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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. 



Port Metro Vancouver - i - Hemmera 
RBT2 – Sediment and Water Quality Characterisation Studies  August 2014 

 

EXECUTIVE SUMMARY 

Sediment and water are fundamentally important components of the physical environment that support 

biological communities in the marine and estuarine environment. The abiotic conditions associated with 

local and regional water conditions help to define habitat suitability for a variety of microbes, algae, 

vascular plants (such as eelgrass) and animals. The chemical and physical characteristics of sediments 

and water at Roberts Bank and throughout the Fraser River estuary reflect the interplay between 

freshwater inputs from the Fraser River and marine waters of Pacific Ocean origin.  

The Sediment and Water Quality Characterisation Studies were conducted as part of an environmental 

program for the proposed Roberts Bank Terminal 2 Project (RBT2 or Project), and focused on collecting 

information to develop an understanding of existing conditions in the study area. The Project, part of Port 

Metro Vancouver’s Container Capacity Improvement Program, is a proposed new three-berth marine 

container terminal located at Roberts Bank in Delta British Columbia (B.C.). This report summarises data 

collected across the broader Fraser River estauary to support characterisation of abiotic conditions in 

context of biotic components. Results of additional sediment sampling studies conducted to characterise 

key project elements, incuding dredging and disposal at sea (DAS) activities, and to address trophic 

transfer of PCBs through an ecological risk assessment are summarised in a separate Sediment PCB 

Concentrations and Sediment Thresholds for Increased Uptake in Southern Resident Killer Whales 

(Hemmera 2014b). 

There is an extensive body of existing studies on the sediment and water characteristics of Roberts Bank, 

and this information was reviewed to identify important patterns and processes, as well as key data gaps. 

Additional sediment sample collection and analysis was completed over 10 field sampling events 

conducted from April 2012 to September 2013. Samples were collected at Roberts Bank at the location of 

the proposed Project site, as well as at neighbouring Sturgeon Bank and Boundary Bay as reference 

areas. The spatial and temporal scope for the data collection was driven by the scope for studies on 

important estuarine/marine flora and fauna, to the extent that abiotic environmental characteristics (i.e. 

sediment and water column characteristics) are important explanatory variables for relevant biological 

observations. Much of the sediment and water quality data acquisition activities were coordinated with 

biological sampling, as described in other RBT2 technical data reports. Sediment samples were 

selectively analysed for physical parameters (pH and moisture), total organic carbon (TOC), sediment 

grain size, plant available nutrients, saturated paste extractable ions, trace elements (including 

metals/metalloids), polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), total 

sulfides, and coal content. 
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Spatial trends in surficial sediment characteristics provide corroborative evidence about the major 

mechanisms that drive the physical and chemical characteristics of the Roberts Bank tide flat and delta 

foreslope, as well as the Sturgeon Bank and Boundary Bay reference areas. Higher percent silt and 

percent clay content, and higher metals concentrations were observed at Roberts Bank and Sturgeon 

Bank in comparison with Boundary Bay, which reflects the greater relative influence of finer sediments 

associated with discharge from the Fraser River. The major portion of the Roberts Bank tide flat is 

composed of relatively undifferentiated sandy sediments, with minimum fines content. Finer textured, 

organic rich sediments at Roberts Bank are evident in the high intertidal/nearshore areas, the inter-

causeway, the intermediate transfer pit (ITP) used during the construction of the Deltaport Third Berth 

Project, the inter-causeway turning basin, and the Tug Basin, adjacent to Deltaport Terminal 3. 

Comparison of the 2012-2013 sediment grain size distribution data to the 1993 distribution (McLaren and 

Tuominen (1998)) suggests a decrease in fines both in the inter-causeway area and adjacent to the 

existing Roberts Bank terminal. The exisiting 2012-2013 coal content distribution is largely correlated with 

percent fines, with low but measurable concentrations of coal dust accumulated in the ITP within the inter-

causeway area, and adjacent to the foreshore north of the Roberts Bank causeway. 

Within the sediment samples, there were strong and statistically significant inter-relationships observed 

between grain size (percent fines, <0.063 mm), TOC, sulfide concentrations, concentrations of 

various metals/metalloids, and sediment PAH concentrations. Statistically significant spatially coherent 

inter-correlations in sediment coal content, several PAHs and selenium were also observed. A subset of 

sediment samples from both Roberts Bank and Sturgeon Bank exceeded their respective Canadian 

Council of Ministers of the Environment (CCME) marine interim sediment quality guidelines (CCME MW 

ISQG) and the CCME marine probable effect level (CCME MW PEL) (CCME 2013) for arsenic and 

copper. Some samples also exceeded the CCME MW ISQG for various PAHs. A single sample exceeded 

the CCME MW PEL guideline for 2-methylnaphthalene at Roberts Bank. PCB aroclors were not observed 

to occur at concentrations greater than the achieved analytical detection limits (0.040 mg/kg) and are less 

than the CCME PEL for total PCBs. 

Sediment traps were deployed in Fall 2012 and Winter 2012-2013. Traps were designed to provide an 

estimate of local sedimentation rates, and facilitate the recovery of settling sediments for chemical 

comparison to material found in local seabed samples. Spatial variability was observed in the calculated 

sediment mass accumulation rates, with highest rate observed at site SP12 (a site with no sea pen 

aggregations). Higher total PCB concentrations and flux rates were observed in sediment traps deployed 

in Fall 2012 than in Winter 2012/2013. PCB concentrations in trap samples and co-located surficial 

sediment samples did not exceed CCME guidelines. The results suggest a spatial relationship between 

suspended (settling) and surface sediments, however there is a high degree of uncertainty associated 

with these estimates and the results may not reflect rates over larger time scales. 
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To address water characterisation needs, CTD profiles (conductivity, temperature, depth) of the vertical 

water column were collected along zigzag transects on monthly and bimonthly events. Profiles and 

samples were collected during daytime high tides to provide for sufficient water coverage and access to 

intertidal areas to standardise effects of variability across the tidal cycle. In situ data were collected at 

multiple depths for salinity, temperature, dissolved oxygen (DO), and turbidity (June 2013 only). 

Temperature and salinity exhibit both seasonal and spatial variation in surface waters. The highest 

salinity was observed at Boundary Bay and in the inter-causeway area at Roberts Bank, areas with a 

more limited influence from the Fraser River outflow plume than areas of Roberts Bank north of the 

northern-most causeway or Sturgeon Bank. Three distinct water stratification categories emerge from the 

salinity and temperature profiles in the sub-area of focus at Roberts Bank: (i) areas of predominant Fraser 

River influence, (ii) areas of predominant marine influence, and areas where persistent stratification 

(i.e. two distinct water masses) is observed across the tidal cycle. The extent of each area varies 

seasonally, coinciding with changes in Fraser River flow. 

Water samples were collected in April 2013. Samples were analysed to quantify hardness, total 

suspended solids (TSS), nutrients, and trace elements by inductively coupled plasma – mass 

spectrometry (ICP-MS) (including metals and metalloids). All water chemistry samples where less than 

the CCME or B.C. Ministry of Environment (MOE) marine water quality guidelines for the protection of 

aquatic life. For parameters which marine specific guidelines have not been developed, concentrations 

did not exceed the corresponding freshwater quality guideline or upper range of ambient concentrations 

expected in seawater.  
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ACRONYMS AND ABBREVIATIONS 
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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 the 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 to inform a future 

effects assessment for the Project. This technical data report describes the results of Sediment and Water 

Quality Characterisation studies. 

1.2 STUDY OVERVIEW AND OBJECTIVES 

Sediments and water represent two major components of the abiotic environment of Roberts Bank, which 

directly and indirectly supports biological communities in the vicinity of the Project site. It is important to 

have reliable data on the existing sediment and water quality, as well as to have a good understanding 

about how changes in these abiotic components are likely to influence algae, plants and animals in the 

various ecozones. Indirect and direct effects of the proposed RBT2 Project have the potential to alter 

sediment and water column characteristics. The data discussed in this report are intended for use in 

association with other geomorphic and biological data, toward an improved understanding of the 

relationships and inter-dependencies that exist between abiotic and biotic environmental characteristics of 

Roberts Bank and the larger Fraser River delta. 

A review of existing information and state of knowledge was completed for sediment and water quality to 

identify key data gaps and areas of uncertainty within the general RBT2 area. This technical data report 

describes the findings for key components identified from this gap analysis. Study components, major 

objectives and a brief overview are provided in Table 1. 
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Table 1 Study Components and Objectives 

Component Objective Brief Overview 

1) Surface 
Sediments 

 Define the chemical and physical 
characteristics of surface sediments 
(0 to 10 cm depth) at Roberts Bank, 
Sturgeon Bank, and Boundary Bay. 

 Provide co-located data 
characterising sediment habitat to 
support other RBT2 environmental 
assessment studies, including coastal 
geomorphology and various biological 
studies 

 Characterisation of possible 
anthropogenic sources substances 
such as trace elements and Polycyclic 
aromatic hydrocarbons (PAHs), in 
support of shellfish uptake studies 
and an associated human health risk 
assessment. 

Surface sediment samples were collected 
during 10 individual sampling events in 2012 
and 2013 from intertidal and subtidal areas. 

Sampling locations were accessed on foot or 
by vessel, and samples collected by hand, 
sediment grab, and by SCUBA diver. 

Sediments were analysed for pH, moisture, 
particle size distribution, total organic 
content, sulfides, nutrients, 
metals/metalloids, PAHs, polychlorinated 
biphenyls (PCBs), and coal content. 

2) Suspended 
Sediments in 
Water Column 

 Assess sedimentation rates and 
regimes at the proposed Project site 
and within areas that support orange 
sea pens (Ptilosarcus gurneyi) 
aggregations. 

 Characterise the physical and 
chemical properties of suspended 
particulate matter in the water column. 

 Compare the characteristics of 
sedimenting and seabed material.  

Suspended sediment samples were 
collected using custom-designed sediment 
traps in 2012 Fall and Winter 2012-2013 at 
three sites (areas of high, low and no sea 
pen densities). Co-located grab samples of 
surface sediments were collected in 2012. 

Results for sediment flux rates and 
characterisation of water column particulate 
matter and surface samples are provided. 

3) Water Quality 

 Characterise the physical and 
chemical estuarine environment at 
Roberts Bank, Sturgeon Bank and 
Boundary Bay. 

 Assess the influence of freshwater 
and marine water influence, including 
seasonal variation. 

Vertical profiles for salinity, temperature and 
depth were collected from a vessel at peak 
daytime high tides. 

Field events occurred on a monthly and 
bi-monthly basis over a one year period. 
Vertical profiles for turbidity were collected in 
June, 2013. 

Surface water and bottom water samples 
were collected from a vessel during April, 
2013. Samples were analysed for physical 
tests, nutrients and metals. 

The various study components were intended to achieve the following: 

 Characterise the physical sediment habitat in the same time frame and same areas of interest as 

other marine biological studies, including biofilm, marine vegetation, marine invertebrates, marine 

fish, and coastal seabirds. 

 Characterise water masses in the nearshore environment and provide a better understanding of 

the extent of influence of the Fraser River estuarine salt wedge. 



Port Metro Vancouver - 3 - Hemmera 
RBT2 – Sediment and Water Quality Characterisation Studies  August 2014 

 

The studies presented in this technical data report include results from sediment samples collected 

across the broader Fraser River estuary. Sampling and analysis for these studies were specifically 

conducted to support characterisation of abiotic conditions in context of habitat characteriation for biotic 

components relevant to the RBT2 Project. Additional sediment sampling studies that focus on key project 

elements in relation to dredging and disposal at sea (DAS) activities, DAS regulations, and 

Polychlorinated biphenyl (PCB) concentrations are presented and discussed in a separate Sediment PCB 

Concentrations and Sediment Thresholds for Increased Uptake in Southern Resident Killer Whales 

(Hemmera 2014b). 

1.3 PHYSICAL / ENVIRONMENTAL SETTING 

The Fraser River delta occupies an area of approximately 337 km
2
, generally bounded by the North Arm 

of the Fraser River to the north and Boundary Bay to the south (Harrison et al. 1998). The intertidal zone 

on the delta is profoundly influenced both by freshwater input from the Fraser River and marine waters 

from the Strait of Georgia. 

Discharge from the Fraser River tends to be highly turbid, and the river transports an estimated 17 million 

tonnes of sand, silt and clay sediment to the delta and Strait of Georgia on average each year 

(McLean et al. 1999). Flow in the river is typically lowest in February and March, then rises in late April, 

peaking in May and early June during spring freshet, and subsequently recedes through the late summer 

and fall (Hemmera et al. 2013). The Main Arm carries the majority of the flow (>80%), with the remainder 

delivered via the North and Middle Arms. A small portion of flow is delivered via Canoe Passage. 

Water quality within the Fraser River estuary is generally good: sampling has indicated low contaminant 

levels and concentrations of anthropogenic contaminants to be lower than historical levels (Gray and 

Tuominen 1999). Various contaminants, however, enter the Fraser River and estuary from industrial and 

municipal discharges, non-point source runoff from agricultural and urban stormwater, as well as from 

natural erosion and leaching. Fecal coliforms are present in municipal wastewater and stormwater 

discharges and vary seasonally (with levels highest in winter and lowest in summer), based on the 

influence of rainfall and bypassing of treatment works during peak flow events in winter months. 

Pacific Ocean water masses that enter the Strait of Georgia via the Juan de Fuca Strait also play a major 

role in the Fraser River estuary. The period and range of inundation and exposure in the intertidal zone 

across the tidal cycle influences a broad range of biogeochemical and biological processes there. 

Maximum tidal range (~5 m) occurs during spring tides in June and December and the lowest tidal range 

(~3 m) occurs in March and September. Nitrogen (N) concentrations, based on marine supply, tend to 

limit primary productivity (Harrison et al. 1998) in both the Fraser River estuary and the Strait of Georgia 

during the mid-summer and early fall period. Local terrigenous inputs of nutrient rich waters or localised 

nutrient recycling (for example in eelgrass beds and salt marshes), may influence the local magnitude 

and characteristics of primary productivity. 
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Temperature, salinity and dissolved oxygen at Roberts Bank vary across tidal cycles and seasonally. 

Historical values reported for temperature, salinity and dissolved oxygen in surface waters (top 1 m) 

measured from July to September range from 11.0º C to 22.5º C, freshwater to 33 
o
/oo, and 9.0 mg/L to 

13.0 mg/L, respectively. The inter-causeway area, bounded by the Westshore terminal causeway to the 

Northwest and the Tsawwassen ferry terminal to the Southeast, is substantially sheltered from the 

influence of Fraser River freshwater outflows that occupy the upper-most layer of the water column over 

Roberts Bank. The surface waters of the inter-causeway area, therefore, are more saline than adjacent 

areas of the Fraser River delta (Pearce and McBride 1977; Levings and Coustalin 1975). 

Sediment inputs to the delta are mostly provided by the Fraser River. The seasonal variation in 

suspended sediment concentrations within the delta water masses corresponds with peak seasonal flow 

from the river, ranging from 500 mg/L to 1,000 mg/L during freshet season, between 100 mg/L to 

200 mg/L in late summer and fall, and between 50 mg/L to 100 mg/L during low flow in the winter season 

(McLean et al. 1999). The majority of the river’s sand load is deposited in the delta front off the Main Arm 

of the river near Steveston. The inter-causeway area at Roberts Bank is observed to be substantially 

isolated from the Fraser River plume by the Deltaport Causeway, which deflects the plume and fine 

clay-sized sediment it carries into the deeper Strait of Georgia waters (Hemmera et al. 2013; NHC 2014). 

The Roberts Bank tide flat is made up mainly of sands with minimal fines (silt plus clay) content. Silty 

clays are principally observed at the landward margins (McLaren and Tuominen 1998). Boundary Bay is 

more isolated from the influence of the Fraser River than Roberts Bank or Sturgeon Bank, owing to the 

Point Roberts headland. Boundary Bay receives freshwater input from three smaller river inputs, the 

Nicomekl, Serpentine and Little Campbell Rivers, with different contaminant mix and upstream influence 

than the Fraser River. 
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2.0 REVIEW OF EXISTING STUDIES 

Water and sediment properties at Roberts Bank in the vicinity of the Project site have been the focus of 

many scientific investigations. Past compilations of historical water quality data for Roberts Bank and the 

surrounding area are available (Triton 2001; Swain et al. 1998). Some of the most relevant studies are 

summarised below. 

2.1 MCLAREN AND TUOMINEN (1998) FRASER DELTA SEDIMENT TRANSPORT STUDY 

McLaren and Tuominen (1998) collected surface sediment grain size data from the Fraser River in 1993 

to characterise sediment transport patterns in the Fraser River Estuary. Surficial sediment grain size data 

were collected at 1,488 sites from the point of confluence of the Pitt River to the 200-metre bathymetric 

contour in Strait of Georgia. Sediment grain size data from this study was obtained and used to develop 

spatially interpolated maps in ArcGIS for comparison to present day (2012-2013) data, collected as 

described in this report (Section 3.5.4, Figure 16 and Figure 17; Appendix D: Figures 2 to 4). 

2.2 DELTAPORT THIRD BERTH (DP3) BASELINE STUDIES – WATER QUALITY 

Baseline water quality sampling was conducted in 2004 to characterise existing conditions for the 

Deltaport Third Berth Environmental Assessment [Vancouver Port Authority (VPA) 2005]. Water samples 

were collected around the Roberts Bank terminal in order to characterise general baseline water quality 

(Figure 1). Nearshore and deeper water sites located between Canoe Passage and Point Roberts 

(Figure 9A) were sampled, including two references sites off Westham Island. Water quality monitoring 

was continued until summer 2005 and during construction activities. Surface water samples and 

deep water samples (2 m from bottom) were monitored for dissolved oxygen (DO), pH, temperature, 

salinity, turbidity, total suspended solids (TSS), Chlorophyll a, and nutrients (NH4-N, NO3-N, NO2-N, 

dissolved ortho-P). 
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Figure 1  Water Quality Sample Locations for Deltaport Third Berth Project Environmental 
Assessment Application (VPA 2005) 

 

Results for the initial five months of sampling (May to September) (EVS and Golder 2004) showed the 

following: 

 Turbidity and TSS (Figure 2 and Figure 3) exhibit high seasonal variability, with peak values 

observed in May/June, corresponding to the spring freshet period and greater influence of the 

turbid Fraser River plume. The turbidity was typically higher in surface waters and lower at depth; 

however, this trend was reversed in June. 

 Variations in salinity were most pronounced in nearshore areas. Salinity increased with depth in 

the water column as is expected for an estuarine salt wedge with the variable influence of two 

major water masses. 

 There was lower DO and temperature in farshore than nearshore waters, generally decreasing 

with depth. 

 NH4-N and orthophosphate concentrations were generally within a similar concentration range. 

NO3-N concentrations were up to 5 times higher at sites in deeper waters than nearshore sites.  

 Chlorophyll a concentrations were generally higher at nearshore sites than those in deeper 

waters. 

 Polycyclic aromatic hydrocarbons (PAHs) were below detection limits in water samples. 
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Figure 2  Average Seasonal Turbidity at Surface and Depth at Roberts Bank in 2004 
(A: nearshore stations; B: deeper water stations) for Deltaport Third Berth Project 
Environmental Assessment Water Quality Baseline Sampling Program (EVS and 
Golder 2004) 
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Figure 3  Average Seasonal Total Suspended Solids at Roberts Bank in 2004 (A: nearshore 
stations; B: deeper water stations) for Deltaport Third Berth Project Environmental 
Assessment Water Quality Baseline Sampling Program (EVS and Golder 2004) 

 

  



Port Metro Vancouver - 9 - Hemmera 
RBT2 – Sediment and Water Quality Characterisation Studies  August 2014 

 

2.3 DELTAPORT THIRD BERTH (DP3) BASELINE STUDIES – SEDIMENT QUALITY 

Physical and chemical characterisation of surface samples was completed at the Roberts Bank Deltaport 

facility in application for disposal at sea (DAS) permitting from Environment Canada as required by the 

Canadian Environmental Protection Act, 1999 (CEPA) and the Disposal at Sea Regulations. Twenty-five 

core samples were collected in August 2009 from geotechnical boreholes and 20 surface grab samples in 

the proposed Deltaport Third Berth terminal area and the existing ship turning basin (Figure 4) (Hemmera 

2004, VPA 2005). Samples were analysed for total organic carbon (TOC), PAHs, PCBs, metals, grain 

size, total sulfur and sulfides. A summary of the sediment characteristics of the core and surface sediment 

samples is provided in Table 2 for all substances except PCBs. The PCB results are discussed in the 

Sediment PCB Concentrations and Sediment Thresholds for Increased Uptake in Southern Resident 

Killer Whales (Hemmera 2014b). 

Table 2 Characteristics of Core Sediments (n=25) and Surface Sediments (n=20) Collected in 
Support of DP3 Disposal at Sea Permitting (Hemmera 2004) 

Attribute 
Range of Observed Values 

Core Samples (n=25) Surface Samples (n=20) 

Grain Size Sand with some silt to sandy silt Sand with trace silt to sandy silt 

Total Organic Carbon (TOC) (%) <0.5% to 1.39% <0.5% to 1.55% 

Total Sulfur 0.06% to 0.16% 0.11% to 0.48% 

Sulfides 8.6 µg/g to 315 µg/g 87.4 µg/g to 1160 µg/g 

Mercury (Hg) 0.01 µg/g to 0.05 µg/g 0.02 μg/g and 0.07 μg/g 

Cadmium (Cd) <0.2 µg/g to 0.5µg/g <0.2 μg/g and 0.4 μg/g; 

Total Polycyclic Aromatic 
Hydrocarbons (PAHs) 

0.06 µg/g to 0.12µg/g 0.06 μg/g and 1.13 μg/g. 

An additional 16 surface grab samples were collected in December 2008 and January 2009 at the 

terminal berth and caisson trench of the proposed Deltaport Third Berth project area (Figure 5). Samples 

were analysed for grain size, TOC, metals, and PAHs. A summary of the sediment characteristics of the 

surface sediment samples is provided in Table 3. All samples collected through both sediment quality 

programs met the Disposal at Sea “Lower Level” limits for metals and PAHs. 

Table 3 Characteristics Surface Sediments (n=16) Collected in Support of DP3 Disposal at Sea 
Permitting (Hemmera 2009) 

Attribute Range of Observed Values 

Grain Size 43% sand, 41% silt, 16% clay to 83% sand, 12% silt, 5% clay 

Total Organic Carbon (TOC) (%) 0.4% to 2.0%. 

Mercury (Hg) 0.0350 mg/kg to 0.0775 mg/kg 

Cadmium (Cd) 0.15 mg/kg to 0.46 mg/kg 

Total Polycyclic Aromatic 
Hydrocarbons (PAHs) 

<DL* to 1.51 mg/kg 

*DL=Detection Limit
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Figure 4  2004 Core Sediments and Surface Sediments Sampling Locations for Deltaport Third Berth Project Environmental 
Assessment Sediment Sampling Program (VPA 2005) 
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Figure 5  2008/2009 Surface Sediments Sampling Locations for the Caisson Trench of the Deltaport Third Berth Project Environmental 
Assessment Sediment Sampling Program, B: Caisson Trench (Hemmera 2004) 
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2.4 DELTAPORT THIRD BERTH (DP3) ADAPTIVE MANAGEMENT STRATEGY (AMS) – ANNUAL AND 

SEASONAL MONITORING 

The DP3 AMS was implemented as a condition of project approval to validate predictions regarding 

environmental effects associated with completion of the project, or lack thereof, and to provide an early 

indication of changes in the local Roberts Bank environment that may require alterations to the project 

design or operations. The DP3 AMS was initiated in 2007 and includes a seven year monitoring program, 

through 2013, and was designed to assess both temporal and spatial trends in tide flat geomorphology, 

sediment and water quality, benthic invertebrate communities, eelgrass distributions, and other important 

living resources.  

Water quality and sediment data have been collected at nine surface water and sediment intertidal and 

subtidal monitoring stations on a quarterly basis since 2007 as part of the AMS (Figure 6) (Hemmera et 

al. 2013). Water samples were analysed for nutrients, primary productivity (as Chlorophyll α), DO and 

water clarity (including turbidity and TSS). Overall, no synoptic temporal trends (increasing or decreasing 

measurements) have been observed through the six years of monitoring.  

Figure 6  Water Quality Sample Locations for Deltaport Third Berth Project Adaptive 
Management Strategy Program (Hemmera et al 2013) 
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DO concentrations in water samples were similar between the inter-causeway area and north of the 

Roberts Bank causeway (2007 to 2012 averages of 9.89 mg/L and 9.76 mg/L, respectively). DO typically 

decreased with increasing depth in the water column, and was lower in the fall and winter period.  

The highest observed nutrient concentrations in surface waters were in samples from an agricultural ditch 

near the base of the causeway, attributed to upland fertiliser inputs discharging to the inter-

causeway area. Phosphate concentrations were generally higher in deeper water and similar between the 

inter-causeway and north of the causeway. The vertical trend might be accounted for by one or more of 

(i) greater supply in marine origin waters that underlie brackish waters of Fraser River origin; (ii) greater 

assimilation of phosphate in the upper-most layers of the euphotic zone; and/or (iii) upward flux across 

the sediment water interface of phosphate and other nutrients liberated during the breakdown of detrital 

organic matter, particularly in anoxic sediments. Seasonal trends were evident for waterborne 

concentrations of nitrate and ammonia, TKN, phosphate and chlorophyll A, with higher concentrations 

observed in spring and summer.  

Trace element concentrations in surface waters were quite variable between inter-causeway and 

reference sites, and at reference sites were higher in concentration closer to the Fraser River, suggesting 

variable influence of Fraser River inputs. No temporal trends were observed for trace elements in 

surface waters. 

Field water quality measurements for temperature, pH, conductivity, dissolved oxygen, redox and turbidity 

were collected with a YSI probe at the time of surface water sampling. Averages for field measurements 

for 2012 quarterly events (Table 4) (calculated excluding measurements form station DP01, located 

downstream of the agricultural ditch, and including surface water and bottom water reference stations off 

Westham Island) are consistent with previous year measurements. A further summary of field turbidity, 

TSS, and laboratory turbidity results from 2007-2012, averaged by season (quarterly sampling) and 

grouped by location is presented in Table 5.  

Table 4 DP3 AMS Average Field Water Quality Measurements for 2012, by Quarter (Hemmera et 
al. 2013) 

Quarter 

Average 

Temperature 
(ºC) 

pH 
Dissolved 

Oxygen (mg/L) 
Redox (mV) Turbidity (NTU) 

Q1 6.7 7.7 10 260 0.85
1 

Q2 11.8 8.1 9.5 174 7.5
1 

Q3 13.2 7.8 9.2 276 1.0
1 

Q4 7.5 7.8 9.0 345 3.7
2 

1
 Field turbidity; 

2
 Laboratory Analysed Turbidity 
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Table 5 DP3 AMS Average Field Water Quality Measurements for 2007-2012, by Station and 
Quarter (adapted from Hemmera et al. 2013) 

Station 
ID 

Description Quarter 

Field Turbidity 
(NTU*) 

Total Suspended 
Solids (mg/L) 

Laboratory 
Turbidity (NTU*) 

Mean Min Max Mean Min Max Mean Min Max 

Inter-causeway 

DP02, 
03, 04, 
and 08 

Intertidal, surface 
water 

Q1 2.0 0.00 5.4 10.1 <2.0 24.2 2.5 0.75 7.1 

Q2 4.7 1.7 11.2 17.5 3.2 33.3 3.5 1.5 7.6 

Q3 1.0 0.64 1.5 14.5 <3.0 34.0 1.3 0.72 2.4 

Q4 1.1 0.04 2.0 12.3 <2.0 24.5 1.8 1.0 3.2 

DP05A 
Subtidal, surface 

water 

Q1 1.6 0.63 3.9 14.7 <2.0 45.3 6.9 0.6 25.0 

Q2 3.0 1.30 4.9 11.5 3.0 18.5 2.3 1.2 5.2 

Q3 0.7 0.48 0.8 9.7 <2.0 15.7 1.3 0.9 1.9 

Q4 0.6 0.21 0.8 11.1 <2.0 30.8 1.2 0.9 1.9 

DP05B 
Subtidal, bottom 

water 

Q1 3.1 0.40 10.2 10.5 <2.0 20.2 0.9 0.6 1.4 

Q2 2.0 1.20 2.7 19.1 4.4 36.5 2.0 0.9 3.4 

Q3 0.6 0.10 1.2 18.1 3.9 51.7 1.4 0.4 3.3 

Q4 0.5 0.17 1.1 14.3 <2.0 33.5 2.8 1.2 10.4 

DP09 
Tug Basin, 

surface water 

Q1 1.3 1.3 1.4 10.7 2.4 17.6 3.2 1.7 5.4 

Q2 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Q3 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Q4 n/a n/a n/a n/a n/a n/a n/a n/a n/a 

Westham Island (reference stations) 

DP06 
Intertidal, surface 

water 

Q1 6.7 1.3 18.9 23.4 2.2 67.3 11.2 2.1 23.3 

Q2 33.5 24.0 43.8 44.4 10.7 94.7 42.0 13.9 86.3 

Q3 5.1 3.5 7.9 16.6 9.9 35.3 9.4 5.0 16.5 

Q4 4.8 1.9 8.3 12.1 4.4 19.8 7.2 4.3 10.9 

DP07A 
Subtidal, surface 

water 

Q1 1.2 0.51 2.2 16.0 4.4 33.6 4.8 1.6 10.8 

Q2 16.9 3.1 24.5 24.1 6.4 48.7 23.3 4.0 50.0 

Q3 1.8 1.0 3.1 6.2 3.7 11.7 3.2 1.4 4.9 

Q4 2.0 0.14 5.5 12.5 <3.0 22.2 2.8 1.3 7.1 

DP07B 
SubtidalSubtidal, 

bottom water 

Q1 0.61 0.09 1.2 10.5 2.6 16.0 1.3 0.48 2.4 

Q2 2.4 1.3 3.4 19.7 3.0 38.0 2.5 0.78 4.3 

Q3 2.4 0.25 8.2 30.5 8.4 60.7 6.2 0.44 23.2 

Q4 1.2 0.42 2.4 27.0 9.5 64.4 4.2 0.90 14.5 

* NTU=Nephelometric turbidity units 
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There was high seasonal variation in field turbidity and TSS, with highest measurements at the Westham 

Island reference stations in Q2 corresponding to the spring freshet period (2.5 to 43.8 Nephelometric 

turbidity units (NTUs) and 2.2 to 96.7 mg/L, respectively). Higher turbidity and TSS were measured 

closest to shore (DP06), decreased with distance from the Fraser River mouth, and were higher in 

surface waters (DP07A) than at depth (DP07B). Turbidity and TSS in the inter-causeway intertidal area 

(D02, 03, 04 and 08), which are blocked from the influence of the Fraser River plume, ranged from 

0.00 to 11.2 NTU and < 2.0 to 34.0 mg/L, respectively. A slight increase in turbidity and TSS was 

observed at stations in the inter-causeway intertidal area during Q2; however, the observed values 

remained lower than those observed at the Westham Island reference stations.  

Sediment samples were analysed for sediment grain size, TOC, trace elements (including 

metals/metalloids) and nutrient concentrations. Overall, no synoptic temporal trends were observed 

through the six years of monitoring (Hemmera et al. 2013). In general, higher concentrations of 

metals/metalloids and nutrients were observed in samples collected from stations with higher clay 

content; i.e., in areas closer to the foreshore and higher up in the intertidal zone or in finer-grained 

subtidal areas within the turning basin. The greatest inter-annual variability in sediment chemistry was 

observed in the drainage ditch (site DP01, Figure 6), likely related to changes in sediments deposited by 

agricultural runoff. 

2.5 ROBERTS BANK SEDIMENT COAL DISTRIBUTION 

The Roberts Bank coal terminal, operated by Westshore Terminals Ltd., began shipment of coal in 1970. 

The existing distribution of coal particulates in Roberts Bank is of interest in the context of the RBT2 study 

to the extent that aspects of the RBT2 project could result in the disturbance and re-distribution of 

historical contaminants – including coal particulates – within Roberts Bank sediments. 

Johnson and Bustin (2006) compared coal distribution around the Westshore Terminal between 1977 and 

1999, based on data collected by Pearce and McBride (1977) (Figure 7). Coal content in the top 2 to 

3 cm of surface sediments was analysed and reported as non-hydrolysable solids (NHS). This technique 

involved the oxidation of labile organic matter other than coal particulates through addition to fresh 

sediment samples of concentrated hydrochloric acid, followed by loss on ignition of the sediment mass 

attributable to coal particulates. The average coal concentration in sediments within the vicinity of the 

Westshore Terminal was observed to double from 1.8% in 1977 to 3.6% in 1999. No increase in overall 

dispersal distance of coal was observed. Coarser sediment fractions contained the higher coal 

concentrations compared to finer fractions, and highest concentrations of coal (10.5% and 11.9% NHS) 

were measured at stations in the immediate vicinity (within 500 m) of the coal-loading terminals. It was 

concluded that any anoxic conditions resulting from coal smothering would occur only within 300 m of the 

coal loading terminal. 
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Figure 7  Sample Locations and Coal Dust Distribution in Surface Sediment as Measured in 
Weight Percent NHS (Johnson and Bustin 2006). 

 

2.6 SEDIMENTATION RATES BASED ON SEDIMENT TRAP STUDIES 

No studies were identified that provide sedimentation rates for Roberts Bank based on direct 

measurement techniques (i.e. deployment of sediment traps) or indirect estimates from radiotracer-dated 

sediment cores. Nonetheless, there are limited studies of sediment accumulation processes in deeper 

waters within the southern Strait of Georgia (Salish Sea). Wright et al. (2007) studied sediment sinking 

rates in the southern Salish Sea based on sediment traps deployed in 2003-04. While these traps were 

deployed at greater depths than at Roberts Bank, in areas exposed to different oceanographic conditions, 
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this study provides a regional example of sedimentation rates, as well as the range of conditions and PCB 

concentrations and congeners in sinking sediments found in the southern Salish Sea within the area of 

influence of the Fraser River discharge.  

Sediment traps were deployed at two sites. Site GVRD-A1 was located just north of the Iona Island 

Outfall pipe in water 99 m deep, and site GVRD-B1 was located in the middle of the Strait of Georgia in 

water 240 m deep (Figure 8). At each site, settling sediment was collected in a bottom trap positioned at 

each of 20 m and 50 m from the bottom. Ten sequential samples were recovered from each trap, with 

each sample comprising 21 days of sediment accumulation. Particle flux, concentrations of organic 

carbon, nitrogen, PCBs and polybrominated diphenyl ethers (PBDEs: brominated flame retardants) in 

sinking sediment particles were determined. Results were reported as total dry weight (TDW) flux of 

sinking material collected over 21 day periods. The small mass of material collected required that the 

sequentially collected samples be pooled for analysis of PCBs and PBDEs, along with other hydrophobic 

organic contaminants. 

The observed sediment accumulation rates and chemical characteristics are summarised below. PCB 

concentrations in suspended sediments ranged from 630 pg/g to 1110 pg/g. These concentrations are 

representative of ambient or background PCB levels in settling sediments. 

Table 6 Summary of Sedimentation Rates and PCB Concentrations for Iona Island and Georgia 
Basin Sediment Trap Deployments (from Wright et al 2007) 

Attribute 
Iona Island Outfall (Site GVRD-A1) Mid-basin Site (Site GVRD-B1) 

50 m from bottom 20 m from bottom 50 m from bottom 20 m from bottom 

Total dry weight flux 
(g m

-2
 d

-1
) 

18.9 – 48.6 42.9 – 72.3 8.9 – 75.8 0.45 - 107 

Carbon total flux 
(mg m

-2
 d

-1
) 

181 - 595 749 – 1,530 196 – 1,200 10.4 – 1,800 

Total PCBs (pg/g) 1,040 1,110 723 630 
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Figure 8  Sediment Trap Mooring Locations (Wright et al. 2007).  
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3.0 NEW STUDIES – SURFACE SEDIMENTS  

3.1 STUDY AREA  

The surface sediment study area includes predominantly intertidal areas at Roberts Bank, Sturgeon Bank 

and Boundary Bay (Figure 9A), as well as some delta foreslope (subtidal) areas at Roberts Bank 

(Figure 9B).  

Roberts Bank was of interest as a result of the location of the proposed RBT2 project (Figure 9B). This 

area includes intertidal areas from the higher high water (HHW) level to approximately 3 km seaward from 

the HHW, and from south of the Fraser River Main Arm to the BC Ferries causeway. This area also 

includes subtidal areas near the top of the Fraser River Delta foreslope at the proposed terminal footprint 

south of the Canoe Passage discharge channel, to the BC Ferries causeway, and from the higher high 

water (HHW) level to a depth along the deltaic slope of approximately 60 m. The intertidal and subtidal 

area includes the proposed project site and adjacent areas. 

Sturgeon Bank, located north of Roberts Bank, was selected as a reference area influenced by other 

natural and anthropogenic contaminants sources to the marine environment, and strongly influenced by 

the Fraser River discharge. This area includes intertidal areas, from north of the Fraser River Main Arm to 

South of the Iona jetty, and from the HHW level to approximately 3 km from the HHW level. 

Boundary Bay was selected as a reference area removed from the Roberts Bank terminals and 

emissions/discharges such as sanitary wastewater treatment effluent closer to more highly urbanised 

areas of the Fraser River delta. This area includes intertidal areas in Boundary Bay, from the HHW level 

to approximately 3 km from the HHW level. 
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Figure 9A  Sediment and Water Quality Study Area 
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Figure 9B  Sediment and Water Quality Study Area at Roberts Bank with Project Components 

 



Port Metro Vancouver - 22 - Hemmera 
RBT2 – Sediment and Water Quality Characterisation Studies  August 2014 

 

3.2 SPATIAL AND TEMPORAL SCOPE 

The characteristics of surface sediments in the study area are expected to vary within and between the 

three major areas. Sediment characteristics can vary spatially on the scale of tens of meters, to meters, to 

centimetres, and even finer scales. Finer scale variations in sediment characteristics are expected 

especially in areas where algae, vascular plants (such as eelgrass) and marine animals locally modify the 

sediments around them (e.g. through bioturbation or production of exudates), facilitating complex and 

often profound two-way and multi-way biota-sediment relationships. Nonetheless, the physical 

oceanographic and geomorphic processes of interest from the perspective of the RBT2 project 

(i.e., estuarine circulation, wind-generated wave conditions and tidal flows, and larger scale sediment 

transport processes) are expected to control tide flat conditions over larger scales of tens to hundreds of 

meters. A simplifying assumption, therefore, is that knowledge about sediment characteristics of the 

Roberts Bank tide flat and reference areas over scales of tens to hundreds of meters is generally 

adequate to define the important abiotic – biotic linkages. 

The tide flat sediments are also expected to show limited temporal variation over annual, decadal or 

longer time spans. In general, it was expected that the sediment characteristics of interest reflect an 

integrative and cumulative influence of geomorphic, physical oceanographic, meteorological and 

biological processes that themselves can vary over relatively short time periods (for example, over a 

single tidal cycle or day – night period, seasonally, and inter-annually). A simplifying assumption, 

therefore, is that the tidal and seasonal variability in sediment properties is very small relative to other 

forms of variability, and that sediment characterisations completed in one season are generally adequate 

for characterising co-variations with environmental attributes that exhibit much greater temporal variability. 

In consideration of such spatial and temporal variability, and given the objective of surface sediment 

sampling to provide co-located sediment habitat characterisation for the respective biotic components, 

sediment study components were sampled seasonally during 2012 and 2013. 

To provide data that was spatially and temporally relevant for examining co-variations with geomorphic 

processes and various biotic components, detailed sediment sampling and analysis plans were 

developed and executed in conjunction with other biotic components of the larger RBT2 scientific 

programs [e.g. marine and coastal birds including Calidris mauri (Western Sandpiper), marine vegetation 

including Zostera (eelgrass), marine invertebrates such as Ptilosarcus gurneyi (Orange Sea Pens) and 

biofilm (intertidal epipelic diatom mats)]. Eight of ten surface sediment sampling events were completed in 

conjunction with biotic studies. Two surface sediment sampling events were conducted independently 

from other marine discipline studies to provide additional spatial coverage to assess sediment trends over 

the entire study area. 
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Sediment samples from the mid- to higher intertidal areas (within the first 3 km from the HHW level, and 

generally above the +0.5 m tidal elevation relative to chart datum, CD) were collected in such a manner 

as to provide co-located sediment data in support of baseline studies on biofilm, eelgrass, infaunal 

invertebrates, and shorebird foraging intensity. Samples were collected based on nested randomised 

sampling and randomised systematic transects designs as described in the respective Marine 

Invertebrate and Marine Vegetation Technical Data Reports (Hemmera 2014c, Hemmera 2014d). 

Sampling locations in lower intertidal (>3 km seaward from the HHW level, and generally at tideflat 

heights <0.5 m CD) and subtidal areas at Roberts Bank were selected independent of biotic studies 

(non co-located studies). Samples were collected both along a systematic transect and a grid to provide 

sediment data with approximately equally spaced coverage. A 325 m grid was used in the area adjacent 

to the proposed project footprint to provide increased resolution in areas of potential direct and indirect 

project impacts. A 750 m grid was used over the tide flats and subtidal areas beyond of the focus areas. 

The sampling grid was slightly offset from a north/south orientation, to align with depth contours near the 

upper shoulder of the delta foreslope. 

Sampling effort was the greatest on Roberts Bank as this is the location of the proposed project.  

3.3 METHODS 

Surface sediment samples were collected over a series of 10 field sampling events which were conducted 

between April 2012 and September 2013. A chronological summary of the 10 events is presented in 

Table 7. The sampling year, season, site location, number of sampling sites, sediment characteristics 

analysed, and co-located study (as applicable) are provided for each event. A map of all sampling site 

locations sampled from April 2012 to September 2013 is provided in Figure 10. The event numbers in 

Figure 10 are linked to the 10 sampling events described in Table 7. 

Site access and sample acquisition methods varied according to sampling location, determined by 

location depth and exposure/accessibility during daytime high tides. Site access and sample acquisition 

methods are organised into three groupings: 

i) Foot access, hand grab collection: Higher intertidal areas were accessed by foot from the 

shoreline and Roberts Bank causeway during daytime low tides. Surface samples were generally 

collected by hand using small corers or similar devices. 

ii) Boat access, grab sampler collection: Lower intertidal and subtidal areas were accessed by 

boat, with intertidal sites accessed during daytime high tides. Access to subtidal sites was not 

restricted by tide and the sites were accessed during daylight hours. Surface sediment samples 

were collected using stainless steel Ponar and Van Veen sediment grab samplers. 

iii) Boat and SCUBA access, diver grab collection: Subtidal areas were accessed using a boat 

and SCUBA diver. Surface samples were collected by divers. 
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Table 7 Summary of Surface Sediment Sampling Events at Roberts Bank (RB), Boundary Bay (BB), and Sturgeon Bank (SB) 

Event 

Sampling 
Event 

(Season, Yr.) 

Sampling 
Dates 

(Mo., Yr.) 

Sampling 
Locations 

(Study Area) 

Access and 
Acquisition 

Methods 

No. of 
Samples 
Collect 

Parameters Analysed 
Co-located 

Studies 

1 Spring 2012 
April and 

May, 2012 

Higher intertidal at 
Roberts Bank, 

Sturgeon Bank, 
Boundary Bay 

Foot access, 
hand grab 

170: 

92 RB 

41 BB 

37 SB 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 

PAHs 

Invertebrates 
(infauna), Coastal 
birds, and Biofilm 

2 
Summer 

2012 

July and 
August, 

2012 

Higher intertidal at 
Roberts Bank, 

Sturgeon Bank, 
Boundary Bay 

Foot access, 
hand grab 

227: 

120 RB 

57 BB 

50 SB 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 
PAHs, PCBs

1
 (76 samples RB only) 

Invertebrates 
(infauna), Coastal 
birds, and Biofilm 

3 
Summer 

2012 
August, 

2012 
Subtidal at Roberts 

Bank 

Boat and 
SCUBA access, 

diver grab
 

17 
pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 

PAHs, PCBs
2
 (3 samples) 

Sea pens habitat 

4 Fall 2012 
September, 

2012 

Lower intertidal at 

Roberts Bank 

Boat access, 
grab sampler 

(Ponar) 
26 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, PAHs, 

elemental sulfur 

Marine 
Vegetation, 

Eelgrass study 

5 Fall 2012 
September, 

2012 

Lower intertidal at 

Roberts Bank 

Boat access, 
grab sampler 

(Ponar) 
12 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 

PAHs 
None 

6 Winter 2013 February 
Higher intertidal at 

Roberts Bank, 
Boundary Bay 

Foot access, 
hand grab 

14: 

8 RB 

6 BB 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 

PAHs 

Invertebrates 
(Infauna), Coastal 
birds, and Biofilm 

7 Spring 2013 
April and 
May 2013 

Higher intertidal at 
Roberts Bank, 

Sturgeon Bank, 
Boundary Bay 

Foot access, 
hand grab 

125: 

65 RB 

30 BB 

30 SB 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 
PAHs, coal distribution (18 samples, 

RB only) 

Invertebrates 
(Infauna), Coastal 
birds, and Biofilm 

8 Spring 2013 May 2013 

Lower intertidal 
and 

Subtidalsubtidal at 
Roberts Bank 

Boat access, 
grab sampler 
(Van Veen) 

84 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, metals, 
PAHs, sulfides

3
, coal distribution (31 

samples) 

None 
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Event 

Sampling 
Event 

(Season, Yr.) 

Sampling 
Dates 

(Mo., Yr.) 

