the predicted range and monthly average of construction 

phase noise levels (Ldn) from July 2018 to November 2023 at sites 3 to 5. Finally, this table presents the 

incremental noise level increases associated with the Project during the construction phase. 
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Table 6-2  Predicted Noise Levels and Noise Level Increases during Project Construction 

Site 
Annual Average 

Expected Ldn (dBA) 
(without the Project) 

Project Construction Phase Ldn 
(dBA) (with the project) 

Project-Related Increase (dBA) 

Range Avg. Range Avg. 

3 58.0 58.0 to 60.0 58.5 0.0 to 2.0 0.5 

4 51.7 51.7 to 56.0 53.0 0.0 to 4.3 1.3 

5 55.7 55.7 to 56.7 56.0 0.0 to 1.0 0.3 

Source:  Wakefield (2014) 

On average, construction noise levels (Ldn) are expected to increase community noise levels by 1.3 dBA 

or less, depending on the location. The relatively modest increases are attributed to the large setback 

distances of noise-sensitive upland receptors from the RBT2 terminal and causeway construction zones. 

It is possible that construction noise will not be perceived at the sensitive receptor locations as the 

increase in sound level that is considered to be “barely perceptible” by the human ear varies from roughly 

1 to 5 dBA, depending on the sound pressure level and frequency of the sound (Health Canada 2011). 

6.1.3 Predicted Noise During Operation 

To evaluate future noise conditions at sites 3 to 5, two future noise scenarios were modelled. The future 

scenario 1 model represents expected 2025 conditions without the Project (Table 6-3), while the future 

scenario 2 model represents 2025 conditions with RBT2 in operation (Table 6-4). Tables 6-3 and 6-4 

present the modelled annual average noise levels at each site based on all noise sources, for day, night, 

and day-night average noise levels.  

Table 6-3  Future Scenario 1 Model Results (without RBT2) – Annual Average Noise Levels 

Site 

Noise Levels (dBA) 

Daytime Equivalent Sound 
Level (Ld) 

Night Equivalent Sound 
Level (Ln)  

Day-night Equivalent Sound 
Level (Ldn) 

3 51.9 51.5 58.0 

4 48.4 44.5 51.7 

5 52.3 48.5 55.7 

Source:  Wakefield (2014) 

Table 6-4   Future Scenario 2 Model Results (with RBT2) – Annual Average Noise Levels 

Site 

Noise Level (dBA) 

Daytime Equivalent Sound 
Level (Ld) 

Night Equivalent Sound 
Level (Ln)  

Day-night Equivalent Sound 
Level (Ldn) 

3 52.0 51.7 58.1 

4 49.5 46.5 53.5 

5 52.8 49.6 56.7 

Source:  Wakefield (2014) 



Port Metro Vancouver  Hemmera 
Human Health Assessment for Noise - 21 - December 2014 

 

Table 6-5 compares Future Scenario 1 and 2 noise levels at sites 3 to 5. Also presented are the resulting 

increases in future noise levels due to RBT2. Increased future Ldn levels due to RBT2 are also illustrated 

in Figure 2 (following the report text) for the upland study area. 

Table 6-5  Effect of Roberts Bank Terminal 2 on Community Noise Levels 

Site 

Model Calculated Noise Level, All Noise Sources (dBA) 
Increase in Future Noise 

Levels due to Project (dBA) Future Scenario 1  
(without Project) 

Future Scenario 2  
(with Project) 

Ld Ln Ldn Ld Ln Ldn Ld Ln Ldn 

3 51.9 51.5 58.0 52.0 51.7 58.1 0.1 0.2 0.1 

4 48.4 44.5 51.7 49.5 46.5 53.5 1.1 2.0 1.8 

5 52.3 48.5 55.7 52.8 49.6 56.7 0.5 1.1 1.0 

Source:  Wakefield (2014) 

RBT2 is predicted to increase future (2025) noise levels, Ldn, by 0.1 to 1.8 dBA (also, Ld by 0.1 to 1.1 and 

Ln by 0.2 to 2.0; Table 6-5). These increases depend on the setback distances of the sites from RBT2 

and on the prominence of RBT2 noise relative to that from other sources. The predicted increases are 

lowest at site 3 since it is the farthest of the three sites from RBT2, and the future noise environment is 

predicted to be dominated by road and rail traffic noise (Wakefield 2014). While sites 4 and 5 have similar 

setbacks from RBT2, site 4 has a lower predicted Future Scenario 1 average noise level; therefore, the 

site is predicted to be more strongly affected by noise from RBT2. The future noise environment at site 5 

is predicted to be influenced to a greater degree by upland road traffic noise, the presence of which 

lessens the impact of RBT2 noise.  

Similar to construction noise, it is possible that operation noise will not be perceived at the sensitive 

receptor locations as the increase in sound level that is considered to be “barely perceptible” by the 

human ear varies from roughly 1 to 5 dBA, depending on the sound pressure level and frequency of the 

sound (Health Canada 2011). 

6.2 IMPULSIVE AND TRANSIENT NOISE 

This section summarises the degree to which receptors will be exposed to the hazard of non-continuous 

noise, under existing conditions as well as in the future with and without the Project. 

6.2.1 Existing Noise Conditions 

The many on-going operations at the Roberts Bank terminals and the road and rail traffic on the Roberts 

Bank causeway produce a quasi-steady noise signature that is occasionally punctuated by impulsive 

noise events. Impulsive noises are characterised by their rapid onset and decay, and by durations that 

are very brief (less than one second) compared to the typical time between events. At sites 4 and 5, 
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impulsive noise events from materials handling at the terminals and train shunting on the causeway are 

currently audible (especially at night). At site 3, impulsive noises from rail shunting on the rail corridor 

within the study area are more prominent than those from the Roberts Bank terminals and causeways. 

The ranges of noise levels created by impulsive noise events were investigated at sites 3 to 5. 

Table 6-6 presents the numbers of impulsive noise events from the Roberts Bank terminals and 

causeways, observed at sites 3 and 4, and the numbers of impulsive noise events from shunting on the 

rail corridor within the study area, observed at site 5. Also shown are the ranges and averages of the Lmax 

noise events.  

Table 6-6  Impulsive Noise Levels 

Site Time Period 
No. of 

Observed 
Events 

No. of 
Observed 
Events/hr 

Maximum Sound Level (Lmax) 
(dBA) 

Range Avg. St Dev 

3 

August 8, 2013, 
12:00 a.m. to 4:00 a.m. 

July 23, 2013, 3:00 p.m. to 4:00 p.m. 

7 1.4 49.5 to 56.5 53.1 2.8 

4 July 22, 2013, 9:00 p.m. to 10:00 p.m. 6 6.0 45.8 to 52.2 48.6 2.5 

5 
July 23, 2013, 12:00 a.m. to 4:00 a.m.; 
July 24, 2013, 12:00 a.m. to 4:00 a.m. 

48 6.0 42.9 to 53.8 49.0 2.0 

Source:  Wakefield (2014) 

At site 3 there were also transient noise events that produce non-continuous noises with less rapid onsets 

and decays than impulsive noises. Transient noise events on the rail corridor within the study area are 

typically created by locomotives or wheel-rail interactions during train pass-bys. Table 6-7 presents Lmax 

and sound exposure levels (SELs) observed at site 3 from transient rail events on the rail corridor within 

the study area. 

Table 6-7  Maximum Sound Levels and Sound Event Levels at Site 3 from Locomotive Pass-bys 

Time Period 

Number of 
Observed Events 

Number of 
Observed 
Events/hr 

Locomotive Maximum 
Sound Level (Lmax) 

(dBA) 

Wheel-Rail Noise 
Sound Exposure 
Level (SEL) (dBA) 
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August 7, 
1:00 p.m. to  
August 8, 
3:00 p.m., 2013 

18 26 0.7 1.0 
46.2 to 
62.2 

55.3 4.1 
63.4 to 
82.0 

73.3 5.0 

Source:  Wakefield (2014) 
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6.2.2 Predicted Noise During Operation 

Table 6-8 presents the anticipated increases in cargo and train volumes and the corresponding estimated 

percentage increases in port and rail-related transient and impulsive noise events.  

Table 6-8  Predicted Percentage Increases in Port and Rail Corridor-related Transient and 
Impulsive Noise Events 

Scenario 

Volumes 
Percentage Increases in Transient 

and Impulsive Noise Events Relative 
to Existing Conditions 

Annual Port 
Cargo Volumes 

(million TEU) 

Average Two 
Way Trains/Day 

Material 
Handling Events 

Train Related 
Events 

Existing Conditions  (2013) 1.8 17 N/A N/A 

Future (2025) without Project 2.4 21 33 % 24 % 

Future (2025) with Project 4.8 29 167 % 71 % 

Source:  Wakefield (2014) 

Table 6-9 presents the predicted future numbers of impulsive and transient events at sites 3 to 5 with and 

without the Project. The numbers of future impulsive events at sites 4 and 5 are presented as a range to 

reflect the percentage increases in both cargo throughput and rail volumes. At site 3, where impulsive 

noises are almost exclusively due to rail shunting occurring at locations off the Roberts Bank 

causeway, the numbers of events only reflect the percentage increases in rail volumes without the Project 

(Table 6-8). No results are presented for locomotive pass-bys or train movements at sites 4 and 5 as 

these transient events were not at measurable levels at these sites. 

Table 6-9  Predicted Numbers of Future Impulsive and Transient Noise Events 

Site 

Numbers of Events per Hour 

Existing Conditions Future without Project Future with Project 

Impulsive 
Loco-
motive 

Pass-by 

Wheel
-Rail 

Noise 
Impulsive 

Loco-
motive 
Pass-

by 

Wheel-
Rail 

Noise 
Impulsive 

Loco-
motive 

Pass-by 

Wheel-
Rail 

Noise 

3 1.4 0.7 1.0 1.7 0.9 1.2 1.7 0.9 1.2 

4 6.0 - - 7.4 to 8.0 - - 10.3 to 16.0 - - 

5 6.0 - - 7.4 to 8.0 - - 10.3 to 16.0 - - 

Source:  Wakefield (2014) 

6.3 LOW-FREQUENCY NOISE  

This section summarises the degree to which receptors will be exposed to the hazard of low-frequency 

noise, under existing conditions as well as in the future with and without the Project.  
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6.3.1 Existing Low-Frequency Noise Conditions 

Table 6-10 presents the average A- and C-weighted noise levels and their differences, which are used to 

indicate the presence of low-frequency noise. The noise levels presented are five-hour averages of the 

one-second 24-hour equivalent sound level (Leq) logged from midnight until 5:00 a.m. 

Table 6-10  Comparison of A- and C-weighted Existing Noise Levels 

Site 

A-weighted Noise Level 
(dBA) 

C-weighted Noise Level 
(dBC) 

Difference (dBC minus dBA) 

Outdoor Indoor Outdoor Indoor Outdoor Indoor 

5 43.4 35.8 61.3 51.8 17.9 16.0 

6 32.5 25.9 49.9 38.5 17.4 12.6 

7 42.4 26.9 61.7 49.4 19.3 22.5 

Source:  Wakefield (2014) 

Average nighttime A-weighted noise levels at the three sites ranged from 32.5 to 43.4 dBA outdoors and 

from 25.9 to 35.8 dBA indoors (Table 6-10). C-weighted noise levels can be seen to range from 49.9 to 

61.7 dBC outdoors and from 38.5 to 51.8 dBC indoors. Outdoor noise levels were the lowest at site 6 

since, unlike the other two sites, this site is located inland of the bluffs that overlook the ocean and 

Roberts Bank terminals. Indoor noise levels were highest at site 5 since, unlike at the other two sites, the 

window was open in the room in which the microphone was located. The differences between A- and C-

weighted noise levels, both indoors and outdoors, ranged from 12.6 to 22.5, which indicated the presence 

of low-frequency noise in the community (Section 7.2, Health Risk Related to Low-Frequency Noise). 

Tables 6-11 to 6-13 present measurements of average low-frequency noise levels in the 12.5- to 200-Hz 

one-third-octave bands for both outdoor and indoor monitoring locations. Tables 6-11 to 6-13 correspond 

to sites 5 to 7, respectively. 
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Table 6-11  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 5) 

Measurement 
Location 

Average Noise Level (dB) in One-Third-Octave Band (Hz) 

12.5 Hz 16 Hz 20 Hz 25 Hz 31.5 Hz  40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 

Outside (dB) 54.4 54.7 56.4 55.7 55.1 56.8 55.9 55.2 53.5 51.3 45.6 42.9 42.2 

Inside (dB) 34.4 39.8 50.7 45.5 42.9 46.3 49.4 42.6 43.1 38.4 38.5 35.2 37.8 

Source:  Wakefield (2014) 

Table 6-12  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 6) 

Measurement 
Location 

Average Noise Level (dB) in One-Third Octave Band(Hz) 

12.5 Hz 16 Hz 20 Hz 25 Hz 31.5 Hz 40 Hz 50 Hz 63 Hz 80 Hz 100 Hz 125 Hz 160 Hz 200 Hz 

Outside (dB) 44.2 42.6 42.5 43.3 44.8 45.3 44.3 42.7 43.0 40.5 34.6 32.1 30.3 

Inside (dB) 37.8 32.8 32.0 29.1 31.1 30.9 34.4 33.1 31.2 28.7 21.4 20.9 20.7 

Source:  Wakefield (2014) 

Table 6-13  Average Low-Frequency Noise Levels in One-Third-Octave Bands (Site 7) 

Measurement 
Location 

Average Noise Level (dB) in One-Third Octave Band (Hz) 

12.5 Hz 16 Hz 20 Hz 25 Hz 31.5 Hz 40 Hz 50 Hz 63 Hz 80 Hz 
100 
Hz 

125 
Hz 

160 
Hz 

200 Hz 

Outside (dB) 60.4 59.4 59.9 57.7 56.3 55.7 55.9 57.0 52.3 50.8 47.9 43.3 41.0 

Inside (dB) 41.6 45.5 49.5 49.5 47.4 46.1 42.0 39.5 34.0 32.9 34.2 27.8 28.1 

Source:  Wakefield (2014) 
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6.3.2 Predicted Low-Frequency Noise During Operation 

Increased cargo capacity at Deltaport Terminal and rail traffic on the Roberts Bank causeway, and the 

addition of RBT2, would be expected to increase low-frequency noise levels at sites 4 to 7. Site 3 was not 

included in this analysis as the noise levels at this location are dominated by upland road and rail traffic.  

Table 6-14 presents the existing and future Deltaport Terminal component Ldn, as well as the combined 

future levels due to both the Deltaport Terminal and RBT2 component Ldn. These levels are then 

compared to show the increases in low-frequency noise levels relative to both existing conditions and the 

future without Project scenario. The low-frequency noise increases at site 4 are considered representative 

of those that are predicted to be experienced on Tsawwassen First Nation Lands in areas near the 

foreshore, while the increases at site 5 are considered to represent those to be experienced within 

Tsawwassen; including at sites 6 and 7. 

Table 6-14  Predicted Increases in Low-frequency Noise Levels 

Site 

Modelled Source Group Day-Night Equivalent 
Sound Levels (Ldn) (dBA) 

Predicted Increase in Low-Frequency Noise 
Levels (dB) 

Existing 
Conditions, 
Deltaport 
Terminal 

Future, 
Deltaport 
Terminal 

Future, 
Deltaport 

Terminal and 
RBT2 

Future w/o 
Project vs. 

Existing 
Conditions 

Future w/ 
Project vs. 

Existing 
Conditions 

Future w/ 
Project vs. 
Future w/o 

Project 

4 48.4 49.6 52.2 1.2 3.8 2.6 

5 51.8 53.0 54.6 1.2 2.8 1.6 

Source:  Wakefield (2014)   

6.4 GROUND-BORNE VIBRATION  

This section summarises the degree to which receptors will be exposed to the hazard of ground-borne 

vibration, under existing conditions as well as in the future with and without the Project.  

6.4.1 Existing Ground-borne Vibration Conditions 

Results of the ground-borne vibration measurements (Table 6-15) include observed ambient vibration 

levels as well as average and maximum vibration levels created by events such as train or heavy truck 

pass-bys. 
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Table 6-15  Ground-borne Vibration Measurement Results 

Site 
Measurement 

Date(s) 

Approximate 
Setback from 

Rail Tracks (m) 

Ground-borne Vibration Level (VdB) 

Ground-borne 
Vibration 
Sources 

Ambient 
(Road 
Traffic) 

Heavy 
Truck 

Train 

Average Max. Average Max. 

1 August 7, 2013 700 88 116 -- -- 
Arthur St. Traffic, 
Deltaport Way 
Traffic, Trains 

2 
August 7 and 8, 
2013 

630 88 113 84 95 
41 B St. Traffic, 
Deltaport Way 
Traffic, Trains 

3 August 8 2013 250 79 90 95 104 
Deltaport Way 
Traffic, Trains 

Source:  Wakefield (2014)   

At sites 1 and 2, the dominant sources of vibration were heavy trucks on the nearest roads (Arthur Street 

for site 1 and 41 B Street for site 2) and trains on the rail corridor within the study area. At site 2, train 

pass-bys created average and maximum vibration levels of 84 and 95 VdB, respectively (Table 6-15). At 

site 1, it was not possible to measure train vibration levels due to constant interference from traffic on 

Arthur Street. Since site 1 and 2 have similar setbacks from the rail lines, however, train vibration levels at 

site 2 are expected to be representative of those at site 1. Heavy truck pass-bys created higher vibration 

levels with maximum levels of 116 and 113 VdB at sites 1 and 2, respectively. At both sites 1 and 2, trains 

and heavy trucks were found to create ground-borne vibration levels above the threshold of perception for 

humans (93 VdB; FTA 2006). 

At site 3 (41 B Street #2), the dominant sources of vibration were trains on the rail corridor within the 

study area and heavy trucks on Deltaport Way. Train pass-bys created average and maximum vibration 

levels of 95 and 104 VdB, respectively (Table 6-15). Average train vibration levels were established 

largely by passing rail cars while maximum levels were created by the passage of locomotives. In 

comparison, heavy truck pass-bys on Deltaport Way created a lower maximum level of 90 VdB. 

Therefore, at site 3, trains on the rail corridor within the study area were found to create ground-borne 

vibration levels above the threshold of perception for humans. Conversely, ground-borne vibration levels 

from heavy trucks on Deltaport Way were not above this threshold. 

At all three sites, the term “ambient ground-borne vibration” refers to the average ground-borne vibration 

level in the absence of the dominant sources: heavy trucks and trains. Ambient levels at the three sites 

were likely controlled by light vehicle traffic on the nearest roads. These ambient vibration levels would 

have included any ground-borne vibration generated at the Roberts Bank terminals or on the Roberts 

Bank causeway. However, it was not possible to determine if such vibration was present. Ambient 

vibration levels were found to be below the threshold of perception for humans. 
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6.4.2 Predicted Ground-borne Vibration During Construction 

Maximum ground-borne vibration levels during the RBT2 construction phase are not expected to exceed 

90 VdB (Wakefield 2014). This level is 3 VdB below the 93 VdB threshold of perception for humans 

(FTA 2006). 

6.4.3 Predicted Ground-borne Vibration During Operation 

Due to the large setback distances of sensitive receptors and the presence of local vibration sources 

(i.e., rail and road traffic), RBT2 is not expected to affect ground-borne vibration levels experienced by 

noise and vibration sensitive upland receptors. Ground-borne vibration levels in these areas are 

dominated by upland road and rail traffic that are outside the jurisdiction of PMV. In the future, ground-

borne vibration levels within the study area will change without Project operation. These changes will be 

largely due to increases in road and rail traffic volumes, and the addition of rail tracks at the Gulf Yard. 

After the Deltaport Terminal Road and Rail Improvement Project (DTRRIP), the closest train track near to 

site 3 will be setback 210 m versus 240 m prior to the Project. This setback change is predicted to 

increase ground-borne vibration levels during train pass-bys by approximately 1.3 VdB (Wakefield 2014). 
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7.0 RISK CHARACTERISATION 

Risk characterisation for this HHRA involved comparing the modelled noise results to the applicable 

guidelines. If the modelled results are in compliance with all of the applicable guidelines, the health risk is 

deemed acceptable. Otherwise, a health effect is possible, according to Health Canada guidelines. 

7.1 HEALTH RISK RELATED TO NOISE 

7.1.1 Construction Phase 

In Table 7-1, the noise modelling results for the construction phase are compared to the thresholds for 

change in %HA, sleep disturbance, and speech comprehension. In calculation of the %HA, the impulsive 

characteristic of source noise and the presence of low-frequency noise are accounted for with 

adjustments to the Ldn levels (for existing and construction phase) because the presence of impulsive and 

low-frequency noise can increase the potential annoyance of sound. Details of %HA determinations are 

presented in Appendix A.  

As shown in Table 7-1, the daytime Ld level at each receptor location meets the speech comprehension 

guideline of 55 dBA outdoors. Similarly, the change in %HA at all receptors is below the limit of 6.5%. 

However, the nighttime Ln at all receptor locations exceeds the sleep disturbance guideline of 45 dBA 

outdoors (for continuous noise). It should be noted that the expected (2025) annual average nighttime Ln 

for sites 3 and 5 also exceeds the sleep disturbance guideline, while site 4 is marginally below the 

guideline (44.5 dBA versus 45 dBA). Also, the anticipated increase in Ln (average) as a result of 

Project construction as compared to future conditions without the Project is minimal (site 3 = 0.4 dBA; 

site 4 = 1.3 dBA; site 5 = 0.2 dBA). Collectively, noise generated as a result of Project construction is 

unlikely to adversely impact human health. 
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Table 7-1 Construction Phase Compliance with Health Canada Noise Limits 

Site Description 
Day Ld 
(dBA) 

Night Ln 
(dBA) 

Day/Night Ldn 
(dBA) 

Change in 
%HA  

Exceeds 
Change in 

%HA Limit of 
6.5%? 

Exceeds Sleep 
Disturbance Ln of 30 
dBA (indoor) or 45 

dBA (outdoor)? 

Exceeds Speech 
Comprehension Ld of 
40 dBA (indoor) or 55 

dBA (outdoor)? 

3 Residence 52.5 51.9 58.5 1.6 No Yes No 

4 Residence 49.3 48.5 53.0 3.0 No Yes No 

5 Residence 52.4 48.7 56.0 0.9 No Yes No 

7.1.2 Operation Phase 

In Table 7-2, the noise modelling results for the operation phase are compared to the thresholds for change in %HA, sleep disturbance, and 

speech comprehension. In calculation of the %HA, the impulsive characteristic of source noise and the presence of low-frequency noise are 

accounted for with adjustments to the Ldn levels (for baseline and operation phase) because the presence of impulsive and low-frequency noise 

can increase the potential annoyance of sound. Details of %HA determinations are presented in Appendix A. 

Table 7-2 Operation Phase Compliance with Health Canada Noise Limits 

Site Description 
Day Ld 
(dBA) 

Night Ln 
(dBA) 

Day/Night Ldn 
(dBA) 

Change in 
%HA  

Exceeds 
Change in 

%HA Limit of 
6.5%? 

Exceeds Sleep 
Disturbance Ln of 30 
dBA (indoor) or 45 

dBA (outdoor)? 

Exceeds Speech 
Comprehension Ld of 
40 dBA (indoor) or 55 

dBA (outdoor)? 

3 Residence 52.0 51.7 58.1 0.3 No Yes No 

4 Residence 49.5 46.5 53.5 4.2 No Yes No 

5 Residence 52.8 49.6 56.7 2.9 No Yes No 
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As can be seen in Table 7-2, the daytime Ld level at each receptor location meets the speech 

comprehension guideline of 55 dBA outdoors.  

Similarly, the change in %HA at all receptors is below the limit of 6.5%. The %HA for Future Scenario 1 

(without Project) and Future Scenario 2 (with Project) is illustrated in Figures 4 and 5, respectively (which 

are located following the report text). Note in the figures that the most highly annoyed residents will be 

those living in close proximity to Deltaport Way, where heavy trucks and trains produce relatively high 

levels of noise. Figure 6 shows the upland areas where the change in %HA (expected 2025 versus 

operation 2025) is anticipated to exceed 6.5%. As can be seen, the most heavily affected area is that 

surrounding the most northeasterly portion of the Project footprint, where the Roberts Bank causeway 

meets the shoreline. The change in %HA is also projected to exceed 6.5% along Deltaport Way until the 

boundary of the modelled area. Sites 3, 4 and 5 are within areas where the change in %HA is not 

anticipated to exceed 6.5%.   

Sleep disturbance is generally evaluated with regard to both continuous and intermittent noise. For 

continuous noise, the nighttime noise level (Ln) at all receptor locations exceeds the sleep disturbance 

guideline of 45 dBA outdoors. It should be noted that the Future Scenario 1 (without the Project) annual 

average nighttime Ln level for sites 3 and 5 also exceeds the sleep disturbance guideline, while site 4 is 

marginally below the guideline (44.5 dBA versus 45 dBA). Furthermore, the anticipated increase in 

Ln levels as a result of Project operation (Future Scenario 2 with Project) as compared to 

baseline conditions (Future Scenario 1 without Project) is minimal (site 3 = 0.2 dBA; site 4 = 2.0 dBA; site 

5 = 1.1 dBA) (Table 6-5). For intermittent noise, an indoor sound pressure level should not exceed 

45 dBA Lmax, which corresponds to an outdoor level of 60 dBA Lmax, more than 10 to 15 times per night 

(or 1.1 to 1.7 times per hour). For sites 3, 4 and 5, Lmax values were determined for short periods in July 

and August 2013 (Table 6-6). The Lmax values were associated with impulsive noise events primarily from 

material handling at the terminals and train shunting on the causeway (sites 4 and 5), and from 

rail shunting on the rail corridor within the study area (site 3). None of the Lmax values exceeded the 

sleep disturbance guideline of 60 dBA Lmax (site 3 ranged from 49.5 to 56.5 Lmax; site 4 ranged from 

45.8 to 52.2; and site 5 from 42.9 to 53.8). At site 3, transient noise events (non-continuous noises with 

less rapid onsets and decays than impulsive noises) were created by locomotives or wheel-rail 

interactions during train pass-bys on the rail corridor within the study area. The Lmax values associated 

with the transient rail events ranged from 46.2 to 62.2 dBA with an average of 55.3 dBA (Table 6-7). The 

transient noise events at site 3 from locomotive pass-bys were noted to occur at a rate of roughly one per 

hour. Roberts Bank Terminal 2 is expected to increase the number, but not the severity (i.e. noise level), 

of impulsive and transient port and rail-related noise events (Wakefield 2014). These increases are 

expected to be proportional to the increases in port cargo and rail traffic volumes. Collectively, it is not 

anticipated that continuous or intermittent noise generated during Project operation will substantially affect 

the quality of sleep of residents in the affected communities. The anticipated increase in Ln levels as a 

result of Project operation (as compared to future conditions without the Project) is minimal, and the Lmax 

values are generally below 60 dBA.  
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7.2 HEALTH RISK RELATED TO LOW-FREQUENCY NOISE 

Low-frequency noise is addressed in this environmental assessment in two ways. First, if low-frequency 

noise is considered to be present at receptor locations (dBC minus dBA is greater than 10 dB [Health 

Canada 2011]), then an adjustment of +5 dBA is applied to the Ldn levels when calculating the %HA for 

the Project construction and operation phases (as compared to baseline conditions) (Table 7-1 and 7-2). 

Secondly, to prevent rattles from low-frequency noise and the associated annoyance from this effect, the 

energy sum of the sound levels in the 16-, 31.5- and 63-Hz octave bands is compared to a rattle criterion 

of 70 dB (Health Canada 2011) (Table 7-3). 

Table 7-3 Compliance with Low-Frequency Noise Rattle Criterion 

Site 
Measurement 

Location 

Average Noise Level (dB) in One-
Third Octave Band (Hz) Sum of Sound 

Levels (dB) 

Sum of Sound Levels 
Exceed Rattle 

Criterion of 70dB? 16 31.5 63 

5 
Outside 54.7 55.1 55.2 59.8 No 

Inside 39.8 42.9 42.6 46.7 No 

6 
Outside 42.6 44.8 42.7 48.3 No 

Inside 32.8 31.1 33.1 37.2 No 

7 
Outside 59.4 56.3 57.0 62.5 No 

Inside 45.5 47.4 39.5 50.0 No 

At sites 5, 6, and 7 (representative of residences in the Tsawwassen neighbourhood), the differences 

between A- and C-weighted noise levels, both indoors and outdoors, range from 12.6 to 22.5 dB, which 

indicates the presence of low-frequency noise in the community (Table 6-10). As such an adjustment of 

+5 dBA was applied to the Ldn levels when calculating the change in %HA for the Project construction and 

operation phases (as compared to baseline conditions). As shown in Table 7-1 and 7-2, the change in 

%HA at all receptors is below the limit of 6.5%. Table 7-3 presents an evaluation of low-frequency noise 

at sites 5, 6, and 7 with regards to a rattle criterion. As indicated, the energy sum of the sound levels 

in the 16-, 31.5- and 63-Hz octave bands for each site is below the rattle criterion of 70 dB. Therefore, 

low-frequency noise is not anticipated to cause annoyance and adverse health effects in individuals 

residing in the communities nearest to RBT2. Moreover, the predicted increase in low-frequency 

noise levels as a result of Project operation as compared to future baseline conditions is minimal 

(site 4 = 2.6 dB; site 5 = 1.6 dB) (Table 6-14). 

7.3 HEALTH RISK RELATED TO GROUND-BORNE VIBRATION 

Ground-borne vibration is evaluated in this HHRA using a FTA (2006) impact criterion of 103 VdB. This 

criterion is applicable to residential areas with occasional vibration events (30 to 70 per day). For site 1 

(on Arthur Drive) and site 2 (on 41B Street), the maximum ground-borne vibration levels for heavy trucks 
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exceed the selected impact criterion (Table 7-4). For site 3 (on 41B Street near the rail corridor within the 

study area), the maximum ground-borne vibration level for trains marginally exceeds the impact criterion. 

As such, under current conditions it is possible that individuals living in the vicinity of these sampling 

locations may be experiencing annoyance. 

Table 7-4 Compliance with Ground-borne Vibration Criterion 

Site 
Measurement 

Date(s) 

Approximate 
Setback from 
Rail Tracks 

(m) 

Ground-borne Vibration Level (VdB) Ground-
borne 

Vibration 
Impact 

Criterion 
(VdB) 

Ambient 
(Road 
Traffic) 

Heavy 
Truck 

Train 

Average Max. Average Max. 

1 August 7, 2013 700 88 116 -- -- 103 

2 
August 7 and 8, 
2013 

630 88 113 84 95 103 

3 August 8 2013 250 79 90 95 104 103 

7.3.1 Construction Phase 

Maximum construction ground-borne vibration levels are not expected to exceed 90 VdB (Wakefield 

2014). This level is 3 VdB below the 93 VdB threshold of perception for humans (FTA 2006). 

7.3.2 Operation Phase 

Due to the large setback distances of sensitive receptors and the presence of local vibration sources (i.e., 

rail and road traffic), RBT2 is not expected to affect ground-borne vibration levels experienced by noise 

and vibration sensitive upland receptors. Ground-borne vibration levels in these areas are dominated by 

upland road and rail traffic that are outside the jurisdiction of PMV. In the future, ground-borne vibration 

levels within the study area will change without Project operation. These changes will be largely due to 

increases in road and rail traffic volumes and activities, and the addition of rail tracks at the Gulf Yard 

associated with DTRRIP. After DTRRIP, the closest train track near to site 3 will be setback 210 m versus 

240 m prior to the Project. This setback change is predicted to increase ground-borne vibration levels 

during train pass-bys by approximately 1.3 VdB. According to FTA (2006), in situations where an existing 

track that causes impact (i.e., emits vibrations which exceed appropriate impact criterion) is relocated 

closer to sensitive receptors, new impact will be assessed only if the relocation results in more than a 3 

VdB increase in vibration level.  
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8.0 CONCLUSIONS 

A primary and several secondary indicators were assessed to determine whether human health may be 

affected as a result of exposure to noise and vibration in the communities nearby RBT2. The primary 

indicator is percent highly annoyed (%HA) while the secondary indicators include sleep disturbance, 

interference with speech comprehension, and annoyance associated with low-frequency noise and 

ground-borne vibration. The primary indicator has demonstrated the strongest causal relationship 

between adverse human health effects and noise exposure (that is, an increase in %HA is most indicative 

of potential human health effects as a result of exposure to noise). 

For the Project construction phase, the calculated change in %HA for all receptor locations was below the 

threshold of 6.5%. In calculation of the %HA, the impulsive characteristic of source noise and the 

presence of low-frequency noise were accounted for with adjustments to the Ldn because the presence of 

impulsive and low-frequency noise can increase the potential annoyance of sound. The Ld at each 

receptor location was found to meet the speech comprehension guideline of 55 dBA outdoors. Finally, the 

nighttime equivalent sound level (Ln) at all receptor locations exceeded the sleep disturbance guideline of 

45 dBA outdoors (for continuous noise). It should be noted that the baseline Ln values generally exceeded 

the sleep disturbance guideline, and that the anticipated increases in Ln as a result of Project construction 

(as compared to baseline conditions) were minimal. 