Sampling 
Locations 

(Study Area) 

Access and 
Acquisition 

Methods 

No. of 
Samples 
Collect 

Parameters Analysed 
Co-located 

Studies 

9 Spring 2013 May 2013 
Lower intertidal at 

Roberts Bank, 
Boundary Bay 

Foot access, 
hand grab 

10: 

7 RB 

3 BB 

Metals, PAHs (low detection)
4
, coal 

distribution (10 samples RB, 2 samples 
BB) 

Invertebrates 
(Shellfish) 

10 
Summer 

2013 
July to 

Sept., 2013 

Higher intertidal at 
Roberts Bank, 

Sturgeon Bank, 
Boundary Bay 

Foot access, 
Hand grab 

121: 

63 RB 

28 BB 

30 SB 

pH, moisture, TOC, nutrients, saturated 
paste extractables, grain size, sulfides

5
; 

46 samples, RB only) 

Invertebrates 
(Infauna), Coastal 
birds, and Biofilm 

1 
PCB analysis as Aroclors (Detection Limit <0.040 mg/kg) 

2 
PCB analysis for full 209 congeners (DLM* < 2.0 to 7.0 pg/g) *DLM= Detection limit adjusted for 

sample matrix effects ; 
3 

Field method performed following MWLAP (2002) protocol; 
4 

Low detection limit analysis performed at AXYS analytical; 
5
 Laboratory 

analysis performed at ALS analytical 
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Figure 10  Sediment Sampling Locations, April 2012 to September 2013 
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3.3.1 Field Methods: Foot Access and Hand Grab Collection 

Six field sampling events (Table 7: Event Numbers 1, 2, 6, 7, 9, and 10) were conducted in the 

higher and lower intertidal areas at Roberts Bank, Sturgeon Bank and Boundary Bay. Five studies were 

co-located with the benthic invertebrate (infauna), coastal birds, and biofilm studies. One sampling event 

was conducted in each of Spring 2012, Summer 2012, Winter 2013, Spring 2013, and Summer 2013. 

One study was co-located with the shellfish study, conducted in Spring 2013. 

For all studies, sampling sites were located using a hand held Garmin global positioning system (GPS). A 

quadrat was placed around an area of undisturbed sediment upon arriving at the pre-determined location 

and a new GPS waypoint recorded at the actual sampling location. Field measurements including pH, 

temperature, oxidation-reduction potential (ORP), conductivity, salinity and DO were collected using a YSI 

multi-parameter sonde. Field observations for percent vegetation cover, presence of bird droppings, and 

other habitat type present were recorded in Pendgragon on a Personal Digital Assistant (PDA) device.  

Surface sediments were collected to a depth of 10 cm using a clean, stainless steel trowel (hand grabs). 

Samples were collected from within a non-disturbed or minimally disturbed area following sampling and 

surveys for relevant biotic components (as required). Sampling was performed in triplicate from within a 

quadrat, with triplicate samples pooled within a large Ziplock bag and thoroughly homogenised to make 

up a single sample. Samples were frozen and stored in the chest freezer at the Tsawwassen First Nation 

(TFN) water treatment plant until submitted to the analytical lab for analysis to extend holding time (Puget 

Sound Water Quality Action Team 1997).  

Surface sediment samples were collected at Roberts Bank for sulfides analysis during the Summer 2013 

sampling event. At a subset of sites, the top 2 cm of sediment was collected using a stainless steel 

spatula into a 125 mL sediment jar. The jar was packed to remove any visible pockets of air and filled to 

the brim before capping in order to minimise headspace. These samples were stored on ice until analysis, 

for a period of up to 12 hours. 

3.3.2 Field Methods: Boat Access and Grab Sampler Collection 

Three field sampling events (Table 7: Event Numbers 4, 5 and 8) were conducted in the lower intertidal 

and subtidal areas at Roberts Bank. Two events were conducted in Fall 2012, and one event in Spring 

2013. One event in Fall 2012 was co-located with the eelgrass study; sampling sites were thus selected 

based on the presence and density of eelgrass, Zostera marina and Z. japonica. The remaining two 

events were conducted independently of biotic component studies. These studies were designed to 

increase the spatial coverage of sediment characterisation data at Roberts Bank. 
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Pre-determined sampling sites were accessed by boat using a hand held Garmin GPS and on board GPS 

navigation systems. Intertidal areas were accessed during daytime high tides. Subtidal areas were 

accessed during daylight hours during rising and falling tides with a preference for peak high and low 

tides (slack tide), when the minimal tidal currents were most conducive to maintaining the position of the 

boat and deployment of sampling gear.  

Surface sediments were retrieved using Petite Ponar sediment grab sampler (152 mm x 152 mm: 

0.023 m
2
 sampling area) (Ponar) in Fall 2012 and a Van Veen sediment grab sampler (360 x 280 mm: 

0.10 m
2
 sampling area) (Van Veen) in Spring 2013. Sediment grab samplers were operated from a boat 

using a powered winch. A new GPS waypoint was recorded when the grab sampler reached the seabed 

floor and the grab mechanism triggered for sample collection. The grab was retrieved following each grab 

cast and the access doors at the top of grab opened. If the grab was almost full of sediment and the 

sediment water interface sampled nearly intact, the grab was retained for sample acquisition. If 

insufficient material was collected or if material was lost during retrieval, caused by the grab not closing or 

adequately penetrating the sediment, additional grab casts were performed until a suitable sample was 

retrieved. 

Field measurements for ORP were taken using a YSI multiparameter meter at the time of sampling. Field 

observations for weather, sea state, depth at time of sampling, presence of macrofauna and vegetation 

were recorded. 

Sulfides analysis was performed on surface sediment samples collected at Roberts Bank during Spring 

2013 sampling. At select sites, superficial sediments (top 2 cm) were collected from within the Van Veen 

grab sampler using a stainless steel spatula into a 125 mL sediment jar. The jar was packed to remove 

any visible pockets of air and filled to the brim before capping to minimise headspace. These samples 

were stored on ice until analysis. 

Surface sediments to a depth of 10 cm were collected from within the Ponar or Van Veen grab sampler 

by hand using a clean, stainless steel trowel. Three full trowel scoop of sediment were pooled within a 

large Ziplock bag. The bag was sealed and the contained sediments thoroughly homogenised by 

massaging the bag to make up a single sample. Samples were frozen and stored in the chest freezer at 

the TFN water treatment plant until submitted to the analytical lab for analysis to extend holding time 

(Puget Sound Water Quality Action Team 1997). 

3.3.3 Field Methods: Boat and SCUBA Access, Diver Collected 

One field sampling event (Table 7: Event Number 3) was conducted in the subtidal area at Roberts Bank 

in Summer 2012. This event was co-located with the Benthic Invertebrate Sea Pens study.  
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Pre-determined sampling sites were accessed by boat using a hand held Garmin GPS and on board GPS 

navigation systems. Surface sediments at depth were accessed by SCUBA diver. Surface sediments to a 

depth of 10 cm were collected by divers using a customised stainless steel box corer (dimension 20 cm x 

10 cm x10 cm, approximately three quarters full). Additional method details are provided in Section 4.3.1 

and the Orange sea pens technical data report (Hemmera and Archipelago 2014). 

3.3.4 Laboratory Analyses 

Sediment samples were retrieved from storage in the chest freezer at the TFN water treatment plant 

shortly after collection (minimum 1 week and maximum 3 months storage period) and submitted to the 

appropriate environmental analytical provider for analysis. Samples were selectively analysed for pH, 

moisture, nutrients, anions (as saturated paste extracts), trace elements (including metals/metalloids), 

PAHs, PCBs, percent coal content, and sulfides.  

Samples were submitted to ALS Environmental for laboratory analysis unless otherwise indicated. Details 

of the ALS Environmental analytical test methods (ATMs), including references, are summarised in 

Appendix A: Analytical Test Methods. In summary, the complete analyses performed are as follows: 

 TOC, plant available nutrients, major anions by saturated paste extract methods, and grain size 

were analysed over two years and three sampling seasons. 786 samples were analysed for this 

suite of analytes. 

The analysis of major anions (chloride, sulfate, nitrate, etc.) using saturated paste methods is not 

common in estuarine/marine studies. Rather, saturated paste extraction and analytical methods 

for major ions and nutrients have been developed by agricultural researchers for use in studies of 

trace element and nutrient uptake and salt effects on plants in unsaturated agronomic soils. The 

underlying premise is that the freely water soluble fraction of major ions and nutrients is that 

which is readily available for biological uptake within the rhizosphere. The hydration of a soil 

sample to the point where water just fills the interstitial voids, followed by vacuum extraction and 

analysis of the pore water, allows for the quantification of the fraction of the analytes of concern 

that are most biologically relevant from the perspective of productivity or inhibition.  

When such an extraction and analytical procedure is used in the context of an intertidal or 

subtidal sediment, it provides a proxy for the concentrations of nutrients, major ions, trace 

elements, etc. in the sediment pore water. The sediment sample remains partially saturated even 

after collection and cold storage, such that a major portion of the vacuum-extracted water is pore 

water. Addition of deionised, distilled H20 to just saturate the sediment in the laboratory brings 

readily soluble analytes into solution – ideally in proportion to their availability to microbes, algae, 

vascular plants and estuarine/marine invertebrates in situ. 

Saturated paste methods were used in this study to approximate available sediment pore water 

concentrations. While a number of techniques exist for the direct sampling of sediment porewater, 

these are generally more complicated and each technique has its own unique challenges with 

regard to data artefacts. One expected artefact for nutrient concentration data derived from this 

method is that measured concentrations are likely to be biased low in samples of increasingly 

coarse texture (e.g. for coarse sandy sediments). This is because finer clay-like sediments have a 

much greater water holding capacity than coarse, silicaceous sandy sediments and thus tend to 

retain the native porewater held within the sediment voids during sampling and subsequent 
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manipulations. Sandy sediments tend to lose their pore water. When the voids are subsequently 

filled with deionised distilled H20 during the saturated past extraction, this has the effect of diluting 

the ionic strength of the small amount of residual native pore water. 

The expected bias in major ion concentrations associated with sediment grain size, as discussed 

above, was minimised by adjusting saturated paste results by taking into account the percent 

saturation of the sample used in the saturated paste analysis; i.e. – 

 [Conc.]adjusted = [Conc.]observed/(% saturation/100%)   (1) 

 pH and moisture were analysed over two years and three sampling seasons. 766 and 

756 samples were analysed for pH and Moisture, respectively. 

 Metals and PAHs were analysed over one year. 520 samples were analysed for metals and 

PAHs. A simplifying assumption was that metals concentrations in surface sediments exhibit 

limited seasonal variatiability, especially in relation to the much larger spatial variability in 

association with variations in TOC and grain size (percent silt and sand). For PAHs, a large 

number of samples did not exhibit quantifiable concentrations at the ‘routine’ analytical detection 

limits achieved. 

 Surface sediments co-located with the Benthic Invertebrates shellfish study were submitted for 

metals and PAHs analysis only. Metals analysis was performed at ALS Environmental as for 

other sampling events. PAHs were analysed at AXYS Analytics in Sidney, BC, using specialised 

analytical techniques intended to achieve exceptionally low analytical detection limits. 

 PCBs were analysed as “Aroclors” in a subset of samples in the Roberts Bank study area only as 

this is the location of the proposed Project site. 79 samples were analysed for PCBs, including 

3 samples in the Sea Pens habitat area and a sub-set of 76 samples in the near intertidal area, 

both in Summer 2012. As for PAHs, the PCB analytical methods used for the major portion of 

sediment samples provided relatively high analytical detection limits (≥ 0.040 mg/kg). Since none 

of the samples tested had quantifiable PCB concentrations above the analytical detection limit, 

the Aroclor PCB results are not discussed further herein. 

 Percent coal content was analysed for a sub-set of samples from Spring 2012. The majority of 

these samples were collected at the Roberts Bank as this is the location of the proposed Project 

site and in proximity to the Westshore coal terminal. Three sites at Boundary Bay were analysed 

as reference sites. Coal content was analysed using a modified hydrochloric acid hydrolysis 

method based on methods provided by Johnson and Bustin (2006) and Pearce and McBride 

(1977). 

 Sulfides were analysed in samples collected in Roberts Bank subtidal area in Spring 2013, using 

a silver sulfide electrode following the British Columbia Ministry of Environment (formerly Ministry 

of Water, Land and Air Protection(MWLAP)) Protocols for Marine Environmental Monitoring 

(MWLAP 2002). Samples were stored on ice and refrigerated until time of analysis, and the 

analyses were completed within 48 hours of sample collection. The detailed methodology is 

provided in Appendix B: Sulfides Analysis by Silver Sulfide Electrode Protocol. 

 Sulfides were analysed colorimetrically at ALS Environmental for samples collected at Roberts 

Bank intertidal areas in Summer 2013. Samples were stored on ice and transferred to ALS 

custody within 12 hours of sample collection. Samples were extracted within 48 hours of arriving 

at the lab facilities. 

The number of samples analysed for each parameter for each sampling event is summarised in Table 8.  
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Table 8 Summary of Analytical Data by Sampling Event 

Study Information Number of Samples per Analytical Parameter 

Event 
Number 

Sampling 
Event 

(Season, 
Year) 

Number of 
Samples 
per Study 
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1 Spring 2012 170 170 170 170 170 170 170 170 0 0 0 

2 
Summer 
2012 

227 227 227 227 227 227 227 227 76 0 0 

3 
Summer 
2012 

3 (n = 5 or 
6 

replicates) 
3 3 3 3 3 3 3 3 0 0 

4 Fall 2012 30 0 0 30 30 30 0 0 0 0 0 

5 Fall 2012 12 12 12 12 12 12 12 12 0 0 0 

6 Winter 2013 14 14 14 14 14 14 14 14 0 0 0 

7 Spring 2013 125 125 125 125 125 125 0 0 0 18 0 

8 Spring 2013 84 84 84 84 84 84 84 84 0 31 63 

9 Spring 2013 10 10 0 0 0 0 10 10 0 10 0 

10 
Summer 
2013 

121 121 121 121 121 121 0 0 0 0 46 

Total 796 766 756 786 786 786 520 520 79 59 109 

3.4 DATA MANAGEMENT 

Data from each of the 10 field sampling events conducted by Hemmera from April 2012 to September 

2013 as outlined in this report were amalgamated into a single dataset. The complete data were analysed 

together in order to provide a greater spatial resolution and to better capture the spatial variation 

expected within and between each study area. Data processing, storage, QA/QC and analysis applicable 

to the 10 sampling events are described below. The complete collated data are available as an 

electronic dataset. 

3.4.1 Data Processing and QA/QC 

Data collected in the field were either manually entered or uploaded from the PDA into an Excel 

spreadsheet. The GPS data was then uploaded and linked to the field data in the Excel spreadsheet and 

saved to the Hemmera server. This spatially-linked data underwent an extensive QA/QC process before 

being uploaded to Hemmera’s ArcSDE database. Once received, lab data also underwent a QA/QC 

process before being uploaded the Hemmera’s ArcSDE database. The lab and field data were linked and 

where then retrieved from the database for a final, post-database upload, QA/QC check.  
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The following QA/QC practices were applied: 

 Field Data Upload QA/QC (Pre-database): 

▫ Comments recorded in the field were checked for anything that would affect the QA/QC 

process; 

▫ Waypoints manually recorded in the field were compared against the waypoints saved on the 

GPS; 

▫ Field data was compared to the original sample plan to ensure consistency in sample IDs and 

spatial locations; 

▫ Field data were checked made to ensure that the recorded data was reasonable (e.g. pH was 

not 0). 

 Raw Analytical Data QA/QC (Pre-database): 

▫ Analytical datasets were reviewed for accuracy of methods and completeness; 

▫ Sample IDs were cross-checked between analytical data and field data; 

▫ Field duplicates were evaluated by calculating relative percent difference (RPD). 

 Post-database Upload QA/QC: 

▫ Data values within each family of analytes (i.e. physical tests, TOC, Metals etc.) from 

individual lab data forms were joined in a single dataset and then checked for duplicate 

entries; 

▫ Column headings were checked for accuracy of analytical parameters and units of 

measurement; 

▫ Spot-checks comparing values from each lab data form with the corresponding values listed 

in the database were performed; 

▫ Null or zero values listed in the database were checked for accuracy using the original lab 

data forms. 

3.4.2 Statistical Analysis 

Statistical analysis was performed on the results from the 10 field sampling events. Analysis was 

performed on analytical data for physical tests (pH and moisture), TOC, plant available nutrients, 

saturated paste extractable ions, trace elements (metals, metalloids, etc.), PAHs, grain size, and PCBs. 

PAHs occur as mixtures in the environment and thus were assessed as: 

 Individual PAHs; 

 Low Molecular Weight PAHs (LMW PAHs, comprising 2-methylnaphthalene, naphthalene, 

acenaphthene, acenaphthylene, fluorene, anthracene, phenanthrene);  

 High Molecular Weight PAHs (HMW PAHs, comprising pyrene, fluoranthene, chrysene, 

benzo[b+j+k]fluoranthene, benzo[a]anthracene, benzo[a]pyrene, dibenz[a,h]anthracene and 

indeno[1,2,3-c,d]pyrene); and 

 Total PAHS, equal to the sum of LMW and HMW PAHs. 
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Data from the field sampling events were exported from the Geomatics ArcSDE database and provided 

as a single dataset in Microsoft Excel format. Spatial information was also provided in each worksheet 

and the analytical results classified into three study areas: Sturgeon Bank, Roberts Bank, and Boundary 

Bay. Values below the detection limit were assigned an assumed value equal to the detection limit value 

for the statistical analysis as a conservative approach. This approach was applied to all parameters 

analysed. Field duplicates were not included in the statistical analysis. 

The assessment was completed using statistical methods outlined in by the US Environmental Protection 

Agency (US EPA 2006a, US EPA 2006b). Statistical outputs were generated using US EPA ProUCL 

4.00.04, Microsoft Excel, and Systat 13™ software.  

Statistical software was used to calculate: 

 Mean sediment characteristics for Sturgeon Bank, Roberts Bank, and Bounday Bay, respectively. 

 Statistical relationships between sediment characteristics (i.e. correlation of percent clay content 

with TOC). 

3.4.3 Larger Scale Spatial Patterns - Interpolations 

Spatial patterns of sediment characteristics were visualised in ArcGIS using an inverse distance 

weighting (“IDW”) spatial interpolation method. The IDW methods assume that each measured point has 

a local influence that diminishes with distance and gives greater weights to points closest to the prediction 

location, with weights diminishing as a function of distance. 

IDWs were performed using a variable search radius from 0 m to 750 m such that all the sampling 

locations that fall within that radius, to a maximum of 12 sample points, were used in the calculation of 

each interpolated cell. A 50 m grid cell was used, and a power of two was assigned to determine the 

extent to which closer versus more distance values influence the interpolated value. 

Spatial interpolation by IDW was prepared for a subset of sediment characteristics for the complete 

2012-2013 dataset. IDWs were prepared for grain size (percent sand, percent silt and percent clay), TOC, 

a subset of metals (copper, iron, and selenium), saturated paste extractable chloride and sulfate 

(salt ions), total sulfides, percent coal. 

Additional IDWs were prepared using the McLaren and Tuominen (1998) surface sediment grain size 

data collected in 1993 in order to assess changes in spatial distribution of sediments at Roberts Bank 

over two decades. Figures mapping the percent difference over the two decade period for each sand, silt 

and clay between the 1993 dataset and the 2012-2013 dataset were prepared. Percent difference was 

calculated by first aligning the cell locations for the 1993 dataset with those from the 2012-2013 dataset. 

The 2012-2013 data values for each cell were then subtracted by the 1993 data value in the 
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corresponding cell. Cells with positive values represent an increase in the given grain size fraction from 

1993 to 2012-2013. Cells with negative values represent a decrease in the given grain size fraction from 

1993 to 2012-2013. 

3.5 RESULTS AND DISCUSSION OF KEY FINDINGS  

Summary results for sediment characteristics by study area and comparision to the Canadian Council of 

Ministers of the Environment (CCME) sediment quality guidelines are summarised in Section 3.5.1 and 

Section 3.5.2, respectively. Further in depth assessment of spatial distribution patterns and relationships 

between sediment characteristics are provided and discussed in Section 3.5.3 and Section 3.5.4, 

respectively.  

3.5.1 Sediment Characteristics – Overview by Study Area 

Sediment Grain Size: Mean values for standardised grain size fractions based on the Wentworth (1922) 

scale (sand, silt, clay) in surface sediments are presented in Table 9.  

Table 9 Mean Values (%) for Sediment Size Fractions 

Parameter Boundary Bay Roberts Bank Sturgeon Bank 

Percent Sand (2.0 mm - 0.063 mm) 88.8 61.3 63.1 

Percent Silt (0.063 mm – 4 µm) 9.23 31.3 30.0 

Percent Clay (<4 µm) 1.92 6.92 6.87 

The sediment texture at Sturgeon Bank and Roberts Bank is very similar, while Boundary Bay exhibits a 

lower percentage of fines (silt plus clay fraction) in comparison with these two sites. This is consistent with 

the diminished influence of the Fraser River plume in Boundary Bay in comparison with more northern 

areas of the Fraser River delta. 

TOC, plant available nutrients and saturated paste extractables: Mean values for TOC, plant 

available nutrients and saturated paste extractables in surface sediments are presented in Table 10.  

Table 10 Mean Values for TOC, Plant Available Nutrients and Saturated Paste Extractable Ions 
in Sediment 

Parameter Boundary Bay Roberts Bank Sturgeon Bank 

Total Organic Carbon (%) 0.30 0.51 0.40 

Plant 
Available 
Nutrients 

Nitrate (N) (mg/kg) 1.64 1.77 1.91 

Phosphate (P) (mg/kg) 18.6 11.1 9.35 

Potassium (K) (mg/kg) 280 371 285 

Sulfate (S) (mg/kg) 223 183 119 
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Parameter Boundary Bay Roberts Bank Sturgeon Bank 

Saturated 
Paste 
Extractable 
Ions 

Ammonia (mg/kg) 7.07 4.16 2.26 

Bromide (mg/kg) 10.4 8.74 5.60 

Chloride (mg/kg) 2890 2460 1590 

Fluoride (mg/kg) 0.856 0.764 0.630 

Nitrate (as N) (mg/kg) 31.3 28.8 23.7 

Nitrite (as N) (mg/kg) 0.400 0.355 0.304 

Saturation (Percent) 31.8 35.6 34.6 

Sulfate (SO4) (mg/kg) 536 435 307 

Mean TOC content in sediment appear to be similar between study areas, although results show that 

Boundary Bay contains proportionality less silt and clay to sand on average than either Roberts Bank or 

Sturgeon Bank. Similarly, plant nutrient and saturated paste extractable ion levels were observed to be 

similar (i.e. generally within the same order of magnitude) between study areas. Results for nitrate from 

analysis both by routine extraction method and concentrations in pore water using saturated paste 

extractable method, were below the detections limit. Further spatial analysis was not performed on 

these data. 

The relative degree of influence of Fraser River discharge on the three major tide flat areas is reflected in 

the (unadjusted) saturated paste chloride concentrations, which were on average 1,590 mg/kg in the 

Sturgeon Bank samples, 2,460 mg/kg in the Roberts Bank samples, and 2,890 mg/kg in the Boundary 

Bay samples (Table 10). The relative concentrations of sulfate similarly reflect the relative influence of 

freshwater versus marine water masses. 

Metals: Mean values for metals in surface sediments are presented in Table 11. Metal concentrations 

appear to be higher on average in Sturgeon Bank and Roberts Bank sediments than in Boundary Bay 

sediments. Histograms indicate that metal concentrations were generally log-normally or to normally 

distributed. 

Table 11 Mean Values for Metals/Metalloids in Sediment 

Metals Boundary Bay Roberts Bank Sturgeon Bank 

Aluminum (mg/kg) 6710 1078 11081 

Antimony (mg/kg) 0.119 0.299 0.271 

Arsenic (mg/kg) 2.43 5.97 6.19 

Barium (mg/kg) 18.7 37.7 34.2 

Beryllium (mg/kg) 0.204 0.266 0.271 

Bismuth (mg/kg) 0.200 0.199 0.200 
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Metals Boundary Bay Roberts Bank Sturgeon Bank 

Cadmium (mg/kg) 0.116 0.102 0.0837 

Calcium (mg/kg) 3970 5760 5240 

Chromium (mg/kg) 17.5 35.5 36.0 

Cobalt (mg/kg) 4.20 10.5 11.5 

Copper (mg/kg) 5.57 18.7 17.2 

Iron (mg/kg) 10650 24020 24340 

Lead (mg/kg) 2.37 5.02 6.31 

Lithium (mg/kg) 7.07 12.3 11.9 

Magnesium (mg/kg) 4660 9020 8700 

Manganese (mg/kg) 145 316 333 

Mercury (mg/kg) 0.0143 0.0368 0.0379 

Molybdenum (mg/kg) 0.643 0.701 0.645 

Nickel (mg/kg) 13.8 36.6 36.6 

Phosphorus (mg/kg) 488 696 734 

Potassium (mg/kg) 783 1160 107 

Selenium (mg/kg) 0.202 0.235 0.218 

Silver (mg/kg) 0.100 0.103 0.124 

Sodium (mg/kg) 3090 2960 1790 

Strontium (mg/kg) 22.6 33.9 32.7 

Thallium (mg/kg) 0.166 0.073 0.063 

Tin (mg/kg) 2.00 1.99 2.00 

Titanium (mg/kg) 571 833 818 

Uranium (mg/kg) 0.481 0.621 0.632 

Vanadium (mg/kg) 25.2 49.6 49.9 

Zinc (mg/kg) 27.9 53.6 55.8 

PAHs: PAHs were not detected in the majority of intertidal surface sediments collected during Summer 

2012 or subtidal surface sediments collected in Spring 2013. Some PAHs were observed to occur at 

detectable concentrations in small subareas of Roberts Bank, and discussed further in Section 3.5.3. 

PCBs: PCBs, analysed as aroclors in intertidal surface sediments during Summer 2012, were not 

observed to occur at concentrations greater than the achieved analytical detection limits (0.040 mg/kg). 

All samples are less than the CCME PEL (0.189 mg/kg).Comparison to CCME ISQG (0.0215 mg/kg) for 

PCBs in marine sediments cannot be made as the detection limit is greater than the guideline level as no 

samples contained PCBs at detectable concentrations. As such, PCBs were not carried forward for 

results analysis and discussion. Analyses of PCB congeners by high resolution mass spectrometry 

(HRMS) in subtidal surface sediments co-located with sediment traps are provided and discussed in 

Section 4.4.4, Section 4.4.5 and Section 4.5. 
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Sulfides: Total sulfide results measured in Spring 2013 (silver sulfide method) ranged from 0 µM to 

500 µM (0 to 16 mg/kg). Total sulfide results measured in Summer 2013 (colormetric analysis) ranged 

from 0.2 mg/kg (detection limit, DL) to 16.1 mg/kg (6.2 µM to 502 µM). 

Coal: The majority of the samples analysed for coal content (49 of 59 samples) contained less than 1% 

by mass, based on the use of the Johnson and Bustin (2006) method. The observed concentration of coal 

in 10 of 59 sediment samples ranged from 1.4% to 2.9%. 

3.5.2 Comparison to Sediment Quality Guidelines 

Sediment quality was assessed by comparing maximum, mean, and 90
th
 percentile concentrations of 

regulated substances to federal sediment quality guidelines as set by CCME (CCME 2013). The CCME 

guidelines considered include the CCME marine interim sediment quality guidelines (CCME MW ISQG) 

(CCME 2013) and the CCME marine probable effect level (CCME MW PEL) (CCME 2013) (Table 12). 

Comparisons of minimum, maximum, mean, and 90
th
 percentile concentrations to guidelines are 

summarised in Table 13.  

Various metals and PAHs were observed to occur at concentrations that were greater than their 

respective CCME MW ISQG. The 90
th
 percentile concentration of arsenic and copper in sediment 

samples from both Roberts Bank and Sturgeon Bank exceeded their respective CCME MW ISQG. 

The maximum concentration for 2-methylnaphthalene exceeded the CCME MW PEL guideline at 

Roberts Bank. 

Table 12 CCME Sediment Quality Guidelines 

Parameter CCME MW ISQG (µg/g)
 3,4

 CCME MW PEL (µg/g)
 3,5

 

      

Arsenic 7.24 41.6 

Cadmium 0.7 4.2 

Chromium 52.3 160 

Copper 18.7 108 

Lead 30.2 112 

Mercury 0.13 0.7 

Zinc 124 271 

      

2-Methylnaphthalene 0.0202 0.201 

Acenaphthene 0.00671 0.0889 

Acenaphthylene 0.00587 0.128 

Anthracene 0.0469 0.245 
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Parameter CCME MW ISQG (µg/g)
 3,4

 CCME MW PEL (µg/g)
 3,5

 

Benzo(a)anthracene 0.0748 0.693 

Benzo(a)pyrene 0.0888 0.763 

Chrysene 0.108 0.846 

Dibenz(a,h)anthracene 0.00622 0.135 

Fluoranthene 0.113 1.494 

Fluorene 0.0212 0.144 

Naphthalene 0.0346 0.391 

Phenanthrene 0.0867 0.544 

Pyrene 0.153 1.398 

(1) CCME = Canadian Council of Ministers of the Environment, Canadian Environmental Quality Guidelines 
(CCME 2013) 

(2) CCME MW ISQG = Canadian Sediment Quality Guidelines for the Protection of Aquatic Life, Summary Tables, 
Table 2 Marine, Interim Sediment Quality Guidelines (CCME 2013) 

(3) CCME MW PEL = Canadian Sediment Quality Guidelines for the Protection of Aquatic Life, Summary Tables, 
Table 2 Marine, Probable Effect Levels (CCME 2013) 
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Table 13 Comparisons of Sediment Results to CCME Sediment Quality Guidelines (all in µg/g dw) 

Parameter
 1

 

CCME 
MW 

ISQG
 

2,3
 

CCME 
MW 
PEL

 

2,4
 

Sturgeon Bank Roberts Bank Boundary Bay 

Min Max Mean 
90 

%tile 
Min Max Mean 

90 
%tile 

Min Max Mean 
90 

%tile 

Arsenic 7.24 41.6 3.7 9.0 6.2 8.1 2.4 11.5 6.0 7.5 0.9 7.4 2.4 4.1 

Cadmium 0.7 4.2 0.05 0.23 0.08 0.14 0.03 0.42 0.10 0.17 0.05 0.37 0.12 0.20 

Chromium 52.3 160 22.8 46.6 36.0 42.4 17.8 52.5 35.5 42.4 8.9 38.3 17.5 24.9 

Copper 18.7 108 8.4 34.9 17.2 27.4 5.6 96.8 18.7 30.3 2.8 28.5 5.6 10.2 

Lead 30.2 112 2.6 12.2 6.3 8.2 2.4 10.7 5.0 7.3 1.1 7.6 2.4 3.9 

Mercury 0.13 0.7 0.011 0.127 0.038 0.060 0.012 0.294 0.037 0.058 0.005 0.049 0.014 0.024 

Zinc 124 271 33.1 82.6 55.8 71.9 28.7 92.5 53.6 72.5 17.6 69.6 27.9 41.2 

2-Methylnaphthalene 0.0202 0.201 0.010 0.024 0.010 0.010 0.0020 0.217 0.020 0.037 0.00017 0.031 0.010 0.010 

Acenaphthene 0.00671 0.0889 0.0050 0.0090 0.0051 0.0050 0.00010 0.020 0.0052 0.0050 0.000073 0.005 0.0049 0.0050 

Acenaphthylene 0.00587 0.128 0.0050 0.0070 0.0050 0.0050 0.000061 0.0050 0.0049 0.0050 0.000036 0.018 0.0050 0.0050 

Anthracene 0.0469 0.245 0.0040 0.027 0.0047 0.0040 0.00029 0.017 0.0042 0.0040 0.00016 0.037 0.0043 0.0040 

Benzo(a)anthracene 0.0748 0.693 0.010 0.033 0.011 0.010 0.00038 0.042 0.010 0.010 0.00019 0.115 0.0110 0.0100 

Benzo(a)pyrene 0.0888 0.763 0.010 0.027 0.011 0.010 0.00023 0.023 0.0099 0.010 0.00012 0.113 0.0109 0.0100 

Chrysene 0.108 0.846 0.010 0.033 0.011 0.010 0.00079 0.037 0.010 0.010 0.00023 0.130 0.0111 0.0100 

Dibenz(a,h)anthracene 0.00622 0.135 0.0050 0.005 0.0050 0.0050 0.00012 0.011 0.0049 0.0050 0.000050 0.011 0.0049 0.0050 

Fluoranthene 0.113 1.494 0.010 0.080 0.014 0.018 0.0011 0.064 0.012 0.013 0.00061 0.253 0.0136 0.0143 

Fluorene 0.0212 0.144 0.010 0.011 0.010 0.010 0.00044 0.037 0.010 0.010 0.000065 0.010 0.0097 0.0100 

Naphthalene 0.0346 0.391 0.010 0.013 0.010 0.010 0.00097 0.060 0.011 0.013 0.00037 0.015 0.0098 0.0100 

Phenanthrene 0.0867 0.544 0.010 0.053 0.012 0.013 0.0022 0.104 0.015 0.027 0.00037 0.122 0.0113 0.0100 

Pyrene 0.153 1.398 0.010 0.071 0.013 0.015 0.0011 0.076 0.011 0.010 0.00041 0.273 0.0138 0.0136 

(1) All values are reported as µg/g unless otherwise noted. 
(2) CCME = Canadian Council of Ministers of the Environment, Canadian Environmental Quality Guidelines (CCME 2013). 
(3) CCME MW ISQG = Canadian Sediment Quality Guidelines for the Protection of Aquatic Life, Summary Tables, Table 2 Marine, Interim Sediment Quality 

Guidelines (CCME 2013). 
(4) CCME MW PEL = Canadian Sediment Quality Guidelines for the Protection of Aquatic Life, Summary Tables, Table 2 Marine, Probable Effect Levels (CCME 

2013)
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3.5.3 Relationships Between Sediment Characteristics 

The average surface sediment concentrations of arsenic, chromium, copper, lead, mercury and zinc are 

generally similar for Sturgeon Bank and Roberts Bank (Table 13), while the average sediment 

concentrations are significantly lower for the Boundary Bay tide flat. Based on the statistical summary 

data provided in Appendix C, this is also the case for aluminum, antimony, barium, beryllium, cobalt, iron, 

lithium, nickel, phosphorus, potassium, strontium, titanium, vanadium, and TOC.  

The most plausible explanation for the spatial distribution of most sediment chemistry variables is that 

there is a strong co-variation between these trace elements and the amount of fines (silts and clays) 

within the sediment, and sediment concentrations above all reflect opportunities for deposition and 

retention of fines delivered to the tide flats from the Fraser River discharge plume. 

A more formalised analysis of the strength of co-variation of individual substances within the sediment 

chemistry data set provides important clues regarding the important influences on local and regional 

sediment chemistry. Table 14 shows the Pearson product moment correlation coefficients for 

co-variations between sediment textural characteristics (percent clay or percent silt) or TOC and various 

trace elements or nutrients for 2012 and 2013 samples collected from each of Sturgeon Bank (n ≤ 147), 

Roberts Bank (n ≤ 481), and Boundary Bay (n ≤ 195). 

There was a strong co-variation between either percent clay or percent silt and TOC (see also Figure 11). 

Pearson correlations between either sediment texture characteristics or TOC and other chemical 

characteristics ≥ 0.7 are highlighted with coloured cells in the table. This does not signify a statistically 

significant departure from a relationship between the two variables that might be accounted for by chance 

alone, but rather provides a focus on the more highly correlated chemical characteristics. 

Table 14 Pearson Correlation Coefficients (R) Between Sediment Texture or Organic Carbon 
Content and Trace Element, Major Ion, and PAH Sediment Concentrations. 

Parameter % Clay (<4 µm) % Silt (4 µm to 63 µm) Total Organic Carbon (%) 

 

Sturgeon 
Bank 

Roberts 
Bank 

Boundary 

Bay 
Sturgeon 

Bank 
Roberts 

Bank 

Boundary 

Bay 
Sturgeon 

Bank 
Roberts 

Bank 

Boundary 

Bay 

Aluminum 0.89 0.79 0.78 0.90 0.74 0.79 0.77 0.66 0.75 

Antimony 0.91 0.11 0.90 0.89 0.08 0.80 0.78 0.08 0.79 

Arsenic 0.35 0.24 0.77 0.19 0.18 0.76 0.31 0.15 0.75 

Barium 0.83 0.58 0.78 0.87 0.56 0.75 0.69 0.43 0.68 

Beryllium 0.86 0.79 0.85 0.84 0.76 0.83 0.72 0.72 0.72 

Cadmium 0.81 0.69 0.37 0.83 0.73 0.53 0.83 0.88 0.55 

Chromium 0.66 0.42 0.69 0.68 0.38 0.77 0.50 0.28 0.75 

Cobalt 0.60 0.60 0.75 0.60 0.51 0.73 0.47 0.24 0.72 

Copper 0.89 0.51 0.88 0.90 0.48 0.87 0.79 0.47 0.82 

Iron 0.76 0.69 0.78 0.82 0.63 0.75 0.62 0.48 0.74 
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Parameter % Clay (<4 µm) % Silt (4 µm to 63 µm) Total Organic Carbon (%) 

 

Sturgeon 
Bank 

Roberts 
Bank 

Boundary 

Bay 
Sturgeon 

Bank 
Roberts 

Bank 

Boundary 

Bay 
Sturgeon 

Bank 
Roberts 

Bank 

Boundary 

Bay 

Lead 0.76 0.48 0.78 0.71 0.46 0.79 0.68 0.48 0.78 

Lithium 0.90 0.84 0.79 0.93 0.85 0.84 0.78 0.79 0.76 

Manganese 0.40 0.06 0.61 0.40 -0.02 0.54 0.25 -0.16 0.54 

Mercury 0.57 0.75 0.68 0.64 0.75 0.67 0.52 0.66 0.63 

Molybdenum 0.70 0.55 0.52 0.53 0.60 0.44 0.76 0.81 0.54 

Nickel 0.67 0.48 0.72 0.68 0.37 0.73 0.49 0.13 0.71 

Selenium 0.78 0.65 0.79 0.68 0.67 0.74 0.73 0.83 0.66 

Silver 0.23 . 0.79 0.18 . 0.58 0.17 . 0.52 

Strontium 0.82 0.73 0.70 0.90 0.73 0.83 0.71 0.78 0.77 

Thallium 0.79 0.44 -0.03 0.83 0.47 -0.03 0.84 0.64 0.04 

Titanium 0.66 0.41 0.52 0.66 0.41 0.62 0.55 0.34 0.59 

Uranium 0.86 0.81 0.56 0.82 0.83 0.61 0.73 0.78 0.69 

Vanadium 0.51 0.27 0.66 0.51 0.21 0.65 0.35 0.11 0.68 

Zinc 0.84 0.58 0.78 0.89 0.57 0.82 0.74 0.55 0.81 

          

Sodium 0.39 0.68 0.42 0.46 0.71 0.49 0.66 0.86 0.43 

Potassium 0.86 0.78 0.78 0.88 0.80 0.82 0.88 0.85 0.80 

Calcium 0.69 0.58 0.51 0.80 0.59 0.57 0.53 0.66 0.62 

Magnesium 0.76 0.74 0.69 0.85 0.72 0.69 0.65 0.61 0.69 

Phosphorus 0.69 0.64 0.65 0.81 0.68 0.76 0.55 0.63 0.71 

          

Bromide 0.42 0.35 0.03 0.35 0.38 0.14 0.58 0.61 0.10 

Chloride 0.44 0.38 0.02 0.36 0.42 0.14 0.61 0.60 0.07 

Fluoride 0.16 0.43 -0.01 0.17 0.47 0.07 0.39 0.51 0.06 

Ammonia 0.28 0.29 0.07 0.30 0.37 0.07 0.48 0.64 0.30 

Nitrate-N 0.46 0.56 0.54 0.40 0.64 0.59 0.61 0.63 0.44 

Nitrite-N 0.16 0.54 0.02 0.18 0.62 0.11 0.37 0.61 0.12 

Sulfate 0.57 0.43 0.26 0.51 0.46 0.35 0.74 0.71 0.33 

          

LMW_PAHS 0.26 0.49 0.24 0.26 0.55 0.26 0.32 0.84 0.20 

HMW_PAHS 0.32 0.33 -0.01 0.29 0.41 0.10 0.32 0.55 0.04 

TOT_PAHS 0.37 0.44 0.05 0.35 0.52 0.14 0.37 0.75 0.08 

          

TOC 0.85 0.76 0.82 0.77 0.76 0.81 

   Pearson’s Product Coefficient (R) values > 0.9 shown bolded in orange cells ( ); R values between 0.8 and 0.9 

shown in yellow cells ( ); R values between 0.7 and 0.8 shown in light yellow cells ( ).  
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Figure 11  Covariations Between Percent Clay Content and Total Organic Carbon 
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There were minor observed differences in the strength of individual correlations across the three study 

areas (Sturgeon Bank, Roberts Bank, Boundary Bay), which for most substances can be accounted for 

by the relative number of finer versus coarser textured samples obtained. For antimony, the degree of 

correlation with sediment textural characteristics or TOC was very different for Roberts Bank than either 

Sturgeon Bank or Boundary Bay; the reason for this is not clear. The degree of correlation in sediments 

between thallium and TOC (as well as percent clay) decreased away from the mouth of the Fraser River 

(Sturgeon Bank, Roberts Bank, Boundary Bay: Pearson r = 0.79, 0.44 and -0.03 respectively). This might 

be attributable to the combined effects of a predominantly urban or terrigenous source of thallium, in 

combination of secondary sorption to fine particulates, which would result in a lesser ability to detect 

sediment texture – thallium concentration relationships at increasing distances from source inputs. 

The general trend towards higher concentrations of various trace elements in finer grained tide flat 

sediments is illustrated in Figure 12 for copper. 

Figure 12  Copper Concentration in Roberts Bank Surface Sediment as a Function of Clay 
Content 
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A summary of various other linear regression relationships for Roberts Bank sediments, between percent 

clay and trace metals, nutrients or other substances is provided in Table 15. For all of these linear 

relationships the intercept and slope of the regression equation were highly significant (p<0.01). 

Table 15 Summary of Linear Regression Relationships for Sediment Chemistry at Roberts Bank 
Based on Percent Clay as a Predictor Variable 

Analyte Predictor variable n slope intercept R
2
 

Aluminum (mg/kg) %clay 319 390 8,250 0.87 

Arsenic (mg/kg) “ “ 0.111 5.15 0.29 

Cadmium (mg/kg) “ “ 0.006 0.056 0.44 

Chromium (mg/kg) ” “ 0.0564 31.5 0.50 

Cobalt (mg/kg) “ “ 0.195 9.07 0.56 

Copper (mg/kg) “ “ 1.09 10.8 0.83 

Iron (mg/kg) “ “ 544 20,100 0.73 

Lead (mg/kg) “ “ 0.216 3.47 0.77 

Lithium (mg/kg) “ “ 0.526 8.52 0.88 

Mercury (mg/kg) “ “ 0.002 0.022 0.27 

Molybdenum (mg/kg) “ “ 0.043 0.392 0.60 

Nickel (mg/kg) “ “ 0.479 33.2 0.49 

Selenium (mg/kg) “ “ 0.008 0.179 0.64 

Silver (mg/kg) “ “ 0.001 0.095 0.35 

Strontium (mg/kg) “ “ 1.05 25.7 0.69 

Thallium (mg/kg) “ “ 0.002 0.060 0.21 

Uranium (mg/kg) “ “ 0.034 0.377 0.60 

Vanadium  “ “ 0.606 45.3 0.37 

Zinc (mg/kg) “ “ 1.75 40.9 0.79 

Cadmium (mg/kg) TOC (%) “ 0.107 0.043 0.66 

Thallium (mg/kg) “ “ 0.034 0.054 0.39 

Phosphorus (mg/kg) 
(solid phase) 

%clay 
“ 14.2 594 0.47 

Nitrate-N (sat. paste) %clay 477 0.885 22.6 0.16 

Sediment percent 
saturation 

“ 
“ 1.53 25.0 0.68 

Sulfate (sat. paste) “ “ 16.0 324 0.12 

Lower molecular 
weight PAHs 

%clay 
319 0.003 0.012 0.14 

Lower molecular 
weight PAHs 

TOC (%) 
319 0.077 0.004 0.50 
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Metals were generally found to be moderately to strongly positively correlated with TOC; however, the 

strength of co-variation was generally less than for co-variations with percent clay. The two exceptions to 

this were cadmium and thallium (Table 15).  

In addition to the relatively strong relationships observed between sediment chemistry and percent clay 

content, the sediment data provides evidence for an influence of historical coal particulate inputs into the 

Roberts Bank marine environment. Selenium, LMW PAHs, and Total PAHs were found to be strongly 

positively correlated with sediment coal content (Table 16). Individual PAHs with strong positive 

correlations with coal content include 2-methylnaphthalene, acenaphthene, fluorene, naphthalene, and 

phenanthrene. Statistically significant relationships were observed for selenium versus coal content, and 

selected PAHs (2-methylnaphthalene, acenaphthene, fluorene, naphthalene, and phenanthrene) versus 

coal content (probability values (p-values) <0.05).  

LMW PAHs, and total PAHs were found to be positively correlated with selenium. Also, the individual 

PAHs 2-methylnaphthelene, fluorene, naphthalene, and phenanthrene were found to be strongly 

positively correlated to selenium. The co-variation between coal content and naphthalene is illustrated 

in Figure 13. 

Table 16 Summary of Linear Regression Relationships Between Different Measures of Coal 
Particulate Inputs to Roberts Bank Sediments 

Analyte Predictor variable n slope intercept R
2
 

Selenium (mg/kg) 
Percent coal by 

Mass 
38 0.127 (p<0.001) 0.083 (p<0.001) 0.77 

naphthalene “ “ 0.023 (p<0/001) -0.013 (p<0.001) 0.90 

acenaphthene “ “ 0.008 (p<0.001) -0.004 (p<0.001) 0.79 

anthracene “ “ 0.005 (p<0.001) -0.001 (p<0.001) 0.42 

phenanthrene “ “ 0.035 (p<0.001) -0.021 (p<0.001) 0.67 

fluorene “ “ 0.011 (p,0.001) n.s. (p=0.18) 0.70 

chrysene “ “ 0.011 (p<0.001) n.s. (p = 0.82) 0.39 

fluoranthene “ “ 0.005 (p<0.001) -0.13 (p=0.036) 0.42 

LMW PAHs “ “ 0.161 (p<0.001) -0.13 (p<0.001) 0.81 

Naphthalene (mg/kg) Selenium (mg/kg) “ 0.149 (p<0.001) -0.021 (p<0.001) 0.80 
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Figure 13  Naphthalene was Correlated with Coal Particle Content in Roberts Bank Sediments 

 

3.5.4 Spatial Trends of Surface Sediment Characteristics  

Spatial trends in sediment characteristics provide evidence of sediment transportation process and 

historic human influences in the area. 

Percent Fines (Clay and Silt Content): Higher percent silt and percent clay (percent fines) content 

occurs in intertidal sediments at Roberts Bank and Sturgeon Bank than at Boundary Bay (Figure 14 and 

Appendix D: Figure 1). Higher percent fines occur in surface sediments within the immediate nearshore 

intertidal areas, with increasing percent sand observed with increasing distance from the shoreline. Lower 

percent fines were observed in the inter-causeway area than in the areas at equivalent tidal elevations 

north of the causeway at Roberts Bank, including Brunswick point and Westham Island, and at Sturgeon 

Bank. Higher percent fines were observed in subtidal sediments at Roberts Bank, including the within 

inter-causeway turning basin, Intermediate transfer pit (ITP) and Tug Basin. 
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The distributional pattern of clay in surficial sediments on the Sturgeon Bank, Roberts Bank and 

Boundary Bay tide flat and foreslope areas are inferred to reflect the following sediment delivery, physical 

oceanographic and geomorphic processes: 

1) Degree of influence on the seabed of terrigenous sediments delivered in Fraser River outflows: 

Percent fines and percent clay content generally decrease with increasing distance from the 

mouth of the Fraser River. In addition, there is lesser potential for deposition of silts and clays of 

Fraser River origin in the inter-causeway area of Roberts Bank as a result of partial exclusion of 

the Fraser River outflow plume by the two long causeways. 

2) Degree of influence of wind-generated wave induced bottom currents: Tidal currents at flood and 

ebb on the tide flat generally do not approach the critical velocities at the sediment water interface 

needed to scour and re-suspended sediments (NHC 2014). Orbital wave energies from 

wind-generated waves, however, are capable of re-suspending sediments (and especially 

finer-textured sediments), which can then be transported laterally through the combined effects of 

tidal and wind currents. The potential for sediment re-suspension by wind-waves is greater for 

higher energy storm events, and localised effects vary as a function of both wind direction and 

fetch. The potential for scouring and removal of finer textured sediments as a result of wind wave 

effects is diminished in deeper waters beyond the influence of waves, and in very shallow tideflat 

areas, where the strong interactions of wind waves with the seabed result in substantial 

dissipation of the wave energy. Thus, finer textured sediments are likely to be less prone to 

scouring and removal from subtidal areas and from higher intertidal areas. 
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Figure 14 Inverse Distance Weighting (IDW) Map for Percent Clay Content in Surface Sediments 
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Figure 15 Inverse Distance Weighting (IDW) Map for Percent Sand Content in Surface Sediments 
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Percent Sand Content: The spatial distribution patterns for sands (Figure 15) are the converse of spatial 

patterns for silts and clays. Seabed areas with 90% to 100% sand content (> 0.063 mm) indicate seabed 

areas subjected to routine scour and winnowing out of finer textured sediments. 

Changes in Sediment Grain Size (1993 to 2012-2013): Figure 16 and Figure 17 illustrate possible 

differences in surface sediment texture between the 1993 (McLaren and Tuominen 1998) study and 

2012-2013 studies, for percent clay and percent sand, respectively. Spatial data inputs prepared using 

the 1993 data assessed as percent clay, silt and sand content IDWs are provided in Appendix D: 

Figures 2 to 4. Additional results comparing percent difference for percent silt content are provided in 

Appendix D: Figure 5. 

The two data sets show very similar patterns of distribution of sediment textural characteristics: Higher 

percent fines and lower percent sand was observed in the shallower intertidal areas in both studies. 

Areas of higher percent fines were also observed in the inter-causeway turning basin and ITP for both the 

1993 and 2012-2013 datasets.  

A comparison of the 1993 and 2012-2013 data, however, indicate a decrease over the ~16 year period in 

percent sand adjacent to the Roberts Bank terminals, consistent with scouring effects from current 

regimes as influenced by the terminals. Alterations in long-shore sediment transport following completion 

of the existing causeways might also be a driving factor. An overall increase in percent sands and 

decrease in percent fines in the inter-causeway area may be a reflection of the lower delivery of fines 

from Fraser River input resulting from the earlier construction of the two causeways. The observed 

changes to the sediment grain size regimes at Roberts Bank further support the driving mechanisms for 

sediment transport and distribution in the study area. 
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Figure 16 Difference in Percent Clay Content Between 1993 (McLaren and Touminen 1998) and 
2012-2013 
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Figure 17 Difference in Percent Sand Content Between 1993 (McLaren and Touminen 1998) and 
2012-2013 
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Total Organic Carbon (TOC): Spatial distribution results by IDW analysis for TOC are provided in 

Figure 18. The spatial distribution of TOC is largely correlated with percent fines. Lower TOC was 

observed in intertidal sediments at Boundary Bay relative to that observed at Roberts Bank and Sturgeon 

Bank. Greater accumulations of TOC were observed in nearshore intertidal areas as well as subtidal 

areas at Roberts Bank, including the inter-causeway turning basin, ITP and Tug Basin. 

Key driving mechanisms for TOC concentrations in surface sediments are: 

 Terrigenous/riverine input sources, specifically the Fraser River plume; and 

 Autochthonous production of living and detrital organic matter. 

TOC is expected to accumulate in quiescent areas, along with finer, clay-range particles, since detrital 

organic matter and fractions associated with the surface of clays tends to have a low specific gravity. The 

spatial results support these driving mechanisms and are consistent with the anticipated spatial 

distribution of TOC in the study area. 

Metals: The spatial distribution in surface sediments of iron and selenium are provided in Figure 19 and 

Figure 20, respectively. Additional spatial distribution maps for copper are provided in 

Appendix D: Figure 6. The spatial distribution of metals is largely correlated with percent fines. Lower 

metal concentrations were observed in intertidal sediments at Boundary Bay relative to that observed at 

Roberts Bank and Sturgeon Bank. Higher metal concentrations were observed in localised areas of 

Boundary Bay closer to the smaller riverine inputs from the Nicomekl, Serpentine and Little Campbell 

Rivers and near a known outfall. Higher metal concentrations were observed in nearshore intertidal areas 

as well as subtidal areas at Roberts Bank, including the inter-causeway turning basin, ITP and Tug Basin. 

The spatial results support the expected relationship between metals and finer grained sediments, with 

higher association of metals observed with fines, as well as the contribution of metals from anthropogenic 

sources from the Fraser River plume. 

Chloride and sulfate (salt ions as saturated paste extractables): The spatial distribution in surface 

sediments of chloride and sulfate ions is provided in Figure 21 and Figure 22, respectively. Spatial 

variations in salt ion concentrations show the relative degree of influence of the Fraser River input. Higher 

salt ion concentrations are observed in intertidal sediment pore water at Boundary Bay and in the 

inter-causeway areas relative to that observed at the remaining Roberts Bank areas and at 

Sturgeon Bank. 
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Figure 18 Inverse Distance Weighting (IDW) Map for Total Organic Carbon in Surface Sediments 
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Figure 19 Inverse Distance Weighting (IDW) Map for Concentration of Iron (Fe) (mg/kg) in Surface Sediments 
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Figure 20 Inverse Distance Weighting (IDW) Map for Concentration of Selenium (Se) (mg/kg) in Surface Sediments 
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Figure 21 Inverse Distance Weighting (IDW) Map for Chloride Ion Concentrations (mg/kg) Analysed as Saturated Paste Extractables in 
Surface Sediments 
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Figure 22 Inverse Distance Weighting (IDW) Map for Sulfate Ion Concentrations (mg/kg) Analysed as Saturated Paste Extractables in 
Surface Sediments 
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The saturated paste extractable method provides measurement of concentrations expected to be present 

within sediment porewater. Chloride and sulfate are expected to relate to salinity, whereby an 

approximate proportion of total salinity of oceanic water of chloride and sulfate is 55.0% and 7.68%, 

respectively. It is expected that the saturated paste concentrations derived from bulk sediment samples 

would correlate strongly with sediment pore water concentrations, and that the sediment porewater 

salinity would comprise temporally averaged concentrations relative to changes in salinity within the 

overlying water column across the tidal cycle. 

The spatial results support the general relationship between salt ion concentrations in porewater and 

salinity, and are consistent with the anticipated and observed spatial distribution of salinity of estuarine 

waters in the study area (Section 5.5). Salt ion concentrations are higher in Boundary Bay, where higher 

salinity is expected due to this area being removed from influence of the Fraser River freshwater input. A 

gradient in the averaged salinity influence is observed between the northern side of the Roberts Bank 

causeway and the Canoe Passage outflow channel across the tide flat. Greater salinity is observed to the 

immediate north of Roberts Bank causeway in comparison with areas at lower elevations and closer to 

the Canoe Passage outflow channel. Salt ion concentrations decreased with increasing distance from the 

Roberts Bank causeway, with increasing distance from the HHW, and with depth. 

Some localised areas of higher salinity were observed relative to the surrounding areas, including the 

inter-causeway turning basin, as well as areas inshore of and including the Tug Basin. Probable 

explanations include a combination of factors including sediment grain size, heightened salinity from 

surface water evaporation, and extent of marine influence: 

 Inshore of the Tug Basin, to the south of the Roberts Bank causeway 

▫ Sediment grain size is observed to be higher in percent fines in this area. Greater water 

holding capacity of finer grained versus coarser grained sediments provides greater volumes 

of sediment porewater relative to sampled sediment dry mass, resulting in higher retained 

salt concentrations per unit mass. 

▫ Increased evaporation from the ponded water surface of water trapped behind the crest 

protection structure. 

 Higher intertidal area, and especially the biofilm area closer to the Roberts Bank causeway: 

▫ Similar to that for the tug basin area sediments. This is an area dominated by the finer 

sediment grain size fractions and experiences higher evaporation rates during summer-time 

low tides. 

 Within the turning basin in the inter-causeway area: 

▫ More saline seabed sediments occur at greater depths (approximate 10 to 20 m below chart 

datum) and would therefore be routinely influenced by more saline bottom waters of Pacific 

Ocean origin.  

▫ Sediment grain size is observed to be higher in percent fines in this area. 



Port Metro Vancouver - 60 - Hemmera 
RBT2 – Sediment and Water Quality Characterisation Studies  August 2014 

 

Ammonia (salt ions as saturated paste extractables): Ammonia in sediment pore water exhibited 

minimal spatial variation (Figure 23) and low overall concentrations (range of 1 mg/kg to 5 mg/kg). 

Sediment ammonia concentrations were generally more variable and higher in Boundary Bay sediments 

and the inter-causeway and Tug Basin area at Roberts Bank (1 mg/kg to 25 mg/kg range) in comparison 

with other study areas. A spatial limited area with high ammonia concentrations (>40 mg/kg) was 

observed in the high intertidal area at Westham Island to the south of the Fraser River main arm. The 

location is consistent with inputs from agricultural operations on the adjacent uplands. 

Along with soluble ammonium ions, ammonia is produced either through (i) ammonification as part of 

decomposition reactions or (ii) nitrogen fixation. In the marine environment, cyanobacteria – for example, 

as occur in the biomat area - are the major phyletic group implicated in nitrogen fixation. Ammonia is 

converted to nitrite and nitrate through oxidation reactions, often mediated by aerobic bacteria. Nitrite 

tends to persist only in reduced environments. According to Rocha (1998), the majority of ammonia 

produced via ammonification in a high intertidal, sandy beach setting is removed during the initial stages 

of inundation on a flood tide, resulting in appreciable nutrient export to the water column. 

The sediment pore water ammonia distribution in the study area likely reflects the following processes: 

 A local source of ammonia in foreshore run-off to the upper intertidal at Westham Island, just 

south of the discharge of the Fraser River Main Arm – likely associated with agricultural run-off; 

 Greater relative ammonia removal via advection into the overlying water at flood tide as well as 

higher oxidation rates (and conversion to nitrate) in coarser grained sediments than in finer 

textured sediments within the higher intertidal zone; 

 Lesser influence of removal from sediment porewater by advective pumping across tide cycles in 

progressively deeper subtidal areas; and 

 Longer water residence time (stagnation) in the tide flat area behind the Tug Basin, where the 

existing crest protection structure limits drainage of water off the tide flat at lower tides. 
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Figure 23 Inverse Distance Weighting (IDW) Map for Ammonia Concentrations (mg/kg) Analysed as Saturated Paste Extractable Ions in 
Surface Sediments 
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Available Plant Nutrients: Phosphate, Sulfate and Potassium: The spatial distribution in surface 

sediment pore water of phosphate, sulfate and potassium are provided in Figure 24, Figure 25, and 

Figure 26, respectively. 

The concentrations of phosphate in sediment pore water were relatively uniform across Sturgeon Bank 

and Roberts Bank north of the causeway, with a trend towards higher concentrations in deeper, subtidal 

areas. The reasons for higher concentrations of phosphate in sediments from the inter-causeway area 

and Boundary Bay relative to Sturgeon Bank and northern Roberts Bay are not known. One possibility is 

that greater phosphate draw-down from the sediment supply occurs in areas of higher intertidal in support 

of primary and secondary productivity.  

Potassium and sulfate concentrations were relatively uniform across the tide flat sediments with some 

exceptions. Both sulfate and potassium were elevated in the upper intertidal area of Roberts Bank, north 

of the causeway and shoreward of the biomat (ridge and runnel) area of the tide flats. The generally 

higher salinity in this area, which is a highly productive biofilm area, may reflect greater water retention 

during low tide periods, an associated greater water residence time, and concentration of solutes via 

evaporation. Higher sediment concentrations of salt ions, including potassium and sulfate, in the area to 

the south of the causeway north of the turning basin is also attributed to greater water residence time 

across tidal cycles (trapping of water on a falling tide) and solute concentration. 

The mechanism(s) that account for higher potassium saturated paste sediment concentrations in the 

subtidal seabed area of the turning basin are not known. While this could simply reflect a greater relative 

influence on the seabed of the Pacific origin water mass in comparison with Fraser River brackish outflow 

water, the other deeper subtidal areas were noted to exhibit potassium concentrations similar to intertidal 

sediments of Roberts Bank. One possibility is that the higher potassium in the turning basin sediments 

reflects a combination of greater relative marine influence on the seabed within the overall estuarine salt 

wedge and on finer grained sediments than farther out along the delta foreslope. Finer grained sediments 

would result in greater porewater retention during sampling and sample preparation for saturated paste 

extraction, and thus less dilution of the true porewater concentration through the addition of deionised 

distilled water. 
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Figure 24 Inverse Distance Weighting (IDW) Map for Available Phosphate Concentrations (mg/kg) in Surface Sediments 
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Figure 25 Inverse Distance Weighting (IDW) Map for Available Sulfate Concentrations (mg/kg) in Surface Sediments 

 

  



Port Metro Vancouver - 65 - Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies  August 2014 

 

Figure 26 Inverse Distance Weighting (IDW) Map for Available Potassium Concentrations (mg/kg) in Surface Sediments 
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Total Sulfides: The spatial distribution of free sulfides in surficial sediments at Roberts Bank (Figure 27) 

is largely correlated with TOC and percent fines. The highest sediment sulfide concentrations were 

observed in the Tug Basin and biofilm area. 

Elevated sulfides are characteristic of anoxic conditions and are expected in areas exposed to less 

oxygenated waters and with increased inputs from detrital organic matter. The total sulfide spatial results 

are consistent with the anticipated spatial distribution of sulfides in the study area. 

Percent Coal: Spatial distribution results by IDW analysis for percent coal content is provided in 

Figure 28. The spatial distribution of coal content in surficial sediments (Figure 28) is correlated with the 

distribution of percent fines. The majority of the sediment samples analysed had <1% by mass of coal 

particulates. Higher percent coal content is observed in areas of finer sediment grain size. This includes 

both areas in the high intertidal north of the Roberts Bank causeway and in subtidal areas at depths, 

specifically the inter-causeway turning basin, including Intermediate Transfer Pit and Tug Basin areas. 

These areas are less affected by wind-generated waves. 

The spatial results for coal distribution are consistent with anticipated mechanisms for coal transport at 

Roberts Bank. The low specific gravity of coal results in a tendency for re-suspended coal particles to 

remain in suspension longer than sands and coarse silts. Coal particles have a tendency to re-distribute 

and re-deposit in the higher intertidal area along with fine grained sediments, and tend to 

more permanently settle out in more quiescent areas less prone to routine disturbance by 

wind-generated waves. 

In comparison to Johnson and Busting (2006) study, these results suggest that the spatial distribution of 

coal in the subtidal areas at Roberts Bank has changed since 1999. This is possibly as a result of recent 

efforts to control coal dust releases from the Westshore terminal. It is also possible that while similar 

analytical methods were applied, a difference in collection depths of surface sediment (2 cm to 3 cm in 

1999 versus 10 cm in 2013), whereby greater sampling depths in 2013 would bias these results towards 

lower percent coal concentrations. Since the areal extent of the Johnson and Bustin (2006) study is not 

as extensive as the study area sample in this report, how much the high intertidal/nearshore 

concentrations have changed over this time period cannot be assessed. 
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Figure 27 Inverse Distance Weighting (IDW) Map for Total Sulfides Concentrations (mg/kg) in Surface Sediments 
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Figure 28 Inverse Distance Weighting (IDW) Map for Percent Coal Distribution (%) Analysed in Surface Sediments 
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4.0 NEW DATA – SEDIMENT TRAPS 

4.1 STUDY AREA  

The study area includes the subtidal area near the top of the Fraser River Delta foreslope at Roberts 

Bank at the proposed terminal footprint. A large continuous to densely distributed aggregation of sea 

pens, which are a passive suspension feeding soft coral, is found in this area. Sediment trap deployment 

and surface sediment sampling sites were selected to represent an area above the seabed where no sea 

pens have been observed, an area with low sea pen densities, and an area of high sea pen densities 

(Figure 29). 

4.2 TEMPORAL SCOPE 

Suspended sediment studies were intended to capture baseline physical and chemical data to assess 

sedimentation rates and regimes at the proposed Project site and especially within areas that support 

orange sea pens (Ptilosarcus gurneyi) aggregations. To meet this objective, the temporal scope for trap 

deployment and retrieval was selected to coincide with Acoustic Doppler Current Profiler (ADCP) and 

Acoustic Wave and Current (AWAC) studies, as described in the Habitat suitability modelling study 

technical report (Hemmera 2014a), to provide for data over the same sampling period. Suspended 

particulate matter in the water column is expected to show appreciable variation seasonally and across 

each tidal cycle. In consideration of such temporal variability, suspended sediments were studied over 

one and two month periods during two different seasons (fall and winter, respectively).  

Surface sediment samples were collected to characterise and compare sediment texture and chemistry 

across sites of varying sea pen density. The characteristics of surface sediments are expected to show 

limited variation between years. In consideration of such low temporal variability, co-located surface grab 

samples were collected over a single sampling event. 

4.3 STUDY METHODS 

4.3.1 Seabed Sediments 

Grab samples of surface sediments were collected at three sites (SP12, DV1 and DV3) on August 9, 

2012. Surface sediments collection was performed by SCUBA divers, supplied by Foreshore 

Technologies, at the time of trap deployment during the Fall 2012 sampling event. The divers attempted 

to collect sediment cores using a 10.2 cm diameter corer made from Lexan plastic. This collection method 

was not successful as water became trapped in the core as it was pushed into the sediment, resulting in 

only a skim of sediment being collected. The divers also reported that it was very difficult to push these 

cores into the sediment given the size (diameter) of the corer used. The sediment collection method was 

modified in the field to accommodate these difficulties. The divers instead collected sediment to a depth 

of 10 cm with a stainless steel box (dimension 20 cm x 10 cm x10 cm, approximately three quarters full). 
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Figure 29  Locations of Sediment Trap Sampler and Surface Sediment Samples 
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A total of 17 surface grab samples were collected. Six samples were collected in a circle around the 

AWAC instrument located at site DV1. Six samples were collected at site DV3 in a straight line radiating 

away from the AWAC instrument, and 5 samples were collected at site SP12. Surface sediment grab 

samples were analysed for physical and chemical properties including pH, moisture, TOC, plant available 

nutrients, saturated paste extractable ions, trace elements (including metals/metalloid), PAHs, grain size, 

and PCBs at ALS Environmental. All 17 surface sediment grab samples were analysed for pH, moisture, 

TOC, plant available nutrients, saturated past extractables, metals, PAHs, and grain size. Three of the 

17 surface sediment grab samples were analysed for PCBs. 

4.3.2 Suspended Sediments  

Samples of suspended sediment were collected at three sites over two sampling events, the first during 

Fall 2012 and the second during Winter 2012/2013, coinciding with deployment and retrieval of ADCP 

and AWAC monitoring instruments (Figure 29). Co-located grab samples of surface sediments at all 

three sites were collected at the time of trap deployment during the Fall 2012 sampling event 

(Section 4.3.1). Trap deployment, retrieval and sediment grab sample collection were performed by 

SCUBA divers, supplied by Foreshore Technologies. Sediment trap deployment and retrieval events for 

suspended sediment sampling collection are summarised in Table 17. 

Table 17 Summary of Sediment Trap Sampler Field Component 

Sampling Event Date Deployed Date Retrieved 
Length of 

Deployment 
Trap Location 

Fall 2012 August 9, 2012 September 9, 2012 31 days SP12 and DV3 

Winter 2012/2013 December 18, 2012 February 19, 2013 63 days DV1 and DV3 

Two traps were deployed during the first sampling event over a 31 day period from August 9 to 

September 9, 2012. One trap was positioned at site DV1 (patchy sea pen habitat) and one at site SP12 

(seabed habitat with no sea pens). Deployment of a third trap at site DV3 was attempted at this time; 

however, the trap was accidently lost during deployment since it was too buoyant and extreme currents 

were encountered at this site. Sediment grab samples were collected on August 9, 2012 at all three sites. 

Two traps were deployed during the second sampling event over a 63 day period from December 18, 

2012 to February 19, 2013. A total of two traps were deployed, one positioned at site DV1 (patchy sea 

pen habitat) and one positioned at site DV3 (dense sea pen habitat). 

Sediment trap samplers were custom made from polyvinyl chloride (PVC) pipe (8 cm diameter / 72 cm 

length). Nylon rope was attached at the midsection of each trap using a stainless steel hose clamp. The 

rope was tied to a cinder block and to a float suspended from the bottom and top ends of the trap 

respectively, allowing the PVC pipe to be oriented vertically in the water column. The float was 

suspended a sufficient distance above the trap to limit its influence on localised sedimentation regime. 
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During the Winter 2012/2013 sampling event, Teflon lined plastic bags were inserted into each trap to 

facilitate recovery of the collected sediments. The Teflon lined bags extended approximately 30 cm inside 

the trap with approximately 10 cm of overhang on the outside of the trap. This overhang was secured 

using a stainless steel hose clamp strap reinforced with a plastic zap strap. 

Traps were deployed by burying the cinder block in the sediment to secure the trap in place at the desired 

location. The floating buoy was fully inflated prior to descent with air let out by the divers to ensure 

adequate buoyancy to hold the trap vertical without pulling the cinder block off of the bottom and allowing 

the trap to float away. The bottom of the sediment traps were positioned about 30 cm above the sea floor. 

The collected sediments were recovered by the divers, who retrieved the traps, cinder block and float to 

the water surface. Traps were closed during retrieval to prevent accumulation of additional sediments or 

loss of collected sediment from the traps during retrieval. A PVC cap was used for the Fall 2012 sampling 

event, and a plastic bottle was used for the second sampling event in order to accommodate the 

overhanging Teflon lined bag. Samples from the Fall 2012 event were transferred to ziplock bags. 

Samples from the Winter 2012/2013 event were stored in the original Teflon lined bags. A total of four 

samples were collected, two from the Fall 2012 event (sample IDs SP12 and DV3-1) and two from the 

Winter 2012/2013 event (samples IDs DV1 and DV3-2).  

The four suspended sediment trap samples were first processed and analysed for dry weight and grain 

size at the Environmental Fluid and Sediment Dynamics Laboratory at Simon Fraser University (SFU). 

SFU dried any remaining seawater from the samples and separated salt crystals from sediment. DV3-2 

had a high salt content that prevented separation of the salt from sediment in this sample. The sample 

was handled differently than the other three samples to accommodate the high salt content by digesting 

the salt crystals in water and filtering the water to separate the salt crystals and remove the sediments. 

The grain-size distribution was analysed using a Sequoia Laser In Situ Scattering and Transmissometry 

(LISST) -100C. Approximately 350 mg of sample were diluted in approximately 0.75 L of water and run 

through a flow through chamber installed in the LISST instrument. The grain-size distribution was 

measured every second as the suspended sediment sample passed through the flow through chamber 

over a 70 second period. Values reported from LISST instrument in microliters per liter for a large range 

of particle size categories, averaged over the 70 second record, were converted to a particle size 

frequency distribution. Clear water and aberrant values were filtered out before the average was 

calculated. The grain-size distribution was calculated using a random particle shape model rather than a 

spherical shape model. 

Following grain size analysis, the remaining material from each of the four individual suspended sediment 

samples was provided to ALS Environmental for PCB analysis. Samples were analysed for the complete 

209 PCB congeners. 
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4.4 RESULTS 

4.4.1 Suspended Sediments – Sediment Grain Size  

Grains size distribution for suspended sediments was assessed at SFU through the calculation of grain 

size moments and cumulative size distribution curves (Table 18). SFU calculated grain-size moments 

(mean, standard deviation) from the mid-range of each LISST bin for arithmetic and geometric methods of 

moments using the following equations: 

Arithmetic Method of Moments: 

 

Geometric Method of Moments: 

 

Where: 

 f = frequency in percent 

 m = mid-point of each class interval in metric (mm) 

 x̅a = arithmetic mean 

 x̅g = geometric mean 

 Ϭa = arithmetic standard deviation 

 Ϭg = geometric standard deviation 

Additional statistical measure outputs provided by SFU were calculated using a standard grain-size 

analysis tool called Gradistat (http://www.kpal.co.uk/gradistat.html) developed by Blott and Pye (2001). 

Cumulative size distribution curves were generated for each sample by plotting the percent of fines 

(silt + clay fraction) against each mid bin. The D10, D50 (median), and D90 were visually approximated 

from the cumulative size distribution where the curve intersected the 10%, 50% and 90% percentile 

values, respectively. The cumulative size distribution curves were visually compared to one another to 

assess differences between sediment trap samples (Figure 30). 

Table 1. Statistical formulae used in the calculation of grain size parameters, and 

suggested descriptive terminology.  f is the frequency in percent; m is the 

mid-point of each class interval in metric (mm) or phi (m) units; Px and x are 
grain diameters, in metric or phi units respectively, at the cumulative 

percentile value of x. 
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The highest percent sand, and lowest percent fines content, were observed in suspended sediments 

collected at sites SP12 and DV3 (sample DV3-1) in Fall 2012 (80.8%/19.2% and 85.0%/15.0% 

sand/fines, respectively). Lower percent sand/higher percent fines was observed in suspended sediments 

collected at site DV1 in Winter 2012/2103 (71.2%/28.8% sand/fines). The sample of lowest percent 

sand/highest percent fines content was observed in suspended sediments collected at site DV3 (sample 

DV3-2) in Winter 2012/2013 (54.1%/45.9% sand/fines). A summary of grain size results for suspended 

sediments is presented in Table 18 and Figure 30. 

Table 18 Summary of Sediment Trap Grain Size Results for Suspended Sediments 

Sample Information Grain Size Statistics (microns) 
Grain-size class 

divisions 

Trap 
Location 

Event 
Mass 

(g) 
Arithmetic 

Mean 
Geometric 

Mean 
D10 D50 D90 

% 
Sand 

% fines  

(silt + clay) 

SP12 Fall 2012 62.0 169 126 26.2 148 287 80.8 19.2 

DV3 (DV3-1) Fall 2012 27.1 202 159 38.4 206 299 85.0 15.0 

DV1 
Winter 

2012/2013 
63.9 124 90.0 19.3 99.5 236 71.2 28.8 

DV3 (DV3-2) 
Winter 

2012/2013 
64.8 109 68.0 14.5 69.9 251 54.1 45.9 

Figure 30 Grain Size Comparison of Suspended Sediment between Trap Locations 

 

0

10

20

30

40

50

60

70

80

90

100

0 100 200 300 400 500

P
e
rc

e
n

t 
F

in
e
s
 (

%
) 

Grainsize (microns)  

Grain Size Distribution Plot 
- Suspended Sediment 

- All 

SS Sp12

SS DV1

SS DV3-1

SS DV3-2



Port Metro Vancouver - 75 - Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies  August 2014 

 

4.4.2 Suspended Sediments – Sediment Mass Accumulation Rate 

The total mass of suspended sediments collected was used to evaluate mass accumulation rates for 

each sediment trap (Table 19). Sediment mass accumulation rates were calculated from the gravimetric 

mass of dried sample provided by SFU using the following equation: 

Sediment Mass Accumulation (g/cm
2
/day) = [( P / A) / D]  

Where: 

 P = Amount of material collected (dry grams) 

 A = Collection area of the cylinder (cm
2
), where A = 𝜋 (𝑟)2  

 D = Number of days the sediment traps was deployed (days) 

The highest sediment mass accumulation rate was observed at site SP12 in Fall 2012 (0.040 g/cm
2
/day). 

Slightly lower sediment mass accumulation rates were observed at sites DV1 and DV3 (samples DV3-1 

and DV3-2) (0.020, 0.017, and 0.020 g/cm
2
/day, respectively).  

Table 19 Summary of Sedimentation Mass Accumulation Rates by Trap and Event 

Event Trap Location 

Length of Trap 
Deployment  

Collection 
Area of 

Cylinder 

Amount of 
material 
collected 

Sediment Mass 
Accumulation 

Rate 

days cm
2
 g dry wt g/cm

2
/day 

Fall 2012 
SP12 

31 50.27 
62.0 0.040 

DV3 (DV3-1) 27.1 0.017 

Winter 
2012/2013 

DV1 
63 50.27 

63.9 0.020 

DV3 (DV3-2) 64.8 0.020 

4.4.3 Suspended Sediments – PCB Flux 

Analysis of PCB concentrations in suspended sediments facilitated the estimation of total PCB flux for 

each of the four sediment trap samples. It is important to note that grain size analysis was performed first 

and PCB analysis second, with PCB analysis performed on any available material remaining following 

grain size analysis. SFU noted that most of the <63 µm sediments were removed from the SP12, DV1 

and DV3-1 samples as materials were depleted in the process of grain size analysis. As higher PCB 

concentrations are generally associated with fine grain sized particles, the removal of the <63 µm 

sediments could provide for lower total PCB concentration results for the suspended sediment samples 

than actual in situ concentrations. Despite this bias, the result provide a relative comparison between the 

three surface sediment sites and four sediment trap samples, and are indicative of the relative 

concentrations of PCBs in the water column. 



Port Metro Vancouver - 76 - Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies  August 2014 

 

Due to the large number of PCB congeners analysed for the surface sediment and suspended sediment 

samples, PCB congeners were grouped into their 11 homolog groups (i.e., by degree of chlorination) for 

data analysis, as summarised in Table 20. 

Table 20 Summary of PCB Homolog Group Abbreviations 

Full Name Abbreviation 

Total Polychlorinated biphenyls Total PCBs 

Monochlorobiphenyl MonoCB 

Dichlorobiphenyl DiCB 

Trichlorobiphenyl TriCB 

Tetrachlorobiphenyl TetraCB 

Pentachlorobiphenyl PentaCB 

Hexachlorobiphenyl HexaCB 

Heptachlorobiphenyl HeptaCB 

Octachlorobiphenyl OctaCB 

Nonachlorobiphenyl NonaCB 

Decachlorobiphenyl DecaCB 

Chemical concentrations are not uniform across all grain size fractions and often increase as particle size 

decreases. Given that higher PCB concentrations are generally associated with fine grain sized particles, 

PCB concentrations by congener grouping were normalised to percent fines (i.e. silt + clay content: 

sediments of less than 63 µm grain size) for each sample. This permits comparisons between PCB 

concentrations in suspended sediment samples from each trap location as well as between surface 

sediment and suspended sediment samples. PCB concentrations by congener grouping in surface grab 

samples were also normalised by TOC for comparison to concentrations normalised by fines content. 

Normalised sediment concentrations were calculated using the following sample equation for 

normalisation by fines content: 

[PCB]fines (ng/g) = [PCB] x (% fines / 100)  

Where: 

 [PCB] = PCB concentration (ng/g)  

 % fines = percent content (%) for sediments of less than 63 µm grain size 

Lastly, the normalised concentrations of the congener groups and total PCBs were plotted by trap 

location to visually compare the results. 
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PCB concentrations were normalised to percent fines and the calculated sediment mass accumulation 

were used to calculate PCB flux for each sediment trap sample, using the following equations: 

PCB Flux (ng/cm
2
/day) = [PCB] x M 

Where: 

 [PCB] = PCB concentration (ng/g) 

 M = Sediment Mass accumulation rate (g/cm
2
/day) 

PCB Flux Normalisation – using the following formula: 

PCB Flux Normalised (ng/cm
2
/day) = (PCBFlux) x (% fines / 100%)  

Where: 

 PCBFlux = PCB flux is the non-normalised PCB Flux (ng/cm
2
/day) 

 % fines = the reported percent fines content (%)(sediment grain size less than 63 µm) 

The highest total PCB concentrations were observed in suspended sediments collected at sites SP12 and 

DV3 (sample DV3-1) in Fall 2012 (12 and 18 ng/g, respectively) (Table 21). The lowest total PCB 

concentrations were observed in suspended sediments collected at sites DV1 and DV3 (sample DV3-2) 

in Winter 2012/2013 (2.8 and 2.4 ng/g, respectively). There is a high degree of uncertainty associated 

with these estimates given the challenges associated with quantification of mass, particle, size, organic 

carbon content and PCB concentrations in the small sample sizes collected in the traps.  

All samples were less than the CCME ISQG and PEL sediment quality guidelines for PCBs (21.5 ng/g 

and 189 ng/g, respectively). The high organic carbon content of sediment trap samples suggests that an 

appreciable portion of the settling material was detrital organic matter, which would have reflected pelagic 

trophic transfers of PCBs in phytoplankton and zooplankton, and therefore the results are not reflective of 

bed sediments or predominantly inorganic sediments delivered in the Fraser River plume. Seasonal 

variations would be expected in sedimentation rates and PCB flux to the seabed based on the relative 

importance of sedimentation associated with the Fraser River discharge (e.g. during spring freshet) and 

local to regional rates of pelagic primary and secondary (authigenic) productivity. 

The highest total PCB flux was observed in suspended sediments collected at sites SP12 and DV3 

(sample DV3-1) in Fall 2012 (0.092 ng/cm/day). The lowest total PCB flux was evaluated in suspended 

sediments collected at sites DV1 and DV3 (sample DV3-2) in Winter 2012/2013. The PCB composition, 

expressed as homolog groups, was similar for all four samples (Figure 31). Hexachlorinated PCBs were 

among the dominant congeners in the suspended sediment samples. 
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Table 21 Summary of Total PCB Concentrations and Total PCB Flux Normalised to Percent Mud 
Content in Suspended Sediments 

Event 
Trap 

Location 

Percent 
Fines 

Total PCB 
Concentration 

Total 
PCBs 
per 

Sample 

Total 
PCB Flux 

Normalised 
Total PCB 

Concentratio
n 

Normalised 
Total PCB 

Flux 

% ng/g
 

Ng
 ng/cm

2
/ 

day 
ng/g

 
FINES 

ng/cm
2
/day

 

FINES 

Fall 
2012 

SP12 19.2 12 744 0.48 63 2.5 

DV3 (DV3-1) 15.0 18 487 0.31 120 2.1 

Winter 
2012 
/2013 

DV1 28.8 2.8 179 0.056 9.7 0.20 

DV3 (DV3-2) 45.9 2.4 156 0.049 5.2 0.11 

Figure 31  PCB Concentrations by Homolog Groups Normalised to Percent Fines Content in 
Suspended Sediments 
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Highest percent sand and lowest percent fines content were observed in surface sediments collected at 

sites DV1 and DV3 (96.7%/3.2% and 96.5%/3.5% sand/fines, respectively (Table 22)). Lowest percent 

sand and highest percent fines was observed in surface sediments collected at site SP12 (77.3%/22.7% 

sand/fines). Average grain size results from surface grab sample replicates collected at sites SP12, DV1 

and DV3 are summarised in Table 22. 

Table 22 Summary of Grain Size Information of Surface Sediment Samples by Location 

Sample 
Information 

Grain Size Statistics (microns) 
Grain-size class 

divisions 

Arithmetic 
Mean 

Geometric 
Mean 

D10 D50 D90 % Sand % Fines 

 SP12 (n=5) 232.7 26.9 22.0 132 287 77.3 22.7 

 DV1 (n=6) 443.1 30.1 141 253 593 96.5 3.5 

 DV3 (n=6) 594.3 35.9 174 371 745  96.7 3.2 

4.4.5 Surface Sediments at Sediment Trap Locations – PCB Concentrations 

Analytical results for total PCB concentrations and PCB concentrations normalised to percent fines for the 

three surface grab samples (one replicate per site analysed for PCBs) are presented in Table 23. PCB 

concentrations normalised to percent fines were calculated as described for suspended sediment 

samples in Section 4.4.3. The highest total PCB concentration was observed in surface sediments 

collected at site SP12 (0.059 ng/g). The lowest total PCB concentrations were observed in surface 

sediments collected at sites DV1 and DV3 (0.048 and 0.045 ng/g, respectively). All samples were less 

than the CCME ISQG and PEL sediment quality guidelines for PCBs (21.5 ng/g and 189 ng/g, 

respectively). 

Table 23 Summary of Total PCB Concentrations Normalised to Percent Fines Content in Surface 
Sediments 

Trap Location Sample ID 
Fiines Content Total PCBs 

Normalised Total 
PCBs 

% ng/g ng/g FINES 

SP12 12-3 22.7 0.059 0.013 

DV1 DV1-3 3.5 0.048 0.0017 

DV3 DV3-3 3.2 0.045 0.0014 

PCB concentrations in surface sediments by homolog group are presented in Figure 32. 
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Figure 32  PCB Concentrations by Congener Groups Normalised to Percent Fines Content for 
Surface Sediments 
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2
/year, as summarised in Section 2.6: Table 6. 
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This is not surprising given the much closer proximity of the Roberts Bank sampling locations to the 

mouth of the Fraser River in comparison with the sampling locations employed by Wright et al. (2007). 

The 2012-2013 material has been collected in shallower waters and closer to Fraser River inputs. 

Total PCB concentrations were approximately 2 to 30 times higher in the Roberts Bank sediment traps 

deployed in 2012-2013 than the average concentration reported from the four sediment traps collected in 

Georgia Strait in 2003-2004 (Wright et al. 2007). Again, this is probably attributable, in part, to the closer 

proximity to the mouth of the Fraser River.  

The composition of PCBs in suspended sediments (Figure 31), based on degree of chlorination, was 

observed to be different from the composition observed in surface sediments (Figure 32). In particular, 

the seabed sediment samples exhibited a PCB composition dominated by lower chlorinated (mono- to 

tetra-chlorinated) congeners, while the suspended sediment samples exhibited a greater relative 

proportion of penta- and hexachlorinated PCB congeners. The differing PCB composition between the 

two sample types might indicate different major sources of PCBs in water column than those found in 

surface sediments. These results, along with the seasonal differences observed in the PCB 

concentrations in the suspended sediment samples, may indicate that the PCBs in the settling 

particulates at the three sediment trap locations reflect not just Fraser River sediment discharge but also 

uptake of PCBs into planktonic organisms (picoplankton, phytoplankton, zooplankton) and subsequent 

removal from the water column in association via settling of zooplankton faecal pellets and as detrital 

organic matter. The postulated association of PCBs with sedimentation of detritus from planktonic 

organisms within the photic zone would explain the large differences in the observed fall versus 

winter-time flux via sedimentation of PCBs in spite of a lack of evidence for appreciable differences 

between the two seasons of total estimated sediment mass accumulation rates.  

Overall, the sediment trap results do not shed appreciable new light on the distributional ecology of sea 

pens in the study area. The results may indicate a relationship between sediment settlement rates and 

surface sediment characteristics. The site with highest sediment accumulation rate was located at the site 

with the highest percent fines (silt + clay) in surface sediment (SP12). The results of study component 

provide site-specific information on the characteristics of suspended sediments at the proposed Project 

site and specific to areas known to contain and adjacent to sea pens aggregations. The study period and 

site locations were defined by AWAC/ADCP component of the Habitat Suitability Modelling Study 

(Hemmera 201a). While this period could be extended to include additional sites and seasons to better 

assess spatial and temporal variation, including spring freshet, the results allow for basic characterisation 

and relative comparison at the proposed project site and between two seasons. Overall, the data suggest 

only limited if any differences in total sedimentation rates between seabed areas with no sea pens and 

those with low and high sea pen densities. 
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5.0 NEW DATA – WATER QUALITY 

5.1 STUDY AREA  

The study area for the water quality component includes the intertidal and subtidal areas at Roberts Bank 

and the intertidal areas of Roberts Bank, Sturgeon Bank and Boundary Bay (Figure 9). The rationale for 

the selection of the study area is as for the surface sediment component (Section 3.1). The area at 

Roberts Bank south of Canoe Passage was selected as an area of focused effort as this is the location of 

the proposed RBT2 project. Sturgeon Bank was selected as a reference area influenced by other natural 

and anthropogenic contaminants sources to the marine environment, and strongly influenced by the 

Fraser River discharge. Boundary Bay was selected as a reference area removed from the Roberts Bank 

terminals and emissions/discharges such as sanitary wastewater treatment effluent closer to more highly 

urbanised areas of the Fraser River delta. 

5.2 TEMPORAL SCOPE 

Water quality characterisation studies were intended to: 

 Describe the existing physical and chemical characteristics of water masses in the nearshore 

environment; 

 Quantify changes in salinity due to riverine discharges and further the understanding of 

density-driven (barotrophic) and wind-driven currents in the Fraser River estuary; 

 Facilitate predictions of future water quality conditions with or without completion of the Project. 

Some of the water properties of interest are expected to show strong seasonal variation, especially 

variation associated with seasonal cycles of water discharge from the Fraser River. In consideration of 

such temporal variability, physical water characteristics (temperature, salinity) were examined at monthly 

and bimonthly intervals during the summer, fall, winter and spring seasons for a one year period (July 

2012 to June 2013). While the water properties of interest are also prone to inter-annual variation, 

sampling over a single year was deemed to be adequate to capture the major patterns and magnitude of 

variation. The Fraser River freshet that occurred in 2012 reflected an abnormally large spring-time 

discharge from the Fraser River watershed, so the spatial trends captured over the year-long sampling 

period adequately reflect higher than average riverine discharge periods through the late summer period. 

In situ turbidity measurements were collected during a single field event in June 2013 to capture 

maximum turbidity levels during the period of peak Fraser River discharge. 

Some water chemistry variables of interest were expected to vary only minimally over time, based on 

Hemmera’s experience with the Deltaport DP3 water column sampling in support of the Adaptive 

Management Strategy (AMS) program (Hemmera et al. 2013), and based on the understanding of Fraser 

River estuarine circulation. These variables were the focus of a field study completed at a subset of sites 

during a single sampling event in April, 2013. 
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5.3 STUDY METHODS 

Water quality study components were completed over a series of eight sampling events between July 

2012 and June 2013 to capture seasonal trends over a one year period. Field measurement data from 

vertical ‘CTD’ (conductivity, temperature and depth) profiles were collected during all eight events. Field 

efforts for the acquisition of CTD profiles were the greatest on Roberts Bank, as this is the location of the 

proposed Project. CTD profiles were also collected at Sturgeon Bank and Boundary Bay, though to a 

lesser extent. Water chemistry samples were taken exclusively at Roberts Bank. A chronological 

summary of the sampling events is presented in Table 24. 