For the Project operation phase, the calculated change in %HA for all receptor locations was below the 

threshold of 6.5%. In calculation of the %HA, adjustments were made to the Ldn values to account for the 

presence of impulsive and low-frequency noise. The change in %HA (expected 2025 [or baseline] versus 

operation 2025) was mapped and exceedances of the 6.5% threshold are anticipated to occur in the area 

surrounding the most northeasterly portion of the Project footprint, where the Roberts Bank causeway 

traverses the shoreline. The change in %HA is also projected to exceed 6.5% along Deltaport Way until 

the boundary of the modelled area. The Ld at each receptor location was found to meet the speech 

comprehension guideline of 55 dBA outdoors. Finally, the Ln at all receptor locations exceeded the sleep 

disturbance guideline of 45 dBA outdoors (for continuous noise). It should be noted that the baseline 

Ln values generally exceeded the sleep disturbance guideline, and that the anticipated increases in Ln as 

a result of Project operation (as compared to baseline conditions) were minimal. At some receptor 

locations, particularly in close proximity to the Roberts Bank rail corridor, transient noise events 

(for example, locomotives or wheel-rail interactions) may contribute to sleep disturbance. 

Low-frequency noise was assessed in two ways: i) through calculation of the change in %HA (applying a 

+5 dBA adjustment to the Ldn levels to account for low-frequency noise) for the Project construction and 

operation phases (as compared to baseline conditions), and through the use of a rattle criterion of 70 dB. 

As indicated above, the change in %HA at all receptor locations is below the threshold of 6.5%. 

Furthermore, the energy sum of the sound levels in the 16-, 31.5- and 63-Hz octave bands for each site is 
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below the rattle criterion. Therefore, low-frequency noise is not anticipated to have an effect on the 

communities nearest to RBT2. Moreover, the predicted increase in low-frequency noise levels as a result 

of Project operation as compared to future conditions without the Project is minimal. 

Ground-borne vibration was evaluated in this HHRA using an impact criterion of 103 VdB. This criterion is 

applicable to residential areas with occasional vibration events.Under the existing conditions it is possible 

that individuals living in the vicinity of major road and rail arterials (in close proximity to Deltaport Way or 

other roadways where heavy trucks travel) may be experiencing annoyance. Neither the construction nor 

operation of RBT2 are expected to affect ground-borne vibration levels experienced by noise and 

vibration sensitive upland receptors, as a result of the large setback distances of Project components 

from sensitive receptors. Ground-borne vibration levels in the receptor locations of interest are dominated 

by upland road and rail traffic that are outside the jurisdiction of PMV.  
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11.0 STATEMENT OF LIMITATIONS 

This report was prepared by Hemmera Envirochem Inc. (“Hemmera”), based on fieldwork conducted by 

Hemmera, for the sole benefit and exclusive use of Port Metro Vancouver. The material in it reflects 

Hemmera’s best judgment in light of the information available to it at the time of preparing this Report. 

Any use that a third party makes of this Report, or any reliance on or decision made based on it, is the 

responsibility of such third parties. Hemmera accepts no responsibility for damages, if any, suffered by 

any third party as a result of decisions made or actions taken based on this Report. 

Hemmera has performed the work as described above and made the findings and conclusions set out in 

this Report in a manner consistent with the level of care and skill normally exercised by members of the 

environmental science profession practicing under similar conditions at the time the work was performed. 

This Report represents a reasonable review of the information available to Hemmera within the 

established Scope, work schedule and budgetary constraints. It is possible that the levels of 

contamination or hazardous materials may vary across the Site, and hence currently unrecognised 

contamination or potentially hazardous materials may exist at the Site. No warranty, expressed or implied, 

is given concerning the presence or level of contamination on the Site, except as specifically noted in this 

Report. The conclusions and recommendations contained in this Report are based upon applicable 

legislation existing at the time the Report was drafted. Any changes in the legislation may alter the 

conclusions and/or recommendations contained in the Report. Regulatory implications discussed in this 

Report were based on the applicable legislation existing at the time this Report was written. 

In preparing this Report, Hemmera has relied in good faith on information provided by others as noted in 

this Report, and has assumed that the information provided by those individuals is both factual and 

accurate. Hemmera accepts no responsibility for any deficiency, misstatement or inaccuracy in this 

Report resulting from the information provided by those individuals. 

The liability of Hemmera to Port Metro Vancouver shall be limited to injury or loss caused by the negligent 

acts of Hemmera. The total aggregate liability of Hemmera related to this agreement shall not exceed the 

lesser of the actual damages incurred, or the total fee of Hemmera for services rendered on this project. 
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Calculation of Percent Highly Annoyed  

This section provides the information used and methodology for calculating the change in percent highly 

annoyed (%HA) for the Project construction and operation phases (as compared to baseline conditions). 

In accordance with Health Canada (HC, 2011), the day-night sound level (Ldn) is used to determine the 

potential for high annoyance in affected communities. The Ldn is an equivalent continuous sound level 

taken over 24-hours (that is, 24-hour average sound level) with the nighttime contributions adjusted by 

+10 dBA. The %HA is determined using the methodology presented in HC (2011), and the %HA results 

(Tables A-1 and 2) shown in this appendix display information that is consistent with that presented in 

Appendix D (Methodology: Equations and Format for Data Reporting) of HC (2011). The concept of the 

%HA parameter is based on the American National Standards Institute (ANSI 2005) document Quantities 

and Procedures for Description and Measurement of Environmental Sound - Part 4: Noise Assessment 

and Prediction of Long-term Community Response and the Canadian Standards Association (CSA 2005) 

document Acoustics – Description, measurement and assessment of environmental noise – Part 1: Basic 

quantities and assessment procedures.  

Prior to calculating the %HA, it may be necessary to make adjustments to the Ldn depending on the type 

of noise source(s) (for example, air or rail traffic) and source characteristics (for example, impulsiveness, 

tonality, or low-frequency). The rationale for these adjustments is that people within a community have 

been found to be more likely to report high annoyance toward certain noise sources and characteristics 

(such as aircraft noise and impulsiveness, respectfully). The HC (2011) noise guideline incorporates 

impulsive noise, tonality, and low-frequency noise in the %HA analysis. A prominent tone (PT; or tonal 

sound) is sound characterised by a single frequency component or narrow-band components that emerge 

audibly from the total sound. Examples of sources that can cause PT include backup alarms on trucks, 

fans, compressors, motors, and transformers. Low-frequency noise is noise with frequency content in the 

range of 20 to 200 Hz. Low-frequency noise is typically not well perceived by the human ear but may 

induce vibrations in residences or worker sleeping quarters that may be perceptible or cause a rattle in 

these environments. Common sources of low-frequency noise include ventilation installations, pumps, 

compressors, diesel engines, gas turbine power stations, and means of transport. Impulsive sound can be 

classified into one of three categories as follows: 

 High energy impulsive (HEI) 

▫ Impulsive noise from any high-energy impulsive sound source, including any explosive 

source in which the equivalent mass of trinitrotoluene (TNT) exceeds 50 grams, or sources 

with comparable characteristics and degrees of intrusiveness such as sonic booms, blasting, 

quarry and mining explosions, demolition or industrial processes that use high explosives, 

explosive industrial circuit breakers and military ordnance (for example, artillery, bombs, and 

the explosive ignition of rockets and missiles). 
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 Highly impulsive (HI) 

▫ Impulsive noise from any noise source with highly impulsive characteristics and a high degree 

of intrusiveness. For example, impact pile driving, small-arms firing, hammering on metal or 

wood, nail guns, drop-hammering, drop forging, punch pressing, pneumatic hammering, 

pavement breaking, or metal impacts in rail yard shunting operation. 

 Regular impulsive (RI) 

▫ Impulsive noise from sources that are neither highly impulsive nor high-energy impulsive. For 

example, slamming car doors and truck tailgates, outdoor ball games, and church bells. 

Based on Canadian Standards Association (CSA 2005), HC (2011) advises that the following sound level 

adjustments be used when evaluating annoyance: PT (+5 dBA), RI (+5 dBA), and HI (+12 dBA). 

Additionally, the CSA (2005) document presents a methodology for calculation of adjusted SEL for HEI 

sounds from C-weighted SEL. Finally, AER (2007) provides a methodology for assessing environmental 

sounds with strong low-frequency content.  

Tables A-1 and 2 present the change in %HA analysis for the Project construction and operation phases. 

As indicated above, PT, impulsive sound, or low-frequency noise adjustments can be applied to predicted 

Ldn results to generate a RL, which is subsequently used in the calculation of %HA. The many on-going 

operations at the Roberts Bank terminals and the road and rail traffic on the Roberts Bank causeway 

produce a quasi-steady noise signature that is occasionally punctuated by impulsive and transient noise 

events. The impulsive noises are caused by activities such as material handling impacts, ship cargo hatch 

handling impacts, and rail car shunts. Roberts Bank Terminal 2 is expected to increase the number, but 

not the severity, of impulsive and transient port and rail-related noise events. These increases are 

expected to be proportional to the increases in port cargo and rail traffic volumes. As such, an adjustment 

to the Ldn for high impulsive noise (+12 dBA) is appropriate, and the adjustment should be applied to the 

Ldn for baseline, and construction and operation phases. Adjustments for impulsive source character 

should only be applied to impulsive sound sources that are audible at the receiver location. As presented 

in the technical report for noise, impulsive noise events have been observed at sites 3, 4, and 5 (as a 

result of material handling at the terminals, train shunting on the causeway, or rail shunting on the 

Roberts Bank rail corridor). 

No substantial PT sound was observed at sites 3, 4, and 5 during collection of noise measurements in 

July/August 2013; hence, no tonal sound adjustment is used in the %HA calculations. Adjustments for 

tonal character should only be applied when the total sound is audibly tonal at the receiver location. 

Because low-frequency noise has been measured in the communities nearest to RBT2, an adjustment to 

the Ldn is appropriate. Consistent with AER (2007), an adjustment of +5dBA was applied to the Ldn for 

baseline, and construction and operation phases. 
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One final adjustment that needs to be considered in the %HA analysis is an adjustment to Ldn results to 

account for receptors potentially residing in a quiet rural area. According to HC (2011), a quiet rural area 

is considered an area where a noise receptor (or group of receptors) has a greater expectation for and 

value placed on peace and quiet. Before calculating noise effects from the Project on receptors, HC 

advises that baseline Ldn be increased by 10 dBA (linear sum) for each applicable receptor when 

exposure duration is greater than one year. The communities affected by noise from the Project are not 

considered to be within a quiet rural area and therefore this adjustment has not been applied to baseline 

noise levels. 

The Ldn adjustments that have been applied in the %HA analysis for the Project construction and 

operation phases are summarised in Tables A-1 and 2, respectively.  

Tables A-1 and 2 also present the unadjusted and adjusted Ldn results and calculated %HA values for 

sites 3, 4, and 5 for three separate Project scenarios; existing (2013), expected (2025), and construction 

and operation (2025) conditions. The existing (2013) annual average noise levels (Ldn) were derived from 

field studies completed in July/August 2013. The expected (2025) values are 2025 annual average noise 

levels (Ldn) derived using the future scenario 1 model which represents 2025 conditions without the 

Project. While the construction and operation (2025) values are 2025 monthly/annual average noise 

levels (Ldn) derived using the construction, future scenario 2 model which represents 2025 conditions with 

the Project. For all three scenarios, an adjustment of +17 dBA (to account for HI and low-frequency noise) 

was added linearly to the unadjusted Ldn values to obtain the adjusted Ldn values.  

Finally, Tables A-1 and A-2 present the calculated %HA values for the three Project scenarios for the 

construction and operation phases, respectively. The %HA was calculated using the following equation: 

%HA = 100 / [1+e
(10.4 – 0.132 * Adjusted Baseline, Construction, or Operation (RL)

]. The increase in %HA is also shown for 

expected (2025) versus existing (2013) conditions, construction and operation (2025) versus existing 

(2013) conditions, and construction and operation (2025) versus expected (2025) conditions. 
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Table A-1 Construction Phase - Change in %HA Analysis 

Site 

Adjustments 
    

Tonality Impulsiveness 
Low-

Frequency 
Rural Area TOTAL 

    

3 0 12 5 0 17 
    

4 0 12 5 0 17 
    

5 0 12 5 0 17 
    

 

         

Site 

Unadjusted Ldn Adjusted Ldn %HA 

Existing 
(2013) 

Expected 
(2025) 

Construction 
(2025) 

Existing 
(2013) 

Expected 
(2025) 

Construction 
(2025) 

Existing 
(2013) 

Expected 
(2025) 

Construction 
(2025) 

3 56.7 58.0 58.5 73.7 75.0 75.5 33.8 37.8 39.3 

4 50.9 51.7 53.0 67.9 68.7 70.0 19.2 20.9 23.9 

5 55.1 55.7 56.0 72.1 72.7 73.0 29.3 30.9 31.8 

 

         

Site 

Unadjusted Ldn Increases %HA Increases 
   

Expected 
vs Existing 

Construction 
vs Existing 

Construction 
vs Expected 

Expected 
vs Existing 

Construction 
vs Existing 

Construction 
vs Expected    

3 1.3 1.8 0.5 3.9 5.5 1.6 
   

4 0.8 2.1 1.3 1.7 4.7 3.0 
   

5 0.6 0.9 0.3 1.7 2.5 0.9 
   

 

 

 



Port Metro Vancouver APPENDIX A Hemmera 
Human Health Assessment for Noise - 5 - December 2014 

 

Table A-2 Operation Phase - Change in %HA Analysis 

Site 

Adjustments 
    

Tonality Impulsiveness 
Low-

Frequency 
Rural Area TOTAL 

    

3 0 12 5 0 17 
    

4 0 12 5 0 17 
    

5 0 12 5 0 17 
    

 

         

Site 

Unadjusted Ldn Adjusted Ldn %HA 

Existing 
(2013) 

Expected 
(2025) 

Operation 
(2025) 

Existing 
(2013) 

Expected 
(2025) 

Operation 
(2025) 

Existing 
(2013) 

Expected 
(2025) 

Operation 
(2025) 

3 56.7 58.0 58.1 73.7 75.0 75.1 33.8 37.8 38.1 

4 50.9 51.7 53.5 67.9 68.7 70.5 19.2 20.9 25.1 

5 55.1 55.7 56.7 72.1 72.7 73.7 29.3 30.9 33.8 

 

         

Site 

Unadjusted Ldn Increases %HA Increases 
   

Expected 
vs Existing 

Operation vs 
Existing 

Operation 
vs Expected 

Expected 
vs Existing 

Operation 
vs Existing 

Operation 
vs Expected    

3 1.3 1.4 0.1 3.9 4.3 0.3 
   

4 0.8 2.6 1.8 1.7 5.9 4.2 
   

5 0.6 1.6 1.0 1.7 4.6 2.9 
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Technical Report/Technical Data Report Disclaimer 

The Canadian Environmental Assessment Agency determined the scope of the proposed Roberts Bank 

Terminal 2 Project (RBT2 or the Project) and the scope of the assessment in the Final Environmental 

Impact Statement Guidelines (EISG) issued January 7, 2014. The scope of the Project includes the 

project components and physical activities to be considered in the environmental assessment. The scope 

of the assessment includes the factors to be considered and the scope of those factors. The 

Environmental Impact Statement (EIS) has been prepared in accordance with the scope of the Project 

and the scope of the assessment specified in the EISG. For each component of the natural or human 

environment considered in the EIS, the geographic scope of the assessment depends on the extent of 

potential effects.  

At the time supporting technical studies were initiated in 2011, with the objective of ensuring adequate 

information would be available to inform the environmental assessment of the Project, neither the scope 

of the Project nor the scope of the assessment had been determined.   

Therefore, the scope of supporting studies may include physical activities that are not included in the 

scope of the Project as determined by the Agency. Similarly, the scope of supporting studies may also 

include spatial areas that are not expected to be affected by the Project.   

This out-of-scope information is included in the Technical Report (TR)/Technical Data Report (TDR) for 

each study, but may not be considered in the assessment of potential effects of the Project unless 

relevant for understanding the context of those effects or to assessing potential cumulative effects. 
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EXECUTIVE SUMMARY 

The Roberts Bank Terminal 2 Project (RBT2 or the Project) is a proposed new three-berth marine 

terminal at Roberts Bank in Delta, B.C. The Project is part of PMV’s Container Capacity Improvement 

Program, a long-term strategy to deliver projects to meet anticipated growth in demand for container 

capacity to 2030. Studies described in this technical report contribute to an understanding of the 

environmental effects of the Project. 

This technical report focusses on edible shellfish, including members of class Bivalvia, such as the heart 

cockle (Clinocardium nuttallii), and class Malacostraca - Dungeness crabs (Metacarcinus magister), which 

have traditionally been an important marine resource for coastal Aboriginal communities. Fisheries and 

Oceans Canada has placed a sanitary shellfish harvesting restriction covering the intertidal mudflats of 

both Sturgeon and Roberts Banks, and anecdotal evidence suggests members of local Aboriginal groups 

(e.g., Tsawwassen First Nation) have limited their collection of bivalves for consumption in the last few 

decades due to perceived contamination. Despite this, no studies to date have quantified contaminant 

levels in bivalve tissue at Roberts Bank and related them to potential human health risks.  

There are only a limited number of potential sources of anthropogenic (human-caused) contamination at 

Roberts Bank, including minor local sources of hydrocarbon products or other materials associated with 

shipping and berthing operations, as well as historical coal dust releases associated with Westshore 

Terminals. 

Contaminants of potential concern associated with marine environmental releases of coal dust include 

polycyclic aromatic hydrocarbons (PAHs), trace elements such as sulfur and selenium and - to a lesser 

extent - cadmium, arsenic, bismuth and various other metals/metalloids. This study was intended to (i) 

provide an updated survey of edible bivalve resources on the Roberts Bank tide flat; (ii) define 

concentrations of contaminants of potential concern originating from coal dust in edible bivalve and crab 

soft tissues and further compare tissue concentrations to concentrations in the surrounding surface 

sediments; and (iii) evaluate human health risks associated with the hypothetical consumption of bivalve 

and Dungeness crab shellfish resources in the project vicinity. To the extent that the bivalve tissue 

samples collected had PAHs from local and regional sources other than coal particulates, the results and 

interpretations with regard to consumption risk potential also address other possible hydrocarbon 

releases. 

Bivalves common at Roberts Bank and Boundary Bay included cockles, Macoma clams and littleneck 

clams (Protothaca staminea). Oysters and mussels were only encountered on the north side of the 

Roberts Bank causeway, attached to rip-rap boulders. Ghost shrimp (Neotrypaea californiensis) were 

commonly found burrowed in both muddy and sandy sediments, while polychaete worms were common 

in coarse sand. Crabs are routinely harvested in subtidal areas towards the outer shoulder of Roberts 

Bank and the Fraser River estuary in general. 
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With regard to contaminant exposures of edible bivalves, Roberts Bank intertidal sediment samples 

exhibited an approximate ten-fold range in total PAH (TPAH) concentration, with an average 

concentration (54 ng/g) that was approximately 13-fold higher than in Boundary Bay reference samples 

(4.2 ng/g TPAH). While all observed sediment concentrations of individual PAHs were lower than relevant 

Canadian sediment quality guidelines for the protection of marine life (Canadian Council of Ministers of 

the Environment Interim Sediment Quality Guidelines: CCME ISQG) by a factor of three or more, the 

derivation of such guidelines do not address issues associated with bioaccumulation of contaminants in 

various sediment-associated biota and risks to animals (or humans) that consume sediment-associated 

marine life.  

Observed TPAH concentrations in tideflat surface sediments were not correlated with the distance of the 

sampling site from the Roberts Bank causeway or Westshore Terminals. This is probably a result of 

decreased introductions of coal dust to the marine environment in recent times compared to several 

decades ago, along with the ongoing re-distribution of fine textured and low density coal dust as a result 

of wind wave scour and tidal currents. Sediment samples with elevated PAH concentrations exhibited a 

PAH composition that was generally consistent with expectations for a coal-type source. 

There was a statistically significant relationship between the lipid-normalised lower-molecular weight PAH 

(LPAH) concentrations in bivalve tissues and the sediment dry weight LPAH concentrations, indicating 

that sediment-bound PAHs are being taken up by resident biota. Many bivalves have a limited ability to 

metabolise PAHs and excrete the resulting more polar metabolites. 

In contrast, there were no detectable PAHs in samples of leg muscle from Dungeness crabs collected on 

Roberts Bank. Unlike bivalves, Dungeness crabs and various other decapod crustaceans are widely 

recognised to have appreciable ability to metabolise PAHs and thus eliminate them from their bodies. In 

addition, crabs are more mobile than bivalves, and the influence of locally elevated contaminant 

concentrations in the seabed would be expected to be lower for mobile than non-mobile sediment-

associated fauna.  

Based on the results of a quantitative human health risk assessment (HHRA), it was concluded that PAHs 

in edible bivalve tissues pose a negligible consumption human health risk. The assumptions used to 

estimate the incremental lifetime cancer risk (ILCR) are all relatively conservative: the maximum observed 

PAH tissue concentration was used in the estimate, and a conservatively high annual shellfish 

consumption rate was assumed (i.e., 40 g/day on average for adults and teens, 33 g/day for children, and 

20 g/day for toddlers). There is a high degree of confidence, therefore, in the conclusion that PAHs in 

Roberts Bank edible bivalve tissues will not result in health risks based on consumption.  
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Based on health effects other than cancer, bivalve consumption risks associated with either arsenic or 

selenium were predicted to be acceptably low. Based on the observed cadmium concentration in the soft 

tissues of Pacific oysters (Crassostrea gigas), the worst-case exposure estimates exceed exposure 

thresholds considered to be safe for human health. Nonetheless, the observed cadmium concentration in 

Pacific oyster tissue was consistent with concentrations documented by various researchers for other 

areas of the British Columbia and Washington State coasts. The results reflect a broader scale, coast 

wide issue with cadmium uptake in oysters, as opposed to a local source. In addition, oysters are only 

found in limited numbers attached to hard substrate along the northern side of the Roberts Bank 

causeway, with an overall abundance that would not support sustained human consumption at the 

assumed rates. Discounting the cadmium results for oysters, the observed tissue concentrations for the 

other four bivalve species would not result in unacceptable health risks for humans consuming these 

edible bivalves.  

Based on the external examination of 132 Dungeness crab and examination of internal surfaces of 15 

Dungeness crab, there was no indication of coal particulate accumulation. However, twelve crabs did 

have external black lesions on their shell, indicative of shell disease that is routinely observed in 

Dungeness crabs with a damaged exoskeleton as a result of fights with other crabs or other species, and 

this condition is more frequently observed in crabs that have not molted for some time. Three crabs were 

observed to have darkened gill patches but this is attributed to progressive discoloration with the time 

elapsed since the last molt. PMV is currently working with Aboriginal groups to further investigate 

blackened crab observations in the Roberts Bank area. Crab harvesters from several Aboriginal groups 

have provided crabs with abnormal appearance such as the blackening of the exoskeleton. Tissues from 

the collected crabs will be analyzed for fungal disease, trace elements and PAHs, and the results shared 

with Aboriginal groups. 

A subtidal sediment sample co-located with Dungeness crabs collected from the reference location had 

similar TPAH concentrations to the other two Roberts Bank sites, which was consistent with expectations 

for a coal-type source. PAHs were not detected in any of the Dungeness crab tissue samples, however 

tissue concentrations were similar to or below laboratory blank levels, indicating crabs are not 

accumulating PAH compounds in their muscle tissues, and results were not moved forward to HHRA. 

Based on health effects other than cancer, health risks associated with consumption of arsenic in 

Dungeness crab muscle tissue were determined to be acceptably low. Cancer risks from total arsenic 

concentrations observed in crab muscle tissue are also likely to be acceptably low, based on the premise 

that carcinogenic forms of arsenics do not comprise an appreciable portion of the measured total arsenic, 

and the documented Dungeness crab muscle tissue concentrations of arsenic are well within the range of 

market sourced and field collected shellfish samples that are routinely consumed by humans without 

appreciable evidence of elevated cancer incidence or other forms of toxicity.  
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1.0 INTRODUCTION 

This section provides project background information on the Shellfish Harvesting Potential and 

Contaminant-Related Consumption Risks at Roberts Bank Study. 

1.1 PROJECT BACKGROUND 

The Roberts Bank Terminal 2 Project (RBT2 or Project) is a proposed new three-berth marine terminal at 

Roberts Bank in Delta, B.C. that could provide 2.4 million TEUs (twenty-foot equivalent unit containers) of 

additional container capacity annually. The Project is part of Port Metro Vancouver’s Container Capacity 

Improvement Program (CCIP), a long-term strategy to deliver projects to meet anticipated growth in 

demand for container capacity to 2030. 

Port Metro Vancouver has retained Hemmera to undertake environmental studies related to the Project. 

This technical report discusses studies of intertidal shellfish of Roberts Bank, with a focus on edible 

shellfish, including bivalves (cockles, clams, mussels, oysters) and Dungeness crabs. This report further 

discusses the human health risks associated with shellfish consumption under the existing conditions. 

It is important to note that there are only a few, minor local sources of contamination to the Roberts Bank 

tideflat and adjacent subtidal area; although the Fraser River delta in general receives treated sewage 

effluent (e.g. via the Iona Island waste water treatment plant outfall) and other point and non-point source 

inputs at locations that are greater than 10 km away from the Project location. Contaminant uptake into 

shellfisheries resources on Roberts Banks is of interest primarily based on the fact that: (i) the historical 

deposition of coal particulates to the tideflat adjacent to the Project has previously been documented 

(Pearce and McBride 1977, Johnson and Bustin 2006); and (ii) future re-suspension of such 

contaminated sediments could change the degree of bioavailability.  

1.2 EDIBLE SHELLFISH RESOURCES - OVERVIEW  

A review of available information and state of knowledge was completed for shellfish resources to identify 

key data gaps and areas of uncertainty within the general RBT2 area. This technical report describes the 

study findings for key components identified from this gap analysis. Study components, major objectives 

and a brief overview are provided in Table 1-1. 

Bivalve shellfish (class Bivalvia), such as the heart cockle (Clinocardium nuttallii), and Dungeness crabs 

(Metacarcinus magister) have traditionally been an important marine resource for coastal Aboriginal 

communities. Members of the Tsawwassen First Nation (TFN) have historically used the intertidal 

mudflats around RBT2 to harvest shellfish. Feedback arising from aboriginal consultations, however, 

suggests members of TFN have limited their collection of bivalves for consumption in the last few 

decades due to perceived contamination of the shellfish, although the specific sources of contamination 

were not identified. Dungeness crab are still harvested by Musqueam First Nation (MFN) and TFN; 

however harvesting is now conducted primarily in the subtidal waters around RBT2. 
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Table 1-1  Shellfish Study Components and Major Objectives 

Component Major Objective Brief Overview 

Bivalve Distribution 
and Productivity 

 Describe the species composition, 
distribution and densities of edible bivalve 
shellfish species within the various 
ecotypes within the intertidal zone at 
Roberts Bank. 

Bivalve densities were counted in 0.25 
m

2
 quadrats at randomised locations with 

four strata: eelgrass, sandy sediments, 
muddy sediments, and cobble. Length 
and weight measurements were also 
taken for specimens collected for tissue 
chemistry analysis (see below).  

Bivalve Tissue 
Chemistry Analysis 

 Quantify soft tissue concentrations of 
contaminants of potential concern (PAHs, 
selenium, cadmium, other coal derived 
trace elements) in edible shellfish 
inhabiting the foreshore ecosystem. 

 Link specific PAH compounds and PAH 
composition in coal (in light of historically 
documented releases of coal dust to the 
Roberts Bank tide flat) to PAHs observed 
in bivalve shellfish and sediment. 

 Provide data for estimating the exposure 
potential of humans to coal dust related 
contaminants via the consumption of 
edible shellfish. 

Tissue samples were harvested from five 
different bivalve species at Roberts Bank 
and Boundary Bay (reference site) and 
analysed for contaminants of potential 
concern based on historical coal dust 
inputs to the Roberts Bank intertidal flats. 
Co-located sediment samples were also 
collected.  

Dungeness Crab 
Tissue Chemistry 

Analysis  

and  

Evaluation of Visually 
Evident 

Morphological and 
Anatomical 

Abnormalities 

 Investigate findings of previous reports 
from several decades ago of coal dust 
accumulations in gill filaments, and 
anecdotal reports of external lesions, such 
as blackening of exoskeleton.  

 Quantify soft tissue (leg muscle) 
concentrations of contaminants of 
potential concern (PAHs, selenium, 
cadmium, and other coal derived trace 
elements) in crabs inhabiting the shallow 
subtidal areas at Roberts Bank. 

 Link specific PAH compounds and PAH 
composition in coal (in light of historically 
documented releases of coal dust to the 
Roberts Bank tide flat) to those found in 
crab tissues and sediment. 

 Provide data for estimating the exposure 
potential of humans to coal dust related 
contaminants via the consumption of 
edible shellfish. 

Specimens of crabs were collected using 
baited traps and examined for signs of 
external or internal abnormalities. 

Leg muscle tissue samples were 
harvested from five adult Dungeness 
crabs at Roberts Bank (for each of two 
locations near the existing coal terminal 
and one reference site), and analysed for 
contaminants of potential concern based 
on historical coal dust inputs to the 
shallow subtidal areas at Roberts Bank. 
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Table 1-1 (continued) 

Component Major Objective Brief Overview 

Quantitative Human 
Health Risk 

Assessment based 
on Shellfish 

Consumption 

 Evaluate risks to humans based on 
recreational or subsistence harvesting 
and consumption of shellfish resources 
(edible bivalves, Dungeness crabs) based 
on existing conditions at Roberts Bank. 

 Discuss future consumption risk potential 
based on predictions about how the 
project construction might affect 
contaminant bioavailability. 

The data on tissue chemistry were 
considered along with higher end 
estimates of shellfish consumption rates 
and a contemporary understanding of 
thresholds of human exposure for the 
contaminants of concern, to critically 
evaluate whether risks to human health 
are plausible. 

There are a limited number of known local sources of potential anthropogenic (human-caused) 

contamination of the Roberts Bank tide flat, including: (i) small-scale releases of antifouling paint based 

on leaching from ships at port; (ii) chronic releases of fuel and lubricating oils from various marine 

vessels; and (iii) coal dust releases to the adjacent marine environment associated with the Westshore 

Terminals (Pearce and McBride 1977, Johnson and Bustin 2006). Contaminants of potential concern 

associated with coal dust include polycyclic aromatic hydrocarbons (PAHs) as well as the trace elements 

sulfur and selenium and – to a lesser extent – cadmium, arsenic, bismuth and various other 

metals/metalloids. The other possible sources are considered to be of minor influence on marine 

sediment and water quality, and we expect that the influence of such sources cannot be distinguished 

from background conditions at Roberts Bank, except perhaps within a few tens of meters of the specific 

input location. This study was therefore focussed around contaminants associated with coal dust. 

The generally pristine nature of Roberts Bank tide flat sediments, with the exception of coal dust 

constituents, is borne out by extensive sediment quality data from samples collected in 2012 and 2013 

(please refer to the Sediment and Water Quality Characterisation Studies Technical Data Report; 

Hemmera 2014a). The concentrations in tideflat and delta front sediments of persistent organic 

contaminants such as PCBs or other substances is not a reflection of local discharges and inputs, as 

opposed to the discharge of geological origin sediments from the larger Fraser River watershed, with the 

associated global scale to regional scale deposition and riverine transport of atmospherically transported 

anthropogenic contaminants. PCB concentrations in Roberts Bank sediments associated with long-range 

transport and watershed scale inputs are discussed in the Hemmera (2014d) Technical Report entitled 

“Sediment PCB concentrations and sediment thresholds for increased uptake in southern resident killer 

whales”.  

Concerns regarding coal dust warrant further investigation, not only from a sediment and water quality 

perspective, but also from a human health perspective, since re-suspended coal particulates in the water 

column might accumulate in the tissues of organisms living in or on impacted sediments, and be 

transferred along the food web (Augenfeld et al. 1982). 
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Filter feeding bivalves are of particular interest since: (i) coal dust has a lower density than sandy-silt 

sediments and would therefore tend to remain in suspension within the benthic boundary layer longer 

than sediments derived from geological weathering processes; (ii) filter feeding invertebrates pass large 

volumes of bottom water through their gills as a means of obtaining food; and (iii) bivalves have a known 

ability to concentrate contaminants from surrounding waters, and have been used previously as bio-

monitors of PAH contaminants (Roberts et al. 2008).  

Dungeness crabs are also of particular interest since: (i) they support Commercial, Recreational, and 

Aboriginal (CRA) fisheries at Roberts Bank; and (ii) First Nation concerns have been expressed regarding 

black material observed on and in Dungeness crabs at Roberts Bank, which is thought to be coal 

particulates. To the extent that crabs forage in areas of Roberts Bank where coal dust deposits have 

been noted, there is a plausible exposure pathway for the crabs. 

PAH are lipophilic contaminants made up of aromatic ring structures, and are commonly found in fossil 

fuel sources, including oil, coal and tar deposits (CCME 2010). PAHs can also be produced during the 

low temperature combustion of organic matter; e.g., as a result of forest fires. PAH are of concern in part 

because some members of this chemical family are carcinogens (e.g., benzo[a]pyrene), or metabolic 

precursors of carcinogens, and thus pose a health risk to humans. Various PAHs can also exert adverse 

toxicological effects to estuarine life and humans by non-carcinogenic modes of action. 

The productivity of edible bivalves, and availability for harvest, provides important contextual information 

for the evaluation of consumption risk. An overview of the knowledge about edible bivalve resources at 

Roberts Bank is provided in Section 2. Similar information on the productivity of the CRA Dungeness 

crab fishery is provided in the Dungeness Crab Productivity Technical Data Report (Hemmera 2014b). 

Section 3 herein describes the specific objectives and methods used to evaluate shellfish consumption 

risks, including methods used in the completion of the Human Health Risk Assessment.  