Table 24 Summary of Water Quality Field Events by Sampling Date 

Field Events 
Location(s) 

(Study Area) 
Study Components 

CTD Profile 
Field Instrument 

(Model ID) Year Month Day(s) 

2012 

July 23-26 
Boundary Bay, Roberts 

Bank and Sturgeon Bank 
CTD Profiles 

SEACAT 
SBE19plus V2 

August 22-24 
Boundary Bay, Roberts 

Bank and Sturgeon Bank 
CTD Profiles YSI 600XLM 

September 19-21 
Boundary Bay, Roberts 

Bank and Sturgeon Bank 
CTD Profiles YSI 600XLM 

October 17-18 
Roberts Bank and 

Sturgeon Bank 
CTD Profiles YSI 600XLM 

2013 

January 15-17 
Boundary Bay, Roberts 

Bank and Sturgeon Bank 
CTD Profiles YSI 600XLM 

February 13, 15-16 
Boundary Bay, Roberts 

Bank and Sturgeon Bank 
CTD Profiles YSI 600XLM 

April 12 Roberts Bank 
CTD Profiles and Water 

Chemistry Samples 
YSI 600XLM 

June 5 Roberts Bank CTD Profiles YSI 6600 

5.3.1 Study Methods: CTD Casts 

CTD profiles were collected at pre-determined sites on zigzag transects. Zigzag transects were 

developed to allow for pseudo-random sampling with efficient spatial and temporal sampling intensity 

(Strindberg and Buckland, 2004). Sites were separated at 1 km intervals and multiple transects were 

carried out parallel to the shoreline at each study area. Transects for Sturgeon Bank, Roberts Bank, and 

Boundary Bay are provided in Figure 33, Figure 34, and Figure 35, respectively. The study method was 

modified to include transect RB-10 at Roberts Bank for the February 2013 and subsequent events. 

Water chemistry sampling was conducted at a subset of CTD profile sites, as illustrated in Figure 36. 

These sites were selected to capture additional water chemistry data at the proposed project site and as 

influenced by the Fraser River discharge at Roberts Bank. 
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Figure 33  CTD Transect Profile Locations and Water Sampling Locations at Roberts Bank 
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Figure 34  CTD Transect Profile Locations at Sturgeon Bank 
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Figure 35  CTD Transect Profile Locations at Boundary Bay 
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Figure 36  Water Chemistry Sampling Locations at Roberts Bank 
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Field measurements and samples were collected at each pre-determined site, accessed by boat and 

located using a Garmin hand held GPS unit. Field days were selected to occur during monthly peak 

daytime high tides in order to access intertidal areas while immersed. If access to the pre-determined 

transect site was limited due to low water level, or if strong currents or wind prevented the boat from 

staying on station, field measurements were collected at the best available location and a new GPS 

waypoint recorded. New waypoints identified as the original site ID appended with ‘X’ and documented in 

field notes. 

CTD profiles were obtained by lowering the instrument probe and cable from the water surface to the 

seabed floor. To ensure that characteristics of the complete water column including bottom waters were 

captured, sufficient length of cable was released until the probe lay horizontal on the seabed floor (for 

those instruments not sensitive to damage from sediment intake, fouling, or artefactual readings if 

influenced by suspended sediments: the Seacat CTD was not allowed to contact the seabed). This was 

confirmed visually (given adequate water clarity) or by the cable going slack, and confirmed by leveling off 

of depth readings. Readings were recorded every 5 seconds as the instrument probe was raised and 

lowered at an approximate rate of approximately 10 cm every 5-10 seconds. Two vertical profiles were 

obtained, one on the downcast and one on the upcast. 

CTD profiles were collected using three different multiparameter instruments and corresponding probes: 

 SEACAT Profiler CTD, model number: SBE 19plus V2 (SEACAT SBE19plus V2) 

 YSI Multiparameter 6-Series, model number: 600XLM (YSI 600XLM), equipped with: 

▫ pH/ORP probe model number:: 6565; 

▫ DO rapid pulse sensor, model number: 6562; 

▫ Conductivity/Temperature sensor, model number: 6560. 

 YSI Multiparameter V2 Sonde, model number: 6600 (YSI 6600), equipped with: 

▫ Optical Turbidity sensor, model number: 6136; 

▫ Optical DO model number: 6150; 

▫ Conductivity/Temperature sensor model number: 6560; 

▫ pH/ORP probe model number: 6565. 

Field data obtained by CTD profile include: 

 Temperature (°C) 

 Specific conductance (µS/cm) 

 Total dissolved solids (TDS) (g/L) 

 Salinity (parts per thousand (ppt)) 
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 DO (% and mg/L) 

 Depth (m) 

 pH 

 Oxidation reduction potential (ORP) (mV) 

 Turbidity (NTU) 

 GPS waypoints (for new waypoints, as required) 

CTD profile raw data files were recovered daily from the instrument data storage unit, immediately after 

the completion of field work, using YSI EcoWatch software (EcoWatch for Windows, Version 3.18.00, 

Copyright 1996-2006 YSI Inc.). Individual profile files were exported from EcoWatch in comma separated 

values (.csv) file format. 

New GPS waypoints were retrieved from the Garmin GPS unit and stored with the individual data files. 

Individual data files for all CTD profiles, GPS coordinates for pre-determined sites and GPS coordinates 

for new waypoints were provided to Hemmera’s Geomatics department and uploaded to the Geomatics 

Spatial Data Engine (SDE) database. 

5.3.2 Study Methods: Water Samples 

Bottom and surface water samples were collected for laboratory analysis at a subset of CTD profile sites. 

Sites were selected to capture additional chemical parameters at the proposed Project site. 

Bottom layer samples were collected from a depth 0.5 m above the seabed using PTFE tubing equipped 

with a peristaltic pump with the tubing intake fixed 0.5 m from a 3 pound cannonball weight. Samples 

were collected approximately 60 seconds after the tubing was lowered to the set intake position to allow 

any disturbed suspended sediments to settle and to flush out any accumulated water or solids prior to 

sample collection. 

Surface water samples were collected at a depth of 0.5 m below the surface. The same method was 

applied as for the bottom layer samples, with an approximate 60 second delay to flush out the tubing 

between sampling. 

Samples were filtered and preserved in the field following requirements provided by ALS Environmental. 

Samples were stored immediately on ice and transferred to ALS Environmental in Burnaby, BC for 

analysis. ALS Environmental analytical test methods (ATMs) for water matrix details, including method 

references, are summarised in Appendix A: Analytical Test Methods. Samples were analysed for: 

 Hardness (as CaCO3) 

 Total Suspended Solids (TSS) 
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 Ammonia 

 Anions and Nutrients (Br
-
, Cl

-
, F

-
, NO3

2-
, NO2

-
,
 
SO4

2-
) 

 Total Phosphorus  

 Metals, total (bottom layer only) 

 Metals, dissolved (bottom layer only) 

5.4 DATA MANAGEMENT AND ANALYSIS  

5.4.1 CTD Profiles 

All CTD data were exported from the Geomatics ArcSDE database amalgamated into a single excel file. 

This data was joined to spatial coordinates and sampling date records. QA/QC measures were 

undertaken on the amalgamated dataset to identify and remove problem records, including data collected 

before the probe sensors were fully submerged and equilibrated. 

The following QA/QC practices were applied: 

 Source CTD profile files cross checked against amalgamated file: 

▫ Checked for consistency in data columns. Missing data was added and incorrectly reported 

data moved to the appropriate column. 

▫ Checked for consistency in data units. As conductivity was reported in uS/cm or mS/cm, data 

reported in µS/cm was converted to mS/cm and vice versa so that each record contained 

provided a conversion to report both. 

▫ Assessed compatibility of data collected using two different probes by combining the two data 

sets in Excel. 

▫ Data extremes were cross referenced against source files. Preliminary criteria used to identify 

problem records include: 

 Depths shallower than 10 cm 

 pH readings less than 7 

 TDS less than 1 g/L 

 DO less than 0 mg/L 

 DO % less than 0% 

 Turbidity less than 0 NTU 

 Specific conductivity less than 1000 µS/cm or less than 1 mS/cm 

▫ Cross references locations in amalgamated file against the location data file. 
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 CTD locations QA/QC checks included: 

▫ Spatial locations were cross referenced against the CTD data to identify any missing or 

unresolved locations. Missing locations and coordinates were obtained from the individual 

CTD files and the GPS coordinates files. 

▫ Locations were plotted spatially in ArcGIS and compared to sampling plan and field notes to 

identify errors. 

▫ Location discrepancies were cross referenced against field notes. 

The amalgamated CTD profiles dataset was processed in Microsoft Excel™ to identify and remove 

problem records, including data collected before the probe sensors were fully submerged and 

equilibrated. Excel filters and sorting routines were used to identify problem records. The depths of each 

CTD log were reviewed and depths shallower than 10 cm and “spikes” in depth greater than 100% from 

the previous depth measurement were flagged as problem records.  

Salinity measurements expressed in parts per thousand (ppt) were calculated to Practical Salinity Scale. 

Given that specific conductance values have been compensated to 25º C and water depths are 

sufficiently shallow such that pressure corrections are not necessary, salinity was calculated using the 

following equation (Wagner et al. 2006): 

𝑆 = 𝐾1 + (𝐾2 + 𝑅1/2) +  (𝐾3  × 𝑅) +  (𝐾4  × 𝑅3/2) + (𝐾5 × 𝑅2) +  (𝐾6 × 𝑅5/2) 

Where: 

 K1 = 0.0120, 

 K2 = – 0.2174, 

 K3 = 25.3283, 

 K4 = 13.7714, 

 K5 = – 6.4788 

 K6 = 2.5842. 

 R = the ratio of specific conductance at 25º C to standard seawater (salinity equals 35) at 

25º C (53.087 millisiemens per centimeter)  

The amalgamated dataset, following quality control checks, with resolved location data were provided to 

Geomatics and uploaded to the ESRI’s Geomatics Spatial Database Engine (SDE) database. The 

complete collated CTD data for all sites and events are available as an electronic dataset. 

The amalgamated dataset was used to assess general spatial and temporal trends within the study area. 

Data were segregated into 1 m depth intervals and arithmetic averages for temperature (ºC), salinity 

(practical salinity scale), and turbidity (NTUs) were computed for each station. Averages were calculated 

by month for 1m depth interval using Pivot tables in Excel.  
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General spatial distribution trends of surface water characteristics were visualised in ArcGIS using an 

IDW method. IDW assumes that each measured point has a local influence that diminishes with distance 

and gives greater weights to points closest to the prediction location, with weights diminishing as a 

function of distance. A variable search radius from 0 to 1000 m was used such that all the sampling 

locations that fall within that radius were used in the calculation of each interpolated cell. A 50 m grid cell 

was used, and a power of 2 was assigned that will determine the extent to which closer versus more 

distance values influence the interpolated value. Spatial interpolation by IDW was prepared by month for 

averaged the surface water layer (averaged top 1m) for temperature and salinity. 

The extent of influence of the Fraser River plume at Roberts Bank was characterised using a subset of 

CTD data. Depth profiles plotting the change in temperature and salinity with water depth were prepared 

using Excel. September 2012, February 2013 and June 2013 were selected as best available datasets to 

capture the full range of seasonality, including a late summer/early fall event, a winter event, and a spring 

event during spring freshet in 2013 (DFO EWatch 2013). Depth profiles were generated for transects 

RB-5, RB-6, RB-7 and RB-10. RB-5 and RB-6 characterise the intertidal waters to the north of the 

Deltaport causeway at approximate distances of 1 km and 3 km from shore, at 1 km monitoring intervals 

extending away from the causeway. RB-7 and RB-10 characterise the intertidal waters in the 

inter-causeway area at 1 km monitoring intervals. 

5.4.2 Laboratory Analytical Data 

Lab data retrieved from ALS underwent a QA/QC process before being uploaded to Hemmera’s 

Geomatics database. Spatial location for laboratory samples was co-located with CTD profile data and 

underwent QA/QC measures as described for this process. The lab and field data were linked and where 

then retrieved from the database for a final, post-database upload, QA/QC check.  

The following QA/QC practices were applied: 

 Raw Analytical Data QA/QC (Pre-database): 

▫ Analytical datasets were reviewed for accuracy of methods and completeness; 

▫ Sample IDs cross checked between analytical data and field data; 

▫ Field duplicate QA/QC evaluated by calculating relative percent difference (RPD). 

Analytical results are reported as raw data (no additional data processing or analysis). 

5.5 RESULTS AND DISCUSSION OF KEY FINDINGS – WATER QUALITY 

5.5.1 Surface Water Quality 

A summary of average salinity in surface water (0.1-1 m) by monthly sampling event at Roberts Bank, 

Boundary Bay and Sturgeon Bank is provided in Table 25. Spatially interpolated maps of the average 

monthly salinity in surface waters for during September 2012, February 2013 and June 2013 are provided 
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in Figure 37, Figure 38 and Figure 39, respectively. Results from September, February and June events 

are presented in order to illustrate the main spatial and seasonal variation expected for salinity in the 

study area including influence by varying Fraser River flows, including: (i) late summer/fall, corresponding 

to moderate Fraser River flows and the trailing end of freshet; (ii) winter, corresponding to low Fraser 

River flow; and (iii) spring/early summer, corresponding to peak Fraser River flow and spring freshet. 

Salinity spatial distribution maps for the remaining sampling events not presented here (July 2012, August 

2012, October 2012, January 2013, and April 2013) are provided in Appendix E: Figures 1 to 5. 

The spatial and temporal trends in surface water salinity (0.1-1 m) at Roberts Bank, Boundary Bay and 

Sturgeon Bank are summarised in Table 25. The salinity range and spatial trends observed at Roberts 

Bank is consistent with that previously observed at the Project site. Average surface water salinity ranged 

from 0 to 22.4 practical salinity units (psu) across the study area over all seasons. Lowest salinities 

coincided with peak Fraser River flows during spring freshet, and the greatest variation was observed at 

Roberts Bank. The higher range of variability is attributed to the varying influence from both Fraser River 

input and marine waters influence and the effects of the Roberts Bank causeway on limiting the extent of 

the Fraser River influence. Surface water salinity at Roberts Bank was highest at distances furthest away 

from the Fraser River freshwater input, and in the inter-causeway area. The waters of Boundary Bay, 

which is removed from influence of Fraser River input, exhibit higher average and maximum salinity than 

at Roberts Bank and Sturgeon Bank for all seasons. Some variation was observed in surface salinity at 

Boundary Bay, with areas of lower salinity in proximity of freshwater outputs of the Nicomekl, Serpentine 

and Little Campbell Rivers. Seasonal and spatial variation for salinity across vertical depth in the water 

column is explored in further detail in Section 5.5.2. 

Table 25 Monthly Average Salinity (psu) in Surface Waters (0.1-1 m from surface) 

Study Area 
Year 2012 2013 

Month July Aug Sept Oct Jan Feb April June 

Boundary Bay 

Minimum 18.2 19.4 20.3 

n/a 

26.1 27.1 

n/a n/a Maximum 21.9 24.4 28.3 30.1 29.4 

Average 19.8 23.4 26.9 28.1 28.1 

Roberts Bank 

Minimum 0.97 1.70 13.3 8.12 9.44 10.9 21.9 1.88 

Maximum 22.4 26.3 27.2 24.7 30.1 31.1 28.8 28.0 

Average 10.7 8.9 20.4 15.8 24.7 22.2 27.2 16.6 

Sturgeon Bank 

Minimum 1.14 2.08 12.4 17.3 21.8 21.5 

n/a n/a Maximum 5.66 13.3 20.7 21.7 26.0 23.9 

Average 3.14 8.13 17.3 19.4 23.9 22.9 
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Figure 37  Spatial Variation of Salinity in Surface Waters, September 2012 
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Figure 38 Spatial Variation of Salinity in Surface Waters, February 2013 
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Figure 39  Spatial Variation of Salinity in Surface Waters, June 2013 
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A summary of the average temperature in surface water (0.1-1 m) by monthly sampling event at Roberts 

Bank, Boundary Bay and Sturgeon Bank are provided in Table 26. Spatial distribution maps for average 

monthly temperature in surface waters for during September 2012, February 2013 and June 2013 are 

provided in Figure 40, Figure 41, Figure 42, respectively. As for the surface water spatial variation, these 

sampling events are presented in order to illustrate the main spatial and seasonal variation for 

temperature in the study area as influenced by the Fraser River input. The spatial variations in 

temperature for the remaining sampling events not presented here (July 2012, August 2012, October 

2012, January 2013, and April 2013) are provided in Appendix E: Figures 6 to 10. 

Temporal variation was observed in monthly averages for surface water temperature (0.1 m to 1 m) at 

Roberts Bank, Boundary Bay and Sturgeon Bank. The observed seasonal trends are as anticipated, with 

temperatures lowest in winter and highest in summer. Highest temperatures (ranging from 15º C to 22º C) 

were observed in summer (July and August), cooling temperatures (ranging from 10 º C to 17º C) in the 

fall (September and October), coldest temperatures (ranging from 1º C to 7º C) in winter (January and 

February), and warming temperatures (8º C to 18º C) in the spring (April and June) (Table 26). Minimal 

spatial variation was observed between the Roberts Bank, Sturgeon Bank and Boundary Bay sites. With 

the exception of Sturgeon bank in September 2012, surface water averages were within approximately 

1.0º C of each other for the three sites. The observed day to day variability is expected between the sites 

due to daily variation in air temperature and weather conditions between sampling days. 

Seasonal and spatial variation for temperature across vertical depth in the water column is explored in 

further detail in Section 5.5.2. 

Table 26 Monthly Average Temperature (ºC) in Surface Waters (0.1-1 m from surface) 

Study Area 
Year 2012 2013 

Month July Aug Sept Oct Jan Feb April June 

Boundary Bay 

Minimum 15.7 16.5 14.5 

n/a 

1.93 5.37 

n/a n/a Maximum 17.5 18.9 17.1 5.53 6.77 

Average 16.5 18.1 16.2 3.33 6.20 

Roberts Bank 

Minimum 15.2 15.3 12.7 9.93 3.34 5.35 8.53 12.4 

Maximum 17.0 19.0 15.5 11.5 7.08 7.51 9.68 18.3 

Average 16.4 17.9 14.3 10.9 5.15 6.68 8.93 15.7 

Sturgeon Bank 

Minimum 17.7 17.8 14.6 10.7 2.90 6.50 

n/a n/a Maximum 22.1 19.9 15.4 11.1 5.08 7.42 

Average 20.0 18.8 15.1 11.0 4.02 7.01 
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Figure 40  Spatial Variation of Temperature in Surface Waters, September 2012  
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Figure 41  Spatial Variation of Temperature in Surface Waters, February 2013 
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Figure 42  Spatial Variation of Temperature in Surface Waters, June 2013 
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DO measured in situ showed minimal variation with space or time. CTD depth profiles generally showed 

that DO concentrations ranged from approximately 8 to 11 mg/L. DO measurements averaged for the in 

0.5 to 1.5 m depth layer are similar for the area north of the causeway and the inter-causeway area 

(10.5 mg/L average for January, February, April, and June). The DO results are consistent with 

expectations for well oxygenated marine waters, as well as the findings from the AMS monitoring program 

(9.8 to 9.9 mg/L for quarterly samples averaged over 2007 to 2012). 

Water chemistry analytical results for samples collected in April 2013 are provided in Table 27. Ammonia 

concentrations in the inter-causeway area (RB-7-2) and at the proposed Project site (RB-11-1) were lower 

in surface waters (15.2 µg/L and 18.8 µg/L, respectively) than in deeper waters (26.2 µg/L and 33.1 µg/L, 

respectively). These results indicate a difference between surface and bottom layers, as supported by 

corresponding CTD depth profiles at this location which show a stratified water column (Section 5.5.2). 

Ammonia concentrations north of the causeway (RB-6-1) were similar for both surface and bottom waters 

and in the same range of bottom waters in the inter-causeway area and at the proposed Project site 

(32.1 µg/L and 29.9 µg/L). These results suggest a well-mixed water column, as supported by 

corresponding CTD depth profiles at this location which show no stratification (Section 5.5.2). 

Total phosphorus concentrations were higher in deeper water and similar between the inter-causeway 

(RB-7-2: 53.4 µg/L and 51.2 µg/L), the proposed Project site area (RB-11-1: 63.6 µg/L and 51.6 µg/L), 

and north of the causeway (RB-6-1: 65.4 µg/L and 64.1 µg/L). Hardness at all sites ranged from 

4100 mg/L to 5140 mg/L. Total suspended solids ranged from 2.20 mg/L to 8.80 mg/L. Findings are 

consistent with quarterly observations for the annual AMS monitoring program (Hemmera et al. 2013).  

Water chemistry results were compared to CCME water quality guidelines for the protection of aquatic life 

in marine waters (CCME 1999). In cases where a threshold concentration for marine waters was not 

developed by CCME, the British Columbia (B.C.) Ministry of Environment (MOE) water quality guidelines 

for marine waters where applied (B.C. MOE 2006). If a marine specific guideline was not provided by 

CCME or B.C. MOE, concentrations were compared to the corresponding freshwater guideline. In cases 

where concentrations exceeded the freshwater guideline, comparison was also made to ambient levels 

expected in seawater. 

No samples had concentrations that exceeded CCME or B.C. MOE marine water quality guidelines 

developed for the protection of aquatic life. For parameters for which no marine specific quidelines 

developed, only fluoride, phosphorus, sulfate, boron and calcium exceeded the corresponding freshwater 

guildline (CCME or B.C. MOE), however each parameter was at ambient concentrations expected in 

seawater. No other parameters exceeded the corresponding freshwater guidelines. Complete water 

chemistry analytical results, including total and dissolved metals in bottom waters, and corresponding 

water quality guidelines are provided in Appendix F: Water Chemistry Results. 
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Table 27 Water Chemistry Results for Roberts Bank 

Location Inter-causeway Subtidal Waters North of Causeway 

Sample 
Location ID 

RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at 
Site (m) 

1.5 2.1 2.0 7.6 1.5 

Water layer 
sampled 

bottom bottom bottom top bottom top bottom top 

Sample 
Depth, 
Below 
Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Physical Tests 

Hardness 
(as CaCO3) 
(µg/L) 

4110000 4100000 4920000 - 5140000 - 4710000 - 

Total 
Suspended 
Solids 
(µg/L) 

2200 3400 6200 2400 4400 6200 6800 8800 

Anions and Nutrients 

Ammonia, 
Total (as N) 
(µg/L) 

26.7 32 15.2 26.2 18.8 33.1 32.1 29.9 

Bromide 
(Br) (µg/L) 

57400 48900 57700 50500 57600 41800 57000 56300 

Chloride 
(Cl) (µg/L) 

15800000 13100000 15400000 13300000 15600000 10600000 15200000 14900000 

Fluoride (F) 
(µg/L) 

1080 950 1240 1130 1220 960 1140 1120 

Nitrate (as 
N) (µg/L) 

<500 <500 <500 <500 <500 <500 1000 <500 

Nitrite (as 
N) (µg/L) 

<100 <100 <100 <100 <100 <100 <100 <100 

Phosphorus 
(P)-Total 
(µg/L) 

54.5 55 53.4 51.2 63.6 51.6 65.4 64.1 

Sulfate 
(SO4) 
(µg/L) 

2180000 1850000 2160000 1880000 2210000 1450000 2150000 2110000 
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5.5.2 Depth Profiles at Roberts Bank 

Salinity depth profiles for September, February and June are provided in Figure 43, Figure 44 and 

Figure 45, respectively. September, February and June were selected to capture the expected seasonal 

variation expected at the Project site. Depth profiles for temperature at Roberts Bank for September, 

February and June sampling events were also plotted and are provided in Appendix G: Roberts Bank 

Depth Profiles. Salinity profiles were selected as being representative of the variation in temperature with 

depth, as similar profiles were observed for both physical parameters, as expected given the 

complementary relationships of both salinity and temperature, brackish versus Pacific marine origin 

waters, and their combined contributions to density. 

A summary of the three different categories of vertical stratification observed and the corresponding 

spatial and seasonal trends is provided in Table 28.  
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Figure 43  Salinity Depth Profile at CTD Stations in September 2012 (A: North of Roberts Bank 
Terminal Causeway, Transect distance 1 km from shore; B: North of Roberts Bank 
Terminal Causeway, Transect distance 3 km from shore; B: Inter-causeway 

(A) 
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(B) 
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(C) 
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Figure 44  Salinity Depth Profile at CTD Stations in February 2013: (A) North of Roberts Bank 
Terminal Causeway, Transect distance 1 km from shore; (B) North of Roberts Bank 
Terminal Causeway, Transect distance 3 km from shore; (C) Inter-causeway 

(A) 
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(B) 
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(C) 
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Figure 45  Salinity Depth Profile at CTD Stations in June 2013: (A) North of Roberts Bank 
Terminal Causeway, Transect distance 1 km from shore; (B) North of Roberts Bank 
Terminal Causeway, Transect distance 3 km from shore; (C) Inter-causeway  

(A) 

 



Port Metro Vancouver - 111 - Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies  August 2014 

 

(B) 
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(C) 
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Table 28 Summary of Salinity and Temperature Depth Profiles at Roberts Bank 

Location/ 

Description 
of Sub-area 

Location 

North of Causeway Inter-causeway 

>3 km from causeway <2 km from causeway 
Diagonal between 
Deltaport and BC 

Ferries causeways 

0.25 to 1 km from 
Deltaport causeway 

1 km from shoreline 3 km from shoreline 1 km from shoreline 3 km from shoreline 
0.5 to 3 km from 

shoreline 
3 to 3.25 km from 

shoreline 

Transect and 
Station 

RB-5-3, RB-5-4, 
RB-5-5, RB-5-6 

RB-6-2, RB-6-4, 
RB-6-5, RB-6-6 

RB-5-1, RB-5-2 RB-6-1, RB-6-3 

RB-7-1, RB-7-2, 

RB-7-3, RB-7-4, 
RB-7-5, RB-10-3 

RB-10-1, RB-10-2 

Summer/Fall: September, 2012 

Stratification No Minimal No Yes No n/a 

Salinity 
Range (psu) 

6-20  
Top: 5-15  
Bottom: 10-20  

25-30  
Top: 13-25  
Bottom: 26-28  

23-27.5  n/a 

Temperature 
Range (º C) 

14-15  
Top: 15-16  
Bottom: 14-15  

12-14  
Top: 14-16.5 
Bottom: 13-14  

12.5-15  n/a 

Description 
Predominant Fraser 
River influence 

Predominant Fraser 
River influence 

Predominant marine 
influence, minimal 
Fraser River 
influence 

Marine and Fraser 
River influence: 
Defined upper 
brackish and lower 
saline layers 

Predominant marine 
influence, minimal 
Fraser River 
influence 

n/a 

Winter: February, 2013 

Stratification No No No Yes No No 

Salinity 
Range (psu) 

14-21.5  19-20  27-27.5  
Upper: 15-28  
Lower: 25-30  

29-30  30-31  

Temperature 
Range (º C) 

6-6.5  6.5-7  7-7.5  
Top: 6.5-7.5  
Bottom: 7.5  

7-7.5  7.5  

Description 
Predominant Fraser 
River influence 

Predominant Fraser 
River influence 

Predominant Marine 
influence, minimal 
Fraser River 
influence 

Marine and Fraser 
River influence: 
Defined upper 
brackish and lower 
saline layers 

Predominant marine 
influence, minimal 
Fraser River 
influence 

Predominant marine 
influence, minimal 
Fraser River 
influence 
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Location/ 

Description 
of Sub-area 

Location 

North of Causeway Inter-causeway 

>3 km from causeway <2 km from causeway 
Diagonal between 
Deltaport and BC 

Ferries causeways 

0.25 to 1 km from 
Deltaport causeway 

1 km from shoreline 3 km from shoreline 1 km from shoreline 3 km from shoreline 
0.5 to 3 km from 

shoreline 
3 to 3.25 km from 

shoreline 

Spring (freshet): June, 2013 

Stratification No 
Some - highly 
variable not defined 

Some - highly 
variable not defined 

No No No 

Salinity 
Range (psu) 

2-4  
Top: 2-14  

Bottom: 13-19.5  

Top: 9-10  
Bottom: 17-20  

19.5-21  18-22  25-28  

Temperature 
Range (º C) 

16-16.5  15-17  16-19  14.5-15  14-19  11-13  

Description 
Predominant Fraser 
River influence 

Predominant Fraser 
River influence 

Predominant Fraser 
River influence 

Marine and Fraser 
River influence 

Marine and Fraser 
River influence 

Predominant marine 
influence, minimal 
Fraser River 
influence 

 Predominant Fraser River influence,  Marine and Fraser River influence, and  Predominant marine influence, minimal Fraser River influence
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Three distinct water stratification categories emerge from the salinity and temperature profiles in the 

sub-area of focus at Roberts Bank. These categories are:  

(i) areas of predominant Fraser River influence,  

(ii) areas of predominant marine influence, and  

(iii) areas where persistent stratification is observed. 

Areas of Roberts Bank that are predominantly influenced by Fraser river outflow exhibit lower salinity 

throughout the depth of the water column. Salinity at these stations (RB-6-4, RB-6-5, RB-6-6, RB-6-2, 

RB-5-3, RB-5-6, RB-5-5) varied throughout the water column and by season. Salinity is in the range of 

6 psu to 20 psu, 15 psu to 20 psu and 2 psu to 4 psu in September, February and June, respectively 

(Figure 43, Figure 44 and Figure 45, respectively). The lowest observed salinity corresponded to peak 

Fraser River flows during spring freshet (June 2013) and high flows in late summer/early fall 

(September 2012). 

Areas of Roberts Bank that show a predominantly marine influence are minimally influenced by Fraser 

River discharge throughout the depth of the water column. Stratification between an upper brackish layer 

and more saline bottom layer was generally not observed. The stations with a predominantly marine 

influence are located in the inter-causeway area (RB-7-1, RB-7-2, RB-7-3, RB-7-4, RB-7-5, RB-10-1, 

RB-10-2, RB-10-3). Salinity at these stations was generally in the range of 25-30 psu throughout the 

water column. Lower salinity in the range of 18 psu to 22 psu was observed at some stations in 

June 2013 during spring freshet (RB-7-1, RB-7-2, RB-7-3, RB-7-4, RB-7-5, RB-10-1), indicating the 

Fraser River influence extends to this area during peak spring freshet flows. Slightly lower salinity in the 

range of 25 psu to 28 psu was observed for stations near the Roberts Bank causeway and behind the 

Deltaport terminal (RB-10-2, RB-10-3). Higher salinity was also observed in the nearshore area (1 km 

from shoreline) immediately adjacent (<2 km) to the Roberts Bank causeway in the months with lower 

Fraser River flows (September 2012 and February 2013) (RB-5-1, RB-5-2). Higher freshwater influence 

with some stratification is observed in this area during spring freshet (June 2013). 

Areas of Roberts Bank where persistent stratification is observed have a distinct upper brackish layer and 

lower more saline layer (RB6-1, RB6-3). Upper layer salinity ranged from 13psu to 25 psu and bottom 

layer salinity ranged from 26-28 psu in September 2012. Upper layer salinity ranged from 15 psu to 

28 psu and bottom layer salinity ranged and 25 psu to 30 psu in February 2013. Stratification was not 

observed in these locations in June 2013 during the spring freshet. 

The greatest amount of variability across a given depth profile was observed during the June 2013 

sampling event. This event coincides with the period of peak Fraser River discharge; i.e., the season for 

which there is expected to be the greatest influence of the Fraser River inputs. 
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A summary of turbidity ranges at all depths by transect and station measured in situ during the June 2013 

sampling event is provided in Table 29. The wide range in turbidity measurements parallel visual 

observations of water turbidity on Roberts Bank, especially the relative influence of Fraser River 

discharge and water masses of Pacific marine origin. 

The average turbidity at all depths for individual stations in the inter-causeway area ranged from 3.5 NTU 

to 7.0 NTU in stations closest to shore and closest to the Roberts Bank causeway (RB-7-2, RB-7-3, RB-7-

4, RB-10-1, RB-10-2, RB-10-3). There was a greater range in turbidity (4.3 to 41.0 NTU) measured at the 

inter-causeway station furthest from the shoreline, furthest from the Roberts Bank causeway, and closest 

to the BC Ferries causeway (RB-7-1). 

The average turbidity at all depths for individual stations in the area north of the Deltaport causeway 

ranged from 13.7 NTU to 39.1 NTU. Lower turbidity was observed in surface waters than at depth, which 

is consistent with previous results observed at the study area in the month of June (EVS and 

Golder 2004). As discussed above, this is an area of predominantly marine influence for which the 

incursion of Fraser River discharge water is highly constrained. The range of turbidity is consistent with 

turbidity measurements previously observed in the study area (Hemmera et al. 2013). Results are 

consistent with the range measured in field turbidity measured in previous studies including DP3 EA and 

AMS Program (Section 2.2 and Section 2.4 respectively). 

Table 29 Turbidity Ranges at Roberts Bank (June 2013) 

Transect Station 
Turbidity (NTU) 

Minimum Maximum Average 

RB-5 

RB-5-1 15.6 68.0 39.1 

RB-5-2 8.60 60.7 37.5 

RB-5-5 30.0 33.2 31.1 

RB-6 

RB-6-1 11.9 48.6 29.6 

RB-6-2 8.60 38.3 23.2 

RB-6-3 0.30 31.0 19.7 

RB-6-4 9.70 20.7 13.7 

RB-6-5 17.0 24.0 20.4 

RB-6-6 22.3 39.9 30.6 

RB-7 

RB-7-1 4.30 41.0 16.6 

RB-7-2 4.90 11.6 7.05 

RB-7-3 2.30 4.40 3.49 

RB-7-4 4.10 5.80 4.91 

RB-10 

RB-10-1 3.70 5.00 3.92 

RB-10-2 0.30 8.90 5.14 

RB-10-3 3.50 9.50 6.35 
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8.0 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. 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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Analytical 
Grouping 

Analytical 
Parameter(s) 

Analytical Provider ALS Test Code Test Description Method Reference** Method Details 

Physical Tests Grain Size Analysis ALS GRAIN SIZE-SK Grain Size Analysis 

SSIR-51 METHOD 3.2.1 

Reference:  

Burt, R. (2009). Soil Survey Field and 
Laboratory Methods Manual. Soil 
Survey Investigations Report No. 5. 
Method 3.2.1.2.2. United States 
Department of Agriculture Natural 
Resources Conservation Service. 

Particle size distribution is determined by a combination of techniques. Dry sieving is 
performed for coarse particles, wet sieving for sand particles and the pipette sedimentation 
method for clay particles. 

Metals Mercury ALS HG-200.2-CVAF-VA Mercury in Soil by CVAFS EPA 200.2/245 

This analysis is carried out using procedures from CSR Analytical Method: "Strong Acid 
Leachable Metals (SALM) in Soil", BC Ministry of Environment, 26 June 2009, and 
procedures adapted from EPA Method 200.2. The sample is manually homogenised, dried 
at 60 degrees Celsius, sieved through a 2 mm (10 mesh) sieve (this sieve step is omitted 
for international soil samples), and a representative subsample of the dry material is 
weighed. The sample is then digested at 95 degrees Celsius for 2 hours by block digester 
using concentrated nitric and hydrochloric acids. 

Instrumental analysis is by atomic fluorescence spectrophotometry (EPA Method 245.7).  

Method Limitation: This method is not a total digestion technique. It is a very strong acid 
digestion that is intended to dissolve those metals that may be environmentally available. 
By design, elements bound in silicate structures are not normally dissolved by this 
procedure as they are not usually mobile in the environment. 

Metals 
Metals (execpt 
Mercury) 

ALS MET-200.2-CCMS-VA Metals in Soil by CRC ICPMS EPA 200.2/6020A 

This analysis is carried out using procedures from CSR Analytical Method: "Strong Acid 
Leachable Metals (SALM) in Soil", BC Ministry of Environment, 26 June 2009, and 
procedures adapted from EPA Method 200.2. The sample is manually homogenised, dried 
at 60 degrees Celsius, sieved through a 2 mm (10 mesh) sieve (this sieve step is omitted 
for international soil samples), and a representative subsample of the dry material is 
weighed. The sample is then digested at 95 degrees Celsius for 2 hours by block digester 
using concentrated nitric and hydrochloric acids.  

Instrumental analysis of the digested extract is by collision cell inductively coupled plasma - 
mass spectrometry (modifed from EPA Method 6020A).  

Method Limitation: This method is not a total digestion technique. It is a very strong acid 
digestion that is intended to dissolve those metals that may be environmentally available. 
By design, elements bound in silicate structures are not normally dissolved by this 
procedure as they are not usually mobile in the environment. 

Physical Tests Moisture ALS MOISTURE-VA Moisture content ASTM D2974-00 Method A 
This analysis is carried out gravimetrically by drying the sample at 105 C for a minimum of 
six hours.  

Nutrients Nitrate ALS NO3-AVAIL-SK Available Nitrate-N 

Method = Alberta Ag (1988) 

Reference:  

Recommended Methods of Soil 
Analysis for Canadian Prairie 
Agricultural Soils. Alberta Agriculture 
(1988) p. 19 and 28  

Available Nitrate and Nitrite are extracted from the soil using a dilute calcium chloride 
solution.  

Nitrate is quantitatively reduced to nitrite by passage of the sample through a copperised 
cadmium column. The nitrite (reduced nitrate plus original nitrite) is then determined by 
diazotizing with sulfanilamide followed by coupling with N-(1-naphthyl) ethylenediamine 
dihydrochloride. The resulting water soluble dye has a magenta color which is measured at 
colorimetrically at 520nm. 

Nutrients Phosphorus ALS PO4/K-AVAIL-SK 
Plant Available Phosphorus and 
Potassium 

Comm. Soil Sci. Plant Anal, 25 (5&6) 
Plant available phosphorus and potassium are extracted from the soil usng Modified 
Kelowna solution. Phosphorous in the soil extract is determined colorimetrically at 880 nm, 
while potassiumis determined by flame emission at 770 nm.  

Nutrients Sulfate ALS SO4-AVAIL-SK Available Sulfate-S 
REC METH SOIL ANAL - AB. 
AG(1988) 

Plant available sulfur in the soil is extracted with a weak calcium chloride solution. Total S in 
the extract is then determined by ICP-OES.  
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Analytical 
Grouping 

Analytical 
Parameter(s) 

Analytical Provider ALS Test Code Test Description Method Reference** Method Details 

Physical Tests pH ALS PH-1:2-VA 
pH in Soil (1:2 Soil:Water 
Extraction) 

BC WLAP METHOD: PH, 
ELECTROMETRIC, SOIL 

This analysis is carried out in accordance with procedures described in the pH, 
Electrometric in Soil and Sediment method - Section B Physical/Inorganic and Misc. 
Constituents, BC Environmental Laboratory Manual 2007. The procedure involves mixing 
the dried (at <60°C) and sieved (No. 10 / 2mm) sample with deionised/distilled water at a 
1:2 ratio of sediment to water. The pH of the solution is then measured using a standard pH 
probe.  

Polycyclic Aromatic 
Hydrocarbons 
(PAHs) 

PAHs ALS PAH-TMB-H/A-MS-VA 
PAH - Rotary Extraction 
(Hexane/Acetone) 

EPA 3570/8270 

This analysis is carried out using procedures adapted from "Test Methods for Evaluating 
Solid Waste" SW-846, Methods 3545 & 8270, published by the United States Environmental 
Protection Agency (EPA). The procedure uses a mechanical shaking technique to extract a 
subsample of the sediment/soil with a 1:1 mixture of hexane and acetone. The extract is 
then solvent exchanged to toluene. The final extract is analysed by capillary column gas 
chromatography with mass spectrometric detection (GC/MS). Surrogate recoveries may not 
be reported in cases where interferences from the sample matrix prevent accurate 
quantitation. Because the two isomers cannot be readily chromatographically separated, 
benzo(j)fluoranthene is reported as part of the benzo(b)fluoranthene parameter. 

Saturated Paste 
Extractable 

Bromide ALS  BR-PASTE-IC-VA Bromide (Br) in Soil (Paste) by IC 
CARTER-CSSS / EPA 300.1 
(MODIFIED) 

A soil extract produced by the saturated paste extraction procedure is analysed for bromide 
(Br) by Ion Chromatography with conductivity or UV detection. 

Saturated Paste 
Extractable 

Chloride ALS CL-PASTE-IC-VA Chloride in Soil (Paste) by IC Carter-CSSS / EPA 300.1 (modified) 
A soil extract produced by the saturated paste extraction procedure is analysed for chloride 
by Ion Chromatography with conductivity detection. 

Saturated Paste 
Extractable 

Fluoride ALS F-PASTE-IC-VA Fluoride (F) in Soil (Paste) by IC 
CARTER-CSSS / EPA 300.1 
(MODIFIED) 

A soil extract produced by the saturated paste extraction procedure is analysed for fluoride 
(F) by Ion Chromatography with conductivity detection. 

Saturated Paste 
Extractable 

Ammonia (Paste) ALS NH3-PASTE-F-VA 
Ammonia (as N) in Soil (Paste) by 
Fluor. 

CARTER-CSSS / J. ENVIRON. 
MONIT., 2005 

A soil extract produced by the saturated paste extraction procedure is analysed for 
ammonia (as N) by using procedures modified from J. Environ. Monit., 2005, 7, 37 - 42, The 
Royal Society of Chemistry, "Flow-injection analysis with fluorescence detection for the 
determination of trace levels of ammonium in seawater", Roslyn J. Waston et al. 

Saturated Paste 
Extractable 

Nitrite (Paste) ALS NO2-PASTE-IC-VA Nitrite (N) in Soil (Paste) by IC 
CARTER-CSSS / EPA 300.1 
(MODIFIED) 

A soil extract produced by the saturated paste extraction procedure is analysed for nitrite 
(as N) by Ion Chromatography with conductivity or UV detection.  

Saturated Paste 
Extractable 

Nitrate (Paste) ALS NO3-PASTE-IC-VA Nitrate (N) in Soil (Paste) by IC Carter-CSSS / EPA 300.1 (modified) 
A soil extract produced by the saturated paste extraction procedure is analysed for nitrate 
(as N) by Ion Chromatography with conductivity or UV detection.  

Saturated Paste 
Extractable 

Sulfate (Paste) ALS SO4-PASTE-IC-VA Sulfate in Soil (Paste) by IC Carter-CSSS / EPA 300.1 (modified) 
A soil extract produced by the saturated paste extraction procedure is analysed for sulfate 
by Ion Chromatography with conductivity detection. 

Saturation 
Percentage 

Saturation 
Percentage 

ALS SAT-PCNT-VA Saturation Percentage Carter-CSSS 
Saturation Percentage (SP) is the total volume of water present in a saturated paste (in mL) 
divided by the dry weight of the sample (in grams), expressed as a percentage, as 
described in "Soil Sampling and Methods of Analysis" by M. Carter.  

Organic / Inorganic 
Carbon 

Total Organic 
Carbon 

ALS 

C-TOT-ORG-LECO-SK 

Total Organic Carbon 
(C-TOT-ORG-LECO-SK, 
C-TOT-ORG-SK) 

Organic Carbon by combustion 
method 

SSSA (1996) p. 973 

Reference for Total C:  

Nelson, D.W. and Sommers, L.E. 
1996. Total Carbon, organic carbon 
and organic matter. P. 961-1010 In: 
J.M. Bartels et al. (ed.) Methods of soil 
analysis: Part 3 Chemical methods. 
(3rd ed.) ASA and SSSA, Madison, 
WI. Book series no. 5  

Reference for Inorganic C:  

Loeppert, R.H. and Suarez, D.L. 1996. 
Gravimetric Method for Loss of 
Carbon Dioxide. P. 455-456 In: J.M. 
Bartels et al. (ed.) Methods of soil 
analysis: Part 3 Chemical methods. 
(3rd ed.) ASA and SSSA, Madison, 
WI. Book series no. 5 

Total C and inorganic C are determined on separate samples. The total C is determined by 
combustion and thermal conductivity detection, while inorganic C is determined by weight 
lass after addition of hydrochloric acid. Organic C is calculated by the difference between 
these two determinations. 
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Analytical 
Grouping 

Analytical 
Parameter(s) 

Analytical Provider ALS Test Code Test Description Method Reference** Method Details 

Sulfides Sulfides ALS S2-NAOH-VA 
Sediment Sulphide (NaOH leach) 
by Colour 

Method developed in house at ALS 
Environmental 

This analysis is carried out on a leachable basis. The procedure involves shaking a 
subsample for 20 minutes with a sodium hydroxide solution in a one to seven ratio. The 
leachate is filtered and Zinc acetate is added to an aliquot of filtrate and analysed 
colorimetrically using methylene blue. 

Sulfides Sulfides Hemmera N/A 
Sulfide by Thermo Scientific Orion 
meter and Silver/Sulfide electrode 

Ministry of Water, Land and Air 
Protection (MWLAP). 2002. Protocols 
for Marine Environmental Monitoring. 
Available online: 
http://www.env.gov.bc.ca/epd/industria
l/regs/finfish/pdf/reg_protocols.pdf 

Robichaud, G. and Doiron, S. 2011. 
Sulfides, Redox and Sediment Visual 
Observations based on a Monitoring 
Program in Various Estuaries along 
the East Coast of New Brunswick 
between 2006 and 2010. Canadian 
Data Report of Fisheries and Aquatic 
Sciences 1233. Oceans and Science 
Branch, Gulf Region, Department of 
Fisheries and Oceans, Gulf Fisheries 
Centre. Moncton, New Brunswick. 
Available online: http://www.dfo-
mpo.gc.ca/Library/344533.pdf 

Sulfides measurements from field samples mixed 1:1 with SOAB buffer were collected 
using a Thermo Scientific Orion Meter and Cole-Parmer Combination Silver/Sulfide Ion 
Selective Electrode. Details of standard prepapartion, meter calibration, and sample 
analysis are documented in Protocol for Sulfides Field Measurement Using ThemoOrion 
Meter and Probe (Appendix B2). 

Polychlorinated 
Biphenyls 

PCBs ALS PCB-SE-ECD-VA EPA8082, 3630 EPA8082, 3630 

This analysis is carried out using procedures adapted from "Test Methods for Evaluating 
Solid Waste" SW-846, Methods 3500, 3620, 3630, 3660, 3665 & 8082, published by the 
United States Environmental Protection Agency (EPA). The procedure involves a solid-
liquid extraction of a subsample of the sediment/soil using a mixture of hexane and acetone. 
Water is added to the extract and the resulting hexane extract undergoes one or more of 
the following clean-up procedures (if required): florisil clean-up, silica gel clean-up, sulphur 
clean-up and/or sulphuric acid clean-up. The final extract is analysed by capillary column 
gas chromatography with electron capture detection (GC/ECD). 

Polychlorinated 
Biphenyls 

PBCs - full 
congeners 

ALS PCB-2092005HRMS-ED 
PCB’s by High Res/Mass 
Spectrometry 

EPA 1668A (GC/HRMS) 

Results are reported on a dry weight basis unless otherwise indicated. PCB 
77,81,105,114,118,123(107/109),126,156,157,167,169, 189 are the Dioxins like PCB 
congeners used to calculateTEQ values. As per EPA method 1668a, section 16.6, Total 
PCB does not include any compound which is "EMPC". Results are corrected for surrogate 
recovery. The WHO 2005 TEFs were used to determine the TEQ values. (Van den Berg et 
al. Toxicological Scie nces 93(2);223-241, 2006) 

Physical Tests Grain Size Analysis 

Simon Fraser 
University - 
Environmental Fluid 
and Sediment 
Dynamics 
Laboratory 

N/A 
Grain size analysis by LISST 
(laser difraction) 

Sediment description based on: Folk, 
R.L. and Ward, W.C. (1957) Brazos 
River bar: a study in the significance of 
grain size parameters. Journal of 
Sedimentary Petrology, 27, 3-26 

Grain-size class divisions based on: 
Wentworth, C.K. (1922). A scale of 
grade and class terms for clastic 
sediments. Journal of Geology, 30, 
377-392. 

Grain size distribution was analysed using a Sequoia Laser In Situ Scattering and 
Transmissometry (LISST) 100C fitted with a flow through chamber. Approximately 350 mg 
of sample are diluted in approximately 0.75 L of water and run through a flow through 
chamber installed in the LISST instrument. The grain-size distribution was measured every 
second as the suspended sediment sample passed through the flow through chamber over 
a 70 second period. Reported values in microliters per litre for a large range of particle size 
categories, averaged over the 70 second record, were converted to a particle size 
frequency distribution. Clear water and aborant values are filtered out before the average 
was calculated. The grain-size distribution was calculated using a random particle shape 
model rather than a spherical shape model. 
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Analytical 
Grouping 

Analytical 
Parameter(s) 

Analytical Provider ALS Test Code Test Description Method Reference** Method Details 

Physical Tests Coal Content (%) ALS 

N/A (Special Request 
based on standard 
method, code: OM-LOI-
SK) 

Coal content analysis by modified 
Loss on Ignition method 

Standard test method: Reference: 
McKeague, J.A. Soil Sampling and 
Methods of Analysis. Can. Soc. Soil 
Sci.(1978) method 4.23 

Metehod modifications based on: 

Johnson, R. and Bustin, R.M. 2006. 
Coal dust dispersal around a marine 
coal terminal (1977–1999), British 
Columbia: The fate of coal dust in the 
marine environment. International 
Journal of Coal Geology. 68, 57–69. 
doi:10.1016/j.coal.2005.10.003 

Pearce, B.C., McBride, J., 1977. A 
preliminary study on the occurrence of 
coal dust in Roberts Bank Sediments 
and the effect of coal dust on selected 
fauna. Fisheries and Marine Service. 
Technical Report No. PAC/T-77-17. 25 
pp. Available online: http://www.dfo-
mpo.gc.ca/Library/54738.pdf 

Analysis was performed using a modified dry-ash method. The standard method involves 
the removal of organic matter by combustion at 375 degrees C for a minimum of 16 hours. 
Samples are dried prior to combustion. Reference: McKeague, J.A. Soil Sampling and 
Methods of Analysis. Can. Soc. Soil Sci.(1978) method 4.23 
This method was modified to include ashing to a higher temperature (550-600ºC) to ensure 
full combustion of coal. Samples were pre-treated with acid and peroxide to remove 
organic/non-coal content, and the method was calibrated against a representative coal 
sample as a reference for carbon content. 

Polycyclic Aromatic 
Hydrocarbons 
(PAHs) 

PAHs AXYS N/A 
Low resolution PAH analysis by 
LRMS 

AXYS Method MLA-021 describes the 
determination of concentrations of 
PAHs, alkylated PAHs and alkanes in 
solid (sediment, soil, ash), tissue 
(including blood), aqueous, XAD-2 
column (resin and filters), air, and oil 
samples and in solvent extracts. The 
method may be used for analysis of 
samples where USEPA Methods 
1625B or 8270C/D have been 
requested provided the modifications 
described in this document are 
permitted by contract. 

Low-resolution mass spectrometry (LRMS) using an RTX-5 capillary GC column. The 
LRMS is operated at a unit mass resolution in the electron impact (EI) ionisation mode 
using multiple ion detection (MID) acquiring at least one characteristic ion for each target 
analyte and surrogate standard. 

 

 



 

 

APPENDIX B 

Sulfides Analysis by Silver Sulfide Electrode Protocol 
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PROTOCOL FOR SULFIDES FIELD MEASUREMENT USING THEMOORION METER 
AND PROBE 

Sulfides measurements from field samples will be collected using a Thermo Scientific Orion Meter and 

Cole-Parmer Combination Silver/Sulfide Ion Selective Electrode. Field procedures for sample collection 

are documented in the Sediment and Water Quality Field Study Design. Standard preparation, meter 

standardisation and calibration procedures are performed follow the Ministry of Water, Land and Air 

Protection (MWLAP) Protocols for Marine Environmental Monitoring (MWLAP, 2002). Sample handling 

procedures and analysis is performed based on the MWLAP protocols and those outlined in the Canadian 

Data Report of Fisheries and Aquatic Sciences 1233 (Robichaud and Doiron, 2011). 

PROCEDURES – STANDARD PREPARATION 

Equipment and Reagents 

 Na2S*9H2O 

 100mL volumetric flasks (3) 

 500mL volumetric flasks (1) 

 1mL and 10 mL pipettes and pipette bulb 

 1L plastic bottles for solution/waste disposal 

Stock Standard Solutions Preparation  

In a well-ventilated area or fumehood, weigh 1.2009 g Na2S*9H20 to a 500mL volumetric flask and dilute 

to volume with de-aerated DI or distilled water (weight and volume may be adjusted to available 

glassware). Store this stock solution in an airtight dark glass bottle flushed with Nitrogen or with 

minimised headspace at 4°C. This stock solution is stable for up to 5 days. 

Prepare three Calibration Standard Solutions using the following dilution table: 

Stock Solution 
Stock 

Solution/Amount 
Pipette Volume 

Volumetric 
Volume 

Final Standard 
Concentration 

10000 µM 0.24018 G n/a mL 100 mL 10000 µM 

1000 µM 10000 µM 10 mL 100 mL 1000 µM 

100 µM 10000 µM 1 mL 100 mL 100 µM 

10 µM 1000 µM 1 mL 100 mL 10 µM 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies - 2 - August 2014 

 

Final Calibration Solutions Preparation 

Starting with the lowest desired calibration standard (10µM), mix equal volumes of SAOB buffer and 

standard solution. Repeat preceding steps for 100 µM solution and 1,000 µM solutions.  

Final calibration solutions should be prepared each day of sampling. 

PROCEDURES – SULFIDE MEASUREMENTS 

Equipment and Reagents 

 SAOB Buffer Components – 17g L-ascorbic acid and 475mL EDTA/NAOH solution, or pre-

dispensed to an equivalent weight to volume ratio. Mix immediately prior to use and store at 4ºC 

for up to one week or until solution changes to a dark brown colour. 

 120mL glass soil jars  

 10mL syringe with cut off tip 

 Stainless steel spatula 

 1L plastic bottles for solution/waste disposal 

 Thermo Scientific Orion Star A324 Portable pH/ISE Meter 

 Cole-Parmer Combination Silver/Sulfide Ion Selective Electrode 

Sample Analysis Procedures 

 Prepare the final calibration solutions with SOAB buffer and calibrate the sulfide electrode. 

 Dispense a 5 ml sediment sub-sample into a clean 120mL jar. Sediment samples should be the 

same temperature as the standard solutions when the electrode was calibrated. 

 Mix sub-sample with 5 ml of SAOB buffer. 

 Insert the sulphide electrode into the solution and gently swirl it until meter has stabilised or within 

2 minutes. Take a sulphide measurement. 

 Rinsed the sulphide electrode with distilled water between measurements. 

REFERENCES 

Ministry of Water, Land and Air Protection (MWLAP). 2002. Protocols for Marine Environmental 

Monitoring. Environmental Protection Division, Ministry of Water, Land and Air Protection, 

Victoria, B.C.  

Robichaud, G. and S. Doiron. 2011. Sulfides, Redox and Sediment Visual Observations based on a 

Monitoring Program in Various Estuaries along the East Coast of New Brunswick between 2006 

and 2010. Canadian Data Report of Fisheries and Aquatic Sciences 1233. Oceans and Science 

Branch, Gulf Region, Department of Fisheries and Oceans, Gulf Fisheries Centre. Moncton, New 

Brunswick.  
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SUMMARY STATISTICS FOR RAW FULL DATA SETS 

Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

mud_063mm 162 1.166 96.81 11.15 7.1 152.7 12.36 5.46 3.398 16.14 1.109 

clay_lt_2um 162 0.00415 13.17 1.632 1.237 2.07 1.439 0.642 4.196 27.37 0.882 

clay_lt_4um 162 0 18.81 1.916 1.34 3.882 1.97 0.732 4.961 35.86 1.029 

silt_pt_05mm_2um 162 0 83.08 6.485 3.106 102.3 10.11 2.652 4.162 23.04 1.56 

silt_pt_0312mm_004mm 162 0 50.99 3.699 1.794 34.71 5.891 1.515 4.521 27.9 1.593 

silt_pt_063mm_pt_0312mm 162 0.315 27.31 5.532 3.56 27.94 5.286 3.178 1.881 3.742 0.956 

silt_063mm_4um 162 0.448 78 9.231 5.665 113.6 10.66 4.655 3.111 12.96 1.155 

fine_sand_pt_063mm_pt_2mm 162 2.912 70.67 52.81 55.36 124 11.14 7.758 -1.731 4.371 0.211 

sand_pt_125mm_pt_063mm 162 0.241 57.99 14.45 9.453 150.9 12.29 8.923 1.245 0.97 0.85 

sand_pt_25mm_pt_125mm 162 0.388 90.06 63.94 68.26 366.8 19.15 16.29 -1.142 0.769 0.3 

sand_pt_5mm_pt_25mm 162 0.0411 54.31 7.77 4.013 93.57 9.673 4.578 2.229 5.809 1.245 

sand_1mm_pt_5mm 162 0.0222 40.18 2.499 0.496 28.55 5.344 0.649 4.365 23.36 2.139 

sand_2mm_05mm 162 3.751 99.11 91.78 95.45 129.7 11.39 3.269 -4.249 24.46 0.124 

sand_2mm_063mm 162 3.19 98.79 88.75 92.9 151.9 12.32 5.159 -3.411 16.25 0.139 

sand_2mm_pt_2mm 162 0.278 89.36 35.94 36.12 209 14.46 12.49 0.625 1.811 0.402 

sand_2mm_1mm 162 0 8.844 0.094 0.0248 0.481 0.694 0.0324 12.62 160.2 7.38 

gravel_gt_2mm 162 0 2.309 0.0996 0 0.0834 0.289 0 5.641 38.19 2.9 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 107 4620 15000 6708 6310 2056091 1434 948.9 2.181 9.411 0.214 

antimony 107 0.1 0.45 0.119 0.1 0.00164 0.0405 0 5.538 42.21 0.34 

arsenic 107 0.86 7.39 2.428 2.15 1.216 1.103 0.786 1.525 3.186 0.454 

barium 107 11.6 47.7 18.74 18.2 19.63 4.43 3.855 2.786 16.12 0.236 

beryllium 107 0.2 0.34 0.204 0.2 0.0002687 0.0164 0 6.454 47.83 0.0805 

bismuth 107 0.2 0.2 0.2 0.2 1.75E-31 4.183E-16 0 1.014 -2.038 2.091E-15 

cadmium 107 0.05 0.369 0.116 0.1 0.00386 0.0622 0.0534 1.302 1.954 0.538 

calcium 107 2590 6050 3965 3880 437229 661.2 637.5 0.501 0.109 0.167 

chromium 107 8.88 38.3 17.47 16.1 28.18 5.308 4.151 1.076 1.263 0.304 

cobalt 107 2.28 12 4.198 3.85 2.215 1.488 1.053 1.941 6.22 0.355 

copper 107 2.75 28.5 5.572 4.32 11.95 3.457 1.319 3.389 17.68 0.62 

iron 107 6300 30600 10645 9770 10815676 3289 2120 2.5 11.72 0.309 

lead 107 1.05 7.61 2.369 2.14 1.119 1.058 0.756 1.946 5.813 0.447 

lithium 107 5 17.4 7.072 6.5 3.739 1.934 1.334 2.111 7.096 0.273 

magnesium 107 2830 10400 4655 4310 1263520 1124 845.1 1.653 5.294 0.241 

manganese 107 96.7 338 145.4 143 1110 33.32 25.2 2.281 10.27 0.229 

mercury 107 0.005 0.0491 0.0143 0.0117 6.655E-05 0.00816 0.00549 1.931 4.963 0.57 

molybdenum 107 0.5 1.47 0.643 0.5 0.0649 0.255 0 1.905 2.774 0.396 

nickel 107 7.02 40.4 13.84 12.4 28.27 5.317 4.003 1.815 5.293 0.384 

phosphorus 107 286 841 487.7 470 16013 126.5 106.7 0.799 0.301 0.259 

potassium 107 520 1760 783.3 740 37143 192.7 148.3 1.867 5.467 0.246 

selenium 107 0.2 0.29 0.202 0.2 0.0001254 0.0112 0 6.425 43.68 0.0554 
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Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

silver 107 0.1 0.11 0.1 0.1 9.346E-07 0.0009667 0 10.34 107 0.00966 

sodium 107 1130 8310 3086 2910 1065599 1032 741.3 1.644 6.037 0.334 

sulfur 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

strontium 107 15.4 40.4 22.62 21.7 26.74 5.171 4.003 1.2 1.332 0.229 

thallium 107 0.05 0.317 0.166 0.17 0.00407 0.0638 0.0593 0.129 -0.287 0.385 

tin 107 2 2 2 2 0 0 0 N/A N/A 0 

titanium 107 369 845 570.9 543 14082 118.7 105.3 0.653 -0.3 0.208 

uranium 107 0.124 0.957 0.481 0.458 0.0361 0.19 0.2 0.407 -0.471 0.395 

vanadium 107 16.2 53 25.18 24.2 36.1 6.009 5.634 1.374 3.58 0.239 

zinc 107 17.6 69.6 27.86 25.5 81.18 9.01 6.375 1.753 3.922 0.323 

ammonia 162 0.626 26.1 7.072 6.5 17.68 4.205 3.225 1.68 4.595 0.595 

bromide 162 1 24.1 10.36 10.7 16.46 4.057 3.335 -0.0362 0.883 0.392 

chloride 162 100 6880 2888 2955 1320616 1149 948.9 -0.277 1.168 0.398 

fluoride 162 0.3 2 0.856 0.7 0.23 0.479 0.148 1.686 1.449 0.56 

nitrate_as_n 162 0 70 31.23 30 41.94 6.476 0 0.571 11.59 0.207 

saturation_percent 162 21.5 65.1 31.8 30.95 22.65 4.759 3.484 2.616 14.61 0.15 

nitrite_as_n 162 0.1 1 0.4 0.3 0.0533 0.231 0 2.122 2.886 0.577 

sulfate_so4 162 100 1240 536.2 535 49391 222.2 170.5 0.456 0.552 0.414 

available_nitrate 162 1 4 1.643 2 0.529 0.727 1.408 1.455 2.962 0.443 

phosphate 162 2 43.9 18.59 17.15 53.44 7.31 6.079 0.948 1.227 0.393 

available_potassium 162 140 663 280.4 263 6990 83.61 57.82 1.474 3.023 0.298 

available_sulfate 162 93.6 579 223.1 211 5020 70.85 51.89 1.745 5.347 0.318 

biphenyl 3 0.000258 0.000442 0.0003383 0.000315 8.872E-09 9.419E-05 8.451E-05 1.046 N/A 0.278 

pah_1_2_6_trimethylphenanthrene 3 0.0000401 0.0000555 5.007E-05 0.0000546 7.47E-11 8.643E-06 1.334E-06 -1.711 N/A N/A 

pah_1_2_dimethylnaphthalene 3 0.000144 0.000159 0.000149 0.000144 7.5E-11 8.66E-06 0 1.732 N/A 0.0581 

aspah_1_4_6_7_tetramethylnaphthalene 3 0.0000611 0.0000889 0.0000705 0.0000615 2.54E-10 1.594E-05 5.93E-07 1.731 N/A N/A 

pah_1_7_dimethylphenanthrene 3 0.00006 0.000093 7.833E-05 0.000082 2.823E-10 1.68E-05 1.631E-05 -0.935 N/A N/A 

pah_1_8_dimethylphenanthrene 3 0.0000372 0.000047 4.273E-05 0.000044 2.521E-11 5.021E-06 4.448E-06 -1.063 N/A N/A 

pah_1_methylnaphthalene 3 0.000094 0.000152 0.0001213 0.000118 8.493E-10 2.914E-05 3.558E-05 0.508 N/A 0.24 

pah_1_methylphenanthrene 3 0.000073 0.000107 9.133E-05 0.000094 2.943E-10 1.716E-05 1.927E-05 -0.683 N/A N/A 

pah_2_3_5_trimethylnaphthalene 3 0.000065 0.000132 0.000099 0.0001 1.123E-09 3.351E-05 4.744E-05 -0.134 N/A N/A 

pah_2_3_6_trimethylnaphthalene 3 0.000087 0.000179 0.000118 0.000088 2.791E-09 5.283E-05 1.483E-06 1.731 N/A 0.448 

pah_2_6_dimethylnaphthalene 3 0.000295 0.00031 0.0003003 0.000296 7.033E-11 8.387E-06 1.483E-06 1.704 N/A 0.0279 

pah_2_6_dimethylphenanthrene 3 0.0000372 0.00007 5.073E-05 0.000045 2.936E-10 1.714E-05 1.156E-05 1.337 N/A N/A 

pah_2_methylanthracene 3 0.0000582 0.0000641 6.103E-05 0.0000608 8.743E-12 2.957E-06 3.855E-06 0.353 N/A N/A 

pah_2_methylnaphthalene 107 0.000173 0.031 0.00992 0.01 6.845E-06 0.00262 0 3.568 44.56 0.264 

pah_2_methylphenanthrene 3 0.000109 0.000181 0.000147 0.000151 1.308E-09 3.617E-05 4.448E-05 -0.492 N/A 0.246 

pah_3_6_dimethylphenanthrene 3 0.0000376 0.000056 0.0000492 0.000054 1.019E-10 1.01E-05 2.965E-06 -1.656 N/A N/A 

pah_3_methylphenanthrene 3 0.0000605 0.000123 0.0000895 0.000085 9.918E-10 3.149E-05 3.632E-05 0.63 N/A N/A 

pah_9_4_methylphenanthrene 3 0.000124 0.000155 0.0001347 0.000125 3.103E-10 1.762E-05 1.483E-06 1.726 N/A 0.131 

acenaphthene 107 0.0000732 0.005 0.00486 0.005 6.634E-07 0.0008145 0 -5.8 32.24 0.168 

acenaphthylene 107 0.000036 0.0183 0.00499 0.005 2.355E-06 0.00153 0 5.334 56.62 0.308 
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Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

anthracene 107 0.000161 0.0372 0.00427 0.004 1.094E-05 0.00331 0 9.441 94.98 0.774 

benzo_a_anthracene 107 0.00019 0.115 0.011 0.01 0.0001095 0.0105 0 9.453 94.53 0.953 

benzo_a_pyrene 107 0.000124 0.113 0.0109 0.01 0.0001038 0.0102 0 9.661 97.75 0.938 

benzo_b_fluoranthene 107 0.000171 0.108 0.0111 0.01 9.755E-05 0.00988 0 9.104 89.53 0.889 

benzo_e_pyrene 3 0.000139 0.000173 0.000159 0.000165 3.16E-10 1.778E-05 1.186E-05 -1.346 N/A 0.112 

benzo_b_j_k_fluoranthene 107 0 0.166 0.0156 0.015 0.0002443 0.0156 0 8.542 82.7 1.003 

benzo_g_h_i_perylene 107 0.000175 0.065 0.0102 0.01 0.0000312 0.00559 0 8.886 89.39 0.545 

benzo_j_k_fluoranthene 3 0.000148 0.000221 0.0001867 0.000191 1.346E-09 3.669E-05 4.448E-05 -0.524 N/A 0.197 

benzo_k_fluoranthene 107 0 0.058 0.00965 0.01 3.023E-05 0.0055 0 6.071 57.46 0.569 

pah_c1_phenanthrenes_anthracenes 3 0.000218 0.000565 0.000363 0.000306 3.254E-08 0.0001804 0.0001305 1.28 N/A 0.497 

pah_c1_naphthalenes 3 0.000267 0.000468 0.0003707 0.000377 1.013E-08 0.0001007 0.0001349 -0.282 N/A 0.272 

pah_c2_phenanthrenes_anthracenes 3 0.000476 0.000672 0.0005613 0.000536 1.009E-08 0.0001004 8.896E-05 1.063 N/A 0.179 

pah_c2_naphthalenes 3 0.00181 0.00194 0.00187 0.00187 4.233E-09 6.506E-05 8.896E-05 0.23 N/A 0.0347 

pah_c3_naphthalenes 3 0.000601 0.000889 0.000749 0.000757 2.078E-08 0.0001442 0.0001957 -0.249 N/A 0.192 

pah_c3_phenanthrenes_anthracenes 3 0.000316 0.000436 0.0003747 0.000372 3.605E-09 6.004E-05 8.302E-05 0.199 N/A 0.16 

pah_c4_naphthalenes 3 0.000321 0.000421 0.0003793 0.000396 2.708E-09 5.204E-05 3.706E-05 -1.293 N/A 0.137 

pah_c4_phenanthrenes_anthracenes 3 0.000731 0.000958 0.0008267 0.000791 1.384E-08 0.0001176 8.896E-05 1.239 N/A 0.142 

chrysene 107 0.000234 0.13 0.0111 0.01 0.0001393 0.0118 0 9.812 99.76 1.062 

dibenz_a_h_anthracene 107 0.00005 0.0113 0.00492 0.005 1.057E-06 0.00103 0 -0.737 26.6 0.209 

dibenzothiophene 3 0.000131 0.000217 0.00017 0.000162 1.897E-09 4.356E-05 4.596E-05 0.799 N/A 0.256 

fluoranthene 107 0.000609 0.253 0.0136 0.01 0.0005864 0.0242 0 9.366 92.49 1.787 

fluorene 107 0.000065 0.01 0.00972 0.01 2.693E-06 0.00164 0 -5.8 32.24 0.169 

iacr_ccme 107 0 1.84 0.167 0.15 0.0285 0.169 0 9.399 93.63 1.01 

indeno_1_2_3_cd_pyrene 107 0.00015 0.067 0.0103 0.01 3.367E-05 0.0058 0 8.808 87.97 0.561 

naphthalene 107 0.000365 0.015 0.00978 0.01 2.788E-06 0.00167 0 -4.794 27.53 0.171 

perylene 3 0.00011 0.000208 0.00017 0.000192 2.764E-09 5.257E-05 2.372E-05 -1.553 N/A 0.309 

phenanthrene 107 0.000366 0.122 0.0113 0.01 0.0001266 0.0113 0 9.181 90.43 0.993 

pyrene 107 0.000413 0.273 0.0138 0.01 0.0006851 0.0262 0 9.406 93.07 1.898 

b_a_p_total_potency_equivalent 107 0 0.161 0.021 0.02 0.0002001 0.0141 0 9.243 92.99 0.675 

retene 3 0.0000154 0.000172 0.0001058 0.00013 6.57E-09 8.106E-05 6.227E-05 -1.224 N/A 0.766 

surrogate_acenaphthene_d10 107 0 120.3 86.41 87.3 270.3 16.44 6.079 -3.964 20.15 0.19 

surrogate_chrysene_d12 107 63.5 125.5 92.48 90.1 180.4 13.43 12.6 0.525 -0.296 0.145 

surrogate_naphthalene_d8 107 38.3 124 87.85 88.8 210 14.49 9.34 -0.661 2.23 0.165 

surrogate_phenanthrene_d10 107 72.6 125.5 92.85 92.4 94.91 9.742 9.489 0.487 0.688 0.105 

tot_organic_carbon 162 0.1 1.45 0.3 0.23 0.0464 0.216 0.148 2.343 7.488 0.719 

sulfide_s_mg_kg 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ph_1_2 165 6.49 8.56 7.666 7.69 0.114 0.337 0.297 -0.204 0.171 0.044 

moisture_percent 162 11.3 38.5 26.08 25.45 14.86 3.855 2.817 0.0315 2.664 0.148 

LMW_PAHs 107 0.00113 0.179 0.0125 0.01 0.0003121 0.0177 0 8.471 77.48 1.418 

HMW_PAHs 107 0.00162 0.895 0.0242 0.01 0.00777 0.0882 0 9.361 92.26 3.644 

TOT_PAHs 107 0.00275 1.075 0.0285 0.01 0.0113 0.106 0 9.26 90.91 3.725 
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PERCENTILES FOR RAW FULL DATA SETS 

Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

mud_063mm 162 1.971 2.959 3.843 4.286 7.063 12.47 14.76 21.63 36.58 54.44 

clay_lt_2um 162 0.437 0.578 0.796 0.892 1.236 1.923 2.19 2.732 3.843 6.197 

clay_lt_4um 162 0.509 0.658 0.898 1.006 1.335 2.186 2.526 3.41 4.892 8.158 

silt_pt_05mm_2um 162 0.871 1.022 1.457 1.661 3.081 6.475 7.718 13.93 24.85 43.66 

silt_pt_0312mm_004mm 162 0.473 0.58 0.837 0.949 1.794 3.651 4.547 8.784 13.37 25.68 

silt_pt_063mm_pt_0312mm 162 0.743 1.117 1.718 2.027 3.519 6.954 8.286 12.43 16.69 24.07 

silt_063mm_4um 162 1.251 1.938 2.696 3.081 5.604 10.61 12.67 18.93 33.15 45.78 

fine_sand_pt_063mm_pt_2mm 162 33.32 37.67 47.56 48.62 55.29 59.78 60.73 63.42 65.46 68.85 

sand_pt_125mm_pt_063mm 162 2.117 2.935 4.437 5.061 9.251 21.48 24.12 35.03 39.54 48.7 

sand_pt_25mm_pt_125mm 162 21.28 35.61 48.6 54.7 68.23 78.81 79.94 83.62 84.57 88.58 

sand_pt_5mm_pt_25mm 162 0.472 0.719 1.044 1.302 3.939 10.42 12.52 20.67 28.18 44.05 

sand_1mm_pt_5mm 162 0.0367 0.0471 0.0876 0.151 0.496 2.316 3.433 6.212 10.15 27.86 

sand_2mm_05mm 162 65.95 81.43 90.23 91.55 95.4 97.28 97.55 97.9 98.34 98.87 

sand_2mm_063mm 162 59.05 77.36 85.17 87.14 92.86 95.5 95.99 96.77 97.69 98.69 

sand_2mm_pt_2mm 162 13.26 18.14 25.37 26.47 36.11 43.43 45.22 53.02 58.69 82.51 

sand_2mm_1mm 162 0 0 0.00291 0.00598 0.0248 0.0524 0.0598 0.1 0.137 0.298 

gravel_gt_2mm 162 0 0 0 0 0 0.0372 0.167 0.308 0.423 1.445 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 107 5028 5214 5678 5768 6295 7298 7612 8552 8932 9708 

antimony 107 0.1 0.1 0.1 0.1 0.1 0.123 0.14 0.153 0.17 0.209 

arsenic 107 1.071 1.426 1.594 1.62 2.135 2.693 3.066 4.079 4.587 4.999 

barium 107 13.34 14.34 15.3 15.6 18.2 20.8 21.58 23.26 24.29 27.59 

beryllium 107 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.203 0.21 0.26 

bismuth 107 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

cadmium 107 0.05 0.05 0.0576 0.0648 0.1 0.138 0.162 0.2 0.237 0.272 

calcium 107 3044 3177 3390 3470 3870 4335 4472 4850 5115 5570 

chromium 107 11 11.5 13.24 13.5 16.05 20.08 22.18 24.93 27.72 29.79 

cobalt 107 2.704 2.815 3.016 3.148 3.845 4.655 5.064 6.484 6.888 7.638 

copper 107 2.941 3.191 3.48 3.683 4.305 6.04 7.086 10.23 11.23 13.78 

iron 107 7107 7470 8376 8573 9725 11625 12700 14830 15960 17486 

lead 107 1.187 1.408 1.58 1.64 2.135 2.698 2.898 3.933 4.217 6.057 

lithium 107 5 5.27 5.64 5.8 6.5 7.825 8.36 9.4 10.92 12.09 

magnesium 107 3337 3438 3744 3923 4305 5290 5438 6213 6693 6940 

manganese 107 104.4 107 122 125.8 142 159.3 166.6 174.3 189.5 243.5 

mercury 107 0.00531 0.0072 0.0083 0.0088 0.0117 0.0174 0.0202 0.0244 0.0276 0.0465 

molybdenum 107 0.5 0.5 0.5 0.5 0.5 0.67 0.82 0.977 1.272 1.467 

nickel 107 8.017 8.678 9.522 10.2 12.4 16 16.9 20.47 23.16 27.29 

phosphorus 107 315 336.6 382.4 396.8 468.5 536.5 567.6 666.6 742.6 823.8 

potassium 107 600 610 630 640 740 855 912 1056 1160 1248 

selenium 107 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.259 
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Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

silver 107 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.1 

sodium 107 1658 1907 2380 2475 2905 3540 3640 4168 4633 6306 

sulfur 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

strontium 107 16.64 17.11 17.98 19 21.7 24.75 25.96 30 33.79 38.01 

thallium 107 0.05 0.0794 0.106 0.118 0.17 0.202 0.208 0.238 0.277 0.312 

tin 107 2 2 2 2 2 2 2 2 2 2 

titanium 107 408.4 430.8 475 486.8 542.5 635 680.8 760.3 797.3 840.9 

uranium 107 0.179 0.254 0.309 0.333 0.453 0.594 0.666 0.765 0.804 0.927 

vanadium 107 17.34 18.24 20.24 20.82 24.05 28.55 29.74 32.5 35.23 42.12 

zinc 107 18.67 19.27 21 21.45 25.45 29.95 33.12 41.23 46.6 50.74 

ammonia 162 2.006 2.546 3.878 4.245 6.49 8.575 9.1 12.18 14.68 24.05 

bromide 162 2 5.42 7.64 7.895 10.7 12.6 12.92 14.66 16.59 20.43 

chloride 162 200 1474 2110 2310 2950 3595 3670 4068 4605 5556 

fluoride 162 0.5 0.5 0.6 0.6 0.7 0.8 1 2 2 2 

nitrate_as_n 162 20 30 30 30 30 30 30 40 40 43.8 

saturation_percent 162 26.42 27.2 28.44 29 30.9 33.7 34.2 36.68 39.32 45.07 

nitrite_as_n 162 0.3 0.3 0.3 0.3 0.3 0.4 0.4 1 1 1 

sulfate_so4 162 164 246 354 400 530 640 676 808 930 1134 

available_nitrate 162 1 1 1 1 2 2 2 2 2 4 

phosphate 162 8.64 10.52 12.9 13.7 17.1 22.1 23.66 27.68 34.86 38.94 

available_potassium 162 180.5 196.2 219.8 225.5 263 310.5 326.2 391.4 461.5 534.2 

available_sulfate 162 132.7 148 173 180.5 211 248.5 266.4 306.6 328.6 484.3 

biphenyl 3 0.000258 0.000258 0.000258 0.000258 0.0002865 0.0003468 0.0003658 0.0004039 0.000423 0.0004382 

pah_1_2_6_trimethylphenanthrene 3 0.0000401 0.0000401 0.0000401 0.0000401 4.735E-05 5.483E-05 5.496E-05 5.523E-05 5.537E-05 5.547E-05 

pah_1_2_dimethylnaphthalene 3 0.000144 0.000144 0.000144 0.000144 0.000144 0.0001478 0.00015 0.0001545 0.0001568 0.0001586 

aspah_1_4_6_7_tetramethylnaphthalene 3 0.0000611 0.0000611 0.0000611 0.0000611 0.0000613 6.835E-05 7.246E-05 8.068E-05 8.479E-05 8.808E-05 

pah_1_7_dimethylphenanthrene 3 0.00006 0.00006 0.00006 0.00006 0.000071 8.475E-05 0.0000864 0.0000897 9.135E-05 9.267E-05 

pah_1_8_dimethylphenanthrene 3 0.0000372 0.0000372 0.0000372 0.0000372 0.0000406 4.475E-05 0.0000452 0.0000461 4.655E-05 4.691E-05 

pah_1_methylnaphthalene 3 0.000094 0.000094 0.000094 0.000094 0.000106 0.0001265 0.0001316 0.0001418 0.0001469 0.000151 

pah_1_methylphenanthrene 3 0.000073 0.000073 0.000073 0.000073 0.0000835 9.725E-05 0.0000992 0.0001031 0.0001051 0.0001066 

pah_2_3_5_trimethylnaphthalene 3 0.000065 0.000065 0.000065 0.000065 0.0000825 0.000108 0.0001128 0.0001224 0.0001272 0.000131 

pah_2_3_6_trimethylnaphthalene 3 0.000087 0.000087 0.000087 0.000087 0.0000875 0.0001108 0.0001244 0.0001517 0.0001654 0.0001763 

pah_2_6_dimethylnaphthalene 3 0.000295 0.000295 0.000295 0.000295 0.0002955 0.0002995 0.0003016 0.0003058 0.0003079 0.0003096 

pah_2_6_dimethylphenanthrene 3 0.0000372 0.0000372 0.0000372 0.0000372 0.0000411 5.125E-05 0.000055 0.0000625 6.625E-05 6.925E-05 

pah_2_methylanthracene 3 0.0000582 0.0000582 0.0000582 0.0000582 0.0000595 6.163E-05 6.212E-05 6.311E-05 6.361E-05 6.4E-05 

pah_2_methylnaphthalene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

pah_2_methylphenanthrene 3 0.000109 0.000109 0.000109 0.000109 0.00013 0.0001585 0.000163 0.000172 0.0001765 0.0001801 

pah_3_6_dimethylphenanthrene 3 0.0000376 0.0000376 0.0000376 0.0000376 0.0000458 0.0000545 0.0000548 0.0000554 0.0000557 5.594E-05 

pah_3_methylphenanthrene 3 0.0000605 0.0000605 0.0000605 0.0000605 7.275E-05 0.0000945 0.0001002 0.0001116 0.0001173 0.0001219 

pah_9_4_methylphenanthrene 3 0.000124 0.000124 0.000124 0.000124 0.0001245 0.0001325 0.000137 0.000146 0.0001505 0.0001541 

acenaphthene 107 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

acenaphthylene 107 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 
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Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

anthracene 107 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.00772 

benzo_a_anthracene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0249 

benzo_a_pyrene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0208 

benzo_b_fluoranthene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.014 0.0269 

benzo_e_pyrene 3 0.000139 0.000139 0.000139 0.000139 0.000152 0.000167 0.0001682 0.0001706 0.0001718 0.0001728 

benzo_b_j_k_fluoranthene 107 0 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.0398 

benzo_g_h_i_perylene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0109 

benzo_j_k_fluoranthene 3 0.000148 0.000148 0.000148 0.000148 0.0001695 0.0001985 0.000203 0.000212 0.0002165 0.0002201 

benzo_k_fluoranthene 107 0 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0129 

pah_c1_phenanthrenes_anthracenes 3 0.000218 0.000218 0.000218 0.000218 0.000262 0.0003708 0.0004096 0.0004873 0.0005262 0.0005572 

pah_c1_naphthalenes 3 0.000267 0.000267 0.000267 0.000267 0.000322 0.0003998 0.0004134 0.0004407 0.0004544 0.0004653 

pah_c2_phenanthrenes_anthracenes 3 0.000476 0.000476 0.000476 0.000476 0.000506 0.00057 0.0005904 0.0006312 0.0006516 0.0006679 

pah_c2_naphthalenes 3 0.00181 0.00181 0.00181 0.00181 0.00184 0.00189 0.0019 0.00192 0.00193 0.00194 

pah_c3_naphthalenes 3 0.000601 0.000601 0.000601 0.000601 0.000679 0.00079 0.0008098 0.0008494 0.0008692 0.000885 

pah_c3_phenanthrenes_anthracenes 3 0.000316 0.000316 0.000316 0.000316 0.000344 0.000388 0.0003976 0.0004168 0.0004264 0.0004341 

pah_c4_naphthalenes 3 0.000321 0.000321 0.000321 0.000321 0.0003585 0.0004023 0.000406 0.0004135 0.0004173 0.0004203 

pah_c4_phenanthrenes_anthracenes 3 0.000731 0.000731 0.000731 0.000731 0.000761 0.0008328 0.0008578 0.0009079 0.000933 0.000953 

chrysene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0107 0.0207 

dibenz_a_h_anthracene 107 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

dibenzothiophene 3 0.000131 0.000131 0.000131 0.000131 0.0001465 0.0001758 0.000184 0.0002005 0.0002088 0.0002154 

fluoranthene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0143 0.0197 0.0537 

fluorene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

iacr_ccme 107 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.16 0.408 

indeno_1_2_3_cd_pyrene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0158 

naphthalene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

perylene 3 0.00011 0.00011 0.00011 0.00011 0.000151 0.000196 0.0001984 0.0002032 0.0002056 0.0002075 

phenanthrene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0149 0.0288 

pyrene 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0136 0.0207 0.0567 

b_a_p_total_potency_equivalent 107 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.0318 

retene 3 0.0000154 0.0000154 0.0000154 0.0000154 0.0000727 0.0001405 0.0001468 0.0001594 0.0001657 0.0001707 

surrogate_acenaphthene_d10 107 77.33 81.07 82.78 83.38 87.15 91.73 93.76 97.41 100.5 113.4 

surrogate_chrysene_d12 107 73.83 75.99 81 82.3 89.55 100.6 105.3 110.4 116.1 125 

surrogate_naphthalene_d8 107 60.49 69.3 80.14 82.15 88.65 94.15 96.96 103.6 111.9 120.8 

surrogate_phenanthrene_d10 107 76.6 81.61 84.1 85.85 92.35 98.42 100.3 105.3 108.8 120.9 

tot_organic_carbon 162 0.1 0.1 0.14 0.16 0.23 0.38 0.42 0.51 0.728 1.11 

sulfide_s_mg_kg 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ph_1_2 165 7.123 7.205 7.35 7.44 7.69 7.88 7.93 8.125 8.178 8.344 

moisture_percent 162 21.36 22.9 23.64 24 25.4 27.95 28.76 30.8 32.65 36.22 

LMW_PAHs 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0155 0.0695 

HMW_PAHs 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0263 0.0445 0.175 

TOT_PAHs 107 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.037 0.0721 0.211 
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SUMMARY STATISTICS FOR RAW FULL DATA SETS 

Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

mud_063mm 477 1.31 99.07 38.25 29.35 889.9 29.83 30.44 0.591 -0.931 0.78 

clay_lt_2um 477 0.0692 19.97 5.222 4.064 17.59 4.194 3.64 1.137 0.588 0.803 

clay_lt_4um 477 0.244 26.38 6.92 5.079 36.04 6.004 4.849 1.213 0.691 0.868 

silt_pt_05mm_2um 477 0.0756 86.56 29.76 21.92 675.6 25.99 25.72 0.681 -0.859 0.873 

silt_pt_0312mm_004mm 477 0.0923 55.01 17.68 12.73 253.1 15.91 14.83 0.793 -0.609 0.9 

silt_pt_063mm_pt_0312mm 477 0.235 31.7 13.65 12.94 82.66 9.092 11.99 0.199 -1.213 0.666 

silt_063mm_4um 477 0.327 82.11 31.33 24.63 590.5 24.3 26.86 0.505 -1.08 0.776 

fine_sand_pt_063mm_pt_2mm 477 0.81 73.08 36.97 39.33 284.4 16.86 16.97 -0.375 -0.624 0.456 

sand_pt_125mm_pt_063mm 477 0.625 65.03 15.6 13.28 142 11.92 11.85 1.113 1.302 0.764 

sand_pt_25mm_pt_125mm 477 0.102 85.6 35.62 36.69 589.7 24.28 32.14 0.0721 -1.199 0.682 

sand_pt_5mm_pt_25mm 477 0.00987 74.46 9.05 2.841 204.1 14.29 3.871 2.381 5.541 1.578 

sand_1mm_pt_5mm 477 0.00196 28.75 1.365 0.273 8.486 2.913 0.331 4.379 25.73 2.134 

sand_2mm_05mm 477 1.07 99.09 64.95 74.15 893 29.88 28.93 -0.713 -0.781 0.46 

sand_2mm_063mm 477 0.927 98.68 61.29 70.22 897.6 29.96 30.87 -0.583 -0.949 0.489 

sand_2mm_pt_2mm 477 0.0638 87.36 24.71 22.29 417.8 20.44 22.8 0.795 -0.0204 0.827 

sand_2mm_1mm 477 -1.4E-14 4.888 0.0472 0.0163 0.0542 0.233 0.0242 19.1 394.8 4.937 

gravel_gt_2mm 477 0 14.12 0.0653 0 0.44 0.664 0 20.12 424.9 10.17 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 326 6630 20700 11078 10300 7092705 2663 2372 1.1 0.734 0.24 

antimony 326 0.14 2.12 0.299 0.28 0.0198 0.141 0.111 6.859 85.2 0.471 

arsenic 326 2.35 11.5 5.966 5.795 1.72 1.311 1.142 1.209 2.5 0.22 

barium 326 15.4 87.8 37.67 35.85 130.1 11.4 11.86 0.668 0.234 0.303 

beryllium 326 0.17 0.52 0.266 0.25 0.00411 0.0641 0.0593 1.217 1.415 0.241 

bismuth 326 0.1 0.21 0.199 0.2 9.182E-05 0.00958 0 -10.27 104.6 0.0481 

cadmium 326 0.025 0.417 0.102 0.0805 0.00368 0.0607 0.0452 1.831 4.852 0.595 

calcium 326 3560 26400 5762 5590 2558108 1599 1082 7.053 85.81 0.278 

chromium 326 17.8 52.5 35.52 35.3 26.27 5.125 4.596 0.27 0.665 0.144 

cobalt 326 4.12 16.1 10.47 10.5 2.766 1.663 1.631 0.173 0.511 0.159 

copper 326 5.55 96.8 18.68 16.15 83.05 9.113 7.858 2.547 16.07 0.488 

iron 326 10700 38300 24023 23600 16637186 4079 4003 0.599 0.527 0.17 

lead 326 2.43 10.7 5.017 4.725 2.484 1.576 1.401 0.921 0.784 0.314 

lithium 326 6.8 23 12.33 11.45 12.72 3.566 3.484 0.856 0.0353 0.289 

magnesium 326 4760 13000 9018 8945 1714014 1309 1290 0.482 0.265 0.145 

manganese 326 144 591 315.5 307 4333 65.83 62.27 1.041 1.733 0.209 

mercury 326 0.0122 0.294 0.0368 0.0314 0.0006501 0.0255 0.0168 4.838 39.14 0.693 

molybdenum 326 0.25 2.53 0.701 0.53 0.123 0.351 0.0445 2.27 5.265 0.5 

nickel 326 14.3 53.7 36.63 36.3 19.33 4.397 3.855 0.14 2.521 0.12 

phosphorus 326 447 1190 696.3 686 17638 132.8 137.1 0.639 0.387 0.191 

potassium 326 550 2440 1162 1060 166846 408.5 341 1.011 0.556 0.352 

selenium 326 0.1 0.55 0.235 0.2 0.00372 0.061 0 1.822 3.956 0.26 
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Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

silver 326 0.05 0.17 0.103 0.1 0.0001265 0.0112 0 1.803 13.59 0.109 

sodium 326 500 10100 2964 2655 2572872 1604 1090 1.615 4 0.541 

sulfur 30 500 1900 763.3 600 101023 317.8 148.3 1.837 4.395 0.416 

strontium 326 20 172 33.94 32.1 126.8 11.26 8.747 5.89 68.63 0.332 

thallium 326 0.0448 0.18 0.0728 0.066 0.0006184 0.0249 0.0237 1.408 2.156 0.341 

tin 326 1 2.3 1.992 2 0.00944 0.0972 0 -9.779 99.38 0.0488 

titanium 326 544 1170 833 816 14214 119.2 114.2 0.439 0.026 0.143 

uranium 326 0.205 2.02 0.621 0.578 0.0771 0.278 0.274 1.199 2.464 0.447 

vanadium 326 26.2 73 49.64 49.5 40.65 6.376 5.782 0.453 0.927 0.128 

zinc 326 28.7 92.5 53.55 51.5 158 12.57 12.01 0.733 0.0835 0.235 

ammonia 477 0 541 4.158 2.03 617.8 24.86 1.646 21.26 459.9 5.978 

bromide 477 0 34 8.744 7.9 28.17 5.307 4.834 1.2 2.288 0.607 

chloride 477 53.1 9160 2459 2230 2130829 1460 1305 1.149 1.956 0.594 

fluoride 477 0 3.15 0.764 0.63 0.242 0.492 0.341 1.903 4.387 0.645 

nitrate_as_n 477 2 80 28.75 30 173.4 13.17 14.83 0.687 0.93 0.458 

saturation_percent 477 20.5 78.8 35.56 32.2 123.6 11.12 8.451 1.331 1.428 0.313 

nitrite_as_n 477 0 2.84 0.355 0.3 0.0649 0.255 0.148 3.083 19.73 0.718 

sulfate_so4 477 18.7 1790 435.4 390 74716 273.3 237.2 1.506 3.307 0.628 

available_nitrate 477 0.5 6 1.771 1 1.319 1.149 0 1.261 0.127 0.648 

phosphate 477 2.5 38.1 11.12 9.8 29.55 5.436 4.893 1.159 1.661 0.489 

available_potassium 477 92 7300 370.5 346 117770 343.2 103.8 17.41 350.7 0.926 

available_sulfate 477 16.1 784 183.4 165 12785 113.1 88.95 1.749 4.873 0.617 

biphenyl 7 0.00104 0.0132 0.0075 0.00885 2.336E-05 0.00483 0.00645 -0.248 -1.955 0.645 

pah_1_2_6_trimethylphenanthrene 7 0.0000731 0.00142 0.0007506 0.000752 2.424E-07 0.0004924 0.0006345 -0.0496 -1.394 0.656 

pah_1_2_dimethylnaphthalene 7 0.000335 0.00401 0.0024 0.00333 2.58E-06 0.00161 0.00101 -0.361 -2.379 0.669 

aspah_1_4_6_7_tetramethylnaphthalene 7 0.000193 0.00251 0.00136 0.0018 8.733E-07 0.0009345 0.00105 -0.217 -2.166 0.686 

pah_1_7_dimethylphenanthrene 7 0.000617 0.00805 0.00424 0.00502 7.821E-06 0.0028 0.00411 -0.0449 -1.693 0.66 

pah_1_8_dimethylphenanthrene 7 0.000106 0.000962 0.0005269 0.000634 1.111E-07 0.0003334 0.0004848 -0.1 -1.832 0.633 

pah_1_methylnaphthalene 7 0.00108 0.0212 0.0121 0.016 6.729E-05 0.0082 0.00771 -0.351 -2.041 0.677 

pah_1_methylphenanthrene 7 0.000781 0.0098 0.0055 0.00643 1.238E-05 0.00352 0.00474 -0.205 -1.88 0.639 

pah_2_3_5_trimethylnaphthalene 7 0.000765 0.0133 0.00739 0.00989 2.637E-05 0.00513 0.00506 -0.271 -2.184 0.695 

pah_2_3_6_trimethylnaphthalene 7 0.00105 0.0197 0.0109 0.0141 5.638E-05 0.00751 0.0083 -0.256 -2.068 0.691 

pah_2_6_dimethylnaphthalene 7 0.00164 0.0302 0.0173 0.0212 0.0001351 0.0116 0.0133 -0.303 -1.941 0.671 

pah_2_6_dimethylphenanthrene 7 0.000298 0.00384 0.00219 0.00206 2.092E-06 0.00145 0.0019 -0.0377 -1.977 0.662 

pah_2_methylanthracene 7 0.000109 0.0012 0.000686 0.000829 1.796E-07 0.0004238 0.00055 -0.269 -1.909 0.618 

pah_2_methylnaphthalene 326 0.002 0.217 0.0195 0.01 0.000472 0.0217 0 4.606 29.33 1.116 

pah_2_methylphenanthrene 7 0.00122 0.0166 0.00918 0.01 3.459E-05 0.00588 0.00667 -0.157 -1.746 0.641 

pah_3_6_dimethylphenanthrene 7 0.000255 0.0025 0.00148 0.00154 8.145E-07 0.0009025 0.00108 -0.215 -1.988 0.612 

pah_3_methylphenanthrene 7 0.00077 0.0109 0.00603 0.00635 1.511E-05 0.00389 0.00423 -0.162 -1.793 0.645 

pah_9_4_methylphenanthrene 7 0.000714 0.0102 0.00564 0.00613 1.329E-05 0.00365 0.00406 -0.174 -1.779 0.646 

acenaphthene 326 0.000097 0.02 0.00515 0.005 3.533E-06 0.00188 0 5.851 46.98 0.365 

acenaphthylene 326 0.000061 0.005 0.00487 0.005 5.453E-07 0.0007385 0 -5.927 34.32 0.152 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies - 9 - August 2014 