Section 4 provides the results and interpretations of new studies undertaken to provide a better 

understanding of contaminant levels in shellfish tissues and the environment from which the shellfish 

were collected. This includes information on bivalve distribution and condition (Section 4.1), contaminant 

concentrations in sediments that support bivalve stocks (Section 4.2), contaminant concentrations in 

edible bivalve tissues (Section 4.3), information on Dungeness crab catch and condition (Section 4.4), 

contaminant concentrations in seabed areas where Dungeness crabs were obtained (Section 4.5), and 

contaminant concentrations in Dungeness crab edible tissues (Section 4.6).  

Section 5 provides a quantitative evaluation of human health risks from shellfish consumption, based on 

information presented in Section 4. 
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2.0 REVIEW OF AVAILABLE INFORMATION ON EDIBLE BIVALVES 

A review was undertaken of information pertaining to edible shellfish at Roberts Bank and across their 

entire geographic range. Numerous literature and data sources were consulted, including: 

 Publicly available Aboriginal Traditional Knowledge (ATK); 

 Workshops with TFN; 

 Academic journals; 

 Databases (e.g., DFO (Fisheries and Oceans Canada) WAVES Catalogue; NOAA); 

 Consultant reports; 

 Government technical reports; and 

 Expert opinion. 

References are listed in Section 7.0 and briefly summarised below.  

2.1 BIVALVE SHELLFISH 

Bivalve shellfish are a class of soft-bodied marine molluscs that are characterised by a laterally 

compressed body within a calcium carbonate shell, which is made up of two hinged halves. Edible 

bivalves include species such as clams, cockles, oysters, mussels and scallops, all of which commonly 

occur in the coastal waters of British Columbia, and are important resources for commercial, recreational, 

and Aboriginal harvest and shellfish aquaculture (Quayle and Bourne 1972, Hancock et al. 1979, DFO 

2013). Several species (e.g., Pacific littleneck clam (Protothaca staminea), heart cockle) are traditionally 

important to coastal Aboriginal groups, used for food, jewellery, decoration and money.  

Bivalves are benthic and either live within soft sediments or attached to the surfaces of hard substrates 

such as rocks, pilings or marine vegetation. In many estuaries and shallow water coastal areas, within the 

Strait of Georgia, bivalves are dominant invertebrate species in highly oxygenated, shallow mud or sand-

silt habitats (Levings et al. 1983, Burd et al. 2008). Mid-depth sandy sediments close to the Fraser River 

Delta, that are commonly characterised by fluctuating water oxygen levels and high sedimentation levels, 

also support a broad range of burrowing bivalve species (Burd et al. 2008).  

Bivalves play several important functional roles in estuarine ecosystems. Epifaunal species that live on 

the surface of hard substrates provide important secondary habitats or nurseries for a variety for marine 

organisms, including commercially valuable species such as juvenile Dungeness crab (Dumbauld et al. 

1993). Most bivalves are the dominant filter-feeders in many estuaries communities (Levings et al. 1983). 

Filter-feeding bivalves selectively process particulate organic materials such as phytoplankton and 

microorganisms from the water column using modified gills called ctenidia. Therefore, bivalves play a role 

in regulating water column processes through grazing control on phytoplankton production and other 
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organic particles (Newell 2004). In turn, feeding by bivalve communities actively reduces primary 

production in the water column, and in the process, reduces water turbidity and enhances eelgrass and 

other benthic plant growth (Newell 2004). As a result, bivalves are common subjects of anthropogenic 

impact studies (Harrison et al. 1998), and are commonly used as indicators or monitors of ecosystem 

health, specifically with respect to nutrient over-enrichment, marine eutrophication and blooms of harmful 

microalgae (Newell 2004). Most bivalve species have pelagic larval stages (i.e., living in the open water 

column), and as a result, also play an important role in food web dynamics that are not limited to the 

benthos (i.e., organisms that living on, in, or near the seafloor). 

A brief overview of the taxonomy and ecology of the five most abundant edible bivalve species found at 

Roberts Bank (Pacific littleneck clams, heart cockles, common clams (Macoma spp.), Pacific oysters 

(Crassostrea gigas) and bay mussels (Mytilus trossulus)) is provided in this section. For each bivalve, 

information is provided on: (i) taxonomy and distribution; (ii) life history; (iii) ecological role; and (iv) habitat 

requirements and limiting factors.  

 Pacific Littleneck Clam (Protothaca staminea) 2.1.1

Taxonomy & Distribution 

The littleneck clam is a member of the family Veneridae, and ranges from Alaska to Mexico, with a 

disjunct population (i.e., geographically separated) in Hokkaido, Japan (Rodnick and Li 1983). They are 

particularly abundant along the coasts of British Columbia and Alaska in shallow near-shore habitats such 

as beaches, bays and estuaries (Chew and Ma 1987, Gillespie and Bourne 1998). Littleneck clams 

primarily inhabit the intertidal zone, but also occur in sub-tidal areas, having been observed at depths of 

13 m (Quayle and Bourne 1972, Hancock et al. 1979). 

Life History 

In British Columbia, littleneck clams are sexually mature by 2 to 3 years of age and sexual maturity 

appears to be size, not age, dependent - attained when the clam reaches a width of 25 to 35 mm (Quayle 

1943). 

Spawning in littlenecks occurs from April to October by releasing great numbers of sperm and eggs into 

the water column (Quayle and Bourne 1972, DFO 2013). Spawners are generally dioecious (have 

separate sexes), but hermaphrodites are not uncommon. Only a portion of the gametes ripen at any one 

time, and clams may spawn several times during a season. Fertilised eggs develop into larva called 

veligers that live in the pelagic zone for about three weeks, actively feeding on phytoplankton and 

zooplankton (DFO 2013). During metamorphosis, larvae develop a foot, move to the bottom of the water 

column and search for suitable substrate in which to dig; once settled, they are called “spat” (Chew and 

Ma 1987). 
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Spawning may begin as early as the second year of life or as late as the eighth year, depending upon 

location and growth rate (Paul and Feder 1973). The maximum life span is 7 to 10 years for southern 

stocks and up to 13 years for northern ones. Maximum recorded size is 72 mm (2.83 inches) in width 

(Fitch 1953, Paul et al. 1976, Rudy and Rudy 1979). 

Ecological Role 

Littleneck clams are suspension feeders and may spend as much as 95% of their time feeding (Boyle and 

Boyle 1981). Phytoplankton forms a major portion of their diet, though zooplankton, larvae, detritus, and 

bacteria are also ingested (Marriage 1954). Predation is believed to be a significant source of adult 

mortality and may increase with habitats that enhance the probability of exposure in the sediments 

(Pearson et al. 1981, Dunham et al. 2007). Littleneck clams are common prey to a variety of higher-

trophic-level species such as marine snails, sea stars, octopi, crabs, marine birds, and marine mammals 

such as sea otters (Pearson et al. 1981, Chew and Ma 1987). Littleneck clam populations have also been 

shown to be easily displaced by non-native species (Smith and Kato 1979). 

Habitat Requirements & Limiting Factors 

Larvae are sensitive to fluctuations in water temperature and salinity, requiring temperatures between 10 

and 15 ºC and salinities between 27 and 32 psu (practical salinity units = parts per thousand) (Phibbs 

1970). As adults, littleneck clams can tolerate a wide range of water temperatures from almost freezing 

up to 25 ºC (optimal between 12 and 18 ºC) and salinities from 20 to 30 psu (Glude 1978). 

Most littleneck clams are found in intertidal habitats, burrowing into coarse, mixed sand, broken shell or 

mud substrates (up to 15 cm deep), where they filter-feed on phytoplankton and other organic particles at 

high tide (Chew and Ma 1987). They tend to be least abundant in substrates of fine sand or mud (Amos 

1966, Goodwin 1973, Paul et al. 1976). Unlike many species of clams, littlenecks are relatively mobile 

and can relocate to new locations and re-burrow by extending their muscular foot from their shell (Quayle 

and Bourne 1972). Littlenecks burrow only to a depth from which the siphon can reach the surface; thus, 

large clams are found at greater depths within the substrate than small clams (Nickerson 1977). Vertical 

distribution does not depend on the composition of the substrate (Paul and Feder 1973).  

Littleneck clams grow continuously throughout their life. Annual growth rate declines with age and varies 

considerably among different locations, depending on food availability and water temperature (Quayle 

and Bourne 1972). Water temperature is probably the most important factor affecting growth rates; slower 

growth occurs at higher latitudes (Paul and Feder 1973, Paul et al. 1976). Higher growth rates occur with 

higher temperatures and more stable temperature and salinity regimes (Houghton and Moore 1977).  
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Declining littleneck stock populations have been reported at several locations across the Broughton 

Archipelago, B.C., reaching the lowest reported densities in 2006 (Dunham et al. 2007). Potential sources 

of mortality associated with the decline include over-harvesting, cyst or disease-causing parasites that are 

commonly found in littleneck clams, and to a lesser extent, low-oxygen water conditions in the benthic 

environment, and macro algae mats (Ulva sp.) that may be associated with local eutrophication (Dunham 

et al. 2007). However, the evidence supporting a particular cause of the decline is unclear (Dunham et al. 

2007).  

Other potential sources of mortality may be associated with local anthropogenic discharge of sediments 

or contaminants that become incorporated in the bottom sediments. Similarly, Pearson et al. (1981) 

showed crab predation on littleneck clams was higher in sediments laden with oil or other petroleum 

products that limited littleneck burrowing depth. Littleneck clams are also highly sensitive to cadmium, 

chlorine, bromate, and copper, which is commonly used in treatments and paints that prevent attachment 

of marine algae to boats and pilings (Phelps et al. 1983, Rodnick and Li 1983). Increases in 

sedimentation associated with anthropogenic development and dredging activities may affect clams 

through oxygen depletion or smothering (Chew and Ma 1987). 

 Heart Cockle (Clinocardium nuttalli) 2.1.2

Taxonomy & Distribution 

The heart cockle - also known as basket cockle or Pacific cockle – belongs to the family Cardiidae and is 

native to British Columbia. The species is widely distributed along the Pacific coast, from southern 

California to Alaska (Quayle 1960). Generally it is common, but not overly abundant, in low intertidal and 

subtidal zones, especially in eelgrass areas (Clayton 2003) and sediments ranging from coarse sand to 

silt/clay (Gallucci and Gallucci 1982). 

Life History 

Despite the general availability of the heart cockle, its occasional harvest by recreational clam diggers 

and frequent occurrence on faunal lists, this cockle has received little scientific attention. Cockles are 

simultaneous hermaphrodites and sexual maturity occurs in the second year (Edmondson 1920, Fraser 

1931, Gallucci and Gallucci 1982). Studies by Gallucci and Gallucci (1982) indicate that gametogenesis 

(the production of sperm and egg cells) may be initiated in any month except July, August, and 

September, while spawning takes place from April to November.  

Ecological Role 

Cockles are filter feeders, feeding on plankton and other organic material by drawing water in through 

their siphon. Cockles are a traditional food of many Aboriginal groups in B.C., but are typically not found 

in great abundance nor harvested commercially in the province. Predation by gulls during daylight low 

tides, combined with crab and flatfish predation, removes most of the larger cockles from the mid-

intertidal levels by autumn (Gallucci and Gallucci 1982). 
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Habitat Requirements & Limiting Factors 

Cockles prefer areas of muddy, fine sand and beds of eelgrass often support large populations (Dethier 

2006). They have extremely short siphon tubes and are therefore tend to generally live at or near the 

surface of the sediment (Dethier 2006). 

 Common Clam (Macoma spp.) 2.1.3

Taxonomy & Distribution 

Macoma clams are members of the family Tellinidae, and there are 13 distinct species within BC coastal 

waters. In North America, Macoma spp. range from Alaska to California (Coan et al. 2000). Many 

common species inhabit intertidal protected bays, channels and estuarine habitats (Dunnill and Ellis 

1969, Levings et al. 1983). Most species and are found buried deep (~30 cm) into the bottom sediments, 

however, some species (e.g., M. carlottensis) are also found in deeper sub-tidal habitats (Burd et al. 

2008). Most species prefer substrates of soft, muddy sand as well as eelgrass beds - Macoma secta is an 

exception to this – preferring sandy intertidal substrates. Species that frequent intertidal areas include M. 

balthica, M. secta, M. nasuta, M. inquinita and M. brota while the remaining species are found primarily in 

subtidal zones. 

Life History 

Macoma species are broadcast spawners, releasing their sperm and eggs into the water column during 

the spring months (Von Oertzen 1972). Larvae remain in the plankton for two to five weeks, therefore 

planktonic transport and survival are largely governed by oceanic processes and the timing of 

phytoplankton blooms (Caddy 1967, Van Colen et al. 2009). Predation is likely a dominant source of 

mortality among juvenile and adult populations (Hiddink et al. 2002). 

Ecological Role 

Although Macoma clams are rarely used for human consumption they may be harvested for bait or other 

purposes (Dethier 2006). Macoma species also serve as important biological links between primary 

producers and higher-trophic level species in estuarine ecosystems (Harrison et al. 1998). While Macoma 

species may filter-feed, they primarily deposit-feed (i.e., feed directly on deposited sediments), selectively 

siphoning up organic and inorganic materials from the bottom sediments (Reid and Reid 1969, Harrison 

et al. 1998). As a result, Macoma clams act as bio-accumulators and biological indicators of metal 

contaminants, which may magnify in the food chain and reach toxic concentrations in higher trophic-level 

organisms such as marine birds (Harrison et al. 1998, Thomas and Bendell-Young 1998). 

At Roberts Bank, Macoma clams are common food sources for many higher trophic level organisms 

including juvenile salmon and flatfish (Cranford et al. 1985), and shorebirds, such as Western sandpipers 

(Harrison et al. 1998). 
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Habitat Requirements & Limiting Factors 

Macoma spp. are usually found in soft, muddy sand but are also found in areas of coarse sand with shell 

deposits and around eelgrass beds (Dunnill and Ellis 1969, Kozloff 1974). Hydrodynamic conditions are a 

major determinant of feeding behaviour, and some species of Macoma have been shown to vary deposit-

feeding behaviour in response to both water flow and sediment transport: As water velocity increases, 

with little or no sediment transport, the deposit feeding radius (distance from the siphon hole in the 

sediment to the tip of the deposit-feeding siphon) decreases (Levinton 1991). 

 Pacific Oyster (Crassostrea gigas) 2.1.4

Taxonomy & Distribution 

The Pacific oyster is a member of the family Ostreidae and was introduced to B.C. waters from Japan in 

the early 1900s. (Quayle 1969). It has been introduced to Australia and Europe, but its Pacific Northwest 

range now extends from California to northern British Columbia; however, their range has been reported 

as far south as Hawaii (Gillespie et al. 2012). Pacific oysters are an estuarine species, occupying both 

intertidal and sub-tidal zones (Gillespie et al. 2012). 

Life History 

Pacific oysters are sequential, protandrous hermaphrodites, meaning they change sex from male to 

female at some point in their lives, though the timing is often erratic and seasonal (Pauley et al. 1988). 

Most young oysters start out as sperm-producing males, then switch sexes to females, producing eggs 

later in life (Quayle 1969, Pauley et al. 1988). Sexual maturity is reached during the first year.  

Annual spawning is temperature dependent and requires water temperature above 19 ºC (Quayle 1969, 

Gillespie et al. 2012); therefore, broadcast spawning of sperm and eggs into the water column generally 

occurs during July and August in British Columbia, when semi-enclosed waters of bays and inlets reach 

the warmest temperatures (Dethier 2006, Gillespie et al. 2012). The species is very fecund, with females 

releasing between 50 and 200 million eggs in a single spawning (Grangeré et al. 2009). Larvae are 

pelagic, feeding on phytoplankton and growing over a period of 2 to 3 weeks (Kennedy and Breisch 

1981); consequently, they have the potential to disperse long distances. Settlement appears to be size 

dependent, and when the larvae reach a size of about 0.3 mm, they attach to benthic sediments or a hard 

substrate as spat (Quayle 1969). Growth rate is rapid in optimal environmental conditions and, if not 

harvested, Pacific oysters can live up to 30 years (Quayle 1969).  

Ecological Role 

Pacific oysters play important ecological roles in estuarine ecosystems, creating structural complexity in 

open substrates (Ruesink et al. 2005). Oyster beds provide refuge habitats to a variety of marine species 

including small fish, marine worms, barnacles and juvenile Dungeness crabs (Dumbauld et al. 2000, 



Port Metro Vancouver  Hemmera 
RBT2 – Edible Shellfish Resources - 11 - November 2014 

 

Ruesink et al. 2005), in turn supporting high densities of potential prey for other valued ecosystem 

components, such as migratory shorebirds (Escapa et al. 2004). Although oyster beds increase habitat 

complexity, there is some evidence that high density oyster aggregations may have negative impacts on 

native eelgrass beds, either through direct displacement or through down-stream effects (Kelly and Volpe 

2007). 

Pacific oysters are filter feeders that ingest planktonic organisms such as bacteria, protozoa, larval forms 

of other invertebrates, and detritus (Quayle 1969). In turn, they are preyed on by Dungeness, red rock, 

and graceful crabs (Metacarcinus gracilis), as well as several species of sea stars including sunflower 

stars, mottled stars, ochre stars, and pink stars (Quayle 1969). In the Strait of Georgia, oyster seed stocks 

can also be greatly reduced by the introduced Japanese oyster drill (Ocenebra japonica; a species of 

marine snail) and Japanese oyster leech (Pseudostylochus ostreophagus; a species of predatory 

flatworm).  

Habitat Requirements & Limiting Factors 

Water temperature is critical to oyster growth and reproduction, and appears to be the main limiting factor 

in breeding success; Pacific oysters live and grow in water temperatures ranging from 4 to 24°C (Quayle 

1969). Additionally, due to their sessile nature, water circulation plays a major role in providing conditions 

for feeding and cleansing, as well as for successful reproduction and the dispersal of larvae (Pauley et al. 

1988). Oysters are also sensitive to changes in salinity, and respond to changes in salinity by controlling 

the degree of shell opening; consequently, salinity plays a major role in the volume of water transported 

and, hence, the feeding of oysters (Galtsoff 1964); optimal salinity conditions for oxygen-exchange and 

feeding are 20 to 30 ppt (Mann et al. 1991). Suspended sediments can cause oysters to either stop 

feeding or expend considerable energy in separating mud and sand from edible particles (Quayle 1969).  

 Bay Mussel (Mytilus trossulus) 2.1.5

Taxonomy & Distribution 

The Bay mussel belongs to the Mytilus edulis species complex, which consists of three geographically 

widespread taxa, M. edulis, M. galloprovincialis and M. trossulus that commonly hybridise when their 

ranges overlap (McDonald et al. 1991, Wonham 2004, Riginos and Cunningham 2005). Mytilus mussels 

are dominant species in intertidal and sub-tidal communities throughout the Northern Hemisphere and are 

abundant in estuarine ecosystems, such as the Strait of Georgia (Burd et al. 2008). Bay mussel is the 

main native intertidal mussel in the Northern Pacific and ranges from California to Alaska in North 

America. 
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Life History 

Bay mussels are dioecious, meaning they have separate sexes, though rate instances of 

hermaphroditism have been reported (Seed 1976). Sexual maturity is generally reached after one year, if 

environmental conditions are favourable; otherwise, it may not be attained until the second year (Newell 

and Moran 1989). Like all Mytilus species, Bay mussels are broadcast spawners, where males and 

females release sperm and eggs into the water column. Spawning generally occurs during the spring and 

summer months (April to June; (Curiel-Ramirez and Caceres-Martinez 2004)); males typically spawn first, 

and the presence of sperm in the water then stimulates the females to begin spawning (Newell and 

Moran 1989). Mytilus larvae remain in the plankton for two to four weeks. As a result, larval development 

and survival is largely governed by oceanic conditions such temperature, salinity and the timing of 

phytoplankton blooms (Newell and Moran 1989). Once larvae are ready to settle, they attach to suitable 

substrates upon contact. When they reach about 1.5 mm in length, larvae may release themselves back 

into the plankton and reattach closer to the shells of other mussels, where they metamorphose into 

juveniles (Newell and Moran 1989). Adults live 2 to 3 years in California, and likely longer in colder north 

habitats. 

Ecological Role 

Mussels in the genus Mytilus play an important role in intertidal community structure because they are 

often one of the most abundant invertebrates, thus governing overall species composition (Ricketts and 

Calvin 1962) and comprising an important prey item for many species (Newell et al. 1989). Dense mussel 

beds create complex secondary structure on open hard substrates, providing refuge habitat to a range of 

crustaceans, marine worms and small fish (Smith et al. 2006). In turn, mussel beds can support highly 

diverse benthic communities; over 300 species have been found inhabiting some established mussel 

beds, and there is evidence that species richness increases with the age and density of mussel 

aggregations (Smith et al. 2006).  

Bay mussels are active filter-feeders, both as adults and larvae and feed almost continuously on detritus 

particles but also on plankton (Newell and Moran 1989). Mussels capture food on mucus sheets on the 

gills, but can sort and reject some particles. It has been hypothesised that mussels can also absorb 

dissolved organic materials directly from the water. Adult Mytilus mussels are common prey items for a 

variety of marine organisms, including sea stars, large crustaceans, and marine birds such as 

oystercatchers and various species of ducks and gulls (Newell and Moran 1989). 

Habitat Requirements & Limiting Factors 

Bay mussels live attached to the surfaces of hard substrates such as rocks or marine vegetation by 

byssal threads that are secreted from the byssal gland on the animal’s foot (Newell and Moran 1989, 

Elliott et al. 2008). This species is also highly abundant on docks and pillings, and can be found attached 
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to other mussels, creating dense aggregations or mussel beds (Elliott et al. 2008). The Bay mussel is 

reported to occur higher in the intertidal than other Mytilus species (McDonald et al. 1991, Wonham 

2004).  

Mytilus species primarily differ in their abilities to tolerate different environmental conditions (Gardner and 

Thompson 2001, Braby and Somero 2006, Schneider 2008). Bay mussels generally inhabit estuarine or 

near-shore habitats characterised by low salinity, large tidal influences, and variable surface water 

temperatures (Braby and Somero 2006). Physiological studies suggest that Bay mussels generally prefer 

cooler temperatures and lower salinities than other Mytilus species, and are more sensitive to heat stress 

caused by elevated water and aerial temperatures (Gardner and Thompson 2001, Braby and Somero 

2006, Schneider 2008). Thus, adult Bay mussel distributions in the intertidal, and patterns of larval 

settlement are largely governed by local temperature and salinity conditions (Gardner and Thompson 

2001, Braby and Somero 2006, Schneider 2008). Adults live in habitats that range from flat intertidal 

shores that drain slowly to vertical surfaces that are subject to much wave splash – the primary 

prerequisite being a surface for attachment of byssal threads (Seed 1976). 

2.2 DUNGENESS CRABS 

Dungeness crabs commonly occur in British Columbia waters, and are important resources for 

commercial, recreational, and Aboriginal harvest. The Dungeness crab fishery accounts for 11.6% of all 

total landed value of wild B.C. commercial fisheries (BC Ministry of Environment 2007). This species is 

also traditionally important to coastal Aboriginal groups, used for food, social, and ceremonial purposes 

(FSC) and as a part of the commercial fishery (DFO 2010). No information was found on Aboriginal 

groups’ use of other crab species in the Roberts Bank area. The habitat is generally not conducive to the 

presence of red rock crabs (Cancer productus), which is another commonly harvested species by coastal 

Aboriginal groups. 

Like bivalve shellfish, adult Dungeness are bottom-dwelling (benthic), with shallow subtidal waters 

supporting harvest-size adult male crabs, and deeper areas supporting gravid female aggregations during 

the brooding period.  

Dungeness crabs are ecologically important in estuarine and marine waters as both predator and prey at 

all life stages. For example, juvenile and adult Dungeness crabs are opportunistic omnivorous predators 

of a wide range of crustaceans, marine worms, bivalves (clam and mussel), and other mollusc species 

(Rasmuson 2013), while juvenile Dungeness crabs are also among common prey to marine birds and a 

wide range of fish species, including starry flounder (Platichthys stellatus), English sole (Parophrys 

vetulus), and staghorn sculpin (Leptocottus armatus) (Armstrong et al. 1995, DFO 2012). 
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 A more detailed review of the ecology and physiology of Dungeness crabs is not provided here since it is 

provided in the Dungeness crab productivity Technical Data Report (Hemmera 2014b) and Juvenile 

Dungeness crab Technical Data Report (Hemmera 2014c). 

2.3 CONTAMINANT UPTAKE DYNAMICS 

Because most bivalves are filter-feeders, sifting large quantities of water in shallow coastal habitats, they 

are prone to the exposure and accumulation of a variety of natural and anthropogenic contaminants that 

are found or deposited into the ocean. Bivalve contamination by trace metals, coal dust particles, fecal 

bacteria, viruses or biotoxins produced by toxic microalgae (i.e., red tide), are a significant environmental, 

and public health and safety concern in British Columbia (Pearce and McBride 1977, Harrison et al. 1998, 

Johnson and Bustin 2006, Johannessen and Macdonald 2009, DFO 2013).  

Sources of fecal bacteria and viruses that are potentially toxic to humans if taken up into edible bivalves 

including especially sanitary sewer effluent discharges (if not disinfected prior to discharge), combined 

sewer outfalls (CSOs) and septic field discharges. Surface runoff, especially as stormwater, can also 

transmit protistants, bacteria and viruses that are potentially pathogenic to humans if there is a potential 

to interact with sanitary discharges (cross connections or septic fields) or based on runoff from animal 

wastes for those pathogens that have some potential for cross infectivity. The closest major treated 

sanitary sewage outfall to Roberts Bank in the Iona Island wastewater treatment plant (WWTP) outfall 

and the Lulu Island WWTP outfall, within the South Arm of the lower Fraser River.  

Toxic algal blooms that produce paralytic shellfish toxins such as saxitoxins have been known to occur on 

west coast of North America for almost two centuries, and while human illness associated with amnesiac 

shellfish poisoning and diarrhetic shellfish poisoning has only been observed in BC waters in the last 

decade or so, the planktonic algal species that produce the toxins are commonly observed in BC coastal 

waters. Harmful algal blooms that can result in human illness based on the uptake of toxins in bivalves 

are episodic, and occur far more frequently on the west coast of Vancouver Island and northern British 

Columbia than in the southern Strait of Georgia; however, incidents of harmful algal blooms that can 

result in shellfish poisoning and bivalve tissue uptake of paralytic, amnesiac, and diarrhetic toxins have 

been observed routinely in the northern Strait of Georgia (Haigh and Taylor, 1990), Vancouver harbour 

(Yan et al. 2004) and Puget Sound (Cox et al. 2008; Moore et al 2009, 2011).  

Like bivalves, decapod crustaceans such as Dungeness crabs can be exposed to contaminants via 

contact with sediments and sediment porewater, from the water column (especially via respiratory and 

sensory epithelia (cells that line the surface of cavities and structures), and via feeding activities and prey 

items. Depending on the contaminant(s) of potential concern, contaminant uptake via prey ingestion or 

ingestion of organic detritus is generally a more important exposure route in Dungeness crabs than in 

bivalves. 
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In as much as shellfish are capable of bioaccumulating various contaminants from the environment, they 

are also capable of eliminating contaminants from their bodies - especially through excretion, before or 

after metabolic modification. The capability - or lack thereof - to metabolically modify and eliminate 

contaminants is particularly important for hydrophobic organic contaminants such as PAHs. Many 

arthropoda (including crustaceans, and specifically Dungeness crabs), other invertebrates, fish, and other 

vertebrate phyla are capable of metabolising PAH compounds through a Mixed Function Oxygenase 

(MFO) type complex enzyme system or biochemical equivalent, to produce more hydrophilic (water-

loving) modified compound that is more readily excreted. Many bivalves, however, have very limited 

ability to metabolically modified and eliminate PAHs.  

Biota that release a large portion of their body mass through reproductive output (spawning in the case of 

many bivalve spp.) can also reduce their body burdens of contaminant through a commensurate loss of 

contaminant mass. Overall, the realised tissue concentrations of a specific contaminant of potential 

concern will be the product of environmental uptake rate and elimination rates, accounting for growth 

dilution (the addition of biomass through growth at a rate that is disproportionately high in comparison 

with contaminant uptake rates).  

The actual uptake and elimination rates that occur for each shellfish species and each contaminant of 

potential concern will vary as a function of the following: 

 Chemical species that the contaminant occurs in within the environmental exposure media, and 

nature of association with other substances in the physical environment (e.g., total or dissolved 

organic carbon, various dissolved oxyanions, humic substances, etc.); 

 Mode of entry into the body, including at the sub-cellular and macro-molecular level (e.g., through 

diffusion and fugacity-type partitioning, active transport, pinocytosis, or phagocytosis (pino- and 

phagocytosis are forms of endocytosis. I.e., a process by which cells absorb extracellular 

substances); 

 Partitioning of the substance within the body, in circulating fluids, in specific biochemical 

compartments and tissues; 

 Degree of internal detoxification (e.g., based on binding of divalent metals with metal-

sequestering proteins such as metallothioneins, or sequestration in specific organelles and 

structures such as metal-accumulation granules); and 

 Compound- and species-specific metabolic and elimination rates. 

For specific species and circumstances, it is sometimes feasible to predict the net effects of all of these 

factors on the realised tissue residue concentrations; however, the general complexity of the various 

underlying processes typically compels researchers and managers to use simplified approaches for 

predicting biota tissue concentrations from observed or predicted concentrations in physical 

environmental media. In particular, the collection of paired data on sediment and shellfish tissue 

concentrations for each contaminant of potential concern facilitates an estimate of the ratio between the 
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two under a contextually relevant set of environmental conditions. The ratio between the tissue 

concentration of sediment-associated biota and the sediment concentration, for example, is often termed 

the Biota-from-Sediment Accumulation Factor (BSAF).  

Human consumption of bivalves contaminated from toxic algal blooms may cause potentially lethal 

paralytic shellfish poisoning (Harrison et al. 1983). Therefore, shellfish contamination is strictly monitored 

by DFO, the Canadian Food Inspection Agency and Environment Canada (DFO 2013). A very small 

subset of toxic contaminants have the potential to biomagnify in the food chain, where they can reach 

toxic concentrations in higher trophic-level organisms that prey on bivalve species (Johannessen and 

Macdonald 2009). Pre-conditions for biomagnification include: (i) a high degree of bioavailability; (ii) high 

hydrophobicity/lipophilicity, such that the chemical is generally transferred through the food-web along 

with energy-rich lipid reserves; and (iii) resistance to metabolic modification, such that the rate of 

metabolism of the contaminant is much lower than the rates of metabolism of organic carbon transferred 

via consumption from one trophic level to the next. None of the contaminants of potential concern for 

edible shellfish at Roberts Bank (PAHs, arsenic, cadmium, selenium) are capable of biomagnifying in the 

food web. The potential for food-web mediated biomagnification of globally re-distributed persistent 

organic contaminants transported in the global atmosphere and major oceanic currents (as opposed to 

local source contaminants) is not addressed in this technical report (see Hemmera 2014d for information 

on PCBs). For such long-range transport contaminants, however, the concentration in human dietary 

items varies as a function of the length of food web between the base of the food web (either as primary 

producers or detritus) and the food item of interest. For human consumption of bivalves, the organic 

contaminant biomagnification potential is limited by the small number of trophic transfer linkages; i.e only 

two to three linkages including uptake of organic detritus, phytoplankton or smaller zooplankton by 

bivalves, following by the ingestion of the bivalves by humans. 

Although many bivalve species are not directly affected by harmful algal blooms (DFO 2013), some 

evidence suggests that biotoxins that concentrate in bivalve body tissues may have negative effects on 

adult breeding success, growth, and survival (Pipe and Coles 1995, Cassis et al. 2011). Negative effects 

of algal blooms can either manifest through direct ingestion of biotoxins by adult bivalves or larvae 

(Pauley et al. 1988) causing damage to the digestive tract, or indirectly by way of oxygen depletion in the 

surrounding water (Cassis et al. 2011). Similarly, harmful algal blooms can also promote physiological 

stress or nutrient deprivation (through decreased feeding), which can lead to higher rates of infections by 

disease-causing parasites (Pipe and Coles 1995, Cassis et al. 2011, Gillespie et al. 2012). 
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2.4 SUMMARY OF PREVIOUSLY COMPLETED EDIBLE BIVALVE STUDIES AT ROBERTS BANK 

Results from baseline sampling conducted for the Deltaport Third Berth environmental assessment 

indicated cockles were equally dense on both sides of the Roberts Bank causeway. A large number of 

juvenile cockles were observed in the DP3 project footprint (Triton Environmental Consultants Ltd. 2004). 

Additionally, three species of Macoma were identified during field surveys, including: M. inquinata, M. 

balthica, and M. nasuta, and these were reported to be common on both sides of the Roberts Bank 

causeway (Triton Environmental Consultants Ltd. 2004). 

At Sturgeon and Roberts Banks, Macoma balthica clams were used to monitor metal availability in the 

benthic sediments, acting as indicators for biological recovery from organic loading and metal 

contamination in a region affected by waste water discharge near the Fraser River (McGreer 1979, 

Pearson et al. 1981, Harrison et al. 1998). The results of this study corroborate previous findings that 

Macoma species likely play an ecological role in the early re-colonisation and recovery of formerly 

impacted regions with azoic (no life) conditions (Pearson and Rosenberg 1978). 
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3.0 METHODS  

Edible shellfish survey techniques, sediment and shellfish sampling and analytical methods are provided 

below. 

3.1 STUDY AREA  

The bivalve shellfish study area encompasses intertidal areas at Roberts Bank, from the BC Ferries 

Terminal in the south to Canoe Passage in the north, and includes Boundary Bay as a reference site for 

bivalve shellfish (Figure 3-1). Samples were taken semi-randomly, at varying distances from the shore 

and in different sediment types. Areas closer to the Westshore Terminals, with sediments containing 

historical coal dust deposits as identified by Johnson and Bustin (2006), were the major focus of 

sampling. Figure 3-2 and Figure 3-3 depict bivalve shellfish sampling locations at Roberts Bank and 

Boundary Bay, respectively.  