 

Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

anthracene 326 0.000285 0.017 0.00419 0.004 1.732E-06 0.00132 0 5.16 41.27 0.314 

benzo_a_anthracene 326 0.000382 0.042 0.0101 0.01 6.839E-06 0.00262 0 6.436 77.47 0.259 

benzo_a_pyrene 326 0.000228 0.023 0.00986 0.01 2.665E-06 0.00163 0 -1.1 31.33 0.166 

benzo_b_fluoranthene 326 0.000506 0.035 0.0103 0.01 8.346E-06 0.00289 0 4.132 30.49 0.28 

benzo_e_pyrene 7 0.000353 0.0053 0.00217 0.00235 2.574E-06 0.0016 0.00139 1.262 2.342 0.74 

benzo_b_j_k_fluoranthene 326 0 0.019 0.0104 0.015 4.8E-05 0.00693 0 -0.826 -1.297 0.666 

benzo_g_h_i_perylene 326 0.000448 0.012 0.00978 0.01 1.729E-06 0.00131 0 -5.84 34.03 0.134 

benzo_j_k_fluoranthene 7 0.000236 0.00396 0.00132 0.000761 1.894E-06 0.00138 0.0006079 1.513 1.477 1.043 

benzo_k_fluoranthene 326 0 0.01 0.00692 0.01 2.116E-05 0.0046 0 -0.834 -1.299 0.665 

pah_c1_phenanthrenes_anthracenes 7 0.0036 0.0488 0.027 0.0298 0.0003009 0.0173 0.0194 -0.175 -1.785 0.641 

pah_c1_naphthalenes 7 0.00308 0.061 0.0346 0.044 0.0005472 0.0234 0.0252 -0.334 -1.987 0.676 

pah_c2_phenanthrenes_anthracenes 7 0.00326 0.04 0.0224 0.0247 0.0002072 0.0144 0.0165 -0.182 -1.903 0.642 

pah_c2_naphthalenes 7 0.00757 0.11 0.0649 0.0828 0.00184 0.0429 0.0403 -0.312 -2.035 0.661 

pah_c3_naphthalenes 7 0.0044 0.0681 0.0381 0.0496 0.0006789 0.0261 0.0274 -0.286 -2.165 0.684 

pah_c3_phenanthrenes_anthracenes 7 0.00196 0.0209 0.0123 0.0133 5.957E-05 0.00772 0.011 -0.2 -1.848 0.627 

pah_c4_naphthalenes 7 0.00165 0.0264 0.0138 0.0178 8.553E-05 0.00925 0.0128 -0.122 -1.631 0.67 

pah_c4_phenanthrenes_anthracenes 7 0.00627 0.0569 0.0349 0.0438 0.0003828 0.0196 0.0194 -0.628 -1.377 0.561 

chrysene 326 0.000788 0.037 0.0103 0.01 8.002E-06 0.00283 0 5.21 39.56 0.274 

dibenz_a_h_anthracene 326 0.00012 0.0105 0.00491 0.005 5.975E-07 0.000773 0 -2.859 30.28 0.157 

dibenzothiophene 7 0.00037 0.00232 0.00152 0.00158 6.014E-07 0.0007755 0.00107 -0.435 -1.472 0.509 

fluoranthene 326 0.00113 0.064 0.0117 0.01 5.001E-05 0.00707 0 5.049 29.97 0.605 

fluorene 326 0.000441 0.037 0.0104 0.01 8.524E-06 0.00292 0 4.388 32.61 0.282 

iacr_ccme 326 0 0.52 0.151 0.15 0.00153 0.0391 0 2.993 36.39 0.258 

indeno_1_2_3_cd_pyrene 326 0.000198 0.011 0.00976 0.01 1.978E-06 0.00141 0 -5.899 34.31 0.144 

naphthalene 326 0.000972 0.06 0.0114 0.01 3.119E-05 0.00558 0 5.335 35.32 0.49 

perylene 7 0.00439 0.0797 0.0313 0.016 0.000754 0.0275 0.0172 1.036 -0.00194 0.878 

phenanthrene 326 0.00224 0.104 0.0154 0.01 0.0001479 0.0122 0 3.485 15.16 0.787 

pyrene 326 0.00108 0.076 0.0112 0.01 4.201E-05 0.00648 0 6.609 52.59 0.58 

b_a_p_total_potency_equivalent 326 0 0.033 0.0196 0.02 1.034E-05 0.00322 0 -4.719 29.46 0.164 

retene 7 0.00285 0.0215 0.0129 0.0119 6.036E-05 0.00777 0.0121 -0.239 -1.875 0.602 

surrogate_acenaphthene_d10 326 0 127.4 87.36 88.7 229.3 15.14 6.672 -3.923 21.76 0.173 

surrogate_chrysene_d12 326 0 129 93.41 94.8 264.5 16.26 16.01 -1.588 8.363 0.174 

surrogate_naphthalene_d8 326 0.0105 128.6 88.02 88.55 179.1 13.38 8.08 -1.68 8.976 0.152 

surrogate_phenanthrene_d10 326 0 126.1 93.39 94.2 192.2 13.87 8.006 -3.487 23.63 0.148 

tot_organic_carbon 477 0.1 2.23 0.514 0.38 0.174 0.417 0.297 1.437 1.65 0.81 

sulfide_s_mg_kg 109 0 16.1 0.903 0.2 7.568 2.751 0.258 5.014 24.94 3.047 

ph_1_2 454 7.11 8.56 7.885 7.92 0.0525 0.229 0.178 -0.608 0.803 0.0291 

moisture_percent 447 8.34 50.4 27.67 26.1 43.49 6.595 4.744 1.14 1.484 0.238 

LMW_PAHs 326 0.00604 0.427 0.0342 0.01 0.0025 0.05 0 3.795 19.22 1.461 

HMW_PAHs 326 0.00373 0.227 0.0159 0.01 0.0005699 0.0239 0 6.176 44.09 1.505 

TOT_PAHs 326 0.00976 0.525 0.0448 0.01 0.0049 0.07 0 3.8 17.96 1.561 
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PERCENTILES FOR RAW FULL DATA SETS 

Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

mud_063mm 477 2.803 4.419 9.751 12.39 29.34 61.56 69.61 87.83 94.1 98.33 

clay_lt_2um 477 0.834 1.089 1.617 1.888 4.059 7.285 8.434 11.87 14.38 16.59 

clay_lt_4um 477 0.903 1.241 1.911 2.167 5.061 9.806 11.53 16.26 20.35 23.59 

silt_pt_05mm_2um 477 1.369 2.409 5.182 6.795 21.83 49.7 57.68 73.07 79.67 84.21 

silt_pt_0312mm_004mm 477 0.803 1.423 2.941 3.951 12.66 29.63 33.2 44.66 49.82 52.88 

silt_pt_063mm_pt_0312mm 477 0.968 1.625 3.796 5.534 12.88 21.38 23.34 26.23 28.69 30.91 

silt_063mm_4um 477 1.806 3.354 7.373 9.655 24.58 51.62 58.49 70.38 74.53 78.72 

fine_sand_pt_063mm_pt_2mm 477 4.87 10.1 22.02 25.54 39.16 49.47 51.74 58.3 61.6 66.66 

sand_pt_125mm_pt_063mm 477 1.432 2.523 4.694 6.107 13.24 22.69 24.52 30.42 39.26 53.65 

sand_pt_25mm_pt_125mm 477 1.056 2.423 7.237 12.11 36.61 55.96 59.11 68.67 74.39 81.13 

sand_pt_5mm_pt_25mm 477 0.0915 0.2 0.466 0.617 2.8 9.856 12.53 29.06 43.88 68.27 

sand_1mm_pt_5mm 477 0.0316 0.042 0.0767 0.0908 0.272 1.111 1.641 3.761 6.194 14.64 

sand_2mm_05mm 477 6.549 13.68 34.19 41.67 74.05 91.25 92.95 96.34 97.53 98.65 

sand_2mm_063mm 477 4.907 11.09 29.02 37.24 70.15 87.26 89.92 95.28 97.12 98.38 

sand_2mm_pt_2mm 477 0.708 1.415 3.842 6.74 22.28 37.09 40.24 55.1 65.59 80.9 

sand_2mm_1mm 477 0 0 0 0.00141 0.0163 0.0455 0.0562 0.0906 0.128 0.396 

gravel_gt_2mm 477 0 0 0 0 0 0 0.00285 0.0544 0.176 0.87 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 326 8120 8360 8820 9000 10300 12600 12800 15100 16770 18344 

antimony 326 0.17 0.18 0.2 0.21 0.28 0.37 0.39 0.42 0.47 0.56 

arsenic 326 4.335 4.596 4.906 5.025 5.78 6.57 6.808 7.544 8.495 10.47 

barium 326 22.53 24.1 27.22 28.6 35.8 45.3 48.66 53.72 57.77 64.23 

beryllium 326 0.2 0.2 0.21 0.21 0.25 0.3 0.31 0.354 0.4 0.46 

bismuth 326 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

cadmium 326 0.05 0.05 0.05 0.053 0.08 0.134 0.145 0.174 0.218 0.29 

calcium 326 4163 4366 4732 4900 5580 6330 6534 7044 7481 9588 

chromium 326 27.53 29.3 31.54 32.05 35.3 38.2 39.1 42.4 44.51 48.64 

cobalt 326 7.849 8.45 8.984 9.305 10.5 11.5 11.8 12.54 13.27 14.7 

copper 326 9.244 9.83 11.21 11.9 16.1 24.85 25.6 30.34 33.31 41.49 

iron 326 18500 19100 20400 21000 23600 26400 27000 29540 32210 34596 

lead 326 2.861 3.188 3.682 3.955 4.72 5.91 6.182 7.256 8.099 9.536 

lithium 326 8.03 8.4 9.1 9.5 11.4 14.5 15.2 17.6 19.64 21.55 

magnesium 326 7215 7496 7802 8005 8930 9730 9992 10800 11470 12474 

manganese 326 234.6 245.6 260 268 307 352 361 403 436.7 516.7 

mercury 326 0.0156 0.0169 0.0198 0.0209 0.0313 0.0454 0.0489 0.0578 0.071 0.115 

molybdenum 326 0.5 0.5 0.5 0.5 0.53 0.73 0.81 1.21 1.5 1.939 

nickel 326 30.46 31.9 33.3 33.9 36.3 39.1 40 41.94 44.38 48.62 

phosphorus 326 510.3 530 569.8 586 685 775.5 802.6 869 919.7 1085 

potassium 326 670 710 822 855 1060 1350 1450 1794 1987 2307 

selenium 326 0.2 0.2 0.2 0.2 0.2 0.26 0.278 0.33 0.36 0.45 
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Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

silver 326 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.11 0.127 0.14 

sodium 326 843 1240 1844 2028 2650 3535 3806 4938 6114 9233 

sulfur 30 500 500 500 500 600 900 1000 1100 1250 1720 

strontium 326 22.2 23.8 25.4 26.8 32.1 38.8 40.28 45.42 48.64 54.27 

thallium 326 0.05 0.05 0.05 0.05 0.066 0.086 0.09 0.106 0.122 0.151 

tin 326 2 2 2 2 2 2 2 2 2 2 

titanium 326 656 684.6 732.6 750.5 816 906 932.6 991 1040 1150 

uranium 326 0.264 0.312 0.369 0.408 0.577 0.77 0.819 0.948 1.117 1.491 

vanadium 326 39.68 41.88 44.5 45.05 49.5 52.8 54.08 57.88 60.88 66.61 

zinc 326 36.83 38.46 42 44.25 51.5 61 63 72.46 78.82 87.82 

ammonia 477 0.4 0.687 0.978 1.133 2.025 3.923 4.572 6.105 8.411 15.54 

bromide 477 2.092 2.973 4.232 4.969 7.9 11.6 12.46 15.33 18.35 26.89 

chloride 477 539.5 864.3 1244 1420 2230 3258 3500 4269 5219 7229 

fluoride 477 0.3 0.3 0.4 0.5 0.63 0.915 1 1.192 2 2.376 

nitrate_as_n 477 10 10 20 20 30 30 40 50 50 70 

saturation_percent 477 23.7 24.8 26.64 27.5 32.2 40.45 42.66 52.83 58.92 69.91 

nitrite_as_n 477 0.1 0.1 0.2 0.2 0.3 0.4 0.5 0.6 1 1 

sulfate_so4 477 99.85 152 220 248.5 385 550 600 763 986 1403 

available_nitrate 477 1 1 1 1 1 2 2 4 4 4 

phosphate 477 4.585 5.4 6.5 6.9 9.8 14.58 15.6 18.53 20.68 27.42 

available_potassium 477 178.7 208.7 249.4 267.3 345.5 406 427.6 517 628.2 791.4 

available_sulfate 477 41.73 64.78 93.94 107.3 164.5 227 248 301.3 401.8 603.2 

biphenyl 7 0.00104 0.00104 0.0016 0.0021 0.00665 0.0109 0.0114 0.0124 0.0128 0.0131 

pah_1_2_6_trimethylphenanthrene 7 0.0000731 0.0000731 0.0001563 0.000229 0.00063 0.00108 0.00112 0.00125 0.00134 0.0014 

pah_1_2_dimethylnaphthalene 7 0.000335 0.000335 0.000475 0.0005975 0.00225 0.00351 0.00371 0.00395 0.00398 0.004 

aspah_1_4_6_7_tetramethylnaphthalene 7 0.000193 0.000193 0.000265 0.000328 0.00122 0.00196 0.00203 0.00224 0.00237 0.00248 

pah_1_7_dimethylphenanthrene 7 0.000617 0.000617 0.0009822 0.0013 0.00364 0.00588 0.0062 0.00701 0.00753 0.00795 

pah_1_8_dimethylphenanthrene 7 0.000106 0.000106 0.000132 0.0001548 0.0004705 0.0007175 0.0007686 0.0008675 0.0009148 0.0009526 

pah_1_methylnaphthalene 7 0.00108 0.00108 0.00196 0.00274 0.0114 0.0174 0.0185 0.0202 0.0207 0.0211 

pah_1_methylphenanthrene 7 0.000781 0.000781 0.00125 0.00166 0.00483 0.00786 0.00828 0.00907 0.00944 0.00973 

pah_2_3_5_trimethylnaphthalene 7 0.000765 0.000765 0.00126 0.00168 0.00674 0.0106 0.0113 0.0125 0.0129 0.0132 

pah_2_3_6_trimethylnaphthalene 7 0.00105 0.00105 0.00181 0.00248 0.00988 0.0156 0.0166 0.0184 0.019 0.0196 

pah_2_6_dimethylnaphthalene 7 0.00164 0.00164 0.00292 0.00403 0.0158 0.0252 0.027 0.0294 0.0298 0.0301 

pah_2_6_dimethylphenanthrene 7 0.000298 0.000298 0.0004896 0.0006573 0.00171 0.00334 0.00354 0.0038 0.00382 0.00384 

pah_2_methylanthracene 7 0.000109 0.000109 0.0001698 0.000223 0.0006165 0.0009793 0.00101 0.00109 0.00114 0.00119 

pah_2_methylnaphthalene 326 0.01 0.01 0.01 0.01 0.01 0.02 0.025 0.037 0.0527 0.114 

pah_2_methylphenanthrene 7 0.00122 0.00122 0.00206 0.00279 0.00787 0.0133 0.0139 0.0151 0.0159 0.0165 

pah_3_6_dimethylphenanthrene 7 0.000255 0.000255 0.0003778 0.0004853 0.00124 0.00226 0.00226 0.00234 0.00242 0.00248 

pah_3_methylphenanthrene 7 0.00077 0.00077 0.00132 0.0018 0.00508 0.00908 0.00914 0.00971 0.0103 0.0108 

pah_9_4_methylphenanthrene 7 0.000714 0.000714 0.00121 0.00164 0.00484 0.00829 0.00856 0.00927 0.00973 0.0101 

acenaphthene 326 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.0172 

acenaphthylene 326 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 
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Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

anthracene 326 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.0052 0.00972 

benzo_a_anthracene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0182 

benzo_a_pyrene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0115 

benzo_b_fluoranthene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.011 0.024 

benzo_e_pyrene 7 0.000353 0.000353 0.000575 0.0007693 0.00188 0.00241 0.00244 0.00333 0.00431 0.0051 

benzo_b_j_k_fluoranthene 326 0 0 0 0 0.015 0.015 0.015 0.015 0.015 0.0157 

benzo_g_h_i_perylene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

benzo_j_k_fluoranthene 7 0.000236 0.000236 0.000282 0.0003223 0.000653 0.00132 0.00184 0.00289 0.00342 0.00385 

benzo_k_fluoranthene 326 0 0 0 0 0.01 0.01 0.01 0.01 0.01 0.01 

pah_c1_phenanthrenes_anthracenes 7 0.0036 0.0036 0.006 0.00811 0.0233 0.0395 0.0408 0.0443 0.0465 0.0483 

pah_c1_naphthalenes 7 0.00308 0.00308 0.00559 0.00779 0.0321 0.0503 0.0531 0.0578 0.0594 0.0607 

pah_c2_phenanthrenes_anthracenes 7 0.00326 0.00326 0.00502 0.00655 0.0192 0.0331 0.0342 0.0368 0.0384 0.0397 

pah_c2_naphthalenes 7 0.00757 0.00757 0.0121 0.0161 0.0602 0.0932 0.101 0.11 0.11 0.11 

pah_c3_naphthalenes 7 0.0044 0.0044 0.00668 0.00868 0.0346 0.0555 0.0582 0.0633 0.0657 0.0676 

pah_c3_phenanthrenes_anthracenes 7 0.00196 0.00196 0.00285 0.00363 0.0107 0.0179 0.0192 0.0208 0.0208 0.0209 

pah_c4_naphthalenes 7 0.00165 0.00165 0.00273 0.00367 0.0128 0.0187 0.0196 0.0223 0.0244 0.026 

pah_c4_phenanthrenes_anthracenes 7 0.00627 0.00627 0.00844 0.0103 0.0367 0.0478 0.0481 0.051 0.054 0.0563 

chrysene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.011 0.025 

dibenz_a_h_anthracene 326 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

dibenzothiophene 7 0.00037 0.00037 0.0005168 0.0006453 0.00142 0.00216 0.00222 0.00231 0.00231 0.00232 

fluoranthene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.013 0.0227 0.0425 

fluorene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.013 0.0237 

iacr_ccme 326 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.275 

indeno_1_2_3_cd_pyrene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 

naphthalene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.013 0.02 0.0365 

perylene 7 0.00439 0.00439 0.00771 0.0106 0.0151 0.0418 0.0478 0.0621 0.0709 0.0779 

phenanthrene 326 0.01 0.01 0.01 0.01 0.01 0.0155 0.0178 0.027 0.041 0.0657 

pyrene 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0167 0.037 

b_a_p_total_potency_equivalent 326 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.0215 

retene 7 0.00285 0.00285 0.00321 0.00352 0.0113 0.0196 0.0199 0.0207 0.0211 0.0214 

surrogate_acenaphthene_d10 326 75.9 79.58 83.22 84.05 88.7 92.55 93.78 99.14 103.6 111.7 

surrogate_chrysene_d12 326 72.93 75.86 80.8 82.7 94.8 103.9 106.4 111.1 115.7 125.4 

surrogate_naphthalene_d8 326 67.11 76.4 81.68 83.15 88.5 94 95.28 100.6 106.3 119.9 

surrogate_phenanthrene_d10 326 79.44 82.72 86.82 88.05 94.2 99.15 100.1 104.4 111.6 122.8 

tot_organic_carbon 477 0.1 0.11 0.17 0.21 0.38 0.69 0.772 1.193 1.45 1.734 

sulfide_s_mg_kg 109 0.0001748 0.0006413 0.00641 0.0297 0.2 0.641 0.944 1.315 1.837 16.03 

ph_1_2 454 7.417 7.56 7.72 7.76 7.92 8.02 8.05 8.14 8.193 8.388 

moisture_percent 447 20.47 21.27 22.6 23.2 26.1 30.13 31.56 37.7 41.03 48.14 

LMW_PAHs 326 0.01 0.01 0.01 0.01 0.01 0.0365 0.0502 0.0782 0.126 0.25 

HMW_PAHs 326 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0244 0.0431 0.122 

TOT_PAHs 326 0.01 0.01 0.01 0.01 0.01 0.049 0.065 0.0954 0.171 0.366 
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SUMMARY STATISTICS FOR RAW FULL DATA SETS 

Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

mud_063mm 147 1.523 98.92 36.9 28 859.4 29.32 31.42 0.563 -1.064 0.795 

clay_lt_2um 147 0.0265 22.89 5.226 3.974 17.79 4.218 4.035 1.332 2.365 0.807 

clay_lt_4um 147 0.119 29.58 6.867 5.05 33.31 5.771 5.27 1.278 1.827 0.841 

silt_pt_05mm_2um 147 0.642 83.1 27.61 16.76 642.4 25.35 20.84 0.721 -0.881 0.918 

silt_pt_0312mm_004mm 147 0.37 50.5 16.53 10.34 230.4 15.18 12.81 0.76 -0.763 0.919 

silt_pt_063mm_pt_0312mm 147 0.216 33.67 13.5 12.5 87.79 9.37 11.83 0.353 -1.19 0.694 

silt_063mm_4um 147 0.839 80.01 30.03 23.42 578.6 24.05 26.03 0.542 -1.121 0.801 

fine_sand_pt_063mm_pt_2mm 147 0.823 63.61 38.69 40.82 276.4 16.63 17.82 -0.512 -0.826 0.43 

sand_pt_125mm_pt_063mm 147 0.15 51.95 19.35 19.11 125.9 11.22 13.27 0.376 -0.401 0.58 

sand_pt_25mm_pt_125mm 147 0.282 83.71 32.23 29.85 611 24.72 33.96 0.272 -1.29 0.767 

sand_pt_5mm_pt_25mm 147 0.05 76.17 8.723 2.211 191.7 13.85 2.932 2.447 6.369 1.588 

sand_1mm_pt_5mm 147 0.0138 26.72 2.731 0.504 26.34 5.133 0.623 2.777 8.04 1.879 

sand_2mm_05mm 147 1.214 98.51 67.13 78.4 851.2 29.18 25.87 -0.712 -0.854 0.435 

sand_2mm_063mm 147 1.077 98.48 63.08 72 860 29.33 31.42 -0.562 -1.065 0.465 

sand_2mm_pt_2mm 147 0.254 90.72 24.39 21.91 466.9 21.61 23.66 0.903 0.273 0.886 

sand_2mm_1mm 147 0 0.263 0.0437 0.0318 0.00231 0.0481 0.0324 2.054 4.86 1.101 

gravel_gt_2mm 147 0 1.035 0.0253 0 0.0143 0.119 0 6.573 47.81 4.721 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 87 7450 16800 11081 10200 6596944 2568 2817 0.494 -0.925 0.232 

antimony 87 0.15 0.5 0.271 0.25 0.00768 0.0876 0.104 0.514 -0.681 0.324 

arsenic 87 3.7 9.01 6.19 5.92 1.484 1.218 1.186 0.46 -0.398 0.197 

barium 87 17.7 61.8 34.16 31.3 114.6 10.7 10.53 0.538 -0.762 0.313 

beryllium 87 0.2 0.39 0.271 0.27 0.00279 0.0528 0.0593 0.401 -0.791 0.195 

bismuth 87 0.2 0.2 0.2 0.2 1.317E-31 3.629E-16 0 1.018 -2.048 1.815E-15 

cadmium 87 0.05 0.227 0.0837 0.066 0.00174 0.0417 0.0237 1.358 1.452 0.498 

calcium 87 3410 8480 5240 5000 1228349 1108 1349 0.508 -0.436 0.211 

chromium 87 22.8 46.6 35.95 36.5 26.47 5.145 6.375 -0.152 -0.455 0.143 

cobalt 87 7.01 14.5 11.52 11.6 1.571 1.253 1.334 -0.641 1.756 0.109 

copper 87 8.42 34.9 17.2 15 53.05 7.284 7.546 0.705 -0.667 0.424 

iron 87 15500 33500 24338 24300 13667033 3697 4151 0.301 -0.53 0.152 

lead 87 2.6 12.2 6.31 6.12 3.007 1.734 1.542 1.237 2.378 0.275 

lithium 87 7.2 19.3 11.9 10.8 10.39 3.223 3.262 0.48 -1.053 0.271 

magnesium 87 6450 11400 8700 8370 1695658 1302 1394 0.368 -1.074 0.15 

manganese 87 209 439 333.1 331 2404 49.03 53.37 0.233 -0.37 0.147 

mercury 87 0.0111 0.127 0.0379 0.0291 0.0005161 0.0227 0.0181 1.574 3.266 0.599 

molybdenum 87 0.5 2.61 0.645 0.5 0.107 0.327 0 3.812 17.28 0.507 

nickel 87 28.1 45.9 36.62 36.2 15.55 3.943 4.448 0.0841 -0.604 0.108 

phosphorus 87 406 1170 733.6 713 21218 145.7 154.2 0.463 0.0522 0.199 

potassium 87 590 2190 1068 1000 120894 347.7 400.3 0.93 0.657 0.326 

selenium 87 0.2 0.36 0.218 0.2 0.00126 0.0354 0 2.121 3.876 0.162 
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Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

silver 87 0.1 0.81 0.124 0.1 0.0108 0.104 0 5.872 35.41 0.84 

sodium 87 620 6520 1787 1490 1156654 1075 682 2.162 6.045 0.602 

sulfur 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

strontium 87 19.6 56.4 32.72 28.8 90.16 9.495 8.599 0.573 -0.818 0.29 

thallium 87 0.05 0.119 0.063 0.054 0.0002722 0.0165 0.00593 1.235 0.996 0.262 

tin 87 2 2 2 2 0 0 0 N/A N/A 0 

titanium 87 550 1090 817.7 827 16919 130.1 134.9 0.133 -0.631 0.159 

uranium 87 0.272 1.45 0.632 0.536 0.0594 0.244 0.231 0.866 0.376 0.386 

vanadium 87 31.8 62.9 49.89 50.2 37.87 6.154 7.116 -0.196 -0.379 0.123 

zinc 87 33.1 82.6 55.76 54.2 141.7 11.9 14.08 0.419 -0.915 0.213 

ammonia 147 0.13 25.1 2.256 1.7 6.423 2.534 1.053 5.612 45.65 1.124 

bromide 147 0.4 22.5 5.596 4.73 15.06 3.881 2.669 1.794 4.578 0.693 

chloride 147 75 6770 1587 1350 1246784 1117 845.1 1.718 4.654 0.703 

fluoride 147 0.07 2 0.63 0.5 0.169 0.412 0.297 1.546 3.014 0.653 

nitrate_as_n 147 4 80 23.73 20 195.9 14 14.83 1.192 2.518 0.59 

saturation_percent 147 20.7 83 34.63 32.3 96.3 9.813 7.116 2.025 6.128 0.283 

nitrite_as_n 147 0.04 1 0.304 0.3 0.04 0.2 0.148 1.366 2.549 0.658 

sulfate_so4 147 20 1450 307.1 250 64126 253.2 163.1 2.285 6.465 0.825 

available_nitrate 147 1 4 1.912 2 1.232 1.11 1.483 1.03 -0.333 0.581 

phosphate 147 2.8 20.8 9.353 9.1 6.089 2.468 2.076 0.809 3.199 0.264 

available_potassium 147 103 699 285.4 255 10008 100 83.02 1.358 2.394 0.351 

available_sulfate 147 11.5 532 119.5 97 8480 92.08 59.6 2.037 5.046 0.771 

biphenyl 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_2_6_trimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_2_dimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aspah_1_4_6_7_tetramethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_7_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_8_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_methylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_3_5_trimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_3_6_trimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_6_dimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_6_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_methylanthracene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_methylnaphthalene 87 0.01 0.024 0.0102 0.01 2.253E-06 0.0015 0 9.327 87 0.148 

pah_2_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_3_6_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_3_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_9_4_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

acenaphthene 87 0.005 0.009 0.00513 0.005 3.676E-07 0.0006063 0 5.065 26.24 0.118 

acenaphthylene 87 0.005 0.007 0.00503 0.005 4.863E-08 0.0002205 0 8.599 76.57 0.0438 
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Variable NumObs Minimum Maximum Mean Median Variance SD MAD/0.675 Skewness Kurtosis CV 

anthracene 87 0.004 0.0269 0.00466 0.004 9.199E-06 0.00303 0 5.826 37.21 0.652 

benzo_a_anthracene 87 0.01 0.033 0.0108 0.01 1.213E-05 0.00348 0 4.863 24.56 0.323 

benzo_a_pyrene 87 0.01 0.027 0.0106 0.01 6.78E-06 0.0026 0 4.836 24.17 0.246 

benzo_b_fluoranthene 87 0.01 0.033 0.011 0.01 1.514E-05 0.00389 0 4.349 18.88 0.354 

benzo_e_pyrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

benzo_b_j_k_fluoranthene 87 0.015 0.049 0.0161 0.015 2.698E-05 0.00519 0 5.225 27.36 0.323 

benzo_g_h_i_perylene 87 0.01 0.014 0.0101 0.01 2.799E-07 0.000529 0 5.903 37.81 0.0524 

benzo_j_k_fluoranthene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

benzo_k_fluoranthene 87 0.01 0.017 0.0101 0.01 6.699E-07 0.0008185 0 7.575 60.83 0.0808 

pah_c1_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c1_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c2_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c2_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c3_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c3_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c4_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c4_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

chrysene 87 0.01 0.033 0.0108 0.01 1.328E-05 0.00364 0 4.621 21.74 0.336 

dibenz_a_h_anthracene 87 0.005 0.005 0.005 0.005 1.218E-35 3.49E-18 0 -1.018 -2.048 6.979E-16 

dibenzothiophene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

fluoranthene 87 0.01 0.08 0.014 0.01 0.0001371 0.0117 0 3.96 16.38 0.834 

fluorene 87 0.01 0.011 0.01 0.01 1.149E-08 0.0001072 0 9.327 87 0.0107 

iacr_ccme 87 0.15 0.51 0.163 0.15 0.00327 0.0572 0 4.676 22.28 0.35 

indeno_1_2_3_cd_pyrene 87 0.01 0.017 0.0101 0.01 7.1E-07 0.0008426 0 6.99 53.31 0.083 

naphthalene 87 0.01 0.013 0.0101 0.01 1.478E-07 0.0003845 0 6.867 47.79 0.0382 

perylene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

phenanthrene 87 0.01 0.053 0.0117 0.01 3.665E-05 0.00605 0 5.194 29.87 0.517 

pyrene 87 0.01 0.071 0.0133 0.01 0.0001187 0.0109 0 4.058 16.22 0.822 

b_a_p_total_potency_equivalent 87 0.02 0.04 0.0206 0.02 7.987E-06 0.00283 0 5.356 30.51 0.137 

retene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

surrogate_acenaphthene_d10 87 73.6 125.1 92.3 91.1 85.28 9.235 6.375 1.293 2.376 0.1 

surrogate_chrysene_d12 87 71.3 136.7 97.12 97.5 250.4 15.82 19.72 0.353 -0.79 0.163 

surrogate_naphthalene_d8 87 59 136.7 90.7 89.4 179.7 13.41 8.895 0.806 1.837 0.148 

surrogate_phenanthrene_d10 87 78.7 129.1 97.44 95.4 113.7 10.67 8.895 0.787 0.47 0.109 

tot_organic_carbon 147 0.1 2.83 0.4 0.29 0.146 0.382 0.237 2.991 12.95 0.955 

sulfide_s_mg_kg 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ph_1_2 147 6.4 8.17 7.79 7.83 0.0531 0.231 0.133 -2.246 9.253 0.0296 

moisture_percent 147 10.6 53.9 26.67 24.6 46.63 6.829 4.893 1.435 2.856 0.256 

LMW_PAHs 87 0.01 0.0887 0.0135 0.01 0.0001242 0.0111 0 4.72 26.14 0.827 

HMW_PAHs 87 0.01 0.244 0.0239 0.01 0.00158 0.0397 0 4.006 16.74 1.663 

TOT_PAHs 87 0.01 0.295 0.0313 0.01 0.00267 0.0516 0 3.793 15 1.651 
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PERCENTILES FOR RAW FULL DATA SETS 

Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

mud_063mm 147 3.564 4.982 9.282 11.18 27.56 62.05 65.57 84.27 88.93 94.48 

clay_lt_2um 147 0.726 0.966 1.475 1.706 3.951 7.908 8.582 10.4 12 18.94 

clay_lt_4um 147 0.844 1.193 1.722 2.157 5.042 10.75 11.33 13.87 17.52 25.22 

silt_pt_05mm_2um 147 1.713 2.41 4.171 5.294 16.53 47.69 52.81 69.85 74.82 79.61 

silt_pt_0312mm_004mm 147 1.044 1.458 2.526 3.198 9.973 28.41 31.7 41.69 45.74 48.85 

silt_pt_063mm_pt_0312mm 147 1.56 2.183 4.341 5.296 11.93 21.53 22.87 26.83 29.42 31.89 

silt_063mm_4um 147 2.736 3.7 7.26 9.064 22.61 50.35 54.06 68.9 70.94 76.97 

fine_sand_pt_063mm_pt_2mm 147 7.815 12.31 20.79 27.27 40.79 52.11 53.64 58.5 60.28 62.33 

sand_pt_125mm_pt_063mm 147 3.35 4.963 8.61 10.16 19.05 28 29.54 32.71 36.35 47.48 

sand_pt_25mm_pt_125mm 147 1.086 1.666 5.011 7.537 29.07 53.19 58.71 65.33 72.76 77.96 

sand_pt_5mm_pt_25mm 147 0.128 0.261 0.406 0.515 2.197 10.44 12.65 25.95 40.29 59.58 

sand_1mm_pt_5mm 147 0.0492 0.0745 0.141 0.184 0.489 2.2 3.607 9.806 13.4 24.35 

sand_2mm_05mm 147 11.45 18.37 38.15 43.5 78.25 92.59 93.99 96.39 97.47 98.33 

sand_2mm_063mm 147 10.09 15.59 33.09 37.62 71.27 88.72 90.33 94.96 96.34 97.9 

sand_2mm_pt_2mm 147 0.769 1.358 3.036 4.117 21.89 36.2 39.65 53.74 64.4 82.51 

sand_2mm_1mm 147 0 0 0.00738 0.0112 0.0318 0.059 0.0663 0.102 0.149 0.211 

gravel_gt_2mm 147 0 0 0 0 0 0 0 0.0162 0.112 0.592 

texture 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aluminum 87 7864 8128 8688 8908 10150 13300 13420 14630 15465 16800 

antimony 87 0.16 0.17 0.19 0.198 0.245 0.333 0.346 0.383 0.41 0.483 

arsenic 87 4.454 4.84 5.12 5.36 5.89 7.058 7.218 8.12 8.503 8.653 

barium 87 20.48 22.09 24.44 25.2 31.3 42.58 44.2 50.31 51.76 57.97 

beryllium 87 0.2 0.2 0.22 0.23 0.265 0.31 0.32 0.333 0.377 0.381 

bismuth 87 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 0.2 

cadmium 87 0.05 0.05 0.05 0.05 0.066 0.107 0.113 0.142 0.163 0.212 

calcium 87 3725 3928 4188 4350 4985 6060 6196 6662 7165 7688 

chromium 87 28.2 29.28 31.06 31.98 36.5 39.68 40.76 42.43 43.91 45.38 

cobalt 87 9.627 10.07 10.5 10.6 11.6 12.22 12.5 13 13.4 13.98 

copper 87 9.531 9.78 10.14 10.58 14.45 22.92 24.36 27.42 30.51 33.94 

iron 87 19270 19940 20940 21175 24300 27025 27440 29430 30525 32108 

lead 87 4.181 4.646 4.896 4.978 6.105 6.885 7.506 8.231 9.362 12.2 

lithium 87 7.87 8.27 8.8 9 10.8 14.6 15.1 16.52 17.36 18.6 

magnesium 87 6922 7320 7458 7578 8370 9805 9986 10630 10800 11139 

manganese 87 259.1 276.7 287.4 295 330 367 372.6 406.5 420.7 438.1 

mercury 87 0.0141 0.0175 0.0189 0.0202 0.0289 0.0482 0.0551 0.0597 0.0768 0.117 

molybdenum 87 0.5 0.5 0.5 0.5 0.5 0.653 0.702 0.843 1.16 1.923 

nickel 87 30.01 31.87 32.84 33.58 36.15 39.83 40.68 41.4 43.29 44.68 

phosphorus 87 526.7 563 596.8 619.8 710 858 872.4 900.7 949.7 1118 

potassium 87 650.5 707 742 780 970 1283 1376 1470 1670 2060 

selenium 87 0.2 0.2 0.2 0.2 0.2 0.22 0.23 0.273 0.3 0.334 



Port Metro Vancouver APPENDIX C Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies - 17 - August 2014 

 

Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

silver 87 0.1 0.1 0.1 0.1 0.1 0.1 0.1 0.136 0.19 0.74 

sodium 87 757 891 1030 1098 1470 2103 2222 3117 3725 6163 

sulfur 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

strontium 87 20.78 23 23.98 24.78 28.65 40.75 41.5 46.93 50.01 53.53 

thallium 87 0.05 0.05 0.05 0.05 0.0535 0.073 0.0772 0.0846 0.096 0.109 

tin 87 2 2 2 2 2 2 2 2 2 2 

titanium 87 610.4 642.8 698 717.3 822.5 896.8 911.2 1013 1040 1081 

uranium 87 0.363 0.376 0.408 0.439 0.531 0.81 0.836 0.935 1.043 1.285 

vanadium 87 40.28 41.4 44.14 44.5 50.1 54.53 54.92 58.06 58.73 61.77 

zinc 87 39.68 42.84 44.22 44.9 53.5 65.47 68.16 71.92 75.53 80.95 

ammonia 147 0.334 0.471 0.892 1.046 1.685 2.5 3.032 4.389 5.193 9.844 

bromide 147 0.911 1.578 2.757 3.135 4.715 6.925 7.36 10.33 12.68 20.1 

chloride 147 205.5 434 675.2 872.3 1325 1988 2242 2803 3525 5597 

fluoride 147 0.2 0.237 0.3 0.3 0.5 0.815 1 1 1.227 2 

nitrate_as_n 147 6.35 9.7 10 10 20 30 30 40 40 70.6 

saturation_percent 147 23.9 25.1 27.5 27.8 32.3 38.42 40 44.55 51.79 71.48 

nitrite_as_n 147 0.0735 0.1 0.1 0.2 0.3 0.4 0.455 0.5 0.6 1 

sulfate_so4 147 51.05 74.4 132.6 163.8 250 382.5 426 535 723 1303 

available_nitrate 147 1 1 1 1 2 2 2 4 4 4 

phosphate 147 5.635 6.41 7.54 7.775 9.1 10.63 11 11.7 13.46 16.24 

available_potassium 147 167 184 203.2 215.8 254.5 334.8 359.6 431.3 479.7 615.7 

available_sulfate 147 21.91 35.48 53.68 58.77 96.75 142.8 160.6 215.3 322.3 455 

biphenyl 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_2_6_trimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_2_dimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

aspah_1_4_6_7_tetramethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_7_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_8_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_methylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_1_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_3_5_trimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_3_6_trimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_6_dimethylnaphthalene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_6_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_methylanthracene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_2_methylnaphthalene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0118 

pah_2_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_3_6_dimethylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_3_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_9_4_methylphenanthrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

acenaphthene 87 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.00813 

acenaphthylene 87 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.00569 
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Variable NumObs 5%ile 10%ile 20%ile 25%ile(Q1) 50%ile(Q2) 75%ile(Q3) 80%ile 90%ile 95%ile 99%ile 

anthracene 87 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.004 0.006 0.018 

benzo_a_anthracene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0133 0.026 

benzo_a_pyrene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0126 0.0227 

benzo_b_fluoranthene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0169 0.0287 

benzo_e_pyrene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

benzo_b_j_k_fluoranthene 87 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.015 0.0176 0.0412 

benzo_g_h_i_perylene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0123 

benzo_j_k_fluoranthene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

benzo_k_fluoranthene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0135 

pah_c1_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c1_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c2_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c2_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c3_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c3_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c4_naphthalenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

pah_c4_phenanthrenes_anthracenes 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

chrysene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0145 0.0269 

dibenz_a_h_anthracene 87 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 0.005 

dibenzothiophene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

fluoranthene 87 0.01 0.01 0.01 0.01 0.01 0.012 0.013 0.0179 0.04 0.0652 

fluorene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0101 

iacr_ccme 87 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.15 0.238 0.423 

indeno_1_2_3_cd_pyrene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0135 

naphthalene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.01 0.0121 

perylene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

phenanthrene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.011 0.0133 0.0177 0.0408 

pyrene 87 0.01 0.01 0.01 0.01 0.01 0.01 0.011 0.0149 0.0314 0.0632 

b_a_p_total_potency_equivalent 87 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.02 0.0213 0.033 

retene 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

surrogate_acenaphthene_d10 87 80.27 83.27 86.04 86.72 91.1 95.08 96.3 103.3 113.8 118.4 

surrogate_chrysene_d12 87 74.4 77.8 81.32 83.17 96.9 107.6 111.7 119.7 124.1 130.3 

surrogate_naphthalene_d8 87 69.75 74.7 81.94 83.52 89.2 95.48 96.88 108 115.7 130.4 

surrogate_phenanthrene_d10 87 80.75 86.15 88.78 91.07 95.15 102.5 104.1 113.9 119 123.8 

tot_organic_carbon 147 0.1 0.1 0.13 0.15 0.285 0.523 0.566 0.736 1.197 1.781 

sulfide_s_mg_kg 0 N/A N/A N/A N/A N/A N/A N/A N/A N/A N/A 

ph_1_2 147 7.314 7.554 7.664 7.718 7.83 7.92 7.946 7.993 8.07 8.13 

moisture_percent 147 19.6 20.31 21.5 22.08 24.55 30.5 31.66 34.73 39.21 50.15 

LMW_PAHs 87 0.01 0.01 0.01 0.01 0.01 0.0103 0.011 0.0199 0.0305 0.0556 

HMW_PAHs 87 0.01 0.01 0.01 0.01 0.01 0.0213 0.0246 0.0383 0.0937 0.203 

TOT_PAHs 87 0.01 0.01 0.01 0.01 0.01 0.0333 0.0356 0.0512 0.117 0.269 
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▼Correlation: Pearson 
 

LEGEND   

Strong Positive Correlation 0.8 > R ≤ 1 

Moderate Positive Correlation 0.7 > R ≤ 0.8 

Weak Positive or Negative Correlation -0.7 > R ≤ 0.7 

Moderate Positive Correlation -0.7 > R ≤ -0.8 

Strong Negative Correlation -0.8 > R ≤ -1 

 
Pearson Correlation Matrix 

PARAMETER ALUMINUM ANTIMONY ARSENIC BARIUM BERYLLIUM BISMUTH CADMIUM CALCIUM CHROMIUM COBALT COPPER IRON LEAD LITHIUM 

MUD_063MM 0.807 0.832 0.776 0.765 0.846 . 0.515 0.573 0.771 0.748 0.891 0.766 0.8 0.844 

CLAY_LT_2UM 0.765 0.876 0.759 0.768 0.819 . 0.407 0.521 0.69 0.734 0.868 0.762 0.789 0.789 

CLAY_LT_4UM 0.779 0.902 0.765 0.781 0.845 . 0.37 0.51 0.689 0.747 0.883 0.782 0.78 0.789 

SILT_PT_05MM_2UM 0.825 0.869 0.799 0.778 0.886 . 0.447 0.553 0.756 0.77 0.915 0.804 0.783 0.811 

SILT_PT_0312MM_004MM 0.828 0.891 0.8 0.789 0.896 . 0.421 0.545 0.749 0.777 0.921 0.813 0.783 0.812 

SILT_PT_063MM_PT_0312MM 0.685 0.627 0.647 0.63 0.674 . 0.606 0.551 0.722 0.616 0.738 0.603 0.719 0.787 

SILT_063MM_4UM 0.794 0.801 0.76 0.745 0.827 . 0.53 0.572 0.769 0.732 0.872 0.746 0.786 0.835 

FINE_SAND_PT_063MM_PT_2MM -0.422 -0.426 -0.331 -0.234 -0.397 . 0.196 -0.119 -0.191 -0.39 -0.427 -0.478 -0.122 -0.174 

SAND_PT_125MM_PT_063MM 0.217 0.091 0.167 0.198 0.121 . 0.531 0.305 0.369 0.164 0.206 0.095 0.348 0.455 

SAND_PT_25MM_PT_125MM -0.651 -0.527 -0.507 -0.439 -0.528 . -0.338 -0.43 -0.569 -0.564 -0.644 -0.584 -0.477 -0.638 

SAND_PT_5MM_PT_25MM -0.05 -0.106 -0.131 -0.227 -0.145 . -0.401 -0.136 -0.206 -0.054 -0.121 -0.006 -0.329 -0.261 

SAND_1MM_PT_5MM 0.001 -0.09 -0.136 -0.224 -0.111 . -0.369 -0.198 -0.197 -0.032 -0.055 0.037 -0.298 -0.21 

SAND_2MM_05MM -0.828 -0.88 -0.803 -0.784 -0.887 . -0.446 -0.554 -0.756 -0.775 -0.92 -0.81 -0.79 -0.817 

SAND_2MM_063MM -0.81 -0.833 -0.777 -0.765 -0.846 . -0.515 -0.572 -0.772 -0.75 -0.893 -0.769 -0.8 -0.845 

SAND_2MM_PT_2MM -0.354 -0.371 -0.396 -0.461 -0.404 . -0.581 -0.388 -0.5 -0.329 -0.42 -0.277 -0.576 -0.574 

SAND_2MM_1MM 0.077 -0.044 -0.063 -0.096 -0.024 . -0.106 -0.119 -0.049 0.029 0.058 0.096 -0.105 -0.032 

GRAVEL_GT_2MM 0.07 -0.004 -0.01 -0.081 -0.053 . -0.047 -0.07 -0.025 0.028 0.045 0.093 -0.085 -0.039 

TOT_ORGANIC_CARBON 0.752 0.785 0.745 0.681 0.72 . 0.549 0.617 0.75 0.715 0.817 0.742 0.784 0.758 

 

PARAMETER MAGNESIUM MANGANESE MERCURY MOLYBDENUM NICKEL PHOSPHORUS POTASSIUM SELENIUM SILVER SODIUM STRONTIUM THALLIUM TIN 

MUD_063MM 0.702 0.563 0.686 0.458 0.738 0.756 0.825 0.758 0.626 0.489 0.821 -0.033 . 