The Dungeness crab study area encompasses shallow subtidal areas at Roberts Bank, from the BC 

Ferries Terminal in the south towards Canoe Passage in the north, including a reference site near Canoe 

Passage (Figure 3-4). As for bivalve shellfish, subtidal areas closer to the Westshore Terminals were the 

focus of sampling. Figure 3-4 depicts Dungeness crab sampling locations at Roberts Bank. 

3.2 TEMPORAL SCOPE 

These shellfish studies provide a snapshot of current bivalve population characteristics (e.g., density, 

length, and weight), and bivalve and Dungeness crab soft tissue contaminant concentrations (PAHs, 

trace elements including selenium, arsenic and cadmium). Bivalve populations are not static, and 

densities can change from year to year due to a variety of abiotic and biotic factors (e.g., larval settlement 

or shifting of substrate); therefore, a single survey of a given population might not fully capture seasonal 

and inter-annual variations. In addition, contaminant concentrations in tissues are expected to vary 

seasonally based on especially altered rates of uptake or elimination as a result of reproductive cycles 

and molt cycles (for Dungeness crabs). Bivalves can reduce their tissue contaminant concentrations 

through loss with gametes during spawning (especially for lipophilic contaminants such as PAHs) and 

growth dilution during bouts of more rapid energy uptake and growth, which generally occur in the 

summer.  

The shellfish studies discussed herein were conducted during the summer period in 2013 and fall period 

in 2014, during periods when human harvesting routinely occurs. As discussed in Sections 4 and 5, the 

comparability of trace element tissue concentrations observed in this study with results from Puget Sound 

surveys conducted over broader periods of time and geographic scales suggests that the tissue chemistry 

data are adequately representative of edible shellfish resources at Roberts Bank in general. 
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Figure 3-1 Study Area for Edible Shellfish at Roberts Bank 
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Figure 3-2 Sampling Locations for Edible Bivalve Shellfish at Roberts Bank 
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Figure 3-3 Sampling Locations for Edible Bivalve Shellfish at Boundary Bay (reference site) 
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Figure 3-4 Sampling Locations for Dungeness Crabs at Roberts Bank 
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3.3 FIELD AND ANALYTICAL METHODS 

 Bivalve Shellfish 3.3.1

Within key sub-areas of Roberts Bank and Boundary Bay, plots for bivalve census estimates were 

established in the following major strata: 

 Eelgrass beds;  

 Sand;  

 Mud (silt-clay sediment); and  

 Rip-rap habitats.  

Stock census methods were adapted from the intertidal clam protocol outlined by Gillespie and Kronlund 

(1999) and used at those sites indicated with both red and yellow symbols in Figure 3-2 and Figure 3-3. 

Although there is particular interest in the status of heart cockle populations due to their historical use by 

TFN, the presence and abundance of other common edible intertidal bivalve species were also recorded, 

including native littleneck clams, Macoma clams, Pacific oysters and bay mussels. 

A total of 11 stations were selected for the recovery of sediment and bivalve tissue samples for 

subsequent laboratory analysis of the contaminants of potential concern: eight at Roberts Bank (five from 

the north side of the Roberts Bank causeway (RB-N) and three from the inter-causeway area (RB-I)) and 

three reference stations at Boundary Bay (BB). Sampling sites at Roberts Bank were randomly generated 

and located at a distance varying from <50 m to approximately 800 m from the Roberts Bank causeway.  

When bivalves were found in patches of sufficient abundance to allow density estimates to be taken, two 

0.5 m x 0.5 m (0.25 m
2
) quadrat locations were selected in an ad hoc fashion without formal 

randomisation. While this approach would bias density and biomass estimates upwards relative to the 

overall Roberts Bank tide flat, the data helped to define the upper end of edible clam densities available 

for harvesting in the area of concern vis-à-vis historical coal dust deposition. The sediment within each 

quadrat was excavated with a blunt-nosed hand trowel to approximately 20 cm depth to search for 

bivalves living in the sediment. A separate sediment sample (top 10 cm) was also taken at each location 

so the relationship between contaminant levels in sediments and potential bioaccumulation into bivalve 

tissues could be investigated. Note that at sampling location 103 (Figure 3-2), one sediment sample 

corresponds to two tissue samples (Pacific oyster - 103a and Bay mussel - 103b). This is due to the fact 

that oysters and mussels are interspersed amongst one another on rip-rap boulders bordering the 

sediment, but do not live within it – thus, one sample was deemed appropriate to characterise localised 

sediment chemistry directly adjacent to oyster/mussel habitat on the rip-rap. 
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For tissue analyses, twenty or more individuals of each species were collected, with effort made to collect 

the oldest age/size group(s) present, as well as the same age/size group at all sites, to the extent 

possible. For contaminants that are poorly metabolised and/or eliminated from shellfish soft tissue 

through excretory processes or during spawning, older and larger bivalves can exhibit higher tissue 

concentrations than younger age classes, and thus represent a near worst-case for contaminant 

exposure during consumption (e.g., Pan and Wang 2008).  

Specimens were placed in labelled Ziploc bags (with holes punctured to allow for water exchange) and 

kept in saltwater until time for processing. Sediment samples were also collected at the same location as 

the bivalve collections to obtain co-located sediment grain size and chemistry data.  

Measurements of whole clam wet weight (ww), as well as shell length (longest anterior-posterior length) 

and width, were taken for each individual bivalve. Soft tissue was harvested using a shucking knife and 

weighed to the nearest 0.1 g. All soft tissue samples from a single species within a site were pooled into 

non-contaminating glass containers and then stored at -20 degrees Celsius, for further shipment to AXYS 

Laboratories, Sidney, B.C. 

It was not intended that the level of evaluation of bivalve stocks would be sufficient to establish precise 

estimates of standing stock biomass, secondary productivity, or population demographics – including 

recruitment. Rather, the study included reconnaissance type surveys of sub-areas of the larger Roberts 

Bank tide flat where densities of cockles and possibly other species would be attractive for human 

harvesting and consumption if there were no impediments – perceived or otherwise – related to shellfish 

quality, and where historical coal dust deposition to sediments has been observed in previous studies 

(Johnson and Bustin 2006).   

Bivalve pooled soft tissue samples were analysed by AXYS Laboratories in Sidney B.C. AXYS completed 

the analysis of PAHs on each of the pooled tissue samples using sensitive (not routine) analytical 

techniques designed to achieve very low sample detection limits [< 0.5 pg/g (i.e., parts per trillion)], by 

AXYS method MLA-021 Revision 10 (AXYS 2014). Data were reported on both a wet- and dry-weight 

basis. 

PAH compounds are highly lipid soluble, such that the total lipid content of an individual is typically an 

important co-variate of tissue PAH concentrations (CCME 2010); therefore, ALS was sub-contracted by 

AXYS to provide total lipid content of each pooled sample using routine lipid extraction and gravimetric 

methods. ALS also analysed the pooled bivalve tissue samples from each site for trace elements, 

including metals/metalloids, by inductively-coupled plasma – mass spectrometry (ICP-MS). Again, results 

were reported on a wet- and dry-weight basis. Note that not enough tissue was harvested from sampling 

location 67 (Protothaca staminea tissue) to perform metals analysis. 
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 Dungeness Crabs 3.3.2

Three sample locations were selected for Dungeness crab field observations (Figure 3-4) and the 

recovery of tissue samples for subsequent laboratory analysis of the contaminants of potential concern: 

one location at the proposed RBT2 site, one location in the inter-causeway area at the location of the 

proposed intermediate transfer pit (ITP), and one location selected as a reference location north of the 

Westshore Terminals, towards Canoe Passage, just south of Sturgeon Bank. The reference location 

depth was chosen to be similar to the depth of the RBT2 location. 

The reference location is approximately 2.5 km away from the Westshore Terminals, in a northerly 

direction. The reference site (Figure 3-4) is approximately 2.3 km away from the RBT2 collection site and 

4.7 km away from the ITP collection site. Studies of Dungeness crab movements have provided equivocal 

results; however, Diamond and Hankin (1985) found in a study of Dungeness crab populations in 

northern California that 46% of tagged adult female (n = 463 recovered tags total) were recovered within 

~2 km of their tagging location. According to these authors, “directed coastal migrations of Dungeness 

crabs have been suggested in localised areas of the Pacific Coast”, while tagging studies of commercially 

harvested males suggest primarily a seasonal trend of inshore movement during the spring period. Based 

on the available scientific information, it is not possible to preclude interactions between Dungeness crab 

sub-populations from the Roberts Bank sites and the reference site, or movements of individual adult 

crabs between these sites. Given the distance between sites, however, it is unlikely that the major portion 

of individuals would routinely move between the collection sites. 

At each sampling location, five baited traps (placed approximately 20m apart) were established along a 

transect, the start and end of which was marked with a gillnet float anchored by a cannon ball. Traps were 

baited with herring and salmon. Traps were soaked overnight (approximately 22 hours) prior to collection. 

Following trap retrieval, catch from traps was transferred into Rubbermaid totes and the following 

observations recorded before the individuals were either released or retained for chemical analysis: 

 Species; 

 Sex; 

 Carapace width, mm (measured as the widest part of the carapace, from spine to spine); 

 Molt stage; 

 Whether females were gravid, and stage of egg development; and 

 Visual observations of external abnormalities: lesions, parasites, black material, etc. 
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For internal observations and laboratory tissue analyses, five individuals were collected at each sampling 

location, with efforts made to collect legal-sized males (>165mm carapace width), to the extent possible. 

Legal-sized males are retained for CRA fisheries, and are representative of the potential contaminant 

exposure due to human consumption. The actual size of retained crabs is discussed in Section 4.4. 

Retained specimens were placed in Rubbermaid totes and kept on a bed of ice for approximately 4 hours 

until processing. A sediment sample was also collected at the same location as the reference location 

tissue collections to obtain co-located sediment contaminant and chemistry data. Sediment samples were 

previously collected from RBT2 and ITP locations (Hemmera 2014a) and the contaminant and chemistry 

data from those samples closest to crab transects were used. 

Each individual crab was carefully inspected for external abnormalities (evidence of discoloration or 

erosion of the exoskeleton, and discoloration of the mouth field/mandibles) and the carapace width was 

measured. Crabs were then euthanised by driving a sharp-bladed knife down through the shell and 

cephalic ganglia (nerve centre), between the eye stalks. 

The top of the carapace was then carefully removed by cutting the connective tissue between the top and 

abdomen segments of the carapace and around the legs, and pulling up on the top carapace from the 

area near the eye stalks. The body cavity, gills, and hepatopancreas were then examined for any 

abnormalities (e.g., black particulate). The hepatopancreas was removed with a large spoon into a non-

contaminating jar and weighted to the nearest 0.1g, as were the gill lamellae. Chelipeds (claws) and 

swimming legs were removed, wrapped in foil, and frozen for dissection the following day. Leg tissue was 

harvested using a nut cracker and small poke, collected in a non-contaminating jar, and weighed to the 

nearest 0.1g. Samples were stored at -20
o
C prior to shipment to AXYS Laboratories, Sidney, B.C. While 

the hepatopancreas in crustaceans is known to concentrate certain contaminants (e.g., dioxins, furans), 

leg tissue was chosen for toxicological analysis as the objective of this study was to address the human 

health risk, and leg muscle tissues are the focus of consumption for the vast majority of people.  

For various decapod species, muscle (or meat), hepatopancreas, and gonad may be consumed; 

however, consumers in western societies generally prefer to consume the meat alone, while Asian 

consumers often prefer to consume the hepatopancreas and gonads (Shao et al. 2013). The evaluation 

of consumption risks associated with eating hepatopancreas has often been carried out when the 

contaminant(s) of potential concern are poorly metabolised hydrophobic organic contaminants such as 

polychlorinated dibenzo-p-dioxins/polychlorinated dibenzofurans (PCDD/Fs) or polychlorinated biphenyls 

(PCBs) originating from local source inputs (e.g. pulp mills using elemental chlorine for bleaching, run-off 

from contaminated sites), but rarely for readily metabolised, ionisable, and trace element COPCs. This is 

because hepatopancreas tends to have much higher lipid levels than muscle (Knapp and Grant, 2008) 

and therefore much higher concentrations of highly lipophilic contaminants like PCDD/Fs and PCBs.  
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Lipid concentrations measured in hepatopancreas and muscle of Dungeness crabs collected from 

Victoria and Esquimalt Harbours between 1988 and 2003 were in the range of 4.3 to 19.6% and 0.2 to 

2.1%, respectively. Since hepatopancreas contains approximately 10-fold higher lipid concentrations than 

crab muscle, the wet-weight concentrations of lipophilic contaminants are generally expected to be an 

order of magnitude higher in hepatopancreas than muscle. Carey et al. (2014) noted that, for 245 

Dungeness crab specimens collected from 54 stations in Puget Sound routine fisheries areas, the 

concentrations of total estimated PCBs in muscle were positively correlated with hepatopancreas 

concentrations, but were approximately 20 times higher in hepatopancreas than muscle. In contrast, 

arsenic levels in crab hepatopancreas were only 1.3 times higher than in muscle tissue on average. 

Contaminant risks associated with the consumption of crab hepatopancreas from Roberts Bank crabs 

were not directly examined in this study. However it stands to reason that an evaluation of the safety of 

the muscle tissue as a resource in the context of contaminant uptake is useful, as it provides better clarity 

regarding the larger value of the crab fishery as a subsistence and economic resource based on the 

nutritional and subsidiary value of the meat. Some human sub-populations that consume appreciable 

amounts of locally and regionally sourced crab hepatopancreas might conceivably have higher 

contaminant exposures, but this issue is a generic one relevant to British Columbia coastal embayments 

in general, and is best addressed through studies and management actions that are beyond the scope of 

the RBT2 environmental assessment. Wiseman (1998) provides compelling arguments that the 

conservative management of aboriginal consumption risks of coastal shellfish based on contaminant 

uptake, can result in the unintentional countervailing risks associated with health effects from loss of 

important dietary resources.  

Leg muscle samples were analysed by AXYS Laboratories in Sidney B.C. As per bivalve samples, AXYS 

completed the analysis of PAHs on each of the tissue samples using sensitive (not routine) analytical 

techniques designed to achieve very low sample detection limits [< 0.5 pg/g (i.e., parts per trillion)], by 

AXYS method MLA-021 Revision 10. Data were reported on both a wet- weight and dry-weight basis. 

PAH compounds are highly lipid soluble, such that the total lipid content of an individual is typically an 

important co-variate of tissue PAH concentrations; therefore, the total lipid content of each pooled sample 

was determined using routine lipid extraction and gravimetric methods at ALS Analytical Services, 

Burnaby. ALS was also sub-contracted to analyse sub-samples of the leg tissue samples from each 

sampling location for trace elements, including metals/metalloids, by inductively-coupled plasma – mass 

spectrometry (ICP-MS). Results were reported on a wet- weight basis.  

  



Port Metro Vancouver  Hemmera 
RBT2 – Edible Shellfish Resources - 28 - November 2014 

 

4.0 RESULTS AND DISCUSSION 

This section presents the results and discussion of the bivalve and Dungeness crab contaminant 

concentrations study component.  

4.1 BIVALVE DISTRIBUTION AND CONDITION 

Bivalves common at Roberts Bank and Boundary Bay included cockles, Macoma clams and littleneck 

clams. Oysters and mussels were only encountered on the north side of the Roberts Bank causeway, 

attached to rip-rap boulders. Ghost shrimp (Neotrypaea californiensis) were commonly found burrowed in 

both muddy and sandy sediments, while polychaete worms were common in coarse sand. Table 4-1 

summarises field observations for each sampling location.  

Shells from a variety of bivalve species were routinely observed on the surface and within channels. At 

Boundary Bay, most shell debris was comprised of horse clams (Tresus spp.) and cockles while at 

Roberts Bank most debris was from cockle shells. Introduced varnish clams (Nuttalia obscurata) were 

observed in the inter-causeway area and at Boundary Bay, but not on the north side of the Robert Bank 

causeway. No manila clams (Venerupis philippinarum) were observed.  

Cockles 

Cockles were predominantly found in sandy substrate in the lower intertidal zone, often associated with 

either beds of eelgrass, Zostera marina, or flowing dendritic channels (Table 4-1). Cockles were common, 

but not found in high abundance, at any of the sites. Rather, they were scattered across areas of low 

intertidal in low densities. Cockles were not found in great enough abundance to dig quadrats. Rather, 

quadrat methodology was abandoned in favour of sweeping a 20x20 m area in search of cockles. At 

Roberts Bank on the north side of the causeway, average cockle density was calculated to be 

0.15 cockles/m
2
 while in the inter-causeway area, the estimated cockle density was 0.2/m

2
, and at 

Boundary Bay the mean density was slightly higher at 0.35 cockles/m
2
. Living cockles were typically 

observed resting on, or just under, surface sediments. Many gulls were observed preying on cockles and 

shell debris was littered throughout eelgrass areas and dendritic channels.  

At Roberts Bank north of the causeway, cockle length (Table 4-2) ranged from 6.1 to 6.8 cm (mean 

6.5 cm) and weight ranged from 29.2 to 33.5 g (mean 30.7 g). In the inter-causeway area, cockle length 

ranged from 4.3 to 5.4 cm (mean 4.9 cm) and weight ranged from 13.5 to 24.5 g (mean 18.1g). At 

Boundary Bay, length ranged from 5.1 to 6.5 cm (mean 5.7 cm) and weight from 17.5 to 36.5 g (mean 

26.6g).  
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Macoma clams 

Macoma clams were the most ubiquitous and abundant bivalve species observed over the course of this 

survey. A total of eight 0.25 m
2
 quadrats were dug for Macomas. The observed densities ranged from 16 

to 336 Macoma/m
2
, with an average density of 120/m

2
 (Table 4-1).  

Shell length (Table 4-2) at Roberts Bank north of the causeway ranged from 4 to 5.9 cm (mean 4.8 cm) 

and weight ranged from 2.5 to 5.5 g (mean 4.3 g). In the inter-causeway area, length ranged from 2.4 to 

3.2 cm (mean 2.8 cm) and weight ranged from 2.5 to 5.5 g (mean 3.9 g). At Boundary Bay, length ranged 

from 4.3 to 5.2 cm (mean 4.7 cm) and weight ranged from 5 to 10 g (mean 6.7 g). At Boundary Bay, 

length ranged from 4.3 to 5.2 cm (mean 4.7cm) and weight ranged from 5 to 10 g (mean 7.6 g). Macomas 

were found buried in the sediment, in approximately 10 to 15 cm depth in the mid-low intertidal zone, in a 

variety of sediment types ranging from coarse to muddy sand (Table 4-1). Densities tended to be lower 

within and around eelgrass beds. Many juveniles (young of year, or 0+ age class) were observed. 

Pacific Littleneck Clams 

Native Pacific littleneck clams were found in the mid-low intertidal zones, and associated with muddy-

sand or coarse sandy substrate (Table 4-1). Distribution was clumped and patchy, with densities 

averaging approximately 14.6 clams/m
2
. At Roberts Bank north of the causeway, shell length (Table 4-2) 

ranged from 3.1 to 4.6 cm (mean 3.9 cm) and weight ranged from 2.5 to 6 g (mean 4.6 g). In the inter-

causeway area, shell length ranged from 3.9 to 4.4 cm (mean 4.1 cm) and weight ranged from 7.5 to 

14.5 g (mean 10.1g). At Boundary Bay, length ranged from 4.3 to 5.9 cm (mean 4.7cm) and weight 

ranged from 6 to 12 g (mean 7.6 g). 

Pacific oysters and Bay Mussels 

Pacific oysters were found in the low intertidal zone, attached to the boulders comprising the rip-rap slope 

along the north-west edge of the Westshore Terminals. Densities were estimated to be approximately 1.2 

oysters/m
2 

(Table 4-1). Oyster length ranged from 9.6 to 18.5 cm (mean 13.9 cm) and weight from 24 to 

72 g (mean 49.8 g) (Table 4-2). Bay mussels were also present in dense clusters along this rip-rap slope, 

at average densities of 34 mussels/m
2
 (Table 4-1). Mussel length ranged from 3.5 to 4.9 cm (mean 4.3 

cm) and length from 1 to 3 g (mean 2.3 g) (Table 4-2).  

Condition 

Bivalve tissue mass exhibits extreme seasonal variability, based especially on reproductive cycles of 

these high output broadcast spawners. For any given age- and size-class, there is considerably lower 

tissue mass (and lipid content) immediately after spawning, since the gonad, including spermatocytes and 

oocytes, comprise a major portion of soft-tissue body mass that is released to the environment. Bivalves 
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tend to assimilate both soft-body mass and energy stores, including lipids, from immediately after 

spawning to the spawning period of the next year (for gonochoristic, or separate sex, species), with the 

rate of mass accumulation dependent also on seasonal cycles of food availability versus thermal, salinity 

and other types of stress. Just as condition reflects energetic status and lipid stores, it often influences 

the tissue concentrations of lipophilic contaminants such as PAHs. It is important, therefore, to examine 

spatial or temporal differences in PAH concentrations in bivalve tissues on a lipid-normalised basis. 

A crude indicator of the stage in the reproductive cycle that has been used routinely by bivalve 

researchers for many decades is the condition index (CI) (Filguiera et al. 2013), which is defined as a 

relative estimate of soft tissue mass in proportion to the shell volume or mass. Comparative shell volume 

estimates can be based on direct measures of internal or external shell volume, or as approximations 

based on shell dimensions (length, width, depth). Condition indices, as listed in Table 4-2 and Table 4-3 

were calculated using the following formula: 

Condition Index (CI) = average soft tissue mass (g) / [shell length (cm)]
3
  [1] 

Results for littleneck clams collected from the inter-causeway area exhibited an approximate two-fold 

higher soft tissue wet mass relative to the cube of the shell length in comparison with collections from 

north of the Roberts Bank causeway or Boundary Bay, in spite of the fact that mean shell lengths were 

similar for the three collection areas. 

A similar pattern in CI across the three sampling locations to that observed for littlenecks was also 

observed for Macoma clams; however, the specimens collected from the inter-causeway area were on 

average much smaller. In addition, the Macoma collections at the different sites probably comprise 

different species and mixes thereof, which would have a profound influence on CI estimates. The 

average CI for pooled cockle samples from each of the three major sites was quite similar (Table 4-4 and 

Table 4-3). 

A similar CI for the same species collected from different sites suggests that the specimens were in 

roughly the same stage in their reproductive cycle, with comparable energy reserves. Conversely, a 

dissimilar CI across sites for the same species can mean: (i) that there is a lack of synchrony in annual 

reproductive cycles across sites; (ii) there is a disproportionate influence of various stressors (potentially 

including contaminant exposures) for sub-populations with low CI, potentially resulting in altered 

bioenergetics and/or investment in reproduction; and/or (iii) the CI estimates were based on substantially 

different age- and size-classes for different sites, since the soft tissue mass is not expected to scale in 

direct proportion to the cube of the length but rather based on more complex allometries for bivalvia.  
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Table 4-1 Field Notes for Sampling Locations at Roberts Bank and Boundary Bay. Grey Shaded Cells Indicates Shellfish Samples 
were Submitted for Tissue Chemistry Analysis. 

Site Date UTM Coordinates 
Sampling 
Location 

Vegetation 
(% cover) 

Substrate 
(% cover) 

Bivalve 
Species 

Number/m
2
 Other Invertebrates 

R
o

b
e
rt

s
 B

a
n

k
, 

N
o

rt
h

 o
f 

C
a
u

s
e
w

a
y

 (
R

B
-N

) 

12/05/2013 

N5430443.477091 
E487867.114431 

428 
 

0 100 Sa MC 176 Ghost shrimp (2); polychaetes (3) 

N5430476.216650 
E487892.041127 

429 0 100 Sa MC 272 Hemigrapsus oregonensis (1) 

N5430523.268839 
E487929.791658 

87 0 100 Sa MC 128 Ghost shrimp (2); polychaetes (3) 

N5430566.326778 
E487964.097090 

431 0 100 Sa MC 336 - 

N5430580.816749 
E487946.437886 

432 0 100 Sa MC 248 Ghost shrimp (1); polychaetes (2) 

N5430599.567702 
E487911.974681 

433 0 100 Sa MC 80 Ghost shrimp (1) 

N5430639.689233 
E487865.423635 

434 20 Zm 80 Sa 0 0 - 

N5430642.181312 
E487844.229788 

435 60 Zm 40 Sa MC 16 Polychaetes (3) 

N5430472.996395 
E488095.772846 

436 0 100 Sa MC 184 - 

N5430366.640675E48
8290.368468 

437 15 Zj 85 Sa MC 68 - 

N5430513.531893 
E488376.720378 

438 40 Zj 60 Sa MC 196 Ghost shrimp (2); Polychaetes (2) 

14/05/2013 
 

N5430823.241400 
E488093.185700 

82 10 Zm 90 Sa 
C 

MC 
0.15 
32 

Polychaetes (2) 

N5430185.723900 
E487776.945200 

103a 0 100 Bo PO 1.2 - 

N5430185.723900 
E487776.945200 

103b 0 100 Bo M 34 - 

N5430438.754800 
E488024.154600 

71 0 100 Sa MC 20 Juvenile Dungeness crab (1) 

N5430680.592400 
E488525.926600 

67 10 Zj 
60 Sa 
30 Mu 

PL 8 - 

Table 4-1 (continued) 
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Site Date UTM Coordinates 
Sampling 
Location 

Vegetation 
(% cover) 

Substrate 
(% cover) 

Bivalve 
Species 

Number/m
2
 Other Invertebrates 

R
o

b
e
rt

s
 B

a
n

k
, 

In
te

r-

c
a
u

s
e
w

a
y
 A

re
a
 (

R
B

-I
) 

24/05/2013 
 

N5431442.357200 
E489747.382300 

140 
 

0 
70 Mu 
30 Sa 

MC 40 - 

N5430961.346000 
E489159.817500 

451 0 
50 Gr 
50 Sa 

C 
VC 
PL 

0.10 
36 
6 

- 

N5431347.359900 
E490597.113800 

452 0 100 Sa C 0.25 - 

N5431265.222776 
E490813.451508 

453 0 100 Sa C 0.25 - 

B
o

u
n

d
a
ry

 

B
a
y
 (

B
B

) 

07/06/2013 

N5429246.463645 
E497292.646739 

454 0 100 Sa 
PL 
MC 

20 
48 

- 

N5429216.106320 
E497817.848161 

455 0 100 Sa MC 240 - 

N5429230.740577 
E498242.383660 

456 0 100 Sa 
PL 
C 

8 
0.35 

- 

Codes: Zostera marina (Zm); Zostera japonica (Zj); Sand (Sa); Mud (Mu); Boulder (Bo); Gravel (Gr); Cockles (C); Macoma clams (MC); Pacific Oyster (PO); 
Mussels (M); Pacific Littleneck (PL); Varnish Clam (VC) 
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Table 4-2 Biological Information for Shellfish Samples Submitted for Tissue Chemistry Analysis 

Sampling 
Location 

Number of 
Specimens 

Length Range 
(cm) 

Mean Length 
(cm) 

Wet Weight 
Range (g) 

Mean Wet Weight 
(g) 

Bivalve Condition Index 
(g/cm

3
) 

(range) 

 Cockles – C. nuttalli 

82 (RB-N) 3 6.1 – 6.8 6.5 29.2 – 33.5 30.7 
0.11 

(0.10-0.13) 

452 (RB-I) 5 4.3 – 5.4 4.9 13.5 – 24.5 18.1 
0.15 

(0.01 – 0.31) 

456 (BB) 7 5.1 – 6.5 5.7 17.5 – 36.5 26.6 
0.14 

(0.13-0.17) 

 Pacific Littlenecks - P. staminea 

67 (RB-N) 6 3.1 – 4.6 3.9 2.6 - 6 4.6 
0.078 

(0.062-0.099) 

451 (RB-I) 6 3.9 – 4.4 4.1 7.5 – 14.5 10.1 
0.15 

(0.12-0.17) 

454 (BB) 10 4.3 – 5.9 4.7 6 - 12 7.6 
0.073 

(0.058-0.088) 

 Macoma clams - Macoma spp. 

71 (RB-N) 12 4 – 5.9 4.8 2.5 – 5.5  4.3 
0.039 

(0.027-0.055) 

140 (RB-I) 13 2.4 – 3.2 2.8 2.5 – 5.5 3.9 
0.18 

(0.12-0.20) 

455 (BB) 12 4.3 – 5.2 4.7 5 - 10 6.7 
0.065 

(0.049-0.082) 

 Other bivalve spp. 

103a (RB-N), 
oysters 

3 9.6 – 18.5 13.9 24 - 72 49.8 
0.020 

(0.011-0.027) 

103b (RB-N), 
mussels 

23 3.5 – 4.9 4.3 1 - 3 2.3 
0.030 

(0.015-0.043) 

Codes: RB-N: north side of Roberts Bank causeway; RB-I: Inter-causeway Area; Boundary Bay (BB) 
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Table 4-3 Additional Biological Information for Shellfish Samples not Submitted for Tissue Chemistry Analysis 

Sampling Location 
Number of 
Specimens 

Length Range 
(cm) 

Mean Length (cm) 
Wet Weight Range 

(g) 
Mean Wet Weight 

(g) 

Bivalve Condition 
Index (g/cm

3
) 

(range) 

 Cockles – C. nutalli 

451 (RB-I) 2 3.1 – 4 3.2 3 - 10 4.5 
0.14 

(0.13-0.15) 

453 (RB-I) 5 2.3 – 5.8 4.7 10 – 24.5 18.7 
0.12 

(0.11-0.14) 

 Macoma clams - Macoma spp. 

87 (RB-N) 60 1.5 - 4.4 2.1 0.1 - 4 0.43 
0.038 

(0.012-0.13) 
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Between-site asynchronicity in the timing of spawning and recovery often occurs for sample collections 

within 30 to 60 days of peak spawning and for species that tend to spawn during multiple periods 

throughout the year. Given that field collections were made from May 14
th
 to June 7

th
, 2013, spawning 

related differences in CI might be expected for spring and early summer spawners, and for species that 

may spawn incompletely through several periods such as littleneck clams. 

4.2 SURFACE SEDIMENT CHEMISTRY AT BIVALVE SAMPLING SITES  

Table 4-4 and Table 4-5 provide a summary of sediment chemistry for bivalve tissue sampling stations. 

The total PAH (TPAH) concentration (unsubstituted PAHs: naphthalene, acenaphthylene, acenaphthene, 

fluorene, phenanthrene, anthracene, fluoranthene, pyrene, benzo[a]anthracene, chrysene, 

benzo[b]fluoranthene, benzo[j,k]fluoranthene, benzo[e]pyrene, benzo[a]pyrene, dibenz[a,h]anthracene, 

indeno[1,2,3-c,d]pyrene, benzo[g,h,i]perylene) ranged from 10.0 ng/g to 104 ng/g dry weight (dw) in the 

Roberts Bank samples, and from 3.4 to 5.2 ng/g dw in the Boundary Bay samples. Note that this total 

does not include the parent PAHs biphenyl, dibenzothiophene, or perylene, nor the alkyl-substituted PAH 

retene (1,7-dimethylphenanthrene). Perylene and retene, in particular, are naturally produced plant 

derivatives, and their presence in Roberts Bank sediments is interpreted to be an indication of natural 

detrital organic matter inputs to sediment. Biphenyl and dibenzothiophene are not routinely included in the 

analysis or interpretations on unsubstituted PAHs, and while present in petrogenic materials, can also 

reflect environmental inputs from other sources. 

The detected TPAH concentration in the analytical blank was 2.9 ng/g. The observed PAHs in Boundary 

Bay samples, therefore, were only marginally greater than the practical detection limits. Overall, the 

approximate ten-fold range in TPAH concentrations in the Roberts Bank sediment samples, coupled with 

the higher concentrations than in Boundary Bay samples, provides a good foundation for assessing 

uptake potential into edible bivalves. All observed sediment concentrations in Roberts Bank sediments of 

individual PAHs were much lower than relevant Canadian sediment quality guidelines for the protection of 

marine life (Canadian Council of Ministers of the Environment Interim Sediment Quality Guidelines: 

CCME ISQG) by a factor of three or more. The derivation of these guidelines, however, does not address 

issues associated with bioaccumulation of contaminants in various sediment-associated biota. 

While the sediment TPAH concentrations in Roberts Bank sediment samples were approximately 5- to 

30-fold higher than in the Boundary Bay samples, the concentrations are nonetheless very low compared 

to previously documented sediment PAH concentrations for the Greater Vancouver/Fraser River delta 

area (Yunker et al. 2002). Yunker et al. (2002) suggested a pre-industrial baseline concentration of PAHs 

in sediments within the Fraser River watershed of ~ 1 µg/g organic C (1 µg = 1000ng), a range in modern 

remote and light-industrial watershed areas in the range of ~ 1 to 10 µg/g organic C, and a range in more 

heavily industrialised regions such as Vancouver Harbour in the range of ~10 to > 130 µg/g organic C.    
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Table 4-4 Summary of PAH Concentrations (ng/g dw) in Surface Sediment (top 10 cm) at 
Bivalve Shellfish Locations 

 

Roberts Bank, North of 
Causeway 

Inter-causeway 
Area Boundary Bay 
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Dominant Unsubstituted PAH 

Naphthalene 10.9 11.3 0.972 7.91 2.39 4.86 9.98 0.365 0.488 0.381 0.24 

Phenanthrene 18.7 20.6 2.24 13.6 4.97 10.7 20.2 0.366 0.561 0.463 0.511 

Phen:Anth Ratio 14.5 16.6 7.9 18.3 7.8 6.7 10.6 2.3 1.8 2.8 2.0 

Chrysene 5.79 5.65 0.788 3.3 1.78 5.12 9.37 0.234 0.316 0.265 0.174 

Benzo[e]pyrene 2.35 2.48 0.353 1.41 0.908 2.38 5.3 0.139 0.173 0.165 0.067 

Benzo[a]pyrene 1.24 1.37 0.228 0.748 0.582 1.8 4.5 0.124 0.194 0.138 0.102 

LPAH (unsubst.) 37 39 4.0 26 9.3 20 38 1.0 1.5 1.1 1.1 

HPAH (unsubst.) 26 26 5.5 15 12 54 66 2.4 3.7 3.0 1.8 

TPAH (unsubst.) 63 65 10 41 21 74 104 3.4 5.2 4.1 2.9 

Perylene 54.6 79.7 16 37.5 4.39 14.1 12.7 0.11 0.192 0.208 <0.0667 

Biphenyl 12 13.2 1.04 8.85 2.45 4.44 10.5 0.258 0.442 0.315 0.194 

Dibenzothiophene 2.11 2.3 0.37 1.58 0.737 1.25 2.32 0.131 0.217 0.162 0.168 

Retene 19.4 21.5 2.85 20.3 3.74 11.9 10.6 0.13 0.172 <0.154 <0.0877 

Alkyl Naphthalenes 

C1-Naph 56.4 61 3.08 44 9.36 20.2 48.2 0.267 0.468 0.377 0.161 

C2-Naph 110 110 7.57 82.8 18.9 37.5 87.6 1.81 1.94 1.87 0.381 

C3-Naph 61.3 68.1 4.40 53.5 10.1 19.5 49.6 0.601 0.889 0.757 0.377 

C4-Naph 20.6 26.4 1.65 17.8 4.34 7.75 18.1 0.321 0.421 0.396 0.117 

Alkyl Phenanthrenes & Anthracenes 

C1-Phen/Anth 42.3 48.8 3.6 29.8 9.61 16.7 38.5 0.306 0.565 0.218 <0.0641 

C2-Phen/Anth 35.4 40.0 3.26 24.7 7.65 13.6 32.3 0.476 0.672 0.536 0.153 

C3-Phen/Anth 20.7 20.9 1.96 13.3 4.19 8.16 17 0.316 0.436 0.372 0.182 

C4-Phen/Anth 48.5 56.9 6.27 43.8 11.7 29.5 47.6 0.731 0.958 0.791 0.479 

Sum Alkyl PAH 395 432 32 310 76 153 339 4.8 6.3 5.3 1.9 

Total PAHs inc. 
Alkyl forms 458 498 41 351 97 227 443 8.2 11.6 9.4 4.7 

Alkyl PAH as % 
of total 86% 87% 77% 88% 78% 67% 77% 59% 55% 56% 39% 
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Table 4-5 Summary of Trace Element Concentrations (µg/g dw) in Surface Sediment (top 10 
cm) at Bivalve Shellfish Locations 

Sample ID 

Roberts Bank, North of Causeway Inter-causeway Area Boundary Bay 
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pH (1:2 
soil:water) 

7.86 8.01 7.78 8.27 7.98 8.47 7.88 7.88 7.55 7.87 

Coal Indicator Elements 

Arsenic (As) 6.18 5.35 4.32 6.71 6.80 6.80 6.07 1.98 2.04 1.89 

Bismuth (Bi) <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 

Cadmium 
(Cd) 

0.088 0.070 <0.050 0.052 <0.050 0.079 0.069 <0.050 <0.050 <0.050 

Selenium 
(Se) 

<0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 

Vanadium (V) 50.9 51.0 44.5 45.0 46.1 40.4 49.1 24.5 22.3 22.9 

Other Elements 

Aluminum 
(Al) 

11200 11200 9170 9760 9620 8640 10300 7190 6850 6930 

Antimony 
(Sb) 

0.28 0.25 0.18 0.21 0.21 0.19 0.23 <0.10 <0.10 <0.10 

Barium (Ba) 44.4 43.5 28.3 37.3 26.0 29.4 31.9 22.1 27.6 20.8 

Beryllium 
(Be) 

0.27 0.24 <0.20 0.23 0.24 <0.20 0.26 <0.20 <0.20 <0.20 

Calcium (Ca) 5760 6380 5430 9980 4730 26400 5520 3850 3480 3680 

Chromium 
(Cr) 

35.2 37.0 33.0 29.7 31.3 21.9 35.5 12.4 11.0 11.0 

Cobalt (Co) 9.94 10.5 9.04 10.4 9.32 6.63 9.40 3.32 3.04 2.90 

Copper (Cu) 15.5 15.4 10.8 11.8 9.96 10.4 12.7 3.82 3.74 3.66 

Iron (Fe) 22300 24100 18300 20900 21900 18400 23800 9540 9230 8620 

Lead (Pb) 4.42 3.95 2.75 3.20 4.28 2.51 4.93 1.13 1.47 1.20 

Lithium (Li) 11.2 12.5 8.6 10.1 10.5 11.3 12.7 6.0 5.6 5.2 

Magnesium 
(Mg) 

9250 10200 7700 8520 8170 6750 8620 4260 3900 3750 

Manganese 
(Mn) 

280 323 310 322 237 211 251 173 159 168 

Mercury (Hg) 0.0301 0.0493 0.0505 0.0286 0.0239 0.0208 0.0312 <0.0050 0.0070 0.0051 

Molybdenum 
(Mo) 

0.61 <0.50 <0.50 <0.50 <0.50 <0.50 0.54 <0.50 <0.50 <0.50 

Nickel (Ni) 36.3 36.8 32.3 35.6 31.8 24.4 32.8 8.83 8.76 7.82 

Phosphorus 
(P) 

522 675 447 600 751 521 708 315 316 286 

Potassium 
(K) 

1150 1180 690 1000 1010 890 1140 620 620 620 

Silver (Ag) <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 <0.10 

Sodium (Na) 3140 3210 1900 2190 3150 3540 3190 2410 1640 1290 

Strontium (Sr) 36.3 38.6 28.9 67.1 30.0 172 35.3 20.4 21.8 20.9 

Thallium (Tl) 0.074 0.068 <0.050 0.065 <0.050 0.064 0.075 <0.050 0.090 0.052 

Tin (Sn) <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 <2.0 

Titanium (Ti) 966 939 858 902 795 679 835 545 534 546 

Uranium (U) 0.596 0.638 0.319 0.358 0.422 0.389 0.626 0.172 0.214 0.192 

Zinc (Zn) 50.1 53.4 37.7 44.4 47.0 36.2 53.4 22.4 21.5 20.6 
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The sediment TPAH concentrations in Table 4-4 are not expressed on an organic C normalised basis, 

and TOC was not measured in these samples. Nonetheless, assuming an organic C concentration for 

Roberts Bank surface sediments in the range of 0.2% to 2%, the range of TPAH concentrations (Figure 

18 of Hemmera 2014a), as tabulated in Table 4-4, would be in the range of 1.1 to 52 µg/g organic C. 

The observed TPAH concentrations in Roberts Bank sediments were not correlated with the distance of 

the sampling site from the closest major sources areas (load out area and stockpiles at Westshore 

terminals; coal cars on causeway). This is probably a result of the redistribution of historical coal dust 

deposits over time as a result of sediment re-suspension/deposition episodes. 

Sediment samples with elevated PAH concentrations exhibited a very similar PAH composition, with the 

unsubstituted PAHs dominated by (in order of relative concentration) phenanthrene > naphthalene > 

fluoranthene  pyrene  chrysene. There was some between sample variability, however, especially in 

the relative composition of higher molecular weight unsubstituted PAHs (HPAH) (Table 4-4). 

PAH compositions across different coal types and deposits can vary appreciable (Achten and Hofmann 

2009, Laumann et al. 2011); however, the PAH composition observed in sediments was generally 

consistent with expectations for a coal-type source. The dominant unsubstituted PAHs in the sediment 

samples were naphthalene and phenanthrene, the peak concentration through the naphthalene & alkyl 

naphthalene series was at C2-naphthalenes, and the peak concentration through the unsubstituted and 

alkyl-phenanthrenes/anthracenes series occurred at C4-phenanthrenes/anthracenes, which is consistent 

with the documented PAH composition in the scientific literature (Table 4-4).  

A single recently spilled coal sample was obtained from near the rail tracks on the Roberts Bank 

causeway and analysed for unsubstituted PAHs to assist with identifying the PAH signature of coal dust, 

and is compared with the PAH composition of sample 13RBCT140 (Figure 4-1), which exhibited the 

highest TPAH concentration among the sediment samples. The composition of the two samples were 

quite similar, further suggesting a strong coal dust influence for the observed PAH concentrations in 

Roberts Bank sediments, although the relative contribution to TPAH of naphthalene, and to a lesser 

extent phenanthrene, in the coal sample was much greater than in the sediment sample. This might be 

attributable to either: (i) differences in coal origin and composition for the sediment-associated coal dust 

and sample collected from the Roberts Bank causeway owing to different eras of release; or (ii) 

preferential degradation of lower molecular weight PAHs – including naphthalene - in coal particulates 

once released to the marine environment. 

The high concentrations of perylene (Table 4-4) in the sediment samples in comparison with the other 

unsubstituted PAHs are particularly interesting. It has been demonstrated that perylene is produced 

naturally, both in living plants and as a result of secondary reactions during the decomposition of plant-

derived organic matter in terrestrial ecosystems. Peat bogs, for example, are known to exhibit high levels 
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of perylene, along with a few other naturally derived PAHs. Petroleum based environmental releases do 

not tend to exhibit such high relative concentrations of perylene owing to different origins of the 

carbon sources. 

Figure 4-1 Comparison of PAH Composition in a Coal Sample from Robert Bank Causeway 
versus an Inter-Causeway Area Surface Sediment Sample (note differences in units for 
coal sample versus sediment) 

 

 

Table 4-5 summarises the sediment concentrations of trace elements, including those that are inferred to 

be coal indicator elements for western Canadian coal deposits. Goodarzi et al. (2009) discuss the 

geochemistry of coals from the British Columbia Elk Valley coalfield. Coal deposits can contain various 

amounts of the vast majority of elements in the periodic table, as a result of the petrogenic history. In 

particular, the trace element concentrations reflect the composition of the large masses of organic matter 

laid down in a reducing environment such as a peat bog, with further compositional changes associated 

with precipitation from and dissolution by surface and groundwater solutions. Depending on the 

particulars of the depositional and petrogenic environment, some coal deposits may contain atypically 
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high concentrations of specific elements; for example arsenic in some USA and Chinese coals, sodium 

and boron in Saskatchewan lignites, and vanadium in coals from British Columbia (Goodarzi et al. 2009). 

Based especially on contemporary concerns about emissions and other environmental releases during 

the combustion of thermal coal, Vejahati et al. (2010) suggest that the trace elements of greatest concern 

to public health based on thermal coal utilisation are arsenic, boron, cadmium, mercury, molybdenum, 

lead and selenium. The coal dust deposits that have been historically deposited on Roberts Bank, 

however, are associated primarily with metallurgical grade coal from the Elk Valley and Tumbler Ridge 

area of the province, not thermal coal, and the interpretations by Vejahati et al. (2010) are not relevant.  

The coal indicator elements listed in Table 4-5 are by no means the only trace elements that may have 

been contributed to Roberts Bank as a result of past coal dust deposition. The focus on the five trace 

elements listed, however, is based on the following: (i) our prior professional experience with water quality 

issues associated with coal mining in British Columbia; (ii) toxicological importance; (iii) exclusion of those 

elements with sediment concentrations which are driven primarily by an association with clay mineral 

transport in watersheds and deltaic deposition (since the geochemistry of Roberts Bank is strongly 

influenced by deposition of silts and clays from the Fraser River discharge); and (iv) the degree of 

observed correlation in Roberts Bank sediments between the trace element and both coal particulates 

and total PAH concentrations, as discussed in Hemmera 2014a.  

As shown in Table 4-5, selenium and bismuth were not observed in any of the ten sediment samples at a 

concentration greater than the analytical detection limit. The sediment concentrations of arsenic, 

cadmium, and vanadium were generally higher in the Roberts Bank than Boundary Bay samples; 

however, this could be attributable to the general decrease in fine sediment deposition from the Fraser 

River discharge with increased distance from the river mouth. 

The concentrations of cadmium and lower molecular weight PAHs in the ten sediment samples were 

strongly correlated, consistent with a common source (Figure 4-2a). The correlations between various 

measures of PAHs in sediment and various trace elements, however, are probably attributable to the co-

occurrence of smaller coal particles with finer textured sediments (silt and especially clay fraction) and 

local tendencies for deposition or scour of fines on the tide flat as a result of the bottom current regime. 

Not just cadmium, but also aluminum (Figure 4-2b) and various other trace elements co-varied with 

PAHs in the sediment samples. Elements from Table 4-5 that exhibited a significant linear relationship 

with lower molecular weight PAHs, and having a co-efficient of determination (r
2
) greater than 0.65 

included antimony, barium, beryllium, copper, iron, lead, lithium and vanadium in addition to cadmium and 

aluminum. 

The correlation with cadmium in sediment was slightly better for HPAH (r
2
 = 0.845) than for LPAH (r

2
 = 

0.796), as well as for TPAH (unsubstituted) (r
2
 = 0.843). Total alkyl-substituted PAHs were also highly 

correlated with cadmium (r
2
 = 0.722). 
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Figure 4-2 Regression Relationship between Sediment Concentrations of Trace Elements and 
Lower Molecular Weight PAHs: (a) Cadmium, (b) Aluminum 
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4.3 BIVALVE TISSUE CONTAMINANT CONCENTRATIONS 

Concentrations of PAHs in pooled homogenates of bivalve soft tissue are presented in Table 4-6, while 

trace element data are presented in Table 4-7. These data are used to estimate the risks to human health 

associated with uptake of coal dust associated metals/metalloids and PAHs (Section 5). To facilitate 

analysis of consumption risks, data are tabulated on a wet weight basis. 

The laboratory analyses of PAHs in bivalve tissue samples (Table 4-6) need to be interpreted cautiously 

since the associated quality control data show two issues with the reported data. First, surrogate 

recoveries were low for lower molecular weight PAHs such as naphthalene (in the range of 5.9 to 17%), 

and progressively increased with increased molecular weight of the PAHs reported. This suggests that 

the lower molecular weight PAHs may be under-reported. Second, the laboratory blank analysed along 

with the batch of bivalve tissues showed elevated levels of naphthalene. Other PAHs were detected in the 

lab blank, which is not surprising given the low detection limits achieved overall, but at much lower 

concentrations than for naphthalene. The results for naphthalene, therefore, have been excluded in the 

following discussion of results, so as not to obscure a comparison of PAH concentrations between 

species and sites. Nonetheless, the human health risks associated with seafood consumption (Section 5) 

were evaluated for naphthalene as well as the other contaminants of potential concern, based on the 

maximum observed concentration of naphthalene in bivalve tissue samples. 

Figure 4-3 Summary of Bivalve Tissue Concentrations of Lower Molecular Weight PAHs, 
excluding Naphthalene (ng/g wet weight) 
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Table 4-6 PAH Concentrations in Bivalve Tissues (ng/g on a wet weight basis) 
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  cockles littleneck Macoma  oysters  mussels cockles littleneck Macoma cockles littleneck Macoma   

  RB-N RB-N RB-N RB-N RB-N RB-I RB-I RB-I BB BB BB   

% Moisture 87.3 88.7 85.5 88.6 87.5 88.6 85.8 82.5 84 85.4 83.7   

% Lipid 0.45 0.78 0.69 1.09 1.00 0.58 0.97 0.98 1.35 0.8 1.23   

Unsustituted PAHs 
           

  

Naphthalene 1.96 1.15 1.09 0.741 NQ 1.11 1.19 1.44 0.931 0.938 0.97 8.41 

Acenaphthylene 0.093 <0.073 0.052 0.163 <0.57 0.046 0.082 0.086 0.077 0.075 0.102 <0.0588 

Acenaphthene 0.315 0.212 0.043 0.399 0.189 0.122 0.147 0.311 0.246 0.202 0.114 0.075 

Fluorene 1.01 0.385 0.258 0.37 0.587 0.297 0.569 0.625 0.424 0.252 0.195 0.037 

Phenanthrene 3.19 2.12 0.424 2.13 2.24 0.685 5.3 2.71 1.16 0.871 0.318 0.171 

Anthracene 0.336 0.214 0.116 0.452 <0.23 0.191 0.275 0.331 0.113 0.121 0.121 0.055 

Fluoranthene 1.20 1.21 0.187 2.25 0.806 0.492 2.04 3.69 0.923 0.762 0.188 0.089 

Pyrene 1.07 0.993 0.301 1.87 0.798 0.41 1.34 2.65 0.619 0.763 0.349 0.203 

Benz[a]anthracene 0.346 0.396 0.097 0.357 0.991 0.107 0.257 0.721 0.131 0.293 <0.147 0.019 

Chrysene 0.844 0.699 0.294 0.97 0.815 0.24 0.427 1.59 0.419 0.543 0.305 0.035 

Benzo[b]fluoranthene 0.458 0.127 0.051 0.43 0.222 0.111 0.207 0.862 0.135 0.17 0.087 0.067 

Benzo[j,k]fluoranthenes 0.203 0.063 0.075 0.183 0.197 0.094 0.152 0.524 0.118 0.144 0.159 0.017 

Benzo[e]pyrene 0.425 0.113 0.132 0.49 0.283 0.131 0.203 0.702 0.104 0.145 0.126 0.032 

Benzo[a]pyrene 0.203 0.048 0.028 0.053 0.111 <0.0519 0.086 0.296 0.077 0.103 0.053 0.023 

Dibenz[a,h]anthracene 0.103 <0.0678 0.04 <0.0527 <0.109 <0.0608 <0.0371 0.108 <0.0612 <0.0257 0.077 <0.0168 

Indeno[1,2,3-cd]pyrene 0.169 0.058 <0.115 0.053 0.094 0.066 0.091 0.289 0.091 0.105 0.103 <0.0324 

Benzo[ghi]perylene 0.379 0.124 <0.107 0.124 0.223 0.116 0.174 0.427 0.132 0.138 0.174 0.062 

LPAH (unsubst.) 6.90 4.08 1.98 4.26 3.02 2.45 7.56 5.50 2.95 2.46 1.82 8.75 

HPAH (unsubst.) 5.40 3.83 1.21 6.78 4.54 1.77 4.98 11.86 2.75 3.17 1.62 0.55 

TPAH (unsubst.) 12.3 7.9 3.2 11.0 7.6 4.2 12.5 17.4 5.7 5.6 3.4 9.3 

Perylene 11.2 1.63 0.802 1.34 2.07 0.39 0.564 2.69 0.125 0.436 0.162 0.022 

Biphenyl 1.44 0.541 0.304 0.294 0.597 0.331 0.526 0.902 0.195 0.238 0.176 0.227 

Dibenzothiophene 0.289 0.155 0.06 0.17 0.166 0.083 0.334 0.273 0.11 0.092 0.067 0.087 

Retene 5.5 1.98 1.21 10.1 2.36 1.09 1.9 3.31 0.941 0.514 0.81 0.291 
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Table 4-6 (continued) 
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  cockles littleneck Macoma  oysters  mussels cockles littleneck Macoma cockles littleneck Macoma   

  RB-N RB-N RB-N RB-N RB-N RB-I RB-I RB-I BB BB BB   

Alkyl-substituted PAHs 
           

  

1-Methylnaphthalene 2.24 0.692 0.347 0.457 0.639 0.347 0.527 1.12 0.249 0.433 0.297 0.25 

2-Methylnaphthalene 4.77 1.72 0.814 0.973 1.86 0.783 1.14 2.65 0.56 0.781 0.548 0.541 

1,2-Dimethylnaphthalene 0.374 0.172 0.07 0.105 0.228 0.143 0.119 0.288 <0.935 0.088 <0.0774 0.082 

2,6-Dimethylnaphthalene 3.16 1.74 0.629 0.487 1.76 0.422 2.07 4.48 <0.752 1.2 5.23 0.219 

2,3,6-Trimethylnaphthalene 2.05 0.744 0.365 0.523 <1.44 0.351 0.605 1.62 0.28 0.323 0.254 0.244 

2,3,5-Trimethylnaphthalene 1.5 0.496 0.302 0.367 <1.46 0.255 0.444 1.07 0.191 0.211 0.209 0.164 
1,4,6,7-
Tetramethylnaphthalene 0.408 0.212 0.13 0.328 <0.673 0.143 0.187 0.292 0.28 0.184 0.238 0.108 

  
           

  

1-Methylphenanthrene <1.22 0.504 <0.793 0.291 0.507 0.146 0.499 0.837 0.153 0.133 0.385 0.061 

2-Methylphenanthrene 1.76 1.59 <0.799 0.942 1.04 1 1.51 1.74 0.531 0.708 0.467 0.076 

3-Methylphenanthrene <1.23 0.519 <0.8 0.465 0.686 0.191 0.994 0.941 0.194 0.154 0.088 0.066 

2-Methylanthracene <1.25 0.112 <0.809 0.096 0.268 0.056 0.06 0.097 0.018 0.042 0.075 <0.0459 

9/4-Methylphenanthrene <1.23 0.628 <0.8 0.599 0.592 0.385 0.471 1.02 0.235 0.228 0.203 0.128 

3,6-Dimethylphenanthrene 0.291 0.19 0.059 0.297 0.281 0.075 0.154 <0.654 0.1 0.069 0.034 0.039 

2,6-Dimethylphenanthrene 1.02 1.06 1.13 0.939 0.66 0.555 1.3 1.08 0.349 0.289 1.07 0.203 

1,7-Dimethylphenanthrene 0.746 0.331 0.11 0.332 0.323 0.187 0.172 0.737 0.157 0.128 0.048 0.07 

1,8-Dimethylphenanthrene 0.111 0.073 0.029 0.089 0.075 0.064 0.073 <0.65 0.033 <0.055 <0.0267 0.197 

1,2,6-Trimethylphenanthrene 0.166 0.103 0.046 0.175 0.1 <0.0691 0.105 0.205 0.062 <0.0653 <0.0598 <0.0801 

  
           

  

Homolog Sums - AlkylPAH 
           

  

C1-Naphthalenes 7 2.41 1.16 1.43 2.5 1.13 1.67 3.77 0.56 1.21 0.845 0.791 

C2-Naphthalenes 11.6 5.15 2.2 2.3 5.69 2.31 4.72 10.6 1.38 2.92 7.68 1.26 

C3-Naphthalenes 7.88 3.38 1.81 2.47 4.37 2.34 3.01 6.65 1.52 1.85 1.32 1.69 

C4-Naphthalenes 3.97 1.7 1.72 2.31 2.27 1.86 2.64 3.42 1.21 1.04 1.66 2.55 
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Table 4-6 (continued) 
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  cockles littleneck Macoma  oysters  mussels cockles littleneck Macoma cockles littleneck Macoma   

  RB-N RB-N RB-N RB-N RB-N RB-I RB-I RB-I BB BB BB   

C1 Phenanthrenes/ 
     Anthracenes <1.22 1.02 <0.793 0.756 1.19 0.393 0.994 1.78 0.018 0.328 0.088 0.127 
C2 Phenanthrenes/ 
     Anthracenes 5.36 3.98 3.05 4.24 4.19 2.26 4.14 5.3 1.53 1.33 2.58 1.02 
C3-Phenanthrenes/ 
    Anthracenes 7.08 6.84 11.4 11.9 12.3 5.55 16.7 5.47 3.26 1.91 11.1 1.01 
C4-Phenanthrenes/ 
     Anthracenes 17.3 8.8 6.78 10.3 12.5 11 9.98 27.8 5.61 4.03 5.28 1.96 

  
           

  

Sum Alky PAH 60.2 33.3 28.1 35.7 45.0 26.8 43.9 64.8 15.1 14.6 30.6 10.4 
Total Unsubstituted and  
     Alkyl-PAH 72.5 41.2 31.3 46.7 52.6 31.1 56.4 82.2 20.8 20.2 34.0 19.7 
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Table 4-7 Trace Element Concentrations in Bivalve Tissues (µg/g on a wet weight basis) 

Sample ID 
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cockles Macomas oysters mussels cockles littlenecks Macomas cockles littlenecks Macomas 

RB-N RB-N RB-N RB-N RB-I RB-I RB-I BB BB BB 

% Moisture 87.5 85.4 87.7 87.4 88 86 82.5 83.2 85.7 82.2 

Coal Indicator Elements  

Arsenic 1.20 1.81 1.24 1.65 1.47 3.96 3.62 1.08 4.32 2.21 

Bismuth 0.0071 0.0038 <0.0020 0.0025 0.0052 0.0048 0.0118 <0.0020 <0.0020 0.002 

Cadmium 0.0592 0.0633 3.99 0.73 0.0833 1.2 0.0311 0.0699 0.373 0.0524 

Selenium 0.36 1.15 0.417 0.642 0.458 0.62 0.489 0.344 0.531 0.697 

Vanadium 2.43 0.553 0.185 0.567 1.23 0.287 2.13 0.198 0.278 0.251 

Other Elements  

Aluminum 733 104 46.2 147 267 75.3 515 57.1 72.6 49.5 

Antimony 0.0139 0.0114 0.0022 0.0057 0.0059 0.0043 0.0533 <0.0020 0.0025 0.0053 

Barium 5.11 1.57 0.576 1.4 1.97 0.909 10.9 0.572 0.885 4.38 

Beryllium 0.0239 0.003 <0.0020 0.0041 0.0135 0.0026 0.013 0.0038 0.0023 <0.0020 

Boron 2.56 2.6 2.13 3.52 2.51 2.15 3.9 1.54 1.93 1.55 

Calcium 675 546 1270 373 657 955 982 294 834 277 

Cesium 0.0647 0.0086 0.0047 0.0135 0.0203 0.008 0.039 0.0067 0.0062 0.0058 

Chromium 3.67 0.785 0.349 0.926 2.45 0.611 2.18 0.161 0.345 0.312 

Cobalt 0.629 0.22 0.0567 0.205 0.338 0.205 0.599 0.0663 0.342 0.124 

Copper 2.13 3.03 84.1 1.65 1.08 1.37 6.01 0.587 0.866 1.85 

Gallium  0.22 0.0324 0.0133 0.0439 0.0808 0.0198 0.154 0.0143 0.021 0.0136 

Iron  1050 188 88.7 197 568 112 840 122 147 131 

Lead 0.362 0.0663 0.0769 0.0894 0.158 0.0578 0.335 0.0381 0.101 0.0429 

Lithium 0.761 0.139 0.094 0.196 0.31 0.149 0.499 0.065 0.1 0.071 
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Table 4-7 (continued) 
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cockles Macomas oysters mussels cockles littlenecks Macomas cockles littlenecks Macomas 

RB-N RB-N RB-N RB-N RB-I RB-I RB-I BB BB BB 

Magnesium 941 657 342 550 779 750 848 449 594 467 

Manganese 18.4 7.44 4.77 5.32 6.97 2.04 13 2.17 1.94 3.51 

Mercury (Hg)-Total 0.0086 0.0123 0.0165 0.0114 0.0146 0.0227 0.0204 0.0037 0.0158 0.0088 

Molybdenum 0.107 0.338 0.0392 0.122 0.089 0.111 0.469 0.0446 0.0859 0.244 

Nickel 3.39 0.709 0.378 0.6 2.61 1.21 1.4 0.333 1.24 0.324 

Phosphorus 1260 1120 978 1550 962 1340 1460 1340 1160 1300 

Potassium 1870 1800 1220 1460 1470 2060 2690 2470 2080 2150 

Rhenium <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 <0.0020 

Rubidium 1.84 0.924 0.671 1.24 1.02 1.28 1.61 1.35 1.23 1.13 

Sodium 4000 4030 2020 3530 4740 5180 3980 2490 3450 2820 

Strontium 8.47 7.23 5.81 6.02 9.63 9.94 18.7 3.49 9.23 4.88 

Tellurium <0.0040 <0.0040 <0.0040 <0.0040 <0.0040 <0.0040 0.0051 <0.0040 <0.0040 <0.0040 

Thallium 0.00701 0.00232 0.00118 0.00237 0.00279 0.00135 0.00461 0.00116 0.0012 0.00199 

Thorium 0.148 0.02 0.0102 0.034 0.0469 0.0115 0.0871 0.0066 0.0077 0.0051 

Tin 0.03 0.025 <0.020 0.055 0.027 0.04 <0.020 <0.020 <0.020 <0.020 

Uranium 0.0873 0.0518 0.0395 0.0386 0.0896 0.0777 0.0909 0.0296 0.0443 0.0355 

Yttrium 0.522 0.11 0.051 0.0884 0.295 0.0724 0.385 0.0505 0.0726 0.0416 

Zinc 13.3 43.7 416 12 12.1 14.8 39.3 8.48 9.96 48.7 

Zirconium 0.369 0.122 0.046 0.11 0.137 0.069 0.156 0.053 0.049 0.042 
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There were only minor differences in ww tissue LPAH concentrations between species or sites (Figure 

4-3), with few discernible patterns. The LPAH, HPAH, TPAH and summed values for alkyl PAHs in Table 

4-6 and Figure 4-3 were calculated assuming negligible concentration of the non-detected individual 

PAHs (i.e., a concentration of zero). LPAH concentrations were higher in inter-causeway area samples in 

two of the three species for which multiple site data exist (Pacific littlenecks and Macoma spp.). 

There was a statistically significant relationship between the lipid-normalised LPAH concentrations in 

bivalve tissues and the sediment dry weight PAH concentrations (Figure 4-4). The relationship is 

expected to be stronger for sediment PAH concentrations expressed on an organic carbon normalised 

basis, because super-sorbent sediment organic carbon phases can have a much stronger affinity for 

PAHs than organism lipids (Vinturella et al. 2004); however, total organic carbon content was not 

analysed for these samples.  

These results indicate that sediment-bound PAHs are being taken up by resident shellfish. The study data 

are adequate to define the sediment-tissue relationship. Bioaccumulation is influenced by a variety of 

factors, including organism lipid content, routes of uptake and elimination, kinetics, and sediment organic 

content (Meador et al. 1995). There is increasing evidence that only a small fraction of sediment-bound 

PAHs are actually bioavailable (Cornelissen et al. 1997, Kraaij et al. 2002); for example, research on PAH 

contaminated sediments by Ahrens et al. (2005) suggested that only a fraction, generally less than 20% 

of measurable PAHs, are bioavailable and accumulated by resident shellfish. Reduced bioavailability can 

be the result of contaminant aging processes (Alexander 2000) or sediment organic carbon phases as 

discussed above. Of importance in the context of Roberts Bank is that the soft tissue concentrations 

observed in bivalves, expressed on the basis of mass of PAH per mass of lipid, is much lower than the 

sediment concentration expressed either on a dry mass or organic carbon normalised basis (organic C 

normalised results will invariably be much higher than dry weight concentrations, since the organic C 

comprises a minor fraction of the bulk sediment). 

The relationship between bivalve tissue and sediment concentrations was stronger for total unsubstituted 

PAHs than it was for LPAH (Figure 4-5a), but weaker when including the larger proportion of alkyl-

substituted PAHs (Figure 4-5b). The key point, however, is that the PAH tissue concentrations of the 

bivalve samples were generally a reflection of the local sediment PAH concentrations. 
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Figure 4-4 Relationship between LPAH Concentrations in Bivalve Tissue Samples and the 
Underlying Sediment Samples 

 

As shown in Table 4-7, concentrations of the majority of trace elements were much higher in bivalve 

tissues collected from Roberts Bank than Boundary Bay, and the site differences in tissue concentrations 

were generally as follows: 

RB-N > RB-I > BB 

The difference in tissue concentrations with increased distance from the mouth of the South Arm of the 

Fraser River in cockles were largest for aluminum, barium, beryllium, cesium, cobalt, copper, iron, lead, 

lithium, mercury, and thorium. All of these exhibit strong associations with clay minerals, and would be 

expected to be enriched in tideflat areas with greater deposition of riverine silt-clays.  

For the coal indicator elements, little between site differences were observed in the cockle tissue 

concentrations of arsenic, cadmium, and selenium. For Macoma spp., this was also true, although the 

concentration of selenium in the RB-N sample was approximately two-fold higher than for the RB-I or BB 

samples. 
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Figure 4-5 Relationships between Bivalve Tissue and Sediment Concentrations 
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4.4 DUNGENESS CRAB CATCH DATA AND CONDITION 

Dungeness crabs were caught at all three sampling locations, as summarised in Table 4-8. For further 

breakdown of catch by life stage (female: gravid and non-gravid, male: sublegal and legal) see Table B1 

in Appendix B. At the RBT2 site, at total of 28 crabs were captured, with carapace width ranging from 

140 to 170mm in females and 155 to 185mm in males. Forty-four crabs were caught at the ITP site, with 

carapace width ranging from 115 to 155mm in females and 150 to 260mm in males. Towards Canoe 

Passage, at the reference location, a total of 51 crabs were captured with carapace width ranging from 

106 to 155mm in females and 98 to 190mm in males. 