CLAY_LT_2UM 0.67 0.577 0.688 0.53 0.706 0.672 0.783 0.768 0.745 0.451 0.715 -0.002 . 

CLAY_LT_4UM 0.685 0.61 0.682 0.515 0.719 0.65 0.78 0.792 0.791 0.417 0.701 -0.029 . 

SILT_PT_05MM_2UM 0.722 0.622 0.689 0.462 0.755 0.706 0.817 0.81 0.68 0.43 0.786 -0.057 . 

SILT_PT_0312MM_004MM 0.727 0.638 0.69 0.466 0.759 0.692 0.815 0.822 0.721 0.416 0.771 -0.064 . 

SILT_PT_063MM_PT_0312MM 0.586 0.385 0.591 0.366 0.623 0.767 0.744 0.571 0.371 0.534 0.813 0.006 . 

SILT_063MM_4UM 0.69 0.542 0.672 0.437 0.726 0.759 0.815 0.735 0.582 0.491 0.825 -0.033 . 

FINE_SAND_PT_063MM_PT_2M
M 

-0.389 -0.649 -0.145 -0.121 -0.347 -0.003 -0.194 -0.408 -0.391 0.175 -0.076 0.416 . 

SAND_PT_125MM_PT_063MM 0.166 -0.073 0.215 0.094 0.193 0.519 0.335 0.025 -0.097 0.443 0.487 0.076 . 
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PARAMETER MAGNESIUM MANGANESE MERCURY MOLYBDENUM NICKEL PHOSPHORUS POTASSIUM SELENIUM SILVER SODIUM STRONTIUM THALLIUM TIN 

SAND_PT_25MM_PT_125MM -0.565 -0.588 -0.365 -0.218 -0.55 -0.529 -0.538 -0.441 -0.301 -0.27 -0.571 0.347 . 

SAND_PT_5MM_PT_25MM -0.035 0.26 -0.273 -0.184 -0.07 -0.36 -0.265 -0.106 -0.076 -0.394 -0.325 -0.413 . 

SAND_1MM_PT_5MM 0.02 0.336 -0.249 -0.154 -0.077 -0.322 -0.244 -0.082 -0.059 -0.362 -0.315 -0.474 . 

SAND_2MM_05MM -0.726 -0.628 -0.696 -0.476 -0.757 -0.709 -0.821 -0.814 -0.695 -0.434 -0.784 0.052 . 

SAND_2MM_063MM -0.705 -0.569 -0.686 -0.459 -0.739 -0.756 -0.826 -0.759 -0.626 -0.487 -0.82 0.034 . 

SAND_2MM_PT_2MM -0.292 0.022 -0.464 -0.292 -0.353 -0.63 -0.542 -0.323 -0.224 -0.542 -0.628 -0.291 . 

SAND_2MM_1MM 0.11 0.276 -0.091 -0.049 -0.03 -0.085 -0.077 -0.017 -0.012 -0.151 -0.129 -0.19 . 

GRAVEL_GT_2MM 0.09 0.232 -0.068 0.03 -0.024 -0.065 -0.054 -0.014 -0.024 -0.174 -0.11 -0.036 . 

TOT_ORGANIC_CARBON 0.693 0.544 0.629 0.543 0.713 0.71 0.796 0.659 0.515 0.431 0.772 0.036 . 

 

PARAMETER TITANIUM URANIUM VANADIUM ZINC 

MUD_063MM 0.616 0.615 0.662 0.829 

CLAY_LT_2UM 0.53 0.589 0.639 0.773 

CLAY_LT_4UM 0.519 0.556 0.655 0.776 

SILT_PT_05MM_2UM 0.602 0.563 0.688 0.83 

SILT_PT_0312MM_004MM 0.587 0.551 0.693 0.827 

SILT_PT_063MM_PT_0312MM 0.601 0.626 0.54 0.74 

SILT_063MM_4UM 0.62 0.612 0.649 0.82 

FINE_SAND_PT_063MM_PT_2MM -0.203 0.142 -0.448 -0.295 

SAND_PT_125MM_PT_063MM 0.318 0.442 0.119 0.307 

SAND_PT_25MM_PT_125MM -0.529 -0.302 -0.578 -0.612 

SAND_PT_5MM_PT_25MM -0.068 -0.446 0.063 -0.171 

SAND_1MM_PT_5MM -0.112 -0.436 0.082 -0.131 

SAND_2MM_05MM -0.598 -0.571 -0.692 -0.832 

SAND_2MM_063MM -0.615 -0.614 -0.664 -0.831 

SAND_2MM_PT_2MM -0.359 -0.623 -0.212 -0.469 

SAND_2MM_1MM -0.102 -0.189 0.081 0.001 

GRAVEL_GT_2MM -0.075 -0.097 0.071 0.01 

TOT_ORGANIC_CARBON 0.594 0.69 0.682 0.807 
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Pearson Correlation Matrix 

PARAMETER AMMONIA BROMIDE CHLORIDE FLUORIDE NITRATE_AS_N NITRITE_AS_N SATURATION_PERC- SULFATE_SO4 AVAILABLE_NITRA- PHOSPHATE 

MUD_063MM 0.068 0.127 0.123 0.062 0.594 0.095 0.715 0.344 0.531 0.003 

CLAY_LT_2UM 0.078 0.047 0.034 -0.046 0.529 -0.019 0.613 0.267 0.473 -0.061 

CLAY_LT_4UM 0.069 0.03 0.023 -0.013 0.538 0.021 0.628 0.258 0.484 -0.077 

SILT_PT_05MM_2UM 0.016 0.067 0.062 0.044 0.58 0.091 0.691 0.286 0.541 -0.072 

SILT_PT_0312MM_004MM 0.021 0.053 0.051 0.05 0.581 0.098 0.692 0.28 0.54 -0.08 

SILT_PT_063MM_PT_0312MM 0.109 0.226 0.222 0.094 0.541 0.105 0.666 0.397 0.458 0.127 

SILT_063MM_4UM 0.066 0.142 0.138 0.074 0.59 0.106 0.713 0.352 0.526 0.018 

FINE_SAND_PT_063MM_PT_2MM 0.209 0.272 0.262 -0.035 -0.007 -0.119 -0.01 0.184 -0.291 0.348 

SAND_PT_125MM_PT_063MM 0.22 0.322 0.327 0.15 0.275 0.109 0.371 0.378 0.154 0.336 

SAND_PT_25MM_PT_125MM -0.032 -0.08 -0.095 -0.194 -0.3 -0.231 -0.405 -0.225 -0.446 -0.021 

SAND_PT_5MM_PT_25MM -0.196 -0.283 -0.269 0.038 -0.304 0.086 -0.399 -0.323 -0.071 -0.264 

SAND_1MM_PT_5MM -0.185 -0.222 -0.196 0.143 -0.348 0.208 -0.317 -0.265 0.145 -0.213 

SAND_2MM_05MM -0.023 -0.062 -0.057 -0.032 -0.576 -0.076 -0.687 -0.287 -0.536 0.074 

SAND_2MM_063MM -0.067 -0.125 -0.121 -0.06 -0.591 -0.093 -0.713 -0.344 -0.528 -0.001 

SAND_2MM_PT_2MM -0.219 -0.318 -0.306 -0.025 -0.502 0.012 -0.604 -0.437 -0.228 -0.271 

SAND_2MM_1MM -0.099 -0.138 -0.13 0.017 -0.26 0.027 -0.174 -0.137 0.039 -0.137 

GRAVEL_GT_2MM -0.02 -0.112 -0.114 -0.064 -0.208 -0.103 -0.168 -0.059 -0.151 -0.087 

TOT_ORGANIC_CARBON 0.301 0.098 0.072 0.056 0.443 0.118 0.581 0.333 0.589 0.071 

 

PARAMETER AVAILABLE_POTAS- AVAILABLE_SULFA- 

MUD_063MM 0.779 0.573 

CLAY_LT_2UM 0.721 0.578 

CLAY_LT_4UM 0.705 0.542 

SILT_PT_05MM_2UM 0.755 0.526 

SILT_PT_0312MM_004MM 0.745 0.517 

SILT_PT_063MM_PT_0312MM 0.728 0.561 

SILT_063MM_4UM 0.773 0.564 

FINE_SAND_PT_063MM_PT_2MM -0.153 0.052 

SAND_PT_125MM_PT_063MM 0.367 0.356 

SAND_PT_25MM_PT_125MM -0.54 -0.329 

SAND_PT_5MM_PT_25MM -0.275 -0.349 

SAND_1MM_PT_5MM -0.202 -0.319 

SAND_2MM_05MM -0.757 -0.536 

SAND_2MM_063MM -0.777 -0.57 

SAND_2MM_PT_2MM -0.548 -0.53 

SAND_2MM_1MM -0.1 -0.137 

GRAVEL_GT_2MM -0.168 -0.166 

TOT_ORGANIC_CARBON 0.809 0.559 
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PARAMETER LMW_PAHS HMW_PAHS TOT_PAHS 

MUD_063MM 0.265 0.084 0.13 

CLAY_LT_2UM 0.215 -0.019 0.032 

CLAY_LT_4UM 0.243 -0.005 0.049 

SILT_PT_05MM_2UM 0.243 0.042 0.092 

SILT_PT_0312MM_004MM 0.257 0.041 0.093 

SILT_PT_063MM_PT_0312MM 0.248 0.154 0.185 

SILT_063MM_4UM 0.264 0.098 0.142 

FINE_SAND_PT_063MM_PT_2MM -0.045 0.083 0.057 

SAND_PT_125MM_PT_063MM 0.215 0.269 0.266 

SAND_PT_25MM_PT_125MM -0.265 -0.187 -0.211 

SAND_PT_5MM_PT_25MM -0.059 -0.042 -0.05 

SAND_1MM_PT_5MM -0.04 -0.029 -0.034 

SAND_2MM_05MM -0.242 -0.034 -0.085 

SAND_2MM_063MM -0.265 -0.083 -0.13 

SAND_2MM_PT_2MM -0.187 -0.133 -0.152 

SAND_2MM_1MM -0.013 -0.013 -0.014 

GRAVEL_GT_2MM -0.038 -0.039 -0.042 

TOT_ORGANIC_CARBON 0.198 0.043 0.08 

 

PARAMETER TOT_ORGANIC_CAR- 

MUD_063MM 0.828 

CLAY_LT_2UM 0.809 

CLAY_LT_4UM 0.818 

SILT_PT_05MM_2UM 0.83 

SILT_PT_0312MM_004MM 0.837 

SILT_PT_063MM_PT_0312MM 0.696 

SILT_063MM_4UM 0.808 

FINE_SAND_PT_063MM_PT_2MM -0.263 

SAND_PT_125MM_PT_063MM 0.254 

SAND_PT_25MM_PT_125MM -0.526 

SAND_PT_5MM_PT_25MM -0.243 

SAND_1MM_PT_5MM -0.173 

SAND_2MM_05MM -0.837 

SAND_2MM_063MM -0.828 

SAND_2MM_PT_2MM -0.507 

SAND_2MM_1MM -0.063 

GRAVEL_GT_2MM -0.076 
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▼Correlation: Pearson 
 

LEGEND   

Strong Positive Correlation 0.8 > R ≤ 1 

Moderate Positive Correlation 0.7 > R ≤ 0.8 

Weak Positive or Negative Correlation -0.7 > R ≤ 0.7 

Moderate Positive Correlation -0.7 > R ≤ -0.8 

Strong Negative Correlation -0.8 > R ≤ -1 

 
Pearson Correlation Matrix 

PARAMETER ALUMINUM ANTIMONY ARSENIC BARIUM BERYLLIUM BISMUTH CADMIUM CALCIUM CHROMIUM COBALT COPPER IRON LEAD LITHIUM 

MUD_063MM 0.755 0.087 0.19 0.568 0.771 . 0.728 0.594 0.396 0.53 0.494 0.649 0.468 0.856 

CLAY_LT_2UM 0.793 0.104 0.228 0.582 0.793 . 0.685 0.582 0.426 0.599 0.504 0.686 0.472 0.839 

CLAY_LT_4UM 0.792 0.106 0.237 0.58 0.794 . 0.693 0.583 0.421 0.599 0.507 0.686 0.48 0.841 

SILT_PT_05MM_2UM 0.759 0.093 0.2 0.555 0.77 . 0.737 0.592 0.391 0.516 0.5 0.64 0.477 0.852 

SILT_PT_0312MM_004MM 0.768 0.098 0.212 0.561 0.78 . 0.738 0.595 0.396 0.534 0.506 0.652 0.484 0.856 

SILT_PT_063MM_PT_0312MM 0.664 0.058 0.123 0.528 0.692 . 0.679 0.554 0.353 0.45 0.437 0.579 0.408 0.799 

SILT_063MM_4UM 0.736 0.082 0.176 0.557 0.755 . 0.726 0.588 0.384 0.506 0.484 0.631 0.459 0.847 

FINE_SAND_PT_063MM_PT_2MM -0.079 -0.042 -0.09 0.041 0.073 . -0.008 -0.093 -0.021 0.293 -0.02 0.069 0.141 0.091 

SAND_PT_125MM_PT_063MM 0.336 -0.012 -0.008 0.367 0.39 . 0.379 0.339 0.204 0.293 0.216 0.363 0.193 0.499 

SAND_PT_25MM_PT_125MM -0.381 -0.039 -0.097 -0.268 -0.252 . -0.335 -0.399 -0.2 0.086 -0.21 -0.233 -0.003 -0.325 

SAND_PT_5MM_PT_25MM -0.343 -0.199 -0.159 -0.409 -0.487 . -0.411 -0.33 -0.189 -0.525 -0.398 -0.439 -0.523 -0.545 

SAND_1MM_PT_5MM -0.184 0.731 0.428 0.232 -0.184 . -0.042 0.323 -0.203 -0.33 0.49 -0.05 0.379 -0.147 

SAND_2MM_05MM -0.758 -0.211 -0.279 -0.612 -0.771 . -0.742 -0.658 -0.403 -0.511 -0.59 -0.669 -0.558 -0.856 

SAND_2MM_063MM -0.746 -0.194 -0.258 -0.614 -0.764 . -0.736 -0.654 -0.4 -0.511 -0.575 -0.666 -0.542 -0.857 

SAND_2MM_PT_2MM -0.515 -0.121 -0.141 -0.488 -0.62 . -0.551 -0.437 -0.289 -0.562 -0.421 -0.544 -0.494 -0.701 

SAND_2MM_1MM -0.122 0.941 0.585 0.375 -0.099 . 0.049 0.514 -0.01 -0.223 0.686 0.112 0.614 -0.038 

GRAVEL_GT_2MM -0.133 0.946 0.599 0.378 -0.108 . 0.03 0.497 0.008 -0.204 0.686 0.115 0.625 -0.045 

SULFIDE_S_MG_KG 0.478 0.015 0.141 0.25 0.53 . 0.784 0.502 0.222 0.21 0.335 0.358 0.36 0.573 

TOT_ORGANIC_CARBON 0.663 0.076 0.151 0.433 0.716 . 0.875 0.655 0.278 0.24 0.473 0.483 0.479 0.791 

 
 

PARAMETER MAGNESIUM MANGANESE MERCURY MOLYBDENUM NICKEL PHOSPHORUS POTASSIUM SELENIUM SILVER SODIUM STRONTIUM THALLIUM TIN 

MUD_063MM 0.732 -0.008 0.762 0.599 0.391 0.675 0.804 0.671 . 0.717 0.74 0.472 . 

CLAY_LT_2UM 0.741 0.055 0.752 0.547 0.482 0.627 0.77 0.639 . 0.675 0.727 0.44 . 

CLAY_LT_4UM 0.739 0.058 0.751 0.551 0.477 0.635 0.775 0.647 . 0.682 0.728 0.438 . 

SILT_PT_05MM_2UM 0.718 -0.01 0.749 0.622 0.384 0.646 0.801 0.687 . 0.717 0.736 0.481 . 

SILT_PT_0312MM_004MM 0.725 0.003 0.754 0.616 0.401 0.652 0.803 0.689 . 0.719 0.74 0.476 . 

SILT_PT_063MM_PT_0312MM 0.683 -0.054 0.72 0.557 0.306 0.675 0.759 0.611 . 0.677 0.692 0.449 . 

SILT_063MM_4UM 0.72 -0.023 0.753 0.601 0.366 0.675 0.799 0.667 . 0.714 0.732 0.473 . 
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PARAMETER MAGNESIUM MANGANESE MERCURY MOLYBDENUM NICKEL PHOSPHORUS POTASSIUM SELENIUM SILVER SODIUM STRONTIUM THALLIUM TIN 

FINE_SAND_PT_063MM_PT_2MM 0.058 0.212 0.16 -0.101 0.036 0.202 0.098 -0.074 . 0.019 0.007 -0.137 . 

SAND_PT_125MM_PT_063MM 0.47 -0.058 0.494 0.228 0.145 0.601 0.485 0.296 . 0.423 0.437 0.225 . 

SAND_PT_25MM_PT_125MM -0.338 0.296 -0.241 -0.313 -0.083 -0.284 -0.305 -0.34 . -0.342 -0.369 -0.351 . 

SAND_PT_5MM_PT_25MM -0.382 -0.196 -0.531 -0.278 -0.249 -0.481 -0.521 -0.314 . -0.399 -0.472 -0.126 . 

SAND_1MM_PT_5MM -0.378 -0.103 -0.205 0.002 -0.216 -0.216 -0.138 -0.103 . -0.129 0.182 -0.11 . 

SAND_2MM_05MM -0.695 0.009 -0.746 -0.625 -0.398 -0.642 -0.804 -0.681 . -0.715 -0.786 -0.47 . 

SAND_2MM_063MM -0.704 0.016 -0.755 -0.609 -0.388 -0.671 -0.807 -0.669 . -0.717 -0.784 -0.464 . 

SAND_2MM_PT_2MM -0.566 -0.116 -0.666 -0.398 -0.314 -0.628 -0.667 -0.46 . -0.552 -0.595 -0.268 . 

SAND_2MM_1MM -0.291 -0.099 -0.108 0.073 -0.071 -0.082 -0.007 -0.045 . -0.021 0.358 -0.069 . 

GRAVEL_GT_2MM -0.294 -0.071 -0.109 0.054 -0.051 -0.078 -0.022 -0.059 . -0.04 0.346 -0.095 . 

SULFIDE_S_MG_KG 0.509 -0.095 0.421 0.598 0.129 0.551 0.699 0.627 . 0.748 0.58 0.466 . 

TOT_ORGANIC_CARBON 0.607 -0.157 0.659 0.806 0.128 0.63 0.853 0.832 . 0.86 0.775 0.64 . 

 

PARAMETER TITANIUM URANIUM VANADIUM ZINC 

MUD_063MM 0.412 0.834 0.226 0.579 

CLAY_LT_2UM 0.409 0.809 0.276 0.575 

CLAY_LT_4UM 0.408 0.808 0.272 0.58 

SILT_PT_05MM_2UM 0.408 0.824 0.227 0.575 

SILT_PT_0312MM_004MM 0.41 0.826 0.234 0.582 

SILT_PT_063MM_PT_0312MM 0.387 0.795 0.177 0.531 

SILT_063MM_4UM 0.407 0.828 0.213 0.57 

FINE_SAND_PT_063MM_PT_2MM 0.005 0.214 -0.103 0.065 

SAND_PT_125MM_PT_063MM 0.249 0.536 0.06 0.333 

SAND_PT_25MM_PT_125MM -0.209 -0.214 -0.17 -0.211 

SAND_PT_5MM_PT_25MM -0.166 -0.652 -0.058 -0.485 

SAND_1MM_PT_5MM -0.367 -0.101 -0.013 0.372 

SAND_2MM_05MM -0.38 -0.839 -0.249 -0.653 

SAND_2MM_063MM -0.384 -0.846 -0.239 -0.648 

SAND_2MM_PT_2MM -0.292 -0.767 -0.118 -0.528 

SAND_2MM_1MM -0.284 0.064 0.101 0.587 

GRAVEL_GT_2MM -0.28 0.054 0.1 0.588 

SULFIDE_S_MG_KG 0.293 0.55 0.125 0.41 

TOT_ORGANIC_CARBON 0.342 0.783 0.11 0.547 
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PARAMETER AMMONIA BROMIDE CHLORIDE FLUORIDE NITRATE_AS_N NITRITE_AS_N SATURATION_PERC- SULFATE_SO4 AVAILABLE_NITRA- PHOSPHATE 

MUD_063MM 0.36 0.38 0.421 0.466 0.632 0.612 0.706 0.458 0.143 -0.323 

CLAY_LT_2UM 0.263 0.334 0.36 0.421 0.538 0.518 0.587 0.416 0.128 -0.313 

CLAY_LT_4UM 0.286 0.354 0.382 0.431 0.563 0.544 0.617 0.43 0.116 -0.31 

SILT_PT_05MM_2UM 0.343 0.363 0.405 0.448 0.631 0.611 0.702 0.441 0.128 -0.325 

SILT_PT_0312MM_004MM 0.346 0.372 0.413 0.451 0.634 0.614 0.704 0.448 0.121 -0.322 

SILT_PT_063MM_PT_0312MM 0.385 0.368 0.415 0.462 0.606 0.586 0.688 0.444 0.174 -0.3 

SILT_063MM_4UM 0.371 0.379 0.424 0.467 0.637 0.617 0.714 0.457 0.146 -0.32 

FINE_SAND_PT_063MM_PT_2MM 0.126 0.015 0.028 0.057 -0.065 -0.065 -0.039 -0.029 -0.009 0.09 

SAND_PT_125MM_PT_063MM 0.336 0.275 0.304 0.311 0.274 0.262 0.345 0.293 0.163 -0.073 

SAND_PT_25MM_PT_125MM -0.158 -0.234 -0.245 -0.217 -0.33 -0.318 -0.363 -0.305 -0.161 0.175 

SAND_PT_5MM_PT_25MM -0.386 -0.302 -0.348 -0.432 -0.462 -0.445 -0.541 -0.326 -0.078 0.195 

SAND_1MM_PT_5MM -0.111 -0.097 -0.115 -0.104 -0.177 -0.18 -0.214 -0.091 -0.006 0.083 

SAND_2MM_05MM -0.332 -0.359 -0.399 -0.449 -0.619 -0.599 -0.687 -0.439 -0.129 0.324 

SAND_2MM_063MM -0.357 -0.377 -0.419 -0.468 -0.628 -0.608 -0.702 -0.456 -0.142 0.321 

SAND_2MM_PT_2MM -0.433 -0.38 -0.429 -0.496 -0.573 -0.554 -0.663 -0.428 -0.134 0.256 

SAND_2MM_1MM -0.038 -0.036 -0.045 0.013 -0.071 -0.075 -0.081 -0.029 -0.013 0.058 

GRAVEL_GT_2MM -0.064 -0.061 -0.071 -0.003 -0.094 -0.097 -0.1 -0.062 -0.013 0.046 

SULFIDE_S_MG_KG 0.619 0.557 0.524 0.434 0.427 0.419 0.475 0.648 -0.013 -0.202 

TOT_ORGANIC_CARBON 0.638 0.606 0.603 0.509 0.627 0.61 0.659 0.713 0.068 -0.222 

 

PARAMETER AVAILABLE_POTAS- AVAILABLE_SULFA- 

MUD_063MM 0.661 0.406 

CLAY_LT_2UM 0.648 0.444 

CLAY_LT_4UM 0.649 0.439 

SILT_PT_05MM_2UM 0.641 0.395 

SILT_PT_0312MM_004MM 0.645 0.402 

SILT_PT_063MM_PT_0312MM 0.628 0.356 

SILT_063MM_4UM 0.653 0.392 

FINE_SAND_PT_063MM_PT_2MM -0.088 -0.153 

SAND_PT_125MM_PT_063MM 0.334 0.138 

SAND_PT_25MM_PT_125MM -0.413 -0.309 

SAND_PT_5MM_PT_25MM -0.451 -0.19 

SAND_1MM_PT_5MM -0.141 -0.057 

SAND_2MM_05MM -0.645 -0.403 

SAND_2MM_063MM -0.66 -0.405 

SAND_2MM_PT_2MM -0.59 -0.297 

SAND_2MM_1MM -0.035 -0.011 

GRAVEL_GT_2MM -0.06 -0.039 

SULFIDE_S_MG_KG 0.61 0.685 

TOT_ORGANIC_CARBON 0.888 0.776 
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Pearson Correlation Matrix 

PARAMETER LMW_PAHS HMW_PAHS TOT_PAHS 

MUD_063MM 0.547 0.398 0.509 

CLAY_LT_2UM 0.484 0.332 0.441 

CLAY_LT_4UM 0.485 0.331 0.441 

SILT_PT_05MM_2UM 0.551 0.392 0.508 

SILT_PT_0312MM_004MM 0.544 0.383 0.499 

SILT_PT_063MM_PT_0312MM 0.542 0.42 0.518 

SILT_063MM_4UM 0.553 0.407 0.517 

FINE_SAND_PT_063MM_PT_2MM -0.012 0.057 0.027 

SAND_PT_125MM_PT_063MM 0.336 0.324 0.358 

SAND_PT_25MM_PT_125MM -0.303 -0.213 -0.277 

SAND_PT_5MM_PT_25MM -0.278 -0.247 -0.288 

SAND_1MM_PT_5MM -0.076 -0.036 -0.049 

SAND_2MM_05MM -0.543 -0.388 -0.503 

SAND_2MM_063MM -0.546 -0.401 -0.512 

SAND_2MM_PT_2MM -0.405 -0.337 -0.403 

SAND_2MM_1MM -0.001 0.017 0.023 

GRAVEL_GT_2MM -0.043 0.007 -0.005 

SULFIDE_S_MG_KG 0.559 0.188 0.403 

TOT_ORGANIC_CARBON 0.841 0.55 0.749 

 

PARAMETER TOT_ORGANIC_CAR- SULFIDE_S_MG_KG 

MUD_063MM 0.769 0.398 

CLAY_LT_2UM 0.761 0.389 

CLAY_LT_4UM 0.762 0.421 

SILT_PT_05MM_2UM 0.761 0.41 

SILT_PT_0312MM_004MM 0.765 0.428 

SILT_PT_063MM_PT_0312MM 0.706 0.306 

SILT_063MM_4UM 0.758 0.387 

FINE_SAND_PT_063MM_PT_2MM -0.243 -0.21 

SAND_PT_125MM_PT_063MM 0.255 0.015 

SAND_PT_25MM_PT_125MM -0.525 -0.264 

SAND_PT_5MM_PT_25MM -0.417 -0.162 

SAND_1MM_PT_5MM -0.115 -0.032 

SAND_2MM_05MM -0.767 -0.409 

SAND_2MM_063MM -0.769 -0.397 

SAND_2MM_PT_2MM -0.595 -0.252 

SAND_2MM_1MM -0.01 -0.016 

GRAVEL_GT_2MM -0.044 -0.037 

 

Pearson Correlation Matrix 

PARAMETER SULFIDE_S_MG_KG 
 

TOT_ORGANIC_CARBON 0.662 
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▼Correlation: Pearson 
 

LEGEND   

Strong Positive Correlation 0.8 > R ≤ 1 

Moderate Positive Correlation 0.7 > R ≤ 0.8 

Weak Positive or Negative Correlation -0.7 > R ≤ 0.7 

Moderate Positive Correlation -0.7 > R ≤ -0.8 

Strong Negative Correlation -0.8 > R ≤ -1 

 

PARAMETER ALUMINUM ANTIMONY ARSENIC BARIUM BERYLLIUM BISMUTH CADMIUM CALCIUM CHROMIUM COBALT COPPER IRON LEAD LITHIUM 

MUD_063MM 0.915 0.909 0.223 0.878 0.859 . 0.841 0.795 0.684 0.606 0.91 0.82 0.732 0.939 

CLAY_LT_2UM 0.879 0.91 0.359 0.823 0.861 . 0.801 0.677 0.657 0.595 0.882 0.756 0.761 0.899 

CLAY_LT_4UM 0.885 0.912 0.353 0.831 0.861 . 0.808 0.688 0.655 0.596 0.885 0.763 0.758 0.903 

SILT_PT_05MM_2UM 0.908 0.889 0.233 0.867 0.848 . 0.84 0.79 0.661 0.59 0.898 0.811 0.713 0.932 

SILT_PT_0312MM_004MM 0.914 0.901 0.253 0.871 0.856 . 0.843 0.784 0.664 0.596 0.904 0.812 0.724 0.936 

SILT_PT_063MM_PT_0312MM 0.851 0.837 0.087 0.834 0.785 . 0.781 0.799 0.669 0.572 0.85 0.788 0.662 0.879 

SILT_063MM_4UM 0.904 0.891 0.19 0.871 0.842 . 0.832 0.803 0.677 0.596 0.897 0.816 0.711 0.929 

FINE_SAND_PT_063MM_PT_2MM -0.634 -0.57 -0.488 -0.561 -0.613 . -0.598 -0.483 -0.25 -0.316 -0.608 -0.466 
-

0.426 
-0.625 

SAND_PT_125MM_PT_063MM 0.13 0.208 -0.338 0.202 0.115 . 0.082 0.244 0.295 0.19 0.17 0.199 0.153 0.135 

SAND_PT_25MM_PT_125MM -0.779 -0.768 -0.273 -0.754 -0.745 . -0.704 -0.701 -0.489 -0.481 -0.781 -0.65 
-

0.572 
-0.773 

SAND_PT_5MM_PT_25MM -0.489 -0.54 0.209 -0.506 -0.434 . -0.444 -0.47 -0.606 -0.434 -0.504 -0.55 
-

0.488 
-0.536 

SAND_1MM_PT_5MM -0.48 -0.533 0.214 -0.497 -0.431 . -0.434 -0.463 -0.601 -0.422 -0.49 -0.543 
-

0.478 
-0.531 

SAND_2MM_05MM -0.916 -0.903 -0.253 -0.872 -0.86 . -0.845 -0.785 -0.669 -0.598 -0.907 -0.814 
-

0.728 
-0.939 

SAND_2MM_063MM -0.915 -0.909 -0.224 -0.878 -0.859 . -0.842 -0.795 -0.684 -0.606 -0.91 -0.82 
-

0.732 
-0.939 

SAND_2MM_PT_2MM -0.747 -0.785 0.054 -0.75 -0.688 . -0.676 -0.697 -0.718 -0.569 -0.758 -0.742 
-

0.655 
-0.785 

SAND_2MM_1MM 0.06 0.126 -0.055 0.061 0.012 . 0.222 0.03 0.026 -0.033 0.169 0.016 0.191 0.045 

GRAVEL_GT_2MM 0.22 0.258 0.231 0.139 0.202 . 0.342 0.126 0.175 0.186 0.224 0.193 0.339 0.178 

TOT_ORGANIC_CARBON 0.769 0.783 0.314 0.687 0.722 . 0.834 0.53 0.496 0.468 0.794 0.621 0.681 0.777 

Pearson Correlation Matrix (Contd.) 
 

PARAMETER MAGNESIUM MANGANESE MERCURY MOLYBDENUM NICKEL PHOSPHORUS POTASSIUM SELENIUM SILVER SODIUM STRONTIUM THALLIUM TIN 
 

MUD_063MM 0.843 0.41 0.635 0.572 0.685 0.8 0.889 0.711 0.194 0.457 0.9 0.834 . 
 

CLAY_LT_2UM 0.754 0.394 0.571 0.715 0.67 0.684 0.86 0.765 0.237 0.388 0.809 0.785 . 
 

CLAY_LT_4UM 0.76 0.4 0.57 0.7 0.67 0.688 0.859 0.775 0.229 0.389 0.818 0.79 . 
 

SILT_PT_05MM_2UM 0.835 0.398 0.609 0.566 0.664 0.791 0.883 0.715 0.17 0.476 0.895 0.84 . 
 

SILT_PT_0312MM_004MM 0.831 0.404 0.607 0.586 0.669 0.781 0.886 0.735 0.178 0.465 0.893 0.84 . 
 

SILT_PT_063MM_PT_0312MM 0.832 0.388 0.657 0.427 0.655 0.818 0.83 0.573 0.181 0.442 0.875 0.773 . 
 

SILT_063MM_4UM 0.845 0.404 0.637 0.532 0.675 0.809 0.878 0.683 0.182 0.463 0.901 0.827 . 
 

FINE_SAND_PT_063MM_PT_2MM -0.469 -0.339 -0.256 -0.513 -0.278 -0.409 -0.611 -0.599 -0.064 -0.387 -0.56 -0.634 . 
 

SAND_PT_125MM_PT_063MM 0.242 0.153 0.385 -0.183 0.252 0.287 0.105 -0.14 0.183 -0.094 0.199 0.012 . 
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SAND_PT_25MM_PT_125MM -0.685 -0.478 -0.562 -0.416 -0.487 -0.654 -0.736 -0.54 -0.206 -0.347 -0.751 -0.691 . 
 

SAND_PT_5MM_PT_25MM -0.567 -0.112 -0.487 -0.242 -0.585 -0.564 -0.489 -0.323 -0.145 -0.205 -0.543 -0.407 . 
 

SAND_1MM_PT_5MM -0.56 -0.08 -0.477 -0.238 -0.577 -0.562 -0.485 -0.316 -0.136 -0.206 -0.536 -0.401 . 
 

SAND_2MM_05MM -0.834 -0.403 -0.612 -0.593 -0.673 -0.786 -0.891 -0.73 -0.182 -0.47 -0.895 -0.843 . 
 

SAND_2MM_063MM -0.843 -0.41 -0.635 -0.572 -0.685 -0.8 -0.889 -0.711 -0.194 -0.457 -0.9 -0.834 . 
 

SAND_2MM_PT_2MM -0.771 -0.296 -0.649 -0.383 -0.698 -0.756 -0.729 -0.504 -0.208 -0.323 -0.78 -0.64 . 
 

SAND_2MM_1MM 0.074 -0.076 0.148 0.071 0.067 -0.072 0.147 0.187 0.29 0.232 0.072 0.208 . 
 

GRAVEL_GT_2MM 0.165 0.06 0.148 0.298 0.181 0.104 0.344 0.311 0.059 0.478 0.191 0.317 . 
 

TOT_ORGANIC_CARBON 0.651 0.248 0.524 0.762 0.494 0.551 0.879 0.729 0.169 0.663 0.708 0.837 . 
 