Table 4-8 Summary of Dungeness Crab Catch by Location, Depth, Sex, Number, and Mean 
Carapace width (mm) 

Location Depth (CD, m) Sex Number Caught 
Mean Carapace 

Width (mm) 

RBT2 -3.5 
Female 12 148.3 

Male 16 164.6 

ITP -13.0 
Female 26 131.1 

Male 18 173.6 

Reference -2.5 
Female 13 135.7 

Male 38 142.4 

External abnormalities were observed on a total of ten male and female crabs caught and released from 

RBT2 and the reference location, as well as on two male crabs retained for dissection and tissue analysis 

from RBT2; No external abnormalities were observed on crabs caught at the ITP location. Table 4-9 

summarises field observations. Black lesions or pits were observed in both pereopod (swimming leg) and 

cheliped arthrodial (joint) membranes (Photos 7 to 9, 11, 18, 23) as well as on the hardened exoskeleton 

portion of the legs and carapace (Photos 7, 9 to10, 13,14, 17). Concerns from TFN were expressed 

during traditional ecological knowledge (TEK) workshops surrounding contamination on crabs in the form 

of shell deterioration leaving black marks.  

It is suspected that these lesions or pits are not related to coal particulate, but rather to shell disease 

syndrome (presenting externally as black spot lesions on the exoskeletons of crustaceans), with the black 

colouration, or melanisation, a defense response to cuticle damage, likely by chitinolytic activities 

(converting chitin to chitobiose) of microorganisms (Getchell 1989, Stewart 1993, Vogan et al. 2001). In 

order for cuticle damage to occur, the epicuticle (outermost layer of the cuticle) must be removed, either 

by microbial activities (Cipriani et al. 1980), predatory or cannibalistic attacks (Dyrynda 1998), chemical 

attack (Schlotfeldt 1972) or abrasion of articulated body parts (Young 1991). Shell disease has also been 

described as affecting arthrodial membranes in the joints of swimming legs, rather than the calcified 

portion of the crab exoskeleton (Morado et al 1988). 
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The lesions of Dungeness crab from Puget Sound, Hood Canal, the Pacific Coast of Washington and 

southeast Alaska all had similar characteristics regardless of the cause, and the prevalence did not differ 

significantly between locations (Morado et al. 1988). 

Concerns surrounding black material found internally in Dungeness crab harvested from Roberts Bank 

were expressed by members of TFN and Musqueum First Nation groups during RBT2 consultations. No 

abnormal black material was found within the body cavity or the leg tissue (e.g., Photo 25 to 26) of the 

Dungeness collected for dissection. Gills of three crabs (#24, 27, and 28 from RBT2 location; Table 4-10) 

appeared to have darkened or discoloured patches on gill lamellae (Photos 20, 22, and 24); however the 

gills of crabs were not analysed for PAHs and trace elements since the human consumption of the gills is 

rare. There is a possibility that this gill discoloration may be accumulated coal particulate. Coal particulate 

can accumulate in gill lamellae of Dungeness; however, no significant histopathological effects, or 

physical effects (i.e., to ventilation capacity or oxygen consumption) have been previously reported 

(Pearce and McBride 1977, Fisheries and Hillaby 1981), and gill lamellae from Dungeness are rarely 

consumed, thus not posing a significant risk to human health. 

Two of three crabs (#24 and 28) from the RBT2 location which possessed external black lesions also 

exhibited darkening of gills (Table 4-10, Photos 18 to 20 and 23 to 24). This may be due to bacterial 

infection rather than accumulation of coal particulates. Similar to individuals from RBT2, Dungeness crab 

with erosion of arthrodial membranes in the joints of swimming legs were reported to also possess 

nodules in the gills thought to be caused by bacterial infection from invasion across the cuticle lesion, 

although erosion of these membranes is not typically classified as shell disease (Morado et al. 1988). A 

more recent study by Vogan et al. (2001), on the edible Cancer pagurus crab, reported nodules on the 

gills of crabs affected by shell disease syndrome (i.e., displaying black spot lesions), formed as a result of 

cuticular damage to the gills from bacterial infections. These crabs also exhibited high levels of dark 

brown materials in the vacuoles of excretory cells on the gills, contributing to darkening of gills. Vogan et 

al. (2001) noted that the higher the severity of shell disease lesions, the more likely the cuticle of the crab 

was to be ruptured, increasing the likelihood of microbial infection.  

The observed wet-weight concentrations of leg muscle tissue or hepatopancreas in relation to the cube of 

the carapace width was similar for all crabs, with the exception of the atypically large male (260 mm 

carapace width caught in the ITP area (sample no. 40, Table 4-10). This suggests that crabs from all 

three collection sites have a similar gross bioenergetic and physiological status; i.e., there was no 

evidence of departures in condition between the sites with higher sediment PAH concentrations and the 

reference site. The lower tissue mass relative to size in sample no. 40 may indicate that it recently molted, 

which is also supported by the absence of shell or gill discolorations. 
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Table 4-9 Field Notes Regarding External Abnormalities for Sampling Locations at Roberts Bank (RBT2, ITP, Reference) 

Site Sample Number 
Sex 

(M/F) 

Carapace Width 

(mm) 

Recent Molt 
(Y/N) 

Field Comments Photo 

RBT2 7 F 145 N Black pits 7 

RBT2 13 F 170 N Puffy rounded shell, no black pits - 

RBT2 15 M 160 N Black pits 8 

RBT2 17 M 158 N Broken pincer, black in cheliped wound, black pits 9 

RBT2 22 M 165 N Missing 2 legs, black pits 10-11 

Reference 10 F 143 N Missing claw, dark shell, small black pits 12 

Reference 27 M 164 N Black pits in joints/cracks 13-14 

Reference 29 M 168 N Black pit 15 

Reference 31 M 129 N New claw regrowth, missing leg, black in wound 16 

Reference 45 M 169 N Start of black pit in leg wound 17 
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Table 4-10 Dissection Notes for Crabs Collected for Contaminant Analysis from Sampling Locations at Roberts Bank (RBT2, ITP, 
and reference location) 

Site 
S
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R
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(Y
/N
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External 
Observations 

Internal Observations Weight (g) 

Photo 
Gill 

Hepato-
pancreas 

Leg 
Hepato-

pancreas 
Gills 

RBT2 24 M 163 N 
Black pits in 
joints 

All gills were a 
darker beige but 
one gill has 
darker patches 

Peach colour 110 23 13 18-20 

RBT2 25 M 185 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Peach mustard 
colour 

167 32 19 21 

RBT2 26 M 180 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Mustard colour 142 41 15 - 

RBT2 27 M 160 N 

Crustose 
brown growth 
on leg, maybe 
a bryozoan 

Both rear gills 
had darker 
patches 

Not noted 106 26 14 22 

RBT2 28 M 162 N 
Black pits in 
joints 

Discoloured gill 
on L at the back 
and on the third 
one on the right 

Peach colour 96 28 11 23-24 

ITP 40 M 260 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Orange grey-
brown 

152 46 17 - 

ITP 41 M 194 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Orange grey-
brown 

152 46 16 - 

ITP 42 M 185 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Orange grey-
brown 

157 44 16 25-26 

ITP 43 M 180 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Orange grey-
brown 

148 38 15 - 
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Table 4-10 (continued) 

Site 
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External 
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Internal Observations Weight (g) 

Photo 
Gill 

Hepato-
pancreas 

Leg 
Hepato-

pancreas 
Gills 

ITP 44 M - N 
No external 
abnormalities 

No visible black 
particulate, a few 
gills more brown-
beige in colour 

Grey 127 39 15 27 

REF 47 M 190 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Grey 168 34 20 
28 

 

REF 48 M 181 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Yellow 157 35 14 - 

REF 49 M 185 N 
No external 
abnormalities 

No visible black 
particulate, gills 
look clean 

Yellow 134 31 15 - 

REF 50 M 189 N 

Beige 
discolouring or 
bleaching of 
shell near the 
eye sockets 

No visible black 
particulate, gills 
look clean 

Beige 156 44 18 - 

REF 51 M 186 N 
No external 
abnormalities 

no visible black 
particulate, gills 
look clean 

Yellow-brown 168 27 15 - 
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4.5 SEDIMENT CONCENTRATIONS OF CONTAMINANTS OF POTENTIAL CONCERN AT DUNGENESS CRAB 

SAMPLE LOCATIONS 

Table 4-11 and Table 4-12 provide a summary of sediment chemistry for Dungeness crab tissue 

sampling stations. The TPAH concentration (unsubstituted PAHs) at the reference location was 33.8 ng/g 

(Table 4-11). This total does not include the parent PAHs biphenyl, dibenzothiophene, or perylene, nor 

the alkyl-substituted PAH retene (1,7-dimethylphenanthrene). Perylene and retene, in particular, are 

naturally produced plant derivatives, and their presence in Roberts Bank sediments is interpreted to be an 

indication of natural detrital organic matter inputs to sediment.  

The detected TPAH concentration in the analytical blank was 0.75 ng/g. The observed PAHs in the 

Roberts Bank reference sample are approximately 45 times higher than the laboratory blank but within 

the range of sediment TPAH concentrations in the Roberts Bank bivalve shellfish intertidal sediment 

samples (Table 4-4: 9.5ng/g to 104ng/g), and considered very low compared to previously documented 

sediment PAH concentrations for the Greater Vancouver/Fraser River estuary area (Yunker et al. 2002). 

The sediment sample from the reference location exhibited a very similar unsubstituted PAH composition 

to the Roberts Bank intertidal sediments co-located with bivalves, (in order of relative concentration) 

phenanthrene > naphthalene > fluoranthene  pyrene > chrysene. Alkyl PAH values for the reference 

location fell within the range of samples collected in the intertidal (co-located with bivalves) area of 

Roberts Bank (Table 4-4). As for the intertidal sediment samples, the concentration of perylene was also 

found to be high at the subtidal reference location on Roberts Bank (Table 4-11).  

The individual and TPAH concentrations in sediment within the ITP are approximately an order of 

magnitude higher than the reference site samples. This is attributed to a combination of greater retention 

of fines (and organic carbon) in the ITP sediments, and the historical redistribution and deposition of coal 

dust in this area, which is more quiescent. Note that the phenanthrene concentration in both the ITP and 

reference sample comprised >20% of the detected TPAH concentration for unsubstituted PAHs, as 

discussed in more detail in the (Hemmera 2014a). 
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Table 4-11 Summary of PAH Concentrations (ng/g dw) in Sediment at Dungeness Locations 

Sample ID RBT2
1, 2

 ITP
1, 3

 Reference 
Reference Lab 

Blank 

Unsubstituted PAH     

Naphthalene <10.0 40.0 4.53 0.289 

Acenaphthylene <5.0 <5.0 0.259 <0.0609 

Acenaphthene <5.0 <14.0 0.497 <0.113 

Fluorene <10.0 22.5 <0.111 <0.0951 

Phenanthrene <10.0 58.0 7.05 <0.0799 

Anthracene <4.0 10.35 0.992 <0.0842 

Fluoranthene <10.0 35.0 4.36 0.074 

Pyrene <10.0 30.5 4.41 0.073 

Benz[a]anthracene <10.0 15.0 1.54 <0.0527 

Chrysene <10.0 23.0 2.62 <0.0593 

Benzo[b]fluoranthene <10.0 23.0 1.89 <0.0965 

Benzo[j,k]fluoranthenes <1.5 23.0 0.493 <0.12 

Benzo[e]pyrene - - 1.38 <0.15 

Benzo[a]pyrene <10.0 10.0 0.977 <0.16 

Dibenz[a,h]anthracene <5.0 <5.0 0.253 <0.111 

Indeno[1,2,3-cd]pyrene <10.0 <10.0 0.921 0.167 

Benzo[ghi]perylene <10.0 <10.0 1.62 0.146 

LPAH (unsubst.) <dl 131 13.3 0.289 

HPAH (unsubst.) <dl 160 20.5 0.46 

TPAH (unsubst.) <dl 291 33.8 0.749 

Perylene - - 29.8 <0.177 

Biphenyl - - 3.03 0.12 

Dibenzothiophene - - 0.922 <0.0546 

Retene - - 20.1 <0.111 

Alkyl Naphthalenes     

C1-Naph - - 13.6 <0.137 

C2-Naph - - 25.2 2.51 

C3-Naph - - 13.9 0.474 

C4-Naph - - 5.93 0.336 

Alkyl Phenanthrenes & Anthracenes 

C1-Phen/Anth - - 8.33 <0.227 

C2-Phen/Anth - - 9.65 0.177 

C3-Phen/Anth - - 5.37 0.135 

C4-Phen/Anth - - 34.4 0.484 

Sum Alkyl PAH - - 116 4.12 

Total PAHs inc. Alkyl forms - - 150 4.87 

Alkyl PAH as % of total - - 77.5% 85% 

Notes: (1) sediment samples were analysed for PAHs using conventional methods, with higher analyte detection 
limits achieved than for the reference site samples. (2) Sample ID 13RBS4047. (3) Average of Sample IDs 
13RBS4010 and 13RBS4050. 
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Table 4-12 Summary of Trace Element Concentrations in Sediment (µg/g dw) at Dungeness 
Locations 

Sample ID RBT2
1
 ITP

2
 Reference 

pH (1:2 soil:water) 8.05 7.96 7.95 

Coal Indicator Elements 

Arsenic (As) 5.39 5.63 6.37 

Bismuth (Bi) <0.20 <detection - 

Cadmium (Cd) <0.050 0.241 0.140 

Selenium (Se) <0.20 0.39 0.33 

Other Elements 

Aluminum (Al) 8630 12050 - 

Antimony (Sb) 0.16 0.29 0.37 

Barium (Ba) 22.7 40.1 45.1 

Beryllium (Be) <0.20 0.29 0.27 

Calcium (Ca) 4330 6670 - 

Chromium (Cr) 21.1 33.2 38.7 

Cobalt (Co) 7.73 8.76 11.8 

Copper (Cu) 10.8 26.1 24.5 

Iron (Fe) 17900 22500 - 

Lead (Pb) 2.5 5.74 5.62 

Lithium (Li) 8.1 14.6 - 

Magnesium (Mg) 7010 9200 - 

Manganese (Mn) 259 252 - 

Mercury (Hg) 0.0164 0.0437 - 

Molybdenum (Mo) <0.50 1.13 0.61 

Nickel (Ni) 28.2 32.3 41.5 

Phosphorus (P) 490 582 - 

Potassium (K) 610 1810 - 

Silver (Ag) <0.10 0 <0.10 

Sodium (Na) 2360 8410 - 

Strontium (Sr) 21.7 42 - 

Thallium (Tl) 0.066 0.115 0.083 

Tin (Sn) <2.0 0 <2.0 

Titanium (Ti) 620 779 Not tested 

Uranium (U) 0.235 0.686 0.625 

Vanadium (V) 41.7 44.8 52.1 

Zinc (Zn) 35.7 55.5 62.1 

Notes: (1) Sample ID 13RBS4047. (2) Average of Sample IDs 13RBS4010 and 13RBS4050. 
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Figure 4-6 Crab Soft Tissue Mass (kg) Normalised to Exoskeleton Size (cm
3
) 
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4.6 DUNGENESS CRAB TISSUE CONTAMINANT CONCENTRATIONS  

Concentrations of PAHs in Dungeness crab soft leg tissue are presented in Table 4-13, while trace 

element tissue data are presented in Table 4-14.  

The vast majority of crab muscle tissue PAH values for samples collected from the RBT2 

terminal footprint area (n = 5) or ITP (n = 5) were similar or lower than the laboratory blank PAH values 

(Table 4-13): Crab leg muscle, therefore, did not contain quantifiable amounts of PAHs. The uptake of 

PAHs in crab tissues, therefore, will not result in human PAH exposures during consumption. The method 

detection limits achieved were sufficiently low to provide assurance that consumption exposures would 

not exceed risk-based thresholds and PAH exposures via crab consumption, therefore, were not 

evaluated in more detail (see Section 5 herein).  

Of the 15 tissue samples tested, two samples exhibited a subset of individual PAHs at concentrations that 

were higher than the laboratory blank values (see highlighted cell in Table 4-13): 

 Sample 140407RBT2 26 had concentrations of fluoranthene and pyrene that were 16 and 36 

times higher than lab blanks, respectively; and 

 Sample 140407REF 49 had concentrations of naphthalene, 2-methylnaphthalene, C1-

naphthalenes, and C2-naphthalenes that were approximately ten times higher than the laboratory 

blank. 

The total unsubstituted PAH concentrations in these samples, and detected concentrations of potentially 

carcinogenic PAH compounds did not depart markedly from the observed laboratory blank 

concentrations. 

Average concentrations in leg muscle tissue of the coal indicator elements bismuth, cadmium, and 

selenium were found to be similar at the three sampling locations (Table 4-14). An ANOVA (analysis of 

variance) and Tukey HSD test showed that arsenic concentrations in Dungeness tissue were significantly 

higher (p = 0.004) at the RBT2 sample location (9.8 µg/g average) in comparison with the ITP and 

reference sampling locations (for which there was not a significant difference in averages). Based on 

these results, arsenic results were carried forward to estimate the risks to human health associated with 

the uptake of coal dust associated arsenic (Section 5.0).  

A study investigating arsenic levels in Dungeness crabs on the Pacific Coast of Canada documented 

levels ranging from minimum 2.2 to maximum 37.8 µg/g ww (LeBlank and Jackson 1973). The observed 

arsenic ranges in crab muscle were well within the range of those previously documented for British 

Columbia coastal waters. Swain and Walton (1994) provide contaminant data for sediments and marine 

animal tissues collected from various sites within the Fraser River estuary, including Boundary Bay.  
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Table 4-13 PAH Concentrations in Dungeness Crab Leg Tissues (ng/g on a wet weight basis) 

 
RBT2 ITP Reference 
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% Moisture 82.4 87.9 80 80.1 79.7 86.4 85.8 87.2 84.3 85.7 85.5 89.4 89 87.3 88.9 - - 

% Lipid 0.83 0.34 0.44 0.53 0.68 0.24 0.32 0.3 0.33 0.26 0.41 0.25 0.24 0.32 0.22 - - 

Unsubstituted PAHs                  

Naphthalene 1.58 1.6 1.26 1.09 1.22 0.981 1.38 1.65 1.22 1.13 0.736 2.21 5.66 1.47 1.53 1.65 0.583 

Acenaphthylene <0.0393 0.021 0.214 0.039 <0.0518 <0.0468 0.046 <0.0319 <0.0576 <0.0522 0.021 <0.0348 <0.0378 <0.0304 <0.0309 <0.0477 <0.0274 

Acenaphthene 0.076 0.051 0.07 0.068 0.118 <0.045 <0.0608 <0.0601 <0.0662 0.071 0.037 <0.054 0.037 <0.0748 0.046 <0.0561 0.022 

Fluorene 0.085 0.043 0.06 0.072 0.068 0.069 0.06 0.051 0.056 0.06 0.041 0.045 0.046 0.039 0.045 0.059 0.035 

Phenanthrene 0.242 0.136 1.06 0.195 0.212 0.211 0.211 0.231 0.231 0.251 0.121 0.2 0.225 0.163 0.181 0.269 0.173 

Anthracene 0.026 0.019 0.082 0.028 0.032 0.03 0.03 <0.0271 0.036 0.044 0.027 0.019 0.018 0.027 <0.0361 <0.0589 <0.0125 

Fluoranthene 0.135 0.054 2.07 0.111 0.124 0.128 0.143 0.164 0.137 0.135 0.052 0.121 0.139 0.117 0.133 0.127 0.054 

Pyrene 0.233 0.099 8.98 0.186 0.213 0.249 0.224 0.357 0.221 0.244 0.076 0.2 0.233 0.203 0.056 0.248 0.075 

Benz[a]anthracene 0.013 0.005 <0.0148 0.036 0.013 0.019 0.018 0.014 0.016 <0.0368 <0.0044 0.013 <0.0126 <0.017 <0.0146 0.019 <0.0073 

Chrysene 0.042 0.013 0.048 0.027 0.031 0.036 0.045 0.045 0.041 0.04 0.016 0.031 0.036 0.029 0.034 0.042 0.01 

Benzo[b]fluoranthene 0.021 <0.0165 0.051 0.024 <0.0127 <0.0232 0.02 <0.0464 0.02 <0.0237 <0.0108 <0.0128 0.03 <0.0183 <0.0176 <0.0372 <0.0139 

Benzo[j,k]fluoranthenes <0.0122 <0.0206 0.023 <0.0157 <0.0143 <0.0263 <0.0199 <0.0507 <0.0229 <0.0266 <0.0135 <0.0148 <0.0151 0.045 <0.0222 <0.0399 <0.0157 

Benzo[e]pyrene 0.018 <0.0205 0.262 <0.0157 0.021 <0.0315 <0.025 <0.0671 0.029 <0.0339 <0.0137 <0.0185 0.02 <0.0276 <0.026 <0.0516 <0.0187 

Benzo[a]pyrene <0.0152 <0.0215 0.184 <0.0186 <0.0195 <0.0326 <0.0259 <0.0696 <0.0291 <0.0351 <0.0144 <0.0192 <0.0191 0.045 <0.0271 <0.0534 <0.0197 

Dibenz[a,h]anthracene <0.0234 <0.0155 <0.0293 <0.0239 <0.0214 <0.0185 <0.0262 <0.0447 <0.0261 <0.0191 <0.0291 <0.0234 <0.0279 <0.041 <0.0308 <0.0223 <0.0117 

Indeno[1,2,3-cd]pyrene <0.0142 <0.0148 0.129 0.023 <0.0146 <0.0154 <0.0295 0.033 <0.014 <0.0208 0.021 <0.0172 0.021 0.044 <0.0294 <0.0329 0.014 

Benzo[ghi]perylene 0.026 0.02 1.07 0.048 0.074 0.037 0.047 0.062 0.042 0.053 0.023 0.045 0.045 0.068 0.034 0.056 0.017 

LPAH (unsubst.) 2.01 1.87 2.75 1.49 1.65 1.29 1.73 1.93 1.54 1.56 0.983 2.47 5.99 1.70 1.80 1.98 0.813 

HPAH (unsubst.) 0.488 0.191 12.8 0.455 0.476 0.469 0.497 0.675 0.506 0.472 0.188 0.41 0.524 0.551 0.257 0.492 0.17 

TPAH (unsubst.) 2.50 2.06 15.6 1.95 2.13 1.76 2.22 2.61 2.05 2.03 1.17 2.88 6.51 2.25 2.06 2.47 0.983 

Perylene <0.0161 <0.022 <0.0311 0.025 <0.0269 <0.0346 <0.028 <0.0801 <0.0329 <0.0393 0.017 <0.0215 <0.021 <0.0296 <0.028 <0.0564 <0.0215 

Biphenyl 0.223 0.18 0.237 0.236 0.279 0.274 0.263 0.239 0.247 0.303 0.191 0.227 0.253 0.25 0.281 0.255 0.143 

Dibenzothiophene 0.039 0.098 0.077 0.047 0.042 0.046 0.049 0.043 0.051 0.056 0.091 0.04 0.161 0.319 0.225 0.085 0.137 

Retene 0.253 0.173 0.109 0.082 0.142 0.319 0.265 0.282 0.179 0.257 0.231 0.272 0.293 0.236 0.272 <0.045 0.034 

Alkyl-substituted PAHs                  

1-Methylnaphthalene 0.352 0.191 0.249 0.182 0.231 0.206 0.404 0.231 0.244 0.244 0.135 0.412 1.46 0.144 0.26 0.234 0.112 

2-Methylnaphthalene 0.663 0.362 0.358 0.346 0.444 0.488 0.786 0.568 0.477 0.535 0.222 1.26 4.25 0.311 0.532 0.401 0.187 

1,2-Dimethylnaphthalene <0.0478 <0.0598 <0.0639 <0.0664 <0.0515 <0.0832 <0.102 <0.0693 <0.0822 <0.125 0.041 <0.104 0.108 <0.145 <0.0573 <0.162 <0.0418 

2,6-Dimethylnaphthalene 0.181 0.084 0.21 0.204 0.143 0.178 0.211 0.181 0.175 0.192 0.085 0.205 0.481 0.129 0.12 0.18 0.058 

2,3,6-Trimethylnaphthalene 0.086 0.039 0.227 0.086 0.081 0.094 0.084 0.079 0.105 0.091 0.04 0.071 0.093 0.063 0.066 0.103 0.032 

2,3,5-Trimethylnaphthalene 0.066 0.035 0.178 0.043 <0.0452 0.079 0.072 0.078 0.096 0.064 0.032 0.058 0.065 0.07 0.052 0.081 0.033 
1,4,6,7-
Tetramethylnaphthalene <0.0221 <0.0218 <0.0353 <0.0496 <0.0537 <0.0549 <0.0577 <0.0221 <0.0549 <0.0429 <0.0241 <0.0459 <0.065 <0.0649 <0.0287 <0.0563 <0.0168 
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Table 4-13 (continued)  
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1-Methylphenanthrene 0.043 0.017 0.033 0.035 0.037 0.046 0.043 0.043 0.041 0.036 0.017 0.042 0.039 <0.0322 0.049 0.041 0.027 

2-Methylphenanthrene 0.094 0.038 0.043 0.058 0.069 0.072 0.077 0.078 0.074 0.079 0.033 0.062 0.071 0.061 0.051 0.062 0.031 

3-Methylphenanthrene 0.048 0.024 0.034 0.034 0.031 0.049 0.045 0.045 0.038 0.045 0.02 0.04 0.053 <0.0324 0.044 0.044 0.019 

2-Methylanthracene 0.017 <0.0141 0.016 0.017 0.028 0.027 0.019 <0.0155 0.017 <0.0285 <0.0151 <0.0346 <0.0236 <0.0327 <0.0327 <0.0168 <0.0141 

9/4-Methylphenanthrene 0.057 0.023 0.046 0.04 0.054 0.044 0.053 0.054 0.049 0.058 0.016 0.049 0.05 0.051 0.037 0.037 <0.0139 

3,6-Dimethylphenanthrene 0.034 0.012 <0.021 <0.0196 <0.0143 0.021 0.018 <0.0225 <0.0121 0.025 0.012 0.032 0.016 <0.0253 <0.0207 0.026 0.01 

2,6-Dimethylphenanthrene 0.023 0.007 <0.021 <0.0196 0.015 0.02 0.024 <0.0225 <0.0121 <0.0182 <0.011 <0.0145 <0.0137 <0.0253 <0.0207 <0.0194 0.01 

1,7-Dimethylphenanthrene 0.037 0.013 0.037 <0.0197 0.022 0.033 0.04 0.026 0.027 0.033 <0.0109 0.021 0.02 <0.0254 0.028 0.028 0.013 

1,8-Dimethylphenanthrene <0.014 0.008 <0.021 <0.0196 <0.0143 <0.0169 <0.0116 <0.0225 <0.0121 <0.0182 <0.011 <0.0145 <0.0137 <0.0253 <0.0207 0.286 0.012 
1,2,6-
Trimethylphenanthrene <0.0174 <0.0097 <0.0197 <0.0123 <0.0154 <0.0155 <0.0255 <0.0247 <0.0192 <0.0188 <0.0083 <0.0166 <0.0123 <0.0161 <0.0134 <0.0141 <0.0105 

Homolog Sums - 
AlkylPAH                  

C1-Naphthalenes 1.01 0.554 0.606 0.528 0.675 0.694 1.19 0.799 0.72 0.779 0.356 1.67 5.72 0.455 0.792 0.634 0.299 

C2-Naphthalenes 0.949 0.533 1.59 1.15 0.943 0.865 1.33 0.918 1.04 1.02 0.436 1.1 2.21 1.19 1.04 0.962 0.435 

C3-Naphthalenes 0.567 0.354 1.32 0.719 0.473 0.658 0.742 0.726 0.892 0.555 0.261 0.943 0.917 0.643 0.578 0.582 0.207 

C4-Naphthalenes 0.629 0.262 1.83 0.646 0.693 0.839 0.69 0.55 0.744 1.02 0.199 1.05 0.695 1.04 0.609 0.867 0.104 
C1 Phenanthrenes/ 
     Anthracenes 0.259 0.102 0.173 0.184 0.219 0.237 0.237 0.219 0.219 0.219 0.087 0.192 0.213 0.113 0.181 0.184 0.05 
C2 Phenanthrenes/ 
     Anthracenes 0.475 0.107 0.252 0.2 0.268 0.273 0.292 0.237 0.266 0.259 0.095 0.306 0.235 0.19 0.274 0.604 0.108 
C3-Phenanthrenes/ 
    Anthracenes 0.588 0.126 0.263 0.177 0.302 0.236 0.361 0.313 0.258 0.253 0.124 0.164 0.205 0.261 0.229 0.257 0.08 
C4-Phenanthrenes/ 
     Anthracenes 1.15 0.429 0.973 0.595 0.715 0.833 0.86 0.957 0.611 1.34 0.511 0.593 0.746 0.77 0.617 1.09 0.278 

Sum Alky PAH 5.627 2.467 7.007 4.199 4.288 4.635 5.702 4.719 4.75 5.445 2.069 6.018 10.941 4.662 4.32 5.18 1.561 
Total Unsubstituted and  
     Alkyl-PAH 8.124 4.528 22.57 6.146 6.414 6.395 7.926 7.326 6.799 7.473 3.24 8.902 17.451 6.912 6.379 7.65 2.544 

Notes: (1 ) Lab blank for 140407RBT2 25 and 140407REF 47 
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Table 4-14 Trace Element Concentrations in Dungeness Crab Leg Tissues (µg/g on a wet weight basis) 
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One-way 
ANOVA: 
Averages 

Significantly 
Different 

between Sites? 

% Moisture 82.3 87.2 77.3 80.1 79.4  85.4 86.4 87.7 86.6 85.9  85.8 88.4 87.7 86.1 88.6   

Coal Indicator Elements  

Arsenic (As) 13.8 5.04 8.46 12.0 9.81 9.82 4.15 4.19 4.06 8.40 4.10 4.98 4.27 2.83 2.41 3.99 5.60 3.82 

Yes (p = 0.004) 
(RBT2 signif. 
different from 

others) 

Bismuth (Bi) 0.0113 0.0047 0.0074 0.0138 0.0071 0.0090 0.0029 0.0022 0.0028 0.0059 0.0039 0.0035 0.0027 <0.0020 <0.0020 0.0023 0.0035 0.0084 No (p = 0.58) 

Cadmium (Cd) 0.0166 0.0029 0.0046 0.0087 0.0081 0.082 0.0037 0.0053 0.0029 0.0072 0.0039 0.0046 0.0032 0.0045 0.0026 0.0059 0.0027 0.0038 No (p = 0.12) 

Selenium (Se) 0.690 0.486 0.473 0.443 0.564 0.531 0.356 0.343 0.388 0.680 0.365 0.426 0.316 0.383 0.602 0.398 0.487 0.437 No (p = 0.34) 

Vanadium (V) 0.024 <0.020 <0.020 0.022 <0.020 <0.020 <0.020 <0.020 <0.020 0.038 <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 <0.020 
All results less 
than detection 

Other Elements  

Aluminum (Al) 4.04 2.61 4.33 4.49 3.11  5.72 5.10 3.90 8.88 4.00  3.63 2.97 3.19 4.29 2.99   

Antimony (Sb) 0.0048 0.0023 0.0028 0.0040 0.0036  0.0021 <0.0020 0.0021 0.0037 <0.0020  <0.0020 <0.0020 <0.0020 <0µ.0020 0.0023   

Barium (Ba) 0.065 0.028 0.036 0.046 0.037  0.087 0.051 0.045 0.082 0.055  0.036 0.049 0.037 0.042 0.032   

Beryllium (Be) <0.0020 <0.0020 <0.0020 <0.0020 <0.0020  <0.0020 <0.0020 <0.0020 <0.0020 <0.0020  <0.0020 <0.0020 <0.0020 <0.0020 <0.0020   

Boron (B) 1.16 0.53 0.97 1.31 1.36  0.66 0.64 0.54 1.01 0.72  0.67 0.57 0.67 0.59 0.71   

Calcium (Ca) 359 428 257 350 308  978 461 470 920 977  529 771 582 361 425   

Cesium (Cs) 0.0047 0.0030 0.0044 0.0041 0.0044  0.0033 0.0038 0.0030 0.0057 0.0037  0.0037 0.0024 0.0023 0.0031 0.0030   

Chromium (Cr) 0.040 0.081 0.030 0.271 0.120  0.059 0.052 0.018 0.082 0.058  0.040 0.032 0.035 0.042 0.069   

Cobalt (Co) 0.0718 0.0822 0.0505 0.0588 0.0628  0.0564 0.0619 0.0527 0.0822 0.0573  0.0829 0.0628 0.0589 0.0656 0.0609   

Copper (Cu) 6.63 8.82 8.35 8.90 8.48  10.2 10.0 7.28 7.11 8.58  10.0 8.41 10.2 10.9 9.51   

Iron (Fe) 11.5 5.09 7.92 10.3 8.75  8.10 8.07 6.08 14.3 6.98  6.65 4.89 4.99 7.98 5.65   

Lead (Pb) 0.0115 0.0046 0.0048 0.0078 0.0050  0.0081 0.0090 0.0049 0.0117 0.0075  0.0083 0.0086 0.0106 0.0070 0.0079   

Lithium  (Li) <0.10 0.15 <0.10 <0.10 <0.10  0.13 0.12 0.14 0.17 0.13  0.13 0.12 0.13 <0.10 0.12   

Magnesium (Mg) 388 313 369 360 372  310 328 289 549 461  320 301 370 299 328   

Manganese (Mn) 0.537 0.175 0.210 0.216 0.202  0.216 0.200 0.207 0.326 0.215  0.191 0.162 0.159 0.189 0.171   

Molybdenum (Mo) 0.0113 0.0139 0.0098 0.0137 0.0150  0.0100 0.0139 0.0113 0.0212 0.0159  0.0130 0.0089 0.0097 0.0096 0.0106   

Nickel (Ni) 0.058 0.059 0.199 0.132 0.139  0.063 0.082 0.048 0.337 0.071  0.130 0.150 0.113 0.050 0.052   

Phosphorus (P) 2450 1580 2640 2400 2530  1900 1800 1650 2800 1830  1900 1350 1400 1490 1570   

Potassium (K) 3350 2320 3730 3350 3730  2610 2720 2490 4470 2630  2880 1890 1960 2220 2250   

Rubidium (Rb) 0.843 0.735 0.940 0.841 0.938  0.770 0.868 0.779 1.39 0.900  0.879 0.604 0.635 0.662 0.682   

Sodium (Na) 2380 5470 2270 2290 2440  4360 4690 5480 6710 5450  4630 5500 6150 4540 4770   

Strontium (Sr) 5.08 6.51 3.45 4.70 4.16  15.6 6.87 7.07 12.9 15.1  7.79 11.9 9.14 5.60 6.49   

Tellurium (Te) <0.0040 <0.0040 <0.0040 <0.0040 <0.0040  <0.0040 <0.0040 <0.0040 <0.0040 <0.0040  <0.0040 <0.0040 <0.0040 <0.0040 <0.0040   

Thallium (Tl) <0.00040 <0.00040 <0.00040 <0.00040 <0.00040  <0.00040 <0.00040 <0.00040 <0.00040 <0.00040  <0.00040 <0.00040 <0.00040 <0.00040 <0.00040   

Tin (Sn) <0.020 <0.020 <0.020 <0.020 <0.020  <0.020 <0.020 <0.020 0.024 <0.020  <0.020 <0.020 <0.020 <0.020 <0.020   

Uranium (U) 0.00041 <0.00040 <0.00040 0.00060 <0.00040  0.00040 <0.00040 <0.00040 0.00066 <0.00040  <0.00040 <0.00040 <0.00040 <0.00040 <0.00040   

Yttrium (Y) - - - - -  - - - - -  - - - - -   

Zinc (Zn) 47.8 29.9 46.5 49.1 49.8  30.2 33.4 28.9 48.9 34.0  33.4 26.1 27.7 32.0 28.5   

Zirconium (Zr) <0.040 <0.040 <0.040 <0.040 <0.040  <0.040 <0.040 <0.040 <0.040 <0.040  <0.040 <0.040 <0.040 <0.040 <0.040   
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The authors note “The Canadian Food and Drug Directorate guidelines of 3.5 µg/g for arsenic in fish 

protein was not met in crabs collected at the Boundary Bay inshore site, but was met for crabs from the 

offshore site,…”. Inshore samples were obtained in 1993 from bottom trawls completed near Crescent 

Beach in eastern Boundary Bay, while offshore samples were obtained from trawl lines parallel to and just 

north of the Canada/USA border. Crabs were also obtained from Roberts Bank in the inter-causeway 

area approximately mid-way between the end of the two Roberts Bank causeway and the BC Ferries 

Terminal causeway (and just seaward of the ITP site sampled for the RBT2 study). The average arsenic 

concentration in Boundary Bay inshore samples of Dungeness crab muscle was 22.4 µg/g dry weight 

(range of 14.2 to 28.3 µg/g dry weight) and in offshore samples was 2.3 µg/g dry weight (range of 2.1 to 

2.7 µg/g dry weight; n = 4). The average arsenic concentration in the muscle of Roberts Bank crabs was 

1.3 µg/g dry weight (range of 1.1 to 1.5 µg/g dry weight; n = 4).The average ww muscle arsenic 

concentrations for the inshore, offshore Boundary Bay site, and the Roberts Bank site were 4.1 µg/g, 0.36 

µg/g, and 0.23 µg/g respectively. 

It is not clear why the concentrations of arsenic in Roberts Bank Dungeness crab muscle tissue 

samples observed by Swain and Walton (1994) were so much lower than concentrations observed in 

2014 (Table 4-14). It is conceivable that the analytical procedures used in 1993 did not recover the major 

portion of arsenic, which would have been present predominantly as complex organoarsenicals. Several 

researchers have demonstrated that various environmental sample types contain “hidden arsenic” that is 

not quantified by some analytical techniques (Hasegawa et al 2009; Bright et al 1996; de Bettencourt and 

Andreae 1991). 

4.7  FOLLOW-UP INVESTIGATIONS OF BLACKENED CRABS 

During consultation, further observations and testing were suggested to investigate the presence and 

composition of black material in Dungeness crabs at Roberts Bank as reported by Aboriginal crab 

harvesters. As a result, Tsawwassen First Nation, Musqueam First Nation, Penelakut Tribes and 

Hwlitsum fishermen operating under licences in DFO Fisheries Management Areas 28 and 29 were 

asked to retain trapped specimens of Dungeness crabs displaying evidence of the black material. 

Collection kits, including instructions for handling, were provided to fishermen participating in the study. A 

total of 15 kits were distributed. 

Five male legal-sized crabs were collected from DFO Fisheries Management Area 29-7 at Roberts Bank 

in August 2014 by a Tsawwassen First Nation Member fisherman. Laboratory examination of frozen 

specimens determined that four crabs displayed small black lesions characteristic of shell disease. The 

black colouration, or melanisation, is a defense response to cuticle damage, likely by bacteria and 

perhaps other microorganisms. Observations are consistent with those discussed in Section 4.4, above. 

Tissues from the collected crabs were sent to appropriately qualified analytical laboratories to be 

analyzed for fungal disease, trace elements and PAHs; the results will shared with Aboriginal groups 

once available. 
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An independent follow-up investigation was also conducted in 2014 by Fisheries and Oceans Canada 

(DFO). A total of 2,813 Dungeness crabs (2,183 males and 630 females) were examined in the field 

during the 2014 Biological Survey of the Vancouver and Fraser River Delta areas (DFO 2014). None of 

the crabs exhibited severe or complete blackening of the carapace (DFO 2014). Four of the crabs were 

observed to have shell conditions that were considered unusual, and tissue samples from three of these 

specimens (two from Vancouver Harbour, one from Roberts Bank) were preserved for histological 

examination by Gary Meyer, Aquatic Animal Health Section, Pacific Biological Station.  

Subsequent histological observations lead to the conclusion that the three crabs displayed varying levels 

of erosion and blackening of the exoskeleton, likely associated with bacterial activity, underlying tissues 

generally appeared to be healthy and unaffected, and no fungal infections were detected, nor were any 

other pathogens of concern (DFO 2014). Overall, the findings are consistent with what has been 

previously reported from a wide variety of crustacean species and is generically referred to as “shell 

disease” (DFO 2014). 
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5.0 HUMAN HEALTH RISK ASSESSMENT (HHRA) 

5.1 CONTEXT 

Fisheries and Oceans Canada maintains a permanent “sanitary” shellfish (edible bivalve) closure at both 

Roberts and Sturgeon Banks (Sub-Areas 29-7 and 29-3, respectively), due to concerns about the 

possibility of the disease transmission of pathogenic organisms originating from sanitary, stormwater, 

industrial and other anthropogenic discharges near the shellfish beds. This regulatory closure was most 

recently amended in May 2012, and provides a deterrent against the collection and consumption of 

bivalve shellfish on Roberts Bank for recreational and subsistence purposes. Nonetheless, we have 

evaluated herein the contaminant-related risks and associated impediments to this resource use based 

on historical release of coal dust to intertidal sediments. Roberts Bank Dungeness crabs are an important 

part of the commercial, recreational and aboriginal harvest, and are not subject to the sanitary shellfish 

closure. 

The major objective of the HHRA is to evaluate whether uptake of coal dust derived contaminants into 

edible shellfish comprises an impediment to safe human consumption barring other impediments to 

shellfish consumption at Roberts Bank: Of particular interest is whether bivalves or Dungeness crabs that 

currently inhabit sediments with higher degrees of coal dust contamination could present health risks 

based on shellfish consumption. If not, it would be unlikely that localised sediment re-suspension would 

result in altered bioavailability and uptake of coal dust derived contaminants into shellfish. 

5.2 EXPOSURE ESTIMATES VIA SHELLFISH CONSUMPTION 

 Bivalve Tissue Concentrations 5.2.1

The concentrations of contaminants of potential concern in edible bivalves are provided in Table 4-6 and 

Table 4-7. The maximum observed bivalve soft tissue concentration for each species tested was used to 

estimate contaminant exposure potential for the Roberts Bank samples only (Boundary Bay reference 

samples were not used in the analysis). PAHs in bivalve tissue were included in the quantitative analysis 

of health risks for bivalve shellfish since there is a demonstrated relationship between PAH 

concentrations in sediment and PAH concentrations in bivalve tissues (Figure 4-4 and Figure 4-5), and 

since there are higher PAH concentrations in surficial sediments in some areas of Roberts Bank that have 

been influenced by marine inputs of coal dust.  

For trace elements of interest herein as indicator elements of coal dust inputs, the observed bivalve tissue 

concentrations were similar between the Boundary Bay reference site and areas of interest at Roberts 

Bank (Table 4-7). This suggests that the there is a low potential for increase in these trace elements in 

edible bivalves as a result of existing tideflat concentrations of coal dust accumulations. Nonetheless, the 

larger suite of indicator trace elements was formally assessed through use of a quantitative human health 

risk assessment approach, since the available bivalve tissue data are too limited to make any confident 
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conclusions about the statistical significance of differences between edible bivalve concentrations at the 

Roberts Bank locations and the reference sites. 

 Dungeness Crab Tissue Concentrations 5.2.2

The concentrations of contaminants of potential concern in leg muscle samples of Dungeness crab are 

provided in Table 4-13 and Table 4-14. The analytical results show that – 

(i) PAHs are not accumulating in crab muscle at any of the three locations at detectable 
concentrations, based on sensitive analytical methods, with a few minor exceptions, as discussed 
in Section 4; and 

(ii) There was no difference in the average tissue muscle concentrations of Bi, Cd, Se or V between 
either the RBT2 terminal footprint area or ITP and the reference location farther to the north. 

Based on these results, the only contaminant of potential concern that was formally assessed in the 

context of crab consumption concerns using quantitative human health risk assessment methods was 

arsenic (As). Per Table 4-14, an average arsenic concentration of 9.8 µg/g (ww) is used in the exposure 

assessment.  

 Human Exposure Factors and Consumption Rates 5.2.3

The degree of human dietary exposures to country foods (meat and fish), including seafood resources, is 

related to- 

(i) The magnitude of contaminant concentrations in ingested portions of the food item;  

(ii) Size of portions ingested by various consumers; and  

(iii) Frequency of consumption.  

Over the last few decades, many studies have attempted to provide seafood consumption estimates for 

various human groups, with a focus on evaluating contaminant risks associated with seafood 

consumption. Among the most useful for British Columbia First Nation communities is the “First Nations 

Food, Nutrition and Environment Study – Results for British Columbia, 2008/2009” authored by Chan et 

al. (2011); the number of study participants from the Fraser River delta area, however, was very low. 

Seafood consumption rates can vary substantially between different communities and individuals within a 

community; for example, a recent collaborative study between five Vancouver Island First Nation 

communities, government (Fisheries and Oceans Canada and Health Canada), and Vancouver Island 

University reported that Vancouver Island First Nations eat on average fifteen times more seafood each 

year than the average Canadian, with the average per capita First Nation consumption estimated be 

around 60 kg per year (Traditional Seafoods Project 2008). 
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Health Canada (2010a) has developed guidance documents for conducting human health risk 

assessments on country foods and Appendix B therein provides a compilation of Canadian data on 

country food consumption rates, while Appendix C provides a brief overview of resources for 

understanding Aboriginal dietary consumption patterns and rates. Richardson (1997) provided estimated 

daily average food ingestion estimates for Canadian Aboriginal populations for fish and wild game 

(combined) as follows: 

 Infants:     0 kg ww/day 

 Toddlers (7 months to 4 years)  0.085 kg ww/day 

 Children (5 to 11 years)   0.125 kg ww/day 

 Teens (12 to 19 years)   0.175 kg ww/day 

 Adults (≥ 20 years)   0.270 kg ww/day 

An average adult consumption estimate of 0.270 kg ww/day equates to an average of ~99 kg wild game 

and seafood per year, which is greater than the average 60 kg seafood per year estimated as part of the 

Traditional Seafoods Project (2008) study. This is not unreasonable, since the Richardson (1997) 

estimates include all types of meat, not just seafood. 

Chan et al. (2011) estimate an average consumption rate of all country foods of 0.098 kg/person/day, and 

further provide an estimate of portion sizes (g/serving) for intertidal bivalves consumed by First Nation 

people surveyed, as follows: 

Table 5-1 First Nations Food, Nutrition, and Environment Study Estimates of Aboriginal Bivalve 
Consumption Rates

1
 

Seafood 

Average Mass/serving (g) 95
th

 % Estimate of Mass/serving (g) 

Women Men Women Men 

Age 19-
50 

Age 51-
70 

Age 19-
50 

Age 51-
70 

Age 19-
50 

Age 51-
70 

Age 19-
50 

Age 51-
70 

Clams 0.36 1.35 0.96 0.50 1.95 5.99 5.13 6.23 

Oysters 0.18 0.32 0.60 0.24 1.30 2.25 3.42 1.02 

Cockles 0.07 0.38 0.17 0.19 0.33 1.12 0.85 1.02 

Mussels 0.08 0.39 0.17 0.06 0.33 0.75 0.85 0.0 

Notes: 1) Estimated high consumption (95th percentile rate) of major traditional foods (g/person/day), 
unweighted (Chan et al. 2011, Table 28b) 

These results are challenging to reconcile with those of Richardson (1997) or other researchers. Only a 

minority of First Nations study participants evaluated by Chan et al. (2011) were coastal inhabitants, and 

the degree to which the consumption estimates provided in the FNFES study reasonably reflect actual 

consumption patterns is likely to be less for marine food substances than terrestrial resources.  
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Nesheim and Yaktine (2007) present United States populace average daily seafood consumption rates of 

89 grams, of which a small portion of this is made up of edible bivalves (approximately 2.4%). The 

corresponding annualised average seafood consumption rate, therefore, was approximately 33 kg, of 

which less than one kg (0.78 g) is edible bivalves. The 95
th
 percentile seafood consumption rates for adult 

males and pregnant/lactating females1 was approximately 280 g/serving on those days that seafood was 

consumed, which is similar to the Richardson (1997) country food consumption estimate for Canadian 

Aboriginal adults. 

Health Canada (2007) published a report entitled “Human Health Risk Assessment of Mercury in Fish and 

Health Benefits of Fish Consumption?”. Appendix IV of Health Canada (2007) (Fish Consumption: 

Review of the Current Intake Figures for Canadian Consumers and Further Recommendations), and 

specifically Table 4 (page 53) therein lists shellfish ingestion rates used by Health Canada’s Bureau of 

Chemical Safety (BCS, Health Canada) in food safety risk assessments. 

Table 5-2 Health Canada Bureau of Chemical Safety Portion Size Assumptions for Consumers of 
Various Age Groups 

Consumer Group 
Body Weight 

(kg) 

Portion Size (g/meal) 

Finfish Shellfish Seafood 

Toddlers 1 to 4 years 14 106 67 99 

Children 5 to 11 years 26 116 75 109 

Teens 12 to 19 years 54 140 94 130 

Adults 20 to 70 years 60 145 99 134 

Appendix IV (Health Canada 2007) also summarises the then available information on finfish and shellfish 

consumption rates among distinct population sub-groups, including recreational and subsistence fishers, 

including Aboriginal groups. The authors state – 

“Of the studies examined, it was observed that the average intake of recreational or subsistence 

fishers in Canada ranges widely, from 9.0 g/day (Kostasky et al.1999) up to 87 g/day (Loranger et 

al. 2002). In the reports on First Nations and Inuit consumption habits, the mean intake ranged 

from 14 g/day (Richardson and Currie, 1993) to 131 g/day (Dewailly et al. 2003). These studies 

were all conducted in different manners for diverse purposes, therefore it is difficult to directly 

compare intake values generated from each. Nevertheless, the average daily adult consumption 

rate was calculated from the numerous different intake figures presented herein, yielding a value 

of 38 g/day.” 

                                                      
1
 No information was provided by Nesheim and Yaktine (2007) for adult females in general. 
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Based on this, the Bureau of Chemical Safety (BCS) “recommended that the current figure 0f 40 g/day 

continue to be used to represent adult heavy consumers of seafood.” The BCS further recommended 

that:  

“…the intake figure of 33 g/day be applied to 5 to 11 year-olds and the figure of 20 g/day be 

applied to 1 to 4 year-olds that are part of the subsistence or recreational fishing culture. 

In the absence of seafood consumption estimates for specific community members who might harvest 

bivalves or Dungeness crabs from Roberts Bank if there were no other impediments, this risk assessment 

used the recommended recreational and subsistence harvester average daily consumption rates provided 

by Health Canada’s BCS (Health Canada 2007); i.e., 40 g/day for adults and teens, 33 g/day for children, 

and 20 g/day for toddlers.  

Overall, the exposure assumptions that underpin this risk assessment are summarised in Table 5-3: 

Table 5-3 Key Exposure Assumptions 

Sub-group Age Range (years)
1
 

Body Mass
1
 

(kg) 

Average Shellfish 
Consumption Rate 

(g/day)
2
 

Infant 0 – 0.5 8.2 0 

Toddler >0.5 – 4 16.5 20 

Child 5 – 11 32.9 33 

Teen 12 – 19 59.7 40 

Adult ≥ 20 70.7 40 

Notes: [1] Source: Health Canada (2010c). Federal Contaminated Sites Risk Assessment in Canada. 
Part 1. Guidance on Human Health Preliminary Quantitative Risk Assessment (PQRA), 
Version 2. 

[2] Source: Health Canada (2007), Bureau of Chemical Safety. 

Note that risks from shellfish consumption are not evaluated herein for infants unlike the other four age 

groups, since infants are not expected to consume shellfish directly. 

5.3 THRESHOLDS OF EFFECTS FOR HUMAN CONTAMINANT EXPOSURES 

Contaminants of potential concern for the bivalve shellfish consumption risk estimates are those 

associated with coal particulate releases to the marine intertidal environment, including PAHs, arsenic, 

bismuth, cadmium and selenium. The evaluation of toxicity herein assumes a primary interest in chronic 

(long term) exposures and the relevant associated toxicological effects.  
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 Threshold of Effects for PAH Exposure 5.3.1

PAHs such as benzo[a]pyrene and arsenic are known carcinogens, and the carcinogenic and non-

carcinogenic effects of the larger suite of contaminants of potential concern are considered in the 

hypothetical bivalve consumption health risk characterisation. Cancer slope factors and toxicity reference 

values (for non-carcinogenic endpoints) based on the oral exposure route are available from several 

authoritative health agencies. In order of preference, the cancer slope factors and toxicity reference 

values were obtained from published guidance from Health Canada, the United States Environmental 

Protection Agency’s (USEPA) Integrated Risk Information System (IRIS), and other sources. 

Table 5-4 shows the Health Canada cancer slope factor for benzo[a]pyrene, which is only one of the 

potentially carcinogenic PAHs detected in Roberts Bank bivalve tissue samples. The carcinogenic 

potential of PAHs other than benzo[a]pyrene is assessed by comparing the expected carcinogenic 

potency to that of benzo[a]pyrene, as described in Health Canada (2010c). 

The tissue PAH concentrations for the above are multiplied by their respective potency equivalency factor 

(PEF) to obtain a B[a]P equivalent concentration. The converted values for all potentially carcinogenic 

PAHs are then summed to arrive at a total carcinogenic potential. 

While dibenzo[a,h]anthracene has been shown in some studies to exhibit a similar carcinogenic potency 

to benzo[a]pyrene (PEF = 1) other PAHs such as benzo[a]anthracene are expected to be only about one 

tenth as potent (PEF = 0.1). 

Various un-substituted PAHs (Table 5-4) are also evaluated based on the premise that a threshold dose 

exists below which risks to human health would be negligible. Effects are assessed for acenaphthene, for 

example, in light the potential for it to cause cellular necrosis, and liver toxicity (hepatotoxicity) in 

particular. Acenaphthene and similar lower molecular weight PAHs such as acenaphthylene and 

naphthalene have been shown in laboratory studies of toxicity in rodents to cause general inflammation of 

the lungs, and degeneration of internal organs and the central nervous system. 

PAHs have been shown to cause harmful effects on immunocompetence, the skin, body fluids, 

development, reproduction, and survival based on laboratory toxicity studies on non-human mammalian 

species, depending on the PAH, route and magnitude of exposures (ATSDR 1995).  
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Table 5-4 Human Health Toxicity Reference Values (TRVs) 

Contaminants of Potential 
Concern 

Non-carcinogenic 
TRV (oral) 

mg/kg bw d 

(note 1) 

Cancer Slope 
Factor 

(mg/kg bw d)
-1

 

Source 

Arsenic   1.80 

1.67 

Health Canada (2010b) 

FAO JEFCA (2011) 

 0.0003 [note 2]  USEPA IRIS (1998) Oral RfD (LOAEL 
divided by 3) 

Bismuth [note 3]  

Cadmium 0.025 mg/kg 
bw/month [note 4] 

[note 5] FAO JEFCA (2011) 

Selenium    

Age 0-0.5 yrs 0.0055  Health Canada (2010b) 

Age 0.5-4 yrs 0.0062   

Age 5-11 yrs 0.0063   

Age 12-19 yrs 0.0062   

Age 20+ yrs 0.0057   

Vanadium 0.005  USEPA IRIS (1987) Oral RfD for 
vanadium as vanadium pentoxide (V2O5) 
[Note 7] 

Carcinogenic PAHs    

Benzo[a]pyrene  2.3 Health Canada (2010b) 

Others (see Table 5-3)    

Non-carcinogenic PAHs    

Anthracene 0.3  USEPA IRIS (1990b)  

Naphthalene 0.02  Health Canada (2010b) 

Acenaphthylene 0.06  [note 5] 

Acenaphthene 0.06  USEPA IRIS (1990a)  

Fluorene 0.04  USEPA IRIS (1990c)  

Pyrene 0.03  USEPA IRIS (1990d)  

Notes: [1] Milligrams per kilogram body weight per day 
[2] This value is currently under active review by the USEPA. 
[3] No Health Canada, USEPA or World Health Organisation toxicity reference value exists. The scientific weight of 

evidence indicates that bismuth has minimal toxicity to plants and animals, including humans, with low solubilities in 
human blood. There has been no evidence for any mutagenicity, carcinogenicity or teratogenicity in long term tests of 
laboratory animals of up to two years in duration (Suzuki at al. 2001, Bradley et al. 1989). Hayes’s Principles and 
Methods of Toxicology (6

th
 Edition) indicate that bismuth is a metal for which a reference dose has not been 

established.  
[4] Health Canada (2010b) prescribes a provisional tolerable daily intake (PTDI) of 0.001 mg kg

-1
d

-1
. The USEPA 

recommends the same value, albeit based on a different approach and data from a more recent laboratory toxicity 
study than used by Health Canada. In 2011, FAO JEFCA re-evaluated Cd toxicity based on more recent studies. This 
lead to the withdrawal of the previously published preliminary tolerable weekly intake (PTWI) value of 0.007 mg kg

-1 

and replacement with a provisional tolerable monthly intake of 0.025 mg kg
-1

. This decision was based on the premise 
that “In view of the long half-life of cadmium, daily ingestion in food has small or even a negligible effect on overall 
exposure. In order to assess long- or short-term risks to heal due to cadmium exposure… …tolerable intake should be 
assessed over a period of at least 1 month.” Assuming that a human consumes the same type of shellfish each day, 
this would translate to a tolerable daily intake of 0.0008 mg kg

-1
d

-1
. 

[5] Cadmium is considered to be a carcinogen by the inhalation exposure route but not the oral exposure route. 
[6] No value has been developed. The TRV for acenaphthene was used as a toxicological surrogate for acenaphthylene 

owing to their structural similarities. 
[7] USEPA IRIS last reviewed their oral reference dose (RfD) for vanadium pentoxide in 1996. The USEPA RfD 0f 0.009 

mg kg
-1

d
-1

 is specifically for vanadium pentoxide based on a No Observed Adverse Effect Level for decreased 
cysteine levels in the hair of rats at an exposure level of 19.9 ppm V2O5.A 100-fold uncertainty factors was applied to 
the Lowest Observed Adverse Effect Level for this study. The RfD has been re-expressed herein on the basis of 
vanadium. Vanadium compounds can occur in up to six different states with differing toxicological potential. According 
to the Risk Assessment Information System (RAIS) profile for vanadium (December 1991; available online), 
pentavalent V2O5 has been found to be more than five times more toxic than trivalent V2O3.  
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Table 5-5 Cancer Potency Equivalency Factor (PEF) for Potentially Carcinogenic PAHs (Health 
Canada 2010b)  

PAH B[a]P Potency Equivalency Factor (PEF) 

Benzo[a]pyrene 1.0 

Benzo[a]anthracene 0.1 

Benzo[b]fluoranthene 0.1 

Benzo[k]fluoranthene 0.1 

Benzo[g,h,i]perylene 0.01 

Chrysene 0.01 

Dibenz[a,h]anthracene 1 

Fluoranthene 0.001 

Indeno[1,2,3-cd]pyrene 0.1 

Phenanthrene  0.001 

 Threshold of Effects for Exposure to Trace Elements 5.3.2

5.3.2.1 Arsenic 

Health effects associated with the chronic oral intake of arsenic include severe nausea, diarrhea, pain, 

cramps, vomiting and traces of blood in the stool. Cases of anemia, hepatotoxicity, renal effects, and 

weight loss have also been observed in humans. In laboratory rodents, severe weight loss, liver toxicity, 

hematological effects, decreased brain neurotransmitter levels, and reproductive effects, have been 

observed (ATSDR 2007). In addition, arsenic is a known carcinogen, as shown in both human 

epidemiological studies and laboratory animal studies. Per Table 5-4, the human health effects of arsenic 

are evaluated herein based the potential to cause cancer as well as non-carcinogenic toxicological 

effects. The non-carcinogenic toxicity reference value developed by the USEPA (1998) are based on an 

increased incidence of “blackfoot disease” in a human sub-population from southwest Taiwan based on 

the consumption of drinking water with elevated arsenic concentrations sourced from deep groundwater 

wells. 

5.3.2.2 Bismuth 

Bismuth compounds are extensively used clinically (for example, to treat gastrointestinal conditions) and 

there are reported adverse health effects to humans associated with chronic, high doses taken internally 

as medications. For the much lower environmental exposures that could occur as a result of incidental 

ingestion or dermal contact, bismuth has a very low chronic toxicity to humans (Suzuki et al. 2001, 

Bradley et al. 1989), in part because of the very low bioavailability of most bismuth compounds. For this 

reason, and since no toxicity value has been developed by any formal authoritative/regulatory agency, the 

probability of risks from consumption of bismuth in Roberts Bank edible bivalves is assumed to be 

negligible. 
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5.3.2.3 Cadmium 

Acute exposures of humans to cadmium (20 to 30 mg/kg) have resulted in human death (ATSDR 2012a). 

Chronic ingestion in food or other types of oral exposure have been linked in laboratory rodent toxicity 

studies to mortality, behavioural changes, decreased body weight, altered bone turn-over and skeletal 

deformities, immunosuppression, and effects on the kidney. The Health Canada oral toxicity reference 

value for cadmium is based on protection against renal tube dysfunction, as manifested by low molecular 

weight proteinurea (elevated creatinine in urine). 

5.3.2.4 Selenium 

Few studies of chronic or sub-chronic human exposures to selenium via oral intake are available. 

Laboratory studies on rats and rodent models suggest that dietary or other oral exposures to selenium 

can cause death, vomiting, weight loss, liver effects (hyperplasia, vacuolar degeneration, cirrhosis), 

decreases in hemoglobin levels in the blood, kidney effects, effects on reproductive structures and 

functioning, and other effects. The Health Canada (2010b) oral toxicity reference value for selenium is 

based on “selenosis” as the critical health effect. The various symptoms of selenosis include a garlic odor 

on the breath, gastrointestinal disorders, hair loss, sloughing of nails, fatigue, irritability, neurological 

damage, and for very high long term exposures pulmonary edema, cirrhosis of the liver, and death 

(ATSDR 2003). 

5.3.2.5 Vanadium 

Only about 0.001% of vanadium that enters the ocean is estimated to persist in a soluble form (ATSDR 

2012b). Marine biota, nonetheless, generally contain higher vanadium concentrations than terrestrial 

animals and plants. Solubilisation of vanadium in seawater is generally accompanied by conversion from 

vanadium(III) to vanadium(V) forms. Food is the main source of vanadium intake by humans.  

Following oral exposures, the primary targets of toxicity are the gastrointestinal tract and blood system, 

although vanadium may also be a developmental toxicant. Hematological (blood system) effects 

observed in the available studies have included decreases in erythrocyte levels, decreases in 

hemoglobin, and increases in reticulocytes. Developmental effects in laboratory animals have included 

decreased growth, skeletal and visceral malformations, and decreased survival. Among the most 

sensitive responses associated with laboratory animal oral exposures to vanadium over intermediate 

durations are blood pressure, erythrocytes, nervous system effects and developmental effects. 
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5.4 QUANTITATIVE HEALTH RISK CHARACTERISATION 

The quantitative evaluation of consumption risks for non-carcinogenic contaminants is based on the 

comparison of the internalised dose estimate, per Section 5.2, with a conservative estimate of the 

threshold exposures beyond which various health effects might occur (column 2 of Table 5-4), based on 

the following equation: 

𝑅𝑄 =  
(𝐶𝑇  × 𝐼𝑅𝑆 )/𝐵𝑊  

𝑇𝑅𝑉
     [1] 

Where: 
RQ = Risk Quotient (Unitless); 

CT = Bivalve and crab muscle tissue concentration mg/kg ww; 
(Tables 4-6, 4-7, 4-13 and 4-14); 

IRS = Shellfish ingestion rate (average in kg/d); 

BW =  Body weight (kg); and 

TRV = Toxicity reference value (Table 5-4) 

 

In general, a risk quotient substantially greater than one (1.0) indicates a high health risk potential, 

whereas a risk quotient substantially lower than 1.0 indicates acceptably low risk potential. 

Similarly, incremental lifetime cancer risks (ILCR) for consumption exposures to potentially carcinogenic 

substances were estimated based on the following equation: 

𝐼𝐿𝐶𝑅 =  
𝐶𝑇 × 𝐼𝑅𝑆

𝐵𝑊
× 𝑆𝐹     [2] 

Where: 

ILCR = Incremental Lifetime Cancer Risk (Unitless); and 

SF =  Cancer Slope Factor (Table 5-4). 

Health Canada and the BC Ministry of Environment consider an ILCR of ≤ 1 in 100,000 (i.e., 1.0 E-05) to 

be acceptable low risk potential. Interpretations of risk quotients at ILCR estimates are subject to 

arecognition of the degree of uncertainty in the factors that are used to quantitatively estimate the 

magnitude of human exposure (e.g., shellfish consumption rates as well as the expected threshold of 

effects or cancer slope factor). 
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Up to recent times, the cancer risk potential was generally estimated for adults. This does not mean that 

the potential for dietary exposures to carcinogens is less important for younger age groups, but rather is a 

reflection of the typically long latency period for the development and manifestation of cancers, and 

exposure particulars that reflect adult physiological characteristics and consumption patterns through 

much of the exposure period. Considering only the adult exposure stage, however, may underestimate 

cancer risks. A life-stage weighted ILCR was derived, therefore, using the exposure estimates relative to 

consumption rates and body size for each life stage (infant, toddler, child, teen, adult) to predict an overall 

lifetime ILCR; i.e. – 

𝑇𝑜𝑡𝑎𝑙 𝐼𝐿𝐶𝑅 =  ∑ (𝐼𝐿𝐶𝑅𝑙𝑖𝑓𝑒𝑠𝑡𝑎𝑔𝑒 𝑥 ×   𝑙𝑒𝑛𝑔𝑡ℎ 𝑜𝑓 𝑙𝑖𝑓𝑒𝑠𝑡𝑎𝑔𝑒 𝑥
𝑡𝑜𝑡𝑎𝑙 𝑙𝑜𝑛𝑔𝑒𝑣𝑖𝑡𝑦

)
5
𝑛=1      [3] 

Where – 

- There are five life stages (infant, toddler, child, teen, adult) as listed in Table 5-3. 

 

 Bivalve Shellfish Consumption Risks 5.4.1

The total ILCR for exposure to potentially carcinogenic PAHs (Table 5-6) was estimated to be 

approximately on the order of magnitude lower than 1 in 100,000 (1.0E-05), and it is therefore concluded 

that PAHs in edible bivalve tissues pose a negligible consumption human health risk. The assumptions 

used to estimate the ILCR are all relatively conservative: The maximum observed PAH tissue 

concentration was used in the estimate; and a very annual high shellfish consumption rate was assumed. 

There is a relative high degree of confidence, therefore, in the conclusion that PAHs in Roberts Bank 

edible bivalve tissues will not result in health risks based on consumption. 

As shown in Table 5-6, the estimated ILCR for arsenic was 4.7E-03, meaning a prediction of 4.7 extra 

incidents of cancer per 1,000 individuals exposed based on shellfish consumption. The estimated ILCR is 

greater than 1 in 100,000 which provisionally indicates unacceptable health risks; however, this is 

misleading. 

The Health Canada cancer slope factor for arsenic (Table 5-4) is derived from epidemiological studies of 

actual high exposures of humans to arsenic in drinking water (Health Canada 2010b, Morales et al. 

2000). The arsenic is in the form of inorganic arsenic (predominantly arsenate and arsenite), which are 

the forms with demonstrated carcinogenic potential. It has long been recognised, however, that the major 

portion of total arsenic in marine molluscs is present in the form of complex organoarsenicals, such as 

arsenobetaine, arsenocholine and various other arsenosugars and arsenolipids, which are thought to be 

neither appreciably carcinogenic nor otherwise appreciably toxic (Cullen and Reimer 1989). For example, 

Ruangwises and Ruangwises (2011) analysed total and inorganic arsenic in 120 samples of eight marine 

taxa collected from the Gulf of Thailand and reported that the range of inorganic arsenic in all taxa and 

specimens as a percentage of the total arsenic was 1.2% to 7.3%. Zhang et al. (2013) obtained intertidal 
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molluscan and crustacean samples from twelve locations in the South China Sea and noted that the 

minimally toxic arsenobetaine constituted from 80.6% to 98.8 % of the total arsenic concentration in the 

analysed tissues. 

Table 5-6 Estimated Incremental Lifetime Cancer Risks (ILCR) for Humans Consuming Edible 
Bivalves Collected From Roberts Bank 

Substance 
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Phenanthrene 0.001 0.0053 0.0000053 
  

 

Fluoranthene 0.001 0.00369 0.00000369 
  

 

Benz[a]anthracene 0.1 0.000991 0.0000991 
  

 

Chrysene 0.01 0.00159 0.0000159 
  

 

Benzo[b]fluoranthene 0.1 0.000862 0.0000862 
  

 

Benzo[j,k]fluoranthenes 0.1 0.000524 0.0000524 
  

 

Benzo[a]pyrene 1 0.000296 0.000296 
  

 

Dibenz[a,h]anthracene 1 0.000108 0.000108 
  

 

Indeno[1,2,3-cd]pyrene 0.1 0.000289 0.0000289 
  

 

Benzo[ghi]perylene 0.01 0.000427 0.00000427 
  

 

Total B[a]P TEQ 
  

0.0006998 2.3 9.1E-07 1.1E-06 

Arsenic 
 

3.96 
 

1.8 4.0E-03 4.7E-03 

The Washington State Department of Ecology (WDOE 2002) assessed the total and inorganic arsenic is 

edible tissues of crabs and clams from various areas in Puget Sound. It was noted that clam tissue 

concentrations of inorganic arsenic were higher than human consumption threshold values in all clam 

samples analysed, and it was noted that “this appears to be due to natural conditions in Puget Sound”. 

Data from this study that is particularly relevant to the Roberts Bank arsenic tissue data are reproduced in 

Table 5-7. 
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Table 5-7 Puget Sound (2001 to 2002) Data for Arsenic in Shellfish Tissue (WDOE 2002) 

Collection Area No. Individuals 
Total As (mg/kg ww) 

- average 
Percent of Total As as 

Inorganic As 

Mixed native and littleneck clams 

Dyes Inlet – Silverdale 30 2.4 0.8 

Dyes Inlet – Ostrich Bay NW 34 3.2 0.5 

Dyes Inlet – Ostrich Bay W 35 4.2 0.4 

Dyes Inlet – Ostrich Bay SW 31 2.9 0.6 

Oyster Bay 30 4.2 0.5 

Pt. Washington Narrows – Lions Park 30 2.2 0.7 

Pt. Washington Narrows – Evergreen 
Park 

20 1.9 1.2 

Sinclair Inlet – Pt. Orchard 30 2.8 0.9 

Sinclair Inlet - Annapolis 30 2.3 1.0 

Eagle Harbour – Wing Pt 30 3.0 0.7 

Eagle Harbour – Wislow Pk 30 2.1 1.0 

Hood Canal (Ref) – Twanoh State Park 30 2.3 0.7 

Sequim Bay (Ref) – Sequim Bay State 
Park 

30 3.4 1.0 

Littleneck clams 

Marrowstone Island 12 2.2 0.9 

Sequim Bay (cooked clams) 3 6.9 0.3 

Cockles 

Marrowstone Island 9 1.1 1.8 

Oysters 

Marrowstone Island 1 2.1 0.5 

Dungeness crabs 

Hood Canal (Ref) 11 5.0 0.1 

Port Gardner 11 3.3 0.04 

Commencement Bay 12 3.8 0.1 

Dyes Inlet – Ostrich Bay 9 12 0.1 

The maximum observed percent of total arsenic in edible bivalves as inorganic arsenic was 1.8% (Table 

5-7). If the inorganic arsenic concentration in the Roberts Bank bivalve samples are assumed to be 1.8% 

or less, the calculated ILCR would be less than or equal to 8.4E-05. 
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The tissue arsenic concentrations in cockles, littleneck clams and Macoma clams collected from Roberts 

Bank was similar to concentrations collected from the Boundary Bay reference sites and from Puget 

Sound (Table 5-7), suggesting that the observed tissue concentrations in all specimens primarily reflect 

biological uptake and conversions to more complex arsenicals in response to background geological 

conditions (Figure 5-1).  

Overall, it is concluded that the observed bivalve tissue arsenic concentrations for Roberts Bank samples 

are not a source of cancer health risks since: (i) the arsenic is likely to reflect mostly organoarsenicals; 

and (ii) the observed concentrations were similar between Roberts Bank and Boundary Bay samples. 

Figure 5-1 Comparison of Bivalve Tissue Arsenic Concentrations between Roberts Bank and 
Boundary Bay 

 

Risk quotients for dietary exposures to arsenic, cadmium, selenium and various individual PAHs in edible 

bivalve tissues are presented in Table 5-8. The shellfish consumption risks associated with selenium and 

vanadium are predicted to be acceptably low. Risk quotients for arsenic and cadmium, however, 

exceeded a value of 1.0 for all age groups.  

The risk quotients for cadmium exposure potential were calculated using the maximum observed 

cadmium concentration observed in Roberts Bank bivalve tissue samples, which was 3.99 mg/kg ww in 

oysters collected from the Roberts Bank causeway (Table 4-7). If this value (and species) is not included 

in the analysis, the next highest observed cadmium concentration was 1.2 mg/kg ww observed in the 

pooled sample of littleneck clams collected from the inter-causeway area. Using this value in the risk 

characterisation yields a risk quotient value of 1.5 for toddlers, and a RQ < 1.0 for the other age 

categories. 
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Table 5-8 Estimated Risk Quotients for Humans Consuming Edible Bivalves Collected from 
Roberts Bank  

  

M
a

x
 O

b
s
e

rv
e

d
 C

o
n

c
. 

(m
g

/k
g

 w
w

) 

B
iv

a
lv

e
 C

o
n

s
u

m
p

ti
o

n
 

R
a

te
 (

k
g

 w
w

/d
a

y
) 

A
s

s
u

m
e

d
 N

o
. 
o

f 

M
e

a
ls

 p
e

r 
Y

e
a

r 

B
o

d
y

 W
e

ig
h

t 
(k

g
) 

T
R

V
 (

m
g

/k
g

 b
w

 d
) 

R
Q

 (
u

n
it

le
s

s
) 

Adults        

Arsenic 3.96 0.04 365 70.7 0.0003 7.5 

Cadmium 1.2 0.04 365 70.7 0.001 2.3 

Selenium 1.15 0.04 365 70.7 0.0057 0.11 

Vanadium 2.43 0.04 365 70.7 0.005 0.27 

Naphthalene 0.00196 0.04 365 70.7 0.02 0.000055 

Acenaphthylene 0.000163 0.04 365 70.7 0.06 0.0000015 

Acenaphthene 0.000399 0.04 365 70.7 0.06 0.0000038 

Fluorene 0.00101 0.04 365 70.7 0.04 0.000014 

Anthracene 0.000452 0.04 365 70.7 0.3 0.00000085 

Pyrene 0.00265 0.04 365 70.7 0.03 0.000050 

Teenagers 

     
  

Arsenic 3.96 0.04 365 59.7 0.0003 8.8 

Cadmium 1.2 0.04 365 59.7 0.001 2.7 

Selenium 1.15 0.04 365 59.7 0.0062 0.12 

Vanadium 2.43 0.04 365 59.7 0.005 0.33 

Naphthalene 0.00196 0.04 365 59.7 0.02 0.000066 

Acenaphthylene 0.000163 0.04 365 59.7 0.06 0.0000018 

Acenaphthene 0.000399 0.04 365 59.7 0.06 0.0000045 

Fluorene 0.00101 0.04 365 59.7 0.04 0.000017 

Anthracene 0.000452 0.04 365 59.7 0.3 0.0000010 

Pyrene 0.00265 0.04 365 59.7 0.03 0.000059 

Children 
     

  

Arsenic 3.96 0.033 365 32.9 0.0003 13 

Cadmium 1.2 0.033 365 32.9 0.001 4.0 

Selenium 1.15 0.033 365 32.9 0.0063 0.18 

Vanadium 2.43 0.033 365 32.9 0.005 0.49 

Naphthalene 0.00196 0.033 365 32.9 0.02 0.000098 

Acenaphthylene 0.000163 0.033 365 32.9 0.06 0.0000027 

Acenaphthene 0.000399 0.033 365 32.9 0.06 0.0000067 

Fluorene 0.00101 0.033 365 32.9 0.04 0.000025 

Anthracene 0.000452 0.033 365 32.9 0.3 0.0000015 

Pyrene 0.00265 0.033 365 32.9 0.03 0.000089 
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Toddlers 

     
  

Arsenic 3.96 0.02 365 16.5 0.0003 16 

Cadmium 1.2 0.02 365 16.5 0.001 4.8 

Selenium 1.15 0.02 365 16.5 0.0062 0.22 

Vanadium 2.43 0.02 365 16.5 0.005 0.59 

Naphthalene 0.00196 0.02 365 16.5 0.02 0.000119 

Acenaphthylene 0.000163 0.02 365 16.5 0.06 0.0000033 

Acenaphthene 0.000399 0.02 365 16.5 0.06 0.0000081 

Fluorene 0.00101 0.02 365 16.5 0.04 0.000031 

Anthracene 0.000452 0.02 365 16.5 0.3 0.0000018 

Pyrene 0.00265 0.02 365 16.5 0.03 0.00011 

As for arsenic, cadmium concentrations in cockle tissues were similar between Roberts Bank sites and 

Boundary Bay reference sites (0.059 and 0.083 mg/kg ww for RB-N and RB-I in comparison with 0.070 

mg/kg ww for BB: Table 4-7). This was also the case for Macoma clams (0.063 and 0.031 mg/kg ww for 

RB-N and RB-I in comparison with 0.052 mg/kg ww for BB). 

Copes et al. (2008) and various other researchers have noted that cadmium concentrations in Pacific 

oysters are routinely elevated in coastal areas of western North America, extending from Washington 

State to Alaska, with soft tissue cadmium concentrations often exceeding 2.0 mg/kg ww. Kruzynski (2004) 

wrote: 

“This overview provides some context for the current situation in coastal British Columbia, 

Canada, which arose in 1999 from the discovery of problematic residues of Cd in farmed Pacific 

oysters (Crassostrea gigas). Efforts are underway to define Cd sources and the geographical and 

seasonal variation of these Cd residues. The recent application by the European Community of a 

1 µg Cd/g (ww) import limit to bivalve molluscs and the current deliberation by CODEX to adopt 

the same value, pose significant threats to the shellfish export trade in the Pacific Northwest 

(British Columbia, Washington and Alaska), where natural oceanographic conditions and coastal 

geology contribute to levels of Cd that usually exceed the 1 ppm limit.” 
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Overall, the observed cadmium concentration in Pacific oysters along the Roberts Bank causeway was 

consistent with concentrations documented by Kruzynski (2002, 2004), Bendell and Feng (2009) and 

other researchers for other areas of the British Columbia and Washington State coasts. The observed 

cadmium concentration, therefore, is not interpreted to be associated with local contaminant source, such 

as historical marine coal dust releases. Risk management guidance for Pacific oyster consumption for 

specimens collected from Roberts Bank would not be any different from any British Columbia or 

Washington State coastal areas. 

Arsenic risk quotients calculated for non-cancer modes of toxicity (Table 5-8) also exceeded a value of 

1.0 for all age categories. This calculation was based on an assumption that all arsenic is present in 

shellfish tissue as the substantially more toxic inorganic arsenic forms. If it is assumed that no more that 

1.8% of the measured arsenic occurs as inorganic arsenic, the resulting risk quotients are calculated to 

be 0.29 or less. Based on this, it is concluded that the non-cancer risks from arsenic in edible bivalves are 

acceptably low. 

 Dungeness Crab Consumption Risks 5.4.2

Dungeness crabs caught at Roberts Bank in the vicinity of the proposed Project footprint did not contain 

quantifiable concentrations of unsubstituted PAHs in their leg muscle tissue (Table 4-13). Therefore, it is 

concluded that there are no human consumption risks associated PAH exposures as a result of crab 

consumption. In addition, there was no statistically significant difference in the average edible muscle 

tissue concentrations of cadmium or selenium from samples collected at the reference site and at Roberts 

Bank in the proximity of the project footprint.  

The average arsenic concentration at the Roberts Bank site was observed to be statistically significantly 

higher than for the ITP site or reference site (Table 4-14); therefore, a quantitative risk assessment was 

completed for arsenic only. Risk quotients for non-cancer endpoints are summarised in Table 5-9. 

Table 5-9 Arsenic Risk Quotients for Crab Muscle Consumption 
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Adults 

9.82 
 

0.04 70.7 

0.0003 

19 0.019 

Teens 0.04 59.7 22 0.022 

Children 0.033 32.9 33 0.033 

Toddlers 0.02 16.5 40 0.040 
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All risk quotients were greater than one (1.0), based on an assumption that all measured arsenic was 

present as inorganic arsenic. While the relative concentrations of inorganic arsenic and other arsenicals 

such as arsenobetaine were not determined in crab muscle samples as part of the RBT2 study, similar 

studies on Puget Sound Dungeness crabs (WDOE 2002) suggest that only about 0.1% of the measured 

arsenic in crab muscle is present as inorganic arsenic (Table 5-7). If the observed concentrations are 

adjusted to reflect the expected inorganic arsenic concentrations, the maximum calculated risk quotient is 

0.040 (Table 5-9). 

The calculated cancer risks associated with arsenic in crab muscle are summarised in Table 5-10. The 

predicted ILCR was far greater than 1 in 100,000 (1.0E-05), based on the inaccurate assumption that all 

arsenic is present as inorganic arsenic. If it is assumed that no more than 0.1% of the measured arsenic 

was present as inorganic arsenic, per the findings if the Puget Sound study (WDOE 2002), then the life-

stage weighted ILCR was calculated to be 1.2E-05, which is essentially the same as 1.0 E-05 given the 

expected level of precision in the risk quotient estimate. 

Table 5-10 Estimated Incremental Lifetime Cancer Risks Associated with Crab Muscle 
Consumption 

Lifestage 

As: 

Maximum 
Observed 

Conc.  

(mg/kg ww) 

Bivalve 
Consumption 

Rate (kg 
ww/day) 

Body 
Weight 

(kg) 

Cancer Slope 
Factor 

(mg kg
-1

 d
-1

) 

(Table 5-4) 

ILCR 
(unitless) 

ILCR 
(unitless) 

(Inorg As = 
0.1% of 
TotalAs) 

Adult 

9.82 

0.040 70.7 

1.8 

1.0E-02 1.0E-05 

Teen 0.040 59.7 1.2E-02 1.2E-05 

Child 0.033 32.9 1.8E-02 1.8E-05 

Toddler 0.020 16.5 2.1E-02 2.1E-05 

Life-stage weighted ILCR estimate (total ILCR) 1.2E-02 1.2E-05 

The total arsenic concentrations in edible marine shellfish tissue, including crab and shrimp muscle and 

clam meat, are almost invariably observed to be greater than threshold concentrations that are 

associated by various authoritative Canadian and international health / regulatory agencies with excess 

additional cancer risks of 1E-06 to 1E-05. A brief summary of documented total arsenic concentrations in 

edible shellfish from other areas is provided in Table 5-11 for comparison to the Roberts Bank samples. 

The Roberts Bank crab muscle arsenic concentrations are in the range of edible shellfish from other 

studies, including analyses of market purchased seafood. 
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Only very small portions of the arsenic in marine crustaceans and bivalves occurs in inorganic forms that 

are the basis of concerns about cancers and various other health effects (Borak and Hosgood 2006). 

Arsenobetaine, a trimethylated organoarsenical, has been shown to account for virtually all measurable 

water soluble arsenic in the edible muscle tissues of rock lobsters (Edmonds and Francesconi 1993) and 

various other decapod crustaceans (Cullon and Riemer 1989).  

Table 5-11 Documented Total Arsenic Concentrations in Frequently Consumed Tissue Portions 
of Dungeness Crabs and Other Seafoods 

Marine Species Location 
Arsenic 

Concentration  
(mg/kg ww) 

Reference 

Chinook, coho, 
English sole, 
rockfish 

Non-urbanised areas 
of Puget Sound 

(reference areas),WA 
0.7 to 7.4 

Washington State Dept. of Health (2003) 

Dungeness crabs 
Lower Duamish 

Estuary, WA 
9.9 to 12.5 

Horse clams, 
manila clams, 
bentnose clams, 
starry flounder, 
English sole Fidalgo Bay, 

Anacortes, WA 

1.4 to 3.8 

Washington State Dept. of Health (2003)  
Red Rock crab 
muscle tissue 

6.0 (maximum) 

Dungenes crab 
muscle tissue 

10.5 (maximum) 

Dungeness crabs Newport Beach, OR 

10.0 

(average across all 
sites) 

Henkel et al. (2013) 

Dungeness crabs Bellingham Bay, WA 1.9 to 5.6 Cubbage (1991) 

Tiger prawn tails  
Local fish market, 
Vancouver, BC 

8.7 ± 0.6 Le, X.-C. et al. (1994) 

Crab, shrimp 
East Sea, Bo Sea, 
Yellow Sea, China 

0.7 to 7.5 Li. W et al., (2003) 

Seafood products – 
17 different 
molluscan and 
crustacean spp. 

Seafood and other 
markets, France 

1.3 to 16.8 Sirot, V. et al., (2009) 

Arsenobetaine is neither carcinogenic nor appreciably toxic via other modes of toxicity (Borak and 

Hosgood 2006). In contrast, the cancer slope factor (Table 5-10) applied to the total arsenic 

concentrations in Dungeness crab meat is based on studies of Taiwanese populations exposed to high 

inorganic arsenic concentrations in drinking water sources from groundwater. Based on the analysis of 

urinary arsenic metabolites, Borak and Hosgood (2006) suggest that “a margin of exposure of at least 10
3
 

to 10
4
 exists between carcinogenic doses used in the rat studies and those expected after human 

consumption of large quantities of seafood.” If a margin of exposure of 10
3
 is applied to the risk estimates 
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provided in Table 5-10 herein, it is apparent that the estimated ILCR (total – arithmetically averaged 

across life stages) would be in the range of 1E-05, which further suggests an acceptably low cancer risk 

potential. 

 Uncertainty Analysis 5.4.3

This section discusses the degree of confidence in the overall conclusions as presented in the risk 

characterisation. This is based in turn on the specific areas of uncertainty in the various components of 

the analysis and supporting data, and the degree to which various assumptions might have resulted in a 

biased impression of toxicological risk potential. In general, confidence in the risk characterisation is high 

based on the fact that actual measurements of shellfish tissue concentrations were made, in contrast to 

predicting such concentrations based on the use of biota-sediment accumulation factors (BSAFs) and 

contaminant data for sediments only. Furthermore, the measured tissue concentrations were used in 

concert with toxicity reference values that are inherently conservative, as promulgated by health 

protection agencies such as Health Canada, the United States Environmental Protection Agency and the 

World Health Organization, as well as edible shellfish consumption rates that were conservatively high. 

The net result of the conservatism in the consumption rate assumptions and toxicity reference values is 

that risks to humans are probably over-predicted. 

One area of uncertainty revolves around whether the shellfish tissue chemistry results as presented here 

adequately reflect tissue concentrations for other areas of Roberts Bank that may be of interest from a 

harvesting perspective, in other seasons, and in the future. Every attempt was made to collect edible 

shellfish tissue samples from seabed areas with a greater influence on sediment chemistry of historical 

coal dust inputs. The results, therefore, are expected to be biased high relative to the concentrations of 

the assessed substance of potential concern across Roberts Bank in general.   

Edible shellfish collections might not reflect seasonal variations in tissue chemistry, since there was only 

one collection event for each of bivalves and Dungeness crabs. Additional crab collections were made in 

late 2014, as discussed in Section 4.7, and tissue analyses will be provided shortly to facilitate a 

comparison with tissue chemistry data presented herein.  

For cockle, clam and mussel tissue, the maximum observed concentrations of PAHs or trace elements 

were used to calculate risk quotients, rather than an average estimate, and this would tend to result in an 

over-prediction of risks. For all substance of potential concern except arsenic and cadmium, a doubling of 

the maximum observed concentration would not substantively alter conclusions about acceptable risks, 

so the conclusions about exposures to PAHs, selenium and vanadium are likely to be accurate in spite of 

the fact that seasonal variation has not been explicitly addressed in the risk assessment.  
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Our conclusions about risks associated with arsenic exposures are strongly dependent on assumptions 

herein about the percentage of total arsenic measured that is inorganic arsenic. The direct measurement 

of more toxic forms of arsenic (arsenate, arsenite) in edible shellfish tissues would significantly reduce the 

level of uncertainty about potential exposures to toxic forms of arsenic. Nonetheless, estimates of the 

percent composition of total arsenic as inorganic arsenicals are available based on extensive studies of 

the same shellfish species throughout Puget Sound (Table 5-7 and Table 5-8). For bivalves, it was 

assumed that inorganic arsenicals comprise 1.8% of total arsenic. This in turn would result in a predicted 

ILCR of 8.4 in 100,000 and a risk quotient of 0.29. For Dungeness crab consumption, an assumed 

percent of total arsenic as inorganic arsenicals of 0.1% (Table 5-10) results in a calculated incremental 

lifetime cancer risk of 1.2 in 100,000. Such estimates are in the range of “de minimus” cancer risk 

potential, as defined by Health Canada; i.e. an ILCR in the range of 1 in 10,000 to 1 in 1,000,000.  

It is important to note that the total arsenic levels observed in edible shellfish tissues are in the range of 

those routinely observed in reference areas for the same species. 

As discussed in Section 4.3, the naphthalene tissue data for bivalve tissue samples introduces some 

uncertainty into the assessment since surrogate recoveries were low for lower molecular weight PAHs 

such as naphthalene (in the range of 5.9 to 17%), and progressively increased with increased molecular 

weight of the PAHs reported. This suggests that the lower molecular weight PAHs may be under-

reported. In addition, the laboratory blank analysed along with the batch of bivalve tissues showed 

elevated levels of naphthalene. The maximum observed naphthalene concentration in bivalve tissues 

(1.96 ng/g ww = 0.00196 µg/g ww) results in a predicted risk quotient of ≤1.2 x 10
-4

. This is more than 

three orders of magnitude lower than a threshold of acceptable risks. For all of the PAHs, the observed 

bivalve tissue concentrations were many orders of magnitude lower than levels that could result in human 

health risks. Our confidence in the conclusions around the PAH results, therefore, is very high. 

5.5 CONCLUSIONS 

While higher PAH concentrations were observed in edible bivalve tissues collected in areas of higher 

versus lower sediment PAH concentrations at Roberts Bank and Boundary Bay, the associated human 

consumption risks are acceptably low, under the existing conditions. It is likely, therefore, that the future 

re-suspension of sediment areas of the Roberts Bank intertidal area that may contain higher PAH 

concentrations as a result of historical coal dust deposition would result in acceptable health risks based 

on edible bivalve consumption. Similarly, the observed bivalve tissue selenium concentrations are much 

lower than concentrations that could result in human health risks if the bivalves were consumed. 

Health risks from edible bivalve consumption in association with arsenic concentrations are also 

concluded to be acceptably low, based on an understanding that the major portion of the observed total 

arsenic concentrations are likely to be comprised of non-toxic compounds, such as arsenobetaine and 

similar complex organoarsenicals, as well as in light of the observation that arsenic levels in bivalve 

tissues were similar for the Roberts Bank and Boundary Bay reference sites.  
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Extensive examination of both external and internal surfaces of Dungeness crab did not yield any 

indication of coal particulate accumulation. Some crabs did have external black spots on the exoskeleton, 

and these were preferentially selected for internal examination and laboratory analysis if they were male 

crabs of legal size. Black areas on the crab carapace and especially legs is a common response following 

cuticle damage, typically associated with melanisation of the cuticle in the damaged area(s). None of the 

observations suggested further external abnormalities that might be associated with contaminant 

exposures. Three crabs were observed to have darkened gill lamellae, which was attributed to 

progressive discoloration with the time elapsed since the last molt.  

A subtidal sediment sample co-located with Dungeness crabs caught at the reference location had similar 

TPAH concentrations: phenanthrene > naphthalene > fluoranthene  pyrene > chrysene, and PAH 

composition observed in sediments was generally consistent with expectations for a coal-type source. 

Dungeness crab tissues from the RBT2 terminal vicinity or the ITP, however, did not contain detectable 

PAH concentrations is spite of the use of sensitive analytical methods (i.e., tissue concentrations were 

similar to or below lab blank). Since crabs do not accumulate PAH compounds in their muscle tissues, 

PAH consumption risks were not formally evaluated using quantitative HHRA methods. 

Based on health effects other than cancer, health risks associated with consumption of arsenic in 

Dungeness crab muscle tissue were determined to be acceptably low. Cancer risks from total arsenic 

concentrations observed in crab muscle tissue are also likely to be acceptably low, based on the premise 

that: (i) carcinogenic forms of arsenics do not comprise an appreciable portion of the measured total 

arsenic; (ii) organoarsenicals are not broken down within humans to produce relatively more toxic 

inorganic arsenic species; and (iii) the documented Dungeness crab muscle tissue concentrations of 

arsenic are well within the range of market sourced and field collected shellfish samples that are routinely 

consumed by humans without appreciable evidence of elevated cancer incidence or other forms of 

toxicity. 
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8.0 STATEMENT OF LIMITATIONS 

This report was prepared by Hemmera, based on fieldwork conducted by Hemmera, for the sole benefit 

and exclusive use of Port Metro Vancouver. The material in it reflects Hemmera’s best judgment in light of 

the information available to it at the time of preparing this Report. Any use that a third party makes of this 

Report, or any reliance on or decision made based on it, is the responsibility of such third parties. 

Hemmera accepts no responsibility for damages, if any, suffered by any third party as a result of 

decisions made or actions taken based on this Report. 

Hemmera has performed the work as described above and made the findings and conclusions set out in 

this Report in a manner consistent with the level of care and skill normally exercised by members of the 

environmental science profession practicing under similar conditions at the time the work was performed. 

This Report represents a reasonable review of the information available to Hemmera within the 

established Scope, work schedule and budgetary constraints. The conclusions and recommendations 

contained in this Report are based upon applicable legislation existing at the time the Report was drafted. 

Any changes in the legislation may alter the conclusions and/or recommendations contained in the 

Report. Regulatory implications discussed in this Report were based on the applicable legislation existing 

at the time this Report was written. 

In preparing this Report, Hemmera has relied in good faith on information provided by others as noted in 

this Report, and has assumed that the information provided by those individuals is both factual and 

accurate. Hemmera accepts no responsibility for any deficiency, misstatement or inaccuracy in this 

Report resulting from the information provided by those individuals. 
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Photo 1 0.25 m
2
 quadrat at Boundary Bay 

 

Photo 2 Individuals of Macoma balthica in sandy substrate 
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Photo 3 High densities of Macoma clams  

 

Photo 4 Pacific Oysters (Crassostrea gigas) found attached to rip-rap boulders 
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Photo 5 Bay mussels (Mytilus trossulus) attached to rip-rap boulders 

 

Photo 6 Pink ghost shrimp (Neotrypaea californiensis) at Roberts Bank 
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Photo 7 Black lesions on cheliped and swimming leg of Dungeness Crab #7 from RBT2 

location 

 

Photo 8 Black lesions in swimming leg joints of Dungeness Crab #15 from RBT2 location 
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Photo 9 Black lesions on cheliped and swimming leg joints and wound of Dungeness Crab #17 

from RBT2 location 

 

Photo 10 Black lesions on swimming leg of Dungeness crab #22 from RBT2 location 
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Photo 11 Black lesion in joint of cheliped of Dungeness crab #22 from RBT2 location 

 

Photo 12 Small black lesions in joints of swimming legs of Dungeness crab #10 from reference 

location 
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Photo 13 Black lesions in joints and wound of swimming legs of Dungeness crab #27 from 

reference location 

 

Photo 14 Small black lesion near mouth field/mandible of Dungeness crab #27 from reference 

location 
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Photo 15 Black lesion near swimming leg joint of Dungeness crab #29 from reference location 

 

Photo 16 Blackened wound on underside of shell of Dungeness crab #31 from reference 

location 
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Photo 17 Black lesion in wound near joint swimming leg of Dungeness crab #45 from reference 

location  

 

Photo 18 Black lesion in swimming leg joint of crab # 24 from RBT2 location 
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Photo 19 Dissection of Dungeness crab #24 from RBT2 location, showing some darker gills 

 

Photo 20 Blackened gill of Dungeness crab #24 dissection from RBT2 location 
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Photo 21  Dissection of Dungeness crab #25 from RBT2 location, showing clean gills 

 

Photo 22  Darkened gill of Dungeness crab #27 dissection from RBT2 location 
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Photo 23  Black lesion in the joint of rear (5th) swimming leg of Dungeness crab #28 from RBT2 

location 

 

Photo 24 Darkened gill of Dungeness crab #28 dissection from RBT2 location 
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Photo 25 Swimming leg tissue from Dungeness crab #42 dissection from ITP location  

 

Photo 26 Chela tissue from Dungeness crab #42 dissection from ITP location  
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Photo 27 Discoloured gill lamellae of Dungeness crab #44 dissection from ITP location  

 

Photo 28 Grey hepatopancreas of Dungeness crab #47 dissection from reference location, 

showing clean gills 
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Table B1 Dungeness Crab Catch at Roberts Bank by Life Stage 

Location Life Stage / Sex Count (#) Mean Carapace Width (mm) 

RBT2 

Non-gravid Female 9 147.3 

Gravid Female 3 151.3 

Sublegal male 10 159.8 

Legal male 6 172.5 

ITP 

Non-gravid Female 26 131.1 

Gravid Female 0 - 

Sublegal male 4 155.0 

Legal male 14 178.86 

Reference 
Location 

Non-gravid Female 7 126.86 

Gravid Female 6 146.0 

Sublegal male 25 123.8 

Legal male 13 178.2 
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Appendix 27-D Rationale for Inclusion / Exclusion of Other Certain and 

Reasonably Foreseeable Projects and Activities in the Cumulative 
Effects Assessment of Human Health 

The assessment included consideration of the potential for an interaction between a 

potential Project-related residual effect on human health and the effects of other certain and 

reasonably foreseeable projects and activities on that VC. The rationale for inclusion or 

exclusion of each certain and reasonably foreseeable project and activity identified in 

Section 8.0 Effects Assessment Methods, Table 8-8 Project and Activity Inclusion 

List, from the cumulative effects assessment is presented in Table 27-D. 

Table 27-D Rationale for Inclusion/Exclusion of Other Certain and Reasonably 
Foreseeable Projects in the Cumulative Effects Assessment of 

Human Health 

Other Certain and Reasonably 
Foreseeable Project /Activity 

Included (I) 
/Excluded (E) 

Rationale for Inclusion / Exclusion 

Project 

BURNCO Aggregate Project, Gibsons, 

B.C. 
E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 

Centerm Terminal Expansion, 
Vancouver, B.C. 

E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 

Fraser Surrey Docks Direct Coal 
Transfer Facility, Surrey, B.C. 

E 
Too far from proposed Project site; 
effects of project not likely to interact 
with effects of RBT2 

Gateway Pacific Terminal at Cherry 
Point and associated BNSF Railway 

Company Rail Facilities Project, Blaine, 
Washington  

E 
Too far from proposed Project site; 
effects of project not likely to interact 

with effects of RBT2 

Gateway Program - North Fraser 

Perimeter Road Project, Coquitlam, 
B.C. 

E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 

George Massey Tunnel Replacement 
Project, Richmond and Delta, B.C. 

I 
Potential increases in traffic volume on 
routes relevant to RBT2 noise 
assessment 

Kinder Morgan Pipeline Expansion 
Project, Strathcona County, Alberta to 

Burnaby, B.C. 

E 
Too far from proposed Project site; 
effects of project not likely to interact 

with effects of RBT2 

Lehigh Hanson Aggregate Facility, 

Richmond, B.C. 
E 

Too far from proposed Project site; 
effects of project not likely to interact 

with effects of RBT2 

Lions Gate Wastewater Treatment Plant 

Project, District of North Vancouver, 
B.C. 

E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 
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Other Certain and Reasonably 

Foreseeable Project /Activity 

Included (I) 

/Excluded (E) 
Rationale for Inclusion / Exclusion 

North Shore Trade Area Project - 

Western Lower Level Route Extension, 
West Vancouver, B.C. 

E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 

Pattullo Bridge Replacement Project, 
New Westminster and Surrey, B.C. 

E 

Too far from proposed Project site; 

effects of project not likely to interact 
with effects of RBT2 

Southlands Development, Delta, B.C. I 
Potential increases in traffic volume on 
routes relevant to RBT2 noise 
assessment 

Vancouver Airport Fuel Delivery Project, 
Richmond, B.C. 

E 
Too far from proposed Project site; 
effects of project not likely to interact 

with effects of RBT2 

Woodfibre LNG Project, Squamish, B.C.  E 
Too far from proposed Project site; 
effects of project not likely to interact 

with effects of RBT2 

Activity 

Incremental Road Traffic Associated 
with RBT2 

I 
Additional road traffic likely to result in 
additional noise. 

Incremental Train Traffic Associated 
with RBT2 

I 
Additional train traffic likely to result in 
additional noise.  

Incremental Marine Vessel Traffic 
Associated with RBT2 

I 
Additional vessel traffic has the 
potential to result in additional noise 
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