 

PARAMETER TITANIUM URANIUM VANADIUM ZINC 

MUD_063MM 0.673 0.842 0.515 0.897 

CLAY_LT_2UM 0.655 0.865 0.513 0.832 

CLAY_LT_4UM 0.657 0.856 0.512 0.838 

SILT_PT_05MM_2UM 0.652 0.818 0.492 0.885 

SILT_PT_0312MM_004MM 0.659 0.827 0.499 0.886 

SILT_PT_063MM_PT_0312MM 0.641 0.782 0.494 0.865 

SILT_063MM_4UM 0.663 0.823 0.505 0.893 

FINE_SAND_PT_063MM_PT_2MM -0.316 -0.488 -0.178 -0.511 

SAND_PT_125MM_PT_063MM 0.248 0.221 0.251 0.234 

SAND_PT_25MM_PT_125MM -0.525 -0.689 -0.378 -0.725 

SAND_PT_5MM_PT_25MM -0.513 -0.547 -0.461 -0.596 

SAND_1MM_PT_5MM -0.507 -0.538 -0.453 -0.584 

SAND_2MM_05MM -0.661 -0.835 -0.501 -0.889 

SAND_2MM_063MM -0.673 -0.842 -0.515 -0.897 

SAND_2MM_PT_2MM -0.656 -0.756 -0.548 -0.811 

SAND_2MM_1MM 0.01 0.083 -0.028 0.086 

GRAVEL_GT_2MM 0.189 0.142 0.136 0.223 

TOT_ORGANIC_CARBON 0.55 0.732 0.345 0.743 

 

PARAMETER AMMONIA BROMIDE CHLORIDE FLUORIDE NITRATE_AS_N NITRITE_AS_N SATURATION_PERC- SULFATE_SO4 AVAILABLE_NITRA- PHOSPHATE 

MUD_063MM 0.303 0.373 0.383 0.173 0.415 0.177 0.785 0.533 0.488 0.231 

CLAY_LT_2UM 0.266 0.43 0.448 0.159 0.464 0.16 0.819 0.573 0.45 0.328 

CLAY_LT_4UM 0.279 0.421 0.439 0.161 0.456 0.162 0.832 0.573 0.454 0.31 

SILT_PT_05MM_2UM 0.325 0.37 0.377 0.176 0.406 0.178 0.78 0.531 0.496 0.2 

SILT_PT_0312MM_004MM 0.324 0.377 0.385 0.175 0.413 0.177 0.8 0.541 0.493 0.212 

SILT_PT_063MM_PT_0312MM 0.251 0.296 0.304 0.158 0.349 0.167 0.645 0.437 0.448 0.19 

SILT_063MM_4UM 0.303 0.353 0.361 0.172 0.397 0.177 0.756 0.512 0.486 0.208 

FINE_SAND_PT_063MM_PT_2MM -0.292 -0.323 -0.314 -0.166 -0.272 -0.165 -0.576 -0.434 -0.396 -0.025 

SAND_PT_125MM_PT_063MM -0.2 -0.116 -0.09 -0.023 -0.022 -0.001 -0.09 -0.11 -0.074 0.142 
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PARAMETER AMMONIA BROMIDE CHLORIDE FLUORIDE NITRATE_AS_N NITRITE_AS_N SATURATION_PERC- SULFATE_SO4 AVAILABLE_NITRA- PHOSPHATE 

SAND_PT_25MM_PT_125MM -0.175 -0.273 -0.282 -0.167 -0.286 -0.184 -0.574 -0.401 -0.385 -0.135 

SAND_PT_5MM_PT_25MM -0.124 -0.147 -0.166 -0.065 -0.253 -0.062 -0.434 -0.237 -0.25 -0.249 

SAND_1MM_PT_5MM -0.12 -0.164 -0.186 0.041 -0.268 0.045 -0.349 -0.235 -0.097 -0.311 

SAND_2MM_05MM -0.321 -0.384 -0.392 -0.176 -0.42 -0.178 -0.796 -0.545 -0.496 -0.222 

SAND_2MM_063MM -0.303 -0.373 -0.383 -0.173 -0.416 -0.177 -0.784 -0.533 -0.488 -0.232 

SAND_2MM_PT_2MM -0.187 -0.258 -0.279 -0.108 -0.356 -0.113 -0.622 -0.39 -0.358 -0.295 

SAND_2MM_1MM 0.011 0.151 0.153 0.134 0.156 0.063 0.051 0.167 0.244 0.225 

GRAVEL_GT_2MM 0.005 0.041 0.05 0.127 0.121 0.021 -0.043 0.102 0.034 0.148 

TOT_ORGANIC_CARBON 0.48 0.584 0.611 0.388 0.612 0.367 0.871 0.74 0.43 0.299 

 

PARAMETER AVAILABLE_POTAS- AVAILABLE_SULFA- 

MUD_063MM 0.696 0.585 

CLAY_LT_2UM 0.67 0.603 

CLAY_LT_4UM 0.671 0.607 

SILT_PT_05MM_2UM 0.692 0.591 

SILT_PT_0312MM_004MM 0.692 0.599 

SILT_PT_063MM_PT_0312MM 0.643 0.486 

SILT_063MM_4UM 0.687 0.567 

FINE_SAND_PT_063MM_PT_2MM -0.485 -0.498 

SAND_PT_125MM_PT_063MM 0.025 -0.156 

SAND_PT_25MM_PT_125MM -0.559 -0.438 

SAND_PT_5MM_PT_25MM -0.371 -0.245 

SAND_1MM_PT_5MM -0.338 -0.236 

SAND_2MM_05MM -0.698 -0.602 

SAND_2MM_063MM -0.696 -0.586 

SAND_2MM_PT_2MM -0.573 -0.413 

SAND_2MM_1MM 0.171 0.118 

GRAVEL_GT_2MM 0.105 0.204 

TOT_ORGANIC_CARBON 0.7 0.779 

 

PARAMETER LMW_PAHS HMW_PAHS TOT_PAHS 

MUD_063MM 0.263 0.303 0.358 

CLAY_LT_2UM 0.252 0.318 0.364 

CLAY_LT_4UM 0.257 0.323 0.369 

SILT_PT_05MM_2UM 0.247 0.296 0.348 

SILT_PT_0312MM_004MM 0.253 0.305 0.357 

SILT_PT_063MM_PT_0312MM 0.258 0.26 0.32 

SILT_063MM_4UM 0.259 0.292 0.348 

FINE_SAND_PT_063MM_PT_2MM -0.141 -0.216 -0.242 
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SAND_PT_125MM_PT_063MM 0.194 0.045 0.09 

SAND_PT_25MM_PT_125MM -0.297 -0.267 -0.328 

SAND_PT_5MM_PT_25MM -0.136 -0.15 -0.183 

SAND_1MM_PT_5MM -0.134 -0.15 -0.182 

SAND_2MM_05MM -0.25 -0.303 -0.355 

SAND_2MM_063MM -0.263 -0.303 -0.358 

SAND_2MM_PT_2MM -0.244 -0.242 -0.296 

SAND_2MM_1MM -0.037 -0.093 -0.072 

GRAVEL_GT_2MM 0.077 0.027 0.051 

TOT_ORGANIC_CARBON 0.315 0.318 0.372 

 

PARAMETER TOT_ORGANIC_CAR- 

MUD_063MM 0.797 

CLAY_LT_2UM 0.836 

CLAY_LT_4UM 0.847 

SILT_PT_05MM_2UM 0.793 

SILT_PT_0312MM_004MM 0.812 

SILT_PT_063MM_PT_0312MM 0.656 

SILT_063MM_4UM 0.768 

FINE_SAND_PT_063MM_PT_2MM -0.646 

SAND_PT_125MM_PT_063MM -0.113 

SAND_PT_25MM_PT_125MM -0.635 

SAND_PT_5MM_PT_25MM -0.356 

SAND_1MM_PT_5MM -0.285 

SAND_2MM_05MM -0.81 

SAND_2MM_063MM -0.797 

SAND_2MM_PT_2MM -0.585 

SAND_2MM_1MM 0.08 

GRAVEL_GT_2MM 0.026 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Physical Tests Units 
        

Hardness (as CaCO3) ug/L 4110000 4100000 4920000 - 5140000 - 4710000 - 

Total Suspended 
Solids 

ug/L 2200 3400 6200 2400 4400 6200 6800 8800 

Anions and Nutrients Units 
        

Ammonia, Total (as N) ug/L 26.7 32 15.2 26.2 18.8 33.1 32.1 29.9 

Bromide (Br) ug/L 57400 48900 57700 50500 57600 41800 57000 56300 

Chloride (Cl) ug/L 15800000 13100000 15400000 13300000 15600000 10600000 15200000 14900000 

Fluoride (F) ug/L 1080 950 1240 1130 1220 960 1140 1120 

Nitrate (as N) ug/L <500 <500 <500 <500 <500 <500 1000 <500 

Nitrite (as N) ug/L <100 <100 <100 <100 <100 <100 <100 <100 

Phosphorus (P)-Total ug/L 54.5 55 53.4 51.2 63.6 51.6 65.4 64.1 

Sulfate (SO4) ug/L 2180000 1850000 2160000 1880000 2210000 1450000 2150000 2110000 

Total Metals Units 
        

Aluminum (Al)-Total ug/L 23.2 52.7 22.1 - 22.1 - 71.3 - 

Antimony (Sb)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Arsenic (As)-Total ug/L <2 <2 <2 - <2 - <2 - 

Barium (Ba)-Total ug/L 9.5 19.3 9.6 - 10.5 - 11 - 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Beryllium (Be)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Bismuth (Bi)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Boron (B)-Total ug/L 3660 3320 3780 - 4260 - 3700 - 

Cadmium (Cd)-Total ug/L 0.09 0.054 0.058 - 0.072 - 0.066 - 

Calcium (Ca)-Total ug/L 324000 267000 325000 - 328000 - 303000 - 

Cesium (Cs)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Chromium (Cr)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Cobalt (Co)-Total ug/L 0.132 0.089 0.082 - 0.061 - 0.106 - 

Copper (Cu)-Total ug/L 0.7 0.78 <0.5 - 0.55 - 0.79 - 

Gallium (Ga)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Iron (Fe)-Total ug/L 63 85 47 - 41 - 170 - 

Lead (Pb)-Total ug/L <0.3 <0.3 <0.3 - <0.3 - <0.3 - 

Lithium (Li)-Total ug/L 159 140 162 - 180 - 159 - 

Magnesium (Mg)-Total ug/L 997000 866000 1020000 - 1050000 - 980000 - 

Manganese (Mn)-Total ug/L 10.8 7.34 6.35 - 3.98 - 11 - 

Mercury (Hg)-Total ug/L <0.01 <0.01 <0.01 - <0.01 - <0.01 - 

Molybdenum (Mo)-
Total 

ug/L 9.5 8.3 9.6 - 10.5 - 9.2 - 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Nickel (Ni)-Total ug/L 0.53 <0.5 <0.5 - 0.51 - 0.73 - 

Phosphorus (P)-Total ug/L <1000 <1000 <1000 - <1000 - <1000 - 

Potassium (K)-Total ug/L 304000 257000 310000 - 313000 - 292000 - 

Rhenium (Re)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Rubidium (Rb)-Total ug/L 96.9 84.3 98 - 107 - 96.1 - 

Selenium (Se)-Total ug/L <2 <2 <2 - <2 - <2 - 

Silicon (Si)-Total ug/L 780 1530 870 - 1250 - 1450 - 

Silver (Ag)-Total ug/L <0.1 <0.1 <0.1 - <0.1 - <0.1 - 

Sodium (Na)-Total ug/L 8600000 7350000 8820000 - 8830000 - 8220000 - 

Strontium (Sr)-Total ug/L 5780 4970 5960 - 5950 - 5560 - 

Tellurium (Te)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Thallium (Tl)-Total ug/L <0.05 <0.05 <0.05 - <0.05 - <0.05 - 

Thorium (Th)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Tin (Sn)-Total ug/L <1 <1 <1 - <1 - <1 - 

Titanium (Ti)-Total ug/L <5 <5 <5 - <5 - <5 - 

Tungsten (W)-Total ug/L <1 <1 <1 - <1 - <1 - 

Uranium (U)-Total ug/L 2.64 2.29 2.66 - 2.84 - 2.53 - 

Vanadium (V)-Total ug/L 1.43 1.28 1.36 - 1.57 - 1.53 - 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Yttrium (Y)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Zinc (Zn)-Total ug/L <3 <3 <3 - <3 - <3 - 

Zirconium (Zr)-Total ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Dissolved Metals Units 
        

Dissolved Metals 
Filtration Location 

- FIELD FIELD FIELD - FIELD - FIELD - 

Dissolved Metals 
Filtration Location 

- FIELD FIELD FIELD - FIELD - FIELD - 

Dissolved Metals 
Filtration Location 

- FIELD FIELD FIELD - FIELD - FIELD - 

Aluminum (Al)-
Dissolved 

ug/L <5 <5 <5 - <5 - 6.1 - 

Antimony (Sb)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Arsenic (As)-Dissolved ug/L <2 <2 <2 - <2 - <2 - 

Barium (Ba)-Dissolved ug/L 11.1 10.6 9.4 - 8.9 - 10.4 - 

Beryllium (Be)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Bismuth (Bi)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Boron (B)-Dissolved ug/L 3270 3220 3780 - 3980 - 3680 - 



Port Metro Vancouver APPENDIX F Hemmera 
RBT2 – Sediment and Water Quality Characterization Studies - 5 - August 2014 

 

Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Cadmium (Cd)-
Dissolved 

ug/L <0.05 0.051 <0.05 - 0.051 - 0.052 - 

Calcium (Ca)-Dissolved ug/L 268000 258000 314000 - 329000 - 301000 - 

Cesium (Cs)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Chromium (Cr)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Cobalt (Co)-Dissolved ug/L 0.075 <0.05 0.068 - <0.05 - 0.08 - 

Copper (Cu)-Dissolved ug/L <0.5 0.67 <0.5 - <0.5 - 0.61 - 

Gallium (Ga)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Iron (Fe)-Dissolved ug/L <10 <10 <10 - <10 - 16 - 

Lead (Pb)-Dissolved ug/L <0.3 <0.3 <0.3 - <0.3 - <0.3 - 

Lithium (Li)-Dissolved ug/L 131 132 158 - 164 - 154 - 

Magnesium (Mg)-
Dissolved 

ug/L 836000 839000 1000000 - 1050000 - 960000 - 

Manganese (Mn)-
Dissolved 

ug/L 6.02 5.9 5.48 - 1.59 - 8.2 - 

Mercury (Hg)-Dissolved ug/L <0.01 <0.01 <0.01 - <0.01 - <0.01 - 

Molybdenum (Mo)-
Dissolved 

ug/L 8.4 8.3 9.9 - 10.3 - 9.7 - 

Nickel (Ni)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - 0.66 - 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Phosphorus (P)-
Dissolved 

ug/L <1000 <1000 <1000 - <1000 - <1000 - 

Potassium (K)-
Dissolved 

ug/L 256000 250000 299000 - 315000 - 286000 - 

Rhenium (Re)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Rubidium (Rb)-
Dissolved 

ug/L 78.7 78.1 92.3 - 98.8 - 89.6 - 

Selenium (Se)-
Dissolved 

ug/L <2 <2 <2 - <2 - <2 - 

Silicon (Si)-Dissolved ug/L 1260 1230 690 - 1090 - 1160 - 

Silver (Ag)-Dissolved ug/L <0.1 <0.1 <0.1 - <0.1 - <0.1 - 

Sodium (Na)-Dissolved ug/L 7260000 7150000 8520000 - 8920000 - 8050000 - 

Strontium (Sr)-
Dissolved 

ug/L 4960 4830 5730 - 5990 - 5420 - 

Tellurium (Te)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Thallium (Tl)-Dissolved ug/L <0.05 <0.05 <0.05 - <0.05 - <0.05 - 

Thorium (Th)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Tin (Sn)-Dissolved ug/L <1 <1 <1 - <1 - <1 - 

Titanium (Ti)-Dissolved ug/L <5 <5 <5 - <5 - <5 - 
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Location Intercauseway 
Sub-tidal (Proposed 

Project) 
North of Causeway 

Sample Location ID RB-10-3 RB-10-1 RB-7-2 RB-11-1 RB-6-1 

Depth at Site (m) 1.5 2.1 2.0 7.6 1.5 

Sample ID RB-10-3-1 RB-10-1-1 RB-7-2-1 RB-7-2-2 RB-11-1-1 RB-11-1-2 RB-6-1-1 RB-6-1-2 

Date Sampled 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 12/04/2013 

Sample Information 
        

Water layer sampled bottom bottom bottom top bottom top bottom top 

Sample Depth, Below Water 
Surface (m) 

1.0 1.6 1.5 0.5 7.1 0.5 1.0 0.5 

Tungsten (W)-
Dissolved 

ug/L <1 <1 <1 - <1 - <1 - 

Uranium (U)-Dissolved ug/L 2.17 2.19 2.62 - 2.61 - 2.47 - 

Vanadium (V)-
Dissolved 

ug/L 1.28 1.23 1.34 - 1.51 - 1.31 - 

Yttrium (Y)-Dissolved ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 

Zinc (Zn)-Dissolved ug/L <3 <3 <3 - <3 - <3 - 

Zirconium (Zr)-
Dissolved 

ug/L <0.5 <0.5 <0.5 - <0.5 - <0.5 - 
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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 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 units) of additional 

container capacity annually.  

Construction of the proposed Project could result in localised disturbance of the seabed, re-suspension of 

bed sediments into the water column, and deposition of sediments to potential receiving areas within 

designated critical habitat of southern resident killer whales (Orcinus ocra; SRKW). The Project will also 

require the disposal at sea (DAS) of suspended sediments associated with the beneficial re-use of 

dredgeate during terminal construction. Any alterations in the polychlorinated biphenyl (PCB) 

concentrations in surficial sediments as a result of Project construction (for example, based on the 

preferential deposition of finer-textured sediments in more quiescent areas, with higher sorbed PCB 

concentrations per unit mass) could alter the extent to which PCBs are transferred from the seabed into 

sediment-associated invertebrates and fish and ultimately into SRKW via food-web mediated transfers. 

This technical report describes a series of studies undertaken to characterise the concentrations of PCBs 

in sediment that will be either potentially disturbed or discharged as a result of Project activities, and 

provide accessory information on sediment texture and organic carbon content, which is relevant to PCB 

environmental fate. The overall objectives of these studies were two-fold: (i) to ensure that adequate 

information is available to inform a future effects assessment for the Project; and (ii) to support regulatory 

decisions regarding the at-sea disposal of suspended sediments as a result of Project construction.  

Extensive new data were obtained on total PCB concentrations in sediment to assess whether 

construction-related activities, and particularly the re-suspension of Roberts Bank bed sediments or 

marine discharge of dredgeate, could alter potential SRKW exposures to PCBs. A total of 121 samples 

were collected from bed sediments in the following five areas: the lower Fraser River navigational 

channel, the dredge prism for the dredge basin, the dredge prism for the expanded tug basin, the 

intermediate transfer pit (ITP), and the Roberts Bank candidate DAS area. The samples were analysed 

for PCB congeners using analytical techniques designed to achieve very low detection limits (modified 

USEPA method 1668a: HRMS). The samples were also analysed for total organic carbon (TOC) and 

sediment particle size distribution. A subset were analysed for metals/metalloids and polycyclic aromatic 

hydrocarbons (PAHs), since the levels of these substances in sediment is also relevant to any DAS 

permit application; however, this report focusses on sediment PCB concentrations. 
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This study concluded the following: 

1. Under existing conditions sediment from the Fraser River is continuously discharged into the 

proposed project area and SRKW critical habitat with detectable PCB concentrations (39 pg/g 

total PCBs on average). The volume of PCB-containing sediment that will be released in the 

proposed disposal at sea (DAS) location is estimated to be 5% or less than what is occurring 

‘naturally’ from Fraser River discharge, and over 80% is comprised of sediment with lower PCB 

concentrations (non-carbon normalised) than existing surficial sediments in the proposed DAS 

location. 

2. Given the linkage between organic carbon content of sediment with respect to the bioavailability 

of PCBs, it is noted that when the tPCB concentrations for the proposed disposal sediments were 

carbon-normalised their concentrations were essentially the same as those present at the DAS 

location (i.e., no net increase in bioavailable PCBs to SRKW as a result of the Project). 

3. Radioisotopic (
210

Pb) age dating of sediments collected in vibracores from the dredge basin 

showed that sediment deposits from depths greater than approximately 30 to 100 cm are likely to 

reflect deposition of sediments originating more than 60 years ago. Sediments within the dredge 

prism deeper than one to two metres are not expected to contain PCBs, since their deposition 

would have pre-dated the initiation of PCB production (i.e., deposition occurred prior to ~1930 

and the depth is beyond any possible influence of downward mixing of more recent sediments 

from the PCB production era as a result of bioturbation).  

4. The use of Total PCB concentrations (current proposed criteria) as a means of managing 

potential threats to SRKW is overly conservative given that only a small number of the total PCB 

congeners (14 to 20 of 209) are retained in SRKW tissue. Of the 14 to 20 potentially retained, 10 

of these account for approximately 80% of all PCBs retained.  
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GLOSSARY 

Berth pocket 

A portion of the dredge basin that will be dredged, soil densified, and prepared with 
aggregate to form the marine area in front of the three-berth wharf structure. This area is 
designated for the berthing of container ships with up to 19 m draught, and will not be 
covered by any permanent structures. 

Bioturbation 
Intermixing of the upper layers of sediment by marine animals (typically burrowing 
macroinvertebrates) as a result of feeding within the sediment, burrowing, ventilation, and 
lateral or vertical movements. 

Caisson trench 
A portion of the dredge basin that will be dredged, soil densified, and prepared with 
aggregate to form the foundation for the placement of the concrete caissons. This area of 
the dredge basin will be permanently covered by the wharf. 

Co-elute 
In analytical chemistry, and specifically for methods that use chromatographic separation 
techniques, two or more different compounds that are not distinguishable based on 
chromatographic separation are said to co-elute. 

Congener 

A specific type of chlorinated aromatic organic compound which is differentiated from other 
types or congeners by virtue of the number of chlorines substituted for hydrogens around 
the aromatic ring structure and their specific positions. Polychlorinated biphenyls, for 
example, exhibit 209 possible unique combinations of the numbers of chlorine atoms (from 
one to ten) and their position around the linked phenyl rings. 

Containment dyke 
A dyke that is constructed in the marine environment that will contain the fill used for land 
development within an enclosed area. Containment dykes can be perimeter dykes or 
internal dykes. 

Delta foreslope 

The distributary front deposits of the Fraser River delta, mainly consisting of interlayered 
sand and silt. Slope angles vary from 23° at the head of the slope to 1° to 2° within 2 km 
beyond the tidal flats. The foreslope seabed declines in westerly direction from shallow 
subtidal areas (approx. -10 m CD) to greater than 100 m depth. 

Dredge basin 
The dredge area footprint in front of the terminal perimeter dyke that needs to be dredged, 
soil densified, and prepared with aggregate to form the berth pocket, marine approaches, 
and caisson trench foundation. 

Geochronological 
interpretation 

Interpretation centred around an understanding of the geological history that has led to the 
development of certain structures or states. 

Intermediate 
transfer pit (ITP) 

A subsurface marine area used for temporary storage of material, such as sand, that will 
be reclaimed and used as fill for land development in the construction phase. 

Oxic Well oxygenated. 

Picogram 10
-12

 grams. 

Radioisotopic 
dating 

Estimation of the chronological history or sediment deposition through evaluation of 
vertical trends in concentrations of unstable isotopes of some trace elements, such as 
210

Pb or 
137

Cs. 

Thalweg The deepest part of a channel with the highest bed velocities. 

Vibracore 

A sediment coring device (or core derived from one) used in unconsolidated to partially 
consolidated sedimentary environments that uses high frequency vibrations of the core 
barrel and type along with gravitational forces to penetrate into the upper sediment layers 
and collect a continuous core sample. 

Vibro-densification A technique for subsoil improvement that uses a depth vibrator to densify in situ material. 

Vibro-replacement 
A technique for subsoil improvement that utilises special depth vibrators and coarse 
material to replace the finer subsoil material with the coarser material. 
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1.0 INTRODUCTION 

This section provides an overview of studies to characterise PCBs in sediment in support of an analysis 

of the fate and effects associated with Project activities that will disturb and re-distribute sediments. The 

overall objective of these studies was two-fold: (i) to ensure that adequate information is available to 

inform a future effects assessment for the Project; and (ii) to support regulatory decisions regarding the 

at-sea disposal of suspended sediments as a result of Project construction. Of particular interest is the re-

suspension of recent sediments or marine discharge of dredgeate into SRKW critical habitat. Any 

alterations in the polychlorinated biphenyl (PCB) concentrations in surficial sediments as a result of 

Project construction could alter the extent to which PCBs are transferred from the seabed into sediment-

associated invertebrates and fish and ultimately into SRKW via food-web mediated transfers. Figure 1-1 

provides a schematic of RBT2 studies related to PCBs and SRKW informing the SRKW effects 

assessment and DAS Permit application. 

Figure 1-1 Schematic of Studies Related to PCBs and SRKW 
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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 units) of additional 

container capacity annually. The Project is part of Port Metro Vancouver’s Container Capacity 

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

container capacity to 2030. 

Construction of the proposed Project could result in localised disturbance of the seabed and associated 

re-suspension of bed sediments into the water column. Proposed Project elements with a potential to 

result in sediment re-suspension are the following: 

 Placement of rock containment dykes: Crushed rock will be placed on the seabed to provide a 

perimeter for the proposed terminal footprint; 

 Cutter suction dredging of the dredge basin adjacent to the proposed RBT2 berth face (“berth 

pocket/caisson trench”) to a depth of -30 m relative to chart datum (CD); 

 Further improvements in the dredge basin comprising vibro-replacement to a depth of -47 m 

CD, recovery via cutter suction dredge of sediments displaced upward during vibro-replacement 

(vibro-replacement expressed fines: VEF), recovery of excess sacrificial rock used in the 

vibro-replacement, and subsequently placement of a rock mattress; 

 Temporary placement of sediment originating from Fraser River maintenance dredging within an 

“Intermediate transfer pit” (ITP) located adjacent to the existing turning basin area in the 

inter-causeway area; 

 Discharge of decant water in which poorly settleable fine sediment is entrained during the loading 

of containment dykes for the new terminal footprint. Reclamation activities for the new terminal 

footprint will rely on beneficial re-use firstly of dredgeate from the dredge basin and then Fraser 

River sands obtained from routine maintenance dredging, either transferred from the ITP or 

loaded directly from dredge vessels; 

 Clamshell dredging of the tug basin expansion area, including increasing the depth of the existing 

tug basin and expanding the basin southward; and 

 At-sea disposal of the dredgeate from the tug basin expansion. 

Details of these and allied construction activities are provided in Section 4 (Project Description) of the EIS 

(PMV 2015). The project construction will require additional rock dyke construction, infilling and 

densification along the causeway. It is assumed, however, that suspended sediments associated with 

these activities can be readily controlled at or near the point of suspension using construction best 

practices, since they will occur in the intertidal zone and under environmental conditions that are 

conducive to practical engineered controls.  

Sediment texture and quality is of interest based on consideration of the sediment as either a source 

material that may be re-suspended or discharged at sea (dredgeate from the dredge basin, tug basin 

dredgeate, or the Fraser River maintenance dredgeate) or at potential receiving areas (ITP, candidate 

Roberts Bank DAS area). The lower reaches of the Fraser River navigational channel are routinely 

dredged to accommodate shipping and boat traffic independent of the Project, and the maintenance 
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dredgeate is routinely disposed, in part, at the Sand Heads DAS site under permit. The construction of 

the RBT2 terminal will require the beneficial re-use of this dredgeate, through stockpiling in the ITP then 

conveyance to the terminal footprint.  

With the exception of the Fraser River maintenance dredging area, the general location of the study areas 

where sediment sampling was undertaken are shown in Figure 1-2.  

Figure 1-2  Roberts Bank Terminal 2 – Activities That Could Result in Sediment Re-suspension 

 

Fraser River maintenance dredgeate that would be used for RBT2 would typically originate from the lower 

15 km of the south arm of the Fraser River (see Figure 1-3). 

The implications of sediment disturbance activities during Project construction are evaluated based on 

two major categories of potential environmental change: 

(i) Incidental sediment re-suspension and subsequent settling/deposition (including stockpiling of 

Fraser River maintenance dredgeate in the ITP); and 

(ii) Marine discharge (at-sea disposal) of poorly settleable portions of dredgeate as part of loading to 

the RBT2 containment dykes. 

With regard to this second category, completion of the terminal footprint will require loading of dredgeate 

into the containment dykes, resulting in a portion of the sediments remaining in suspension and being 

discharged in decant water. An estimate of source sediments and volumes that will require DAS is 

provided in Table 4-5 of the EIS Project Description (Section 4) (PMV 2015).  
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Figure 1-3 Lower Fraser River Main Channel Reaches 

 

An understanding of the physical and chemical characteristics of these sediments is needed to predict the 

environmental effects of sediment re-suspension, marine discharge, and the associated seabed 

accumulations. This technical report describes a series of studies undertaken to physically and chemically 

characterise potentially disturbed or discharged sediments. 

As discussed in Section 2 below, the sediment characterisation was focussed especially on 

polychlorinated biphenyl (PCB) concentrations and characteristics, as a pre-requisite to the evaluation of 

PCB-related effects on the reproductive status of southern resident killer whales (Orcinus orca; SRKW). 

This technical report describes the results of sediment physical and chemical characteriSation of: 

 Seabed areas that potentially will be disturbed by dredging and other construction activities; and 

 Fraser River bed sediments representative of the maintenance dredgeate that will be used for 

terminal construction. 

The additional information provided herein is complimentary to information provided in the RBT2 

Sediment and Water Quality Characterisation Studies Technical Data Report (Hemmera 2014c). The 

additional information is further used to evaluate Project-related risks to SRKW with regard to PCB 

exposures in critical habitat, as discussed in Changes in Polychlorinated Biphenyl Exposures of Southern 

Resident Killer Whales Associated with RBT2 Disposal at Sea (Hemmera 2014a). 
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1.2 STUDY OVERVIEW 

A review of existing state of knowledge was completed for Fraser River and Roberts Bank sediment 

characteristics in the context of sediment re-suspension and at-sea disposal scenarios. Additional studies 

described herein were initiated to address key data gaps and areas of uncertainty. This technical report 

(TR) 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. 

Table 1-1  Project Sediment Quality Study Components and Major Objectives 

Component Major Objective Brief Overview 

1) Sediment 
characterisation 
at all study sites 

 Define range of PCB concentrations on a dry 
bulk sediment, organic C normalised and fines 
(<74 µm fraction) normalised basis for 
dredgeate from study sites. 

Sediment grab samples were collected 
using a 0.1 m

2
 stainless steel Van Veen 

grab (top 1.0 to 15 cm retained 
depending on area). 

Samples from top ~2 m of sediments 
collected at subset of locations using a 
vibracorer. 

2) Dredge basin 
dredge prism 
sediment 
characterisation 

 Define the physical (particle size distribution) 
and chemical characteristics 
(metals/metalloids, PCB congeners, organic 
C) of dredge prism sediments (multiple 
depths, including surface sediments (top 1 to 
2 cm) and subsurface sediments to a depth of 
~2 m).  

 Evaluate sediment geochronology and 
sedimentation rates based on down-core 
variations in 

210
Pb concentrations. 

Sediment grab samples (n = 13 sites).  

Vibracore samples (n = 9 sites). Two 
vibracores were evaluated for fine-scale 
vertical changes in excess 

210
Pb 

concentrations (to establish 
geochronologies) and concentrations 
(flux) of PCBs. 

3) Tug Basin 
dredge prism 
sediment 
characterisation 

 Define the physical (particle size distribution) 
and chemical characteristics 
(metals/metalloids, PCB congeners, organic 
C) of dredge prism sediments (multiple 
depths, including surface sediments (top 1 to 
2 cm) and subsurface sediments to a depth of 
~2 m).  

 Evaluate sediment geochronology and 
sedimentation rates based on down-core 
variations in 

210
Pb concentrations. 

Vibracore samples (n = 6 sites). One 
vibracore was evaluated for fine-scale 
vertical changes in excess 

210
Pb 

concentrations (to establish 
geochronologies) and concentrations 
(flux) of PCBs. 

4) ITP surficial 
sediments 
characterisation  

 Define physical characteristics and PCB 
concentrations of surficial sediment (top ~ 5 
cm of sediment). 

Sediment grab samples (n = 16 sites).  

5) Fraser River 
maintenance 
dredgeate 
characterisation 

 Define physical characteristics and PCB 
concentrations of surficial sediment (top 8 to 
15 cm) of riverbed at centre of the 
navigational channel within the lower 15 km of 
the Fraser River. 

Sediment grab samples (n = 30 sites; 
located at intervals of ~1 km along the 
main channel of the South Arm of the 
Fraser River. 

6) Candidate 
Roberts Bank 
DAS area 
seabed 
characterisation 

 Define range of PCB concentrations (top 1.0 
cm of sediment). 

Sediment samples (n = 30 sites).  
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2.0 DISPOSAL AT SEA SCREENING CRITERIA 

Dredgeate disposal at sea is regulated under the Canadian Environmental Protection Act (CEPA 1999) 

and associated Disposal at Sea Regulations. Relevant to RBT2 is Division 3 of CEPA (Disposal at Sea), 

subsection 122(1) provides a formal definition of “disposal”: 

“(a) the disposal of a substance at sea from a ship, an aircraft, a platform or another structure, 

(b) the disposal of dredged material into the sea from any source not mentioned in 

paragraph (a),…” [bolding added to emphasise clauses relevant to RBT2] 

A discharge regulated through issuance of a DAS permit is not subject to the deleterious discharge 

provisions of the federal Fisheries Act. 

The Disposal at Sea Regulations and associated guidance developed by Environment Canada (EC) 

define the information needs and procedures for a DAS permit application, as well as any consultation 

requirements. Key aspects of this guidance include: 

 Description of the physical and chemical characteristics of the dredged material, including 

“Minimum Sample Analytical Requirements”
1
; 

 Comparative evaluation of alternatives to DAS; 

 History and characteristics of the candidate DAS site; and 

 Potential for environmental effects based on chemical characteristics of the sediment proposed 

for discharge, and the physical and biological characteristics of the receiving environment. 

Contaminant screening criteria (“Lower Levels”) for dredgeate being considered for DAS are provided in 

the Disposal at Sea Regulations for a small suite of substances included in the CEPA National Action List 

(see Table 2-1). For several other metals/metalloids not included in the National Action List, EC requires 

the comparison to Canadian Council of Ministers of the Environment (CCME) Interim Sediment Quality 

Guidelines (ISQG), also provided in Table 2-1. 

Previously completed sediment studies for Deltaport Third Berth (DP3) (Hemmera 2009) suggest that 

dredged sediments arising from the Project will generally meet the CEPA criteria for DAS (Table 2-1); 

i.e., exhibit contaminant concentrations that are lower than levels of concern, and show no sign of toxicity 

to sediment-associated macroinvertebrates (Section 3.1). Two substances, however, merit further 

consideration in the context of DAS: Polycyclic aromatic hydrocarbon (PAHs) and PCBs. The relevant 

data are summarised in Section 3 herein. 

                                                      
1  Obtained from Environment  Canada Environmental Assessment and Marine Programs, 2013. 

https://www.ec.gc.ca/iem-das/default.asp?lang=En&n=FC03AD6B-1 
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Table 2-1  Sediment Quality Criteria and Guidelines 

Parameter DAS Lower Level Criterion CCME ISQG (marine) 
Lachmuth et al. Guideline 
for Protection of SRKW 

Arsenic (mg/kg)  7.24 - 

Cadmium (mg/kg) 0.60 0.70 - 

Copper (mg/kg)  18.7 - 

Chromium (mg/kg)  52.3 - 

Lead (mg/kg)  30.2 - 

Mercury (mg/kg) 0.75 0.13 - 

Zinc (mg/kg)  124 - 

Total PAHs (mg/kg) 2.50 - - 

Total PCBs (pg/g) 100,000 21,500 12 to 200 

Critical habitat requirements under the Species at Risk Act (SARA) are also relevant to the management 

of sediments for RBT2, particularly for SRKW critical habitat. In response to the SARA designation for 

SRKW, Fisheries and Oceans Canada (DFO 2010) recently evaluated sediment-related PCB 

concentrations and linkages to SRKW uptake and potential reproductive impairment. A PCB food web 

modelling tool was used to predict that a target sediment total PCB (tPCB) concentration range of 12 to 

200 picograms/gram (pg/g) (dry weight basis) would optimally protect killer whales (this is expressed by 

DFO in units of µg/kg). 

The following conclusions and recommendations provided by DFO (2010) are relevant to deliberations 

about sediment disturbance and discharge for the RBT2 construction phase: 

 “Disposal of materials with less than ambient PCB concentrations at a receiving site is not 

expected to increase PCB delivery to killer whales and may help to bury ambient PCBs; 

 Disposing of dredge materials into killer whale critical habitat in particular, and to a lesser extent 

their habitat in general, containing PCBs at concentrations that are higher than the ambient PCB 

concentrations, are predicted to increase the delivery of PCBs to killer whale food webs. 

 Disposal of materials containing greater than ambient PCB levels would benefit from an 

alternative strategy, including disposal at a site with high natural sedimentation rate, as long as 

this new site is deemed to be depositional and dredge materials are not further dispersed. This 

would ultimately help to bury such PCBs, and could reduce overall habitat exposure of killer 

whales to PCBs. 

 A case-specific approach to SARA-based permitting and advice for ocean disposal would best 

enable an evaluation of any possible effect of a particular disposal operation on killer whales and 

their habitat. 
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 To improve the risk-based characterisation of ocean disposal at sea activities, congener specific 

(high resolution) techniques to measure of PCBs are recommended. In addition, measured 

contaminants for disposal at sea files should be expanded to additional priority contaminants 

(e.g., the flame retardant PBDEs or other replacements for flame retardants), particularly as they 

pertain to SARA concerns and SARA-listed species. 

 This modelling suggests that a target sediment PCB range of 0.012 to 0.200 μg·kg-1 dry weight 

would optimally protect killer whales. However, these protective sediment PCB values are 

currently exceeded in many parts of coastal BC”. 

Many areas of sediment in B.C. coastal waters currently exceed these threshold concentrations. 

According to DFO (2010) – 

“Based on sediment PCB measurements predominantly carried out in the Strait of Georgia and 

Puget Sound, and to a lesser extent in remote parts of coastal B.C. and Washington, only 4/61 

(6.6%) sites fell below the most liberal end of this protective range (0.200 μg·kg
-1

).” 

Based on the previously available scientific information, therefore, it was expected that the seabed within 

the vicinity of both the Project and candidate DAS site will exhibit sediment concentrations above both the 

200 pg/g and 12 pg/g dry weight values cited by DFO (2010). 

  



Port Metro Vancouver  Hemmera 
RBT2 – Sediment Characteristics TR - 9 - December 2014 

 

3.0 REVIEW OF AVAILABLE LITERATURE AND DATA 

This section provides a brief summary of available data and studies relevant to the RBT2 effects 

assessment. Please refer also to the Sediment and Water Quality Characterisation Studies Technical 

Data Report (Hemmera 2014c) for a summary of additional existing studies. 

3.1 DELTAPORT THIRD BERTH (DP3) 

A sediment quality assessment was completed as part of the DP3 environmental assessment, in part to 

support a DAS Permit application (Hemmera 2009). The study included analysis of 45 core samples and 

20 surface grab samples for sediment texture, total organic carbon, PAHs, and metals/metalloids. None 

of the samples exhibited a substance concentration that was greater than its respective Disposal at Sea 

Regulations Lower Limit (Table 3-1). 

Table 3-1  Summary of DP3 Sediment Data for DAS Permitting 

Substance 
Disposal at 

Sea Regulation 
Lower Limit 

Number of 
Samples 
Analysed 

Number with 
Detected 

Concentration 

Minimum 
Value 

(mg/kg) 

Average 

(mg/kg) 

Maximum 
Value 

(mg/kg) 

Cadmium (Cd) 0.6 24 24 0.15 0.30 0.46 

Lead (Pb) -- 24 0 <30 n/a <30 

Mercury (Hg) 0.75 24 24 0.04 0.06 0.08 

Total PAHs 2.5 19 2 <0.20 n/a 1.51 

3.2 ENVIRONMENT CANADA (2009) STUDY OF THE ROBERTS BANK DISPOSAL AT SEA SITE 

Excess fines from DP3 construction were discharged to the Roberts Bank delta foreslope under DAS 

permits 3414 and 3449. EC conducted follow-up sampling in 2009 to evaluate the sediment quality of the 

Roberts Bank DAS site. The surface sediment sampling locations are shown in Figure 3-1. 

A total of 22 surface sediment samples were analysed, including the Roberts Bank DAS site samples (n = 

17), Roberts Bank reference area samples (n = 3), and a composite sample from each of the DAS sites 

and reference sites.  

All sediment samples were sandy with minimal fines (silt plus clay) content (<0.74 µm: 2.2% to 30%), as 

shown in Table 3-2. The delta foreslope in the area of the historically used DAS site is routinely scoured 

by tidal currents, resulting in a net loss of fines to other adjacent areas of the Strait of Georgia, including 

the deeper basin. Flood tide currents along the delta foreslope are stronger than 1.2 m/s on average, 

which is greater than the critical threshold for re-suspension of fine sands (Hill et al. 2008).  
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Figure 3-1  Environment Canada (2009) Sediment Sampling Locations at Roberts Bank  
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The tidal current velocity on an ebb tide is rarely greater than 0.5 m/s. Peak tidal currents during both ebb 

and flood are strong enough to re-suspend fine sands as well as silts and clays; however, the flood 

conditions exert currents in excess of critical shear velocities for a longer portion of the tidal cycle, thus 

resulting in a net northward displacement of re-suspended sediments along the delta foreslope. The 

strength of tidal currents along the foreslope reduces with depth, but peak velocities exceed thresholds 

for sediment re-suspension to depths up to 90 m (Kostachuk et. al. 1995). 

None of the substances analysed approached or exceeded their respective DAS Lower Limit or CCME 

ISQG, with the exception of copper. The sediment copper concentration was greater than the CCME 

ISQG of 18.7 mg/kg in one of 22 samples collected from a reference site, which was also the sample with 

the maximum fines content of 30%. Background sediment copper concentrations of geological origin in 

the Fraser River delta area routinely exceed the CCME ISQG for copper (D. Bright, personal 

communication and Hemmera 2014c). 

Table 3-2  Summary Statistics for Environment Canada (2009) Roberts Bank DAS Site 
Sediments 

 

DAS 
Lower 
Limit 

CCME 
ISQG 

Number of 
Analyses 

Number 
Detected 

Minimum Average Maximum 

Physical Characteristics 

% clay 
  

22 22 0.80 2.43 5.90 

% silt 
  

22 22 0.40 5.13 24.1 

% sand 
  

22 22 62.1 89.5 98.1 

Total Organic Carbon 
(mg/kg)   

22 3 <500 n/a 690 

Metals 

Arsenic (mg/kg) 
 

7.24 22 3 <5 n/a 6.0 

Cadmium (mg/kg) 0.60 0.70 22 16 0.01 0.06 0.20 

Chromium (mg/kg) 
 

52.3 22 22 23.4 28.4 32.3 

Copper (mg/kg) 
 

18.7 22 22 9.10 13.4 27.2 

Lead (mg/kg) 
 

30.2 22 1 <5 n/a 6 

Mercury (mg/kg) 0.75 0.13 22 22 0.01 0.02 0.07 

Zinc (mg/kg) 
 

124 22 22 37.1 42.7 75.0 

PAHs 

Total PAHs (mg/kg) 2.5 
 

22 12 0.03 0.16 0.51 

PCBs 

Total Polychlorinated 
Biphenyls (pg/g) 

100,000 
 

22 0 
 

n/a <500 

Note:  Bolded and underlined values were greater than their respective DAS Lower Limit or CCME ISQG. 
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3.3 SEDIMENT QUALITY CHARACTERISATION ASSOCIATED WITH RBT2 SEDIMENT GEOTECHNICAL 

EVALUATIONS 

In 2011, Hemmera collected sediment samples as part of a drilling investigation conducted by Golder 

Associates Ltd. (2011) to support a geotechnical assessment of the marine sediments in the area of the 

proposed RBT2 footprint. One hundred sediment boreholes were drilled using a barge-mounted sonic drill 

rig (Figure 3-2). Hemmera collected 40 samples, representative of various seabed depths to be analysed 

for trace metals and PAHs. A subset of 12 sediment samples was analysed for PCB congeners, using 

sensitive extraction and high resolution gas chromatography and mass spectrometry (HRMS) techniques 

(modified EPA standardised analytical method 1668). 

The average copper concentration in the 2011 sediment samples was 20.7 mg/kg (Table 3-3), which is 

higher than the CCME ISQG, similar to the results of the EC sampling. The most shallow sediment 

samples were obtained from sonic cores at depths beneath the Roberts Bank tideflat surface of 2.0 to 

2.5 m. The estimated contemporary sedimentation rates for the Fraser River delta and adjacent 

waters, in areas removed from the mouth of the main outflow channels, are in the range of 2 to 30 mm/y 

(Table 3-4). Assuming an upper estimate of 30 mm/y (or 3 cm/y) and no appreciable compression of 

sediments, a depth of 2.0 to 2.5 m is roughly equivalent to ≥70 to 80 years of deposition. Since most of 

the samples were collected from depths greater than two metres beneath the current seabed, the 

elevated copper sediment concentrations likely reflect naturally occurring concentrations rather than 

recent anthropogenic inputs. 

PCBs were detected in the sediment samples at concentrations in the range of 16 to 209 pg/g 

(dry weight: dw), at depths significantly greater than 2.5 m below the seabed (Table 3-5). Especially for 

samples from depths of greater than four metres, the sediment mass is likely to reflect deposition prior to 

the year 1900, prior to the initiation of production of PCBs beginning in the 1930s to 1940s. The presence 

of detectable PCBs is unexpected, therefore, and is probably attributable to cross-contamination of the 

sediment samples during field collections (e.g., due to downward smearing of sediments along the core 

barrel during sonic drilling). The results are considered unreliable, therefore, and additional data were 

gathered to support the interpretation of sediment PCB distributions, as discussed below. 
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Figure 3-2  2011 Roberts Bank Geotechnical Assessment Sampling Sites 
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Table 3-3  2011 Roberts Bank Sediment Chemistry Data  

 

DAS Lower 
Limit 

CCME 
ISQG 

Number of 
Analyses 

Number 
Detected 

Minimum Average Maximum 

Metals 

Arsenic (mg/kg) 
 

7.24 40 40 2.5 4.5 6.7 

Cadmium (mg/kg) 0.60 0.70 40 32 <0.05 0.1 0.36 

Chromium (mg/kg) 
 

52.3 40 40 22 31.3 52 

Copper (mg/kg) 
 

18.7 40 40 10.9 20.7 49.5 

Lead (mg/kg) 
 

30.2 40 40 2.2 3.9 6.5 

Mercury (mg/kg) 0.75 0.13 40 19 <0.05 0.1 0.6 

Zinc (mg/kg) 
 

124 40 40 37 51.3 75 

PAHs 

Total PAHs (mg/kg) 2.5 
 

40 0 <0.05 n/a n/a 

PCBs (HRMS) 

Total PCBs (pg/g) 100,000 
 

12 12 15.9 63.5 209 

Table 3-4  Published Estimates of Annual Sedimentation Rates – Fraser River Delta and Strait 
of Georgia 

Study 
Sampling and Dating 

Methods 

Estimated 
Sedimentation 

Rate (mm/y) 
Notes 

Evoy et al. 1993 
Piston core samples; 
radioisotopic dating  

5 to 30 
Fraser delta foreslope; range subsequently 
corroborated by Clague et al. (1998) 

Levings and 
Sutherland 2001 

 3 to 21 Marshy zones adjacent to Roberts Bank 

Picard et al. 2006 
Piston core stratigraphy, 
210

Pb profiles, seismic data 
3 to 7 Northern Strait of Georgia 

Burd et al. 2008 
210

Pb profiles in cores 10 to 20  

Grant et al. 2011 
Piston core samples; 
radioisotopic dating  

2 to 18 
9 mm/year rate at nearest sample location 
(offshore of Sturgeon Bank) to the RBT2 
Project site. 
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Table 3-5  Total PCB Concentrations and Accessory Data for 2011 Geotechnical Core Study 

Sample ID 
Average Depth 

Below Seabed (m) 
[depth range (m)] 

tPCBs 
(pg/g) 

Total 
Organic 

Carbon (%) 

Clay 
(<0.005 
mm) (%) 

Silt (0.005-
0.075 mm) 

(%) 

Sand 
(0.075-4.75 

mm) (%) 

Gravel 
(>4.75 

mm) (%) 

SH11-23-1 2.3 [2.0 – 2.5] 37.0 2.5 7.6 18.1 74.3 <0.01 

SH11-78-1 4.8 [4.5 – 5.0] 32.4 0.18 2.5 13.5 83.9 <0.01 

SH11-27-1 5.0 [4.8 – 5.2] 46.8 0.71 9.1 29.0 61.9 <0.01 

SH11-11-1 5.1 [4.8 – 5.3] 209 0.13 5.1 7.0 87.9 <0.01 

SH11-45-1 5.2 [5.0 – 5.4] 21.4 0.53 10.4 24.8 64.8 <0.01 

SH11-77-1 5.2 [5.0 – 5.4] 22.3 0.11 2.5 1.0 96.5 0.03 

SH11-03-2 10.3 [10.1 – 10.5] 47.8 0.61 7.9 37.2 54.8 <0.01 

SH11-74-2 15.0 [14.8 – 15.1] 245 0.27 7.6 10.9 81.5 <0.01 

SH11-31-2 15.0 [14.8 – 15.2] 25.4 0.13 5.0 12.0 83.0 <0.01 

SH11-40-2 15.0 [14.8 – 15.2] 33.0 0.13 2.5 3.3 94.2 <0.01 

SH11-46-2 15.0 [14.8 – 15.2] 15.9 0.56 12.6 31.7 55.7 <0.01 

SH11-91-1 15.2 [15.0 – 15.4] 25.6 0.69 9.4 21.4 69.2 0.69 

3.4 ROUTINE AND SPECIALISED CHARACTERISATION OF FRASER RIVER MAINTENANCE DREDGE MATERIAL 

Maintenance dredgeate from the navigational channel in the lower Fraser River (Figure 1-3) is either 

beneficially re-used throughout the lower mainland as a valuable source of fill material for construction or 

is discharged under DAS permit (typically at the Sand Heads DAS site). The Fraser River dredge material 

proposed for beneficial re-use for RBT2, therefore, is routinely assessed in terms of sediment physical 

and chemical characteristics, by Fraser River Pile and Dredge (FRPD), the maintenance dredging 

contractor, and by Port Metro Vancouver. 

Data on Fraser River bed sediment properties available from sampling efforts since 2009 are summarised 

in Table 3-6. 

Note that Ladner Reach and Ladner Harbour samples, collected on March 11, 2013, would not be 

reflective of the sediment characteristics of the routine maintenance dredging program. Ladner Reach 

and Ladner Harbour are adjacent to Woodward Reach within the main channel of the South Arm of the 

Fraser River, and beyond the primary navigational channel. Furthermore, the sediments in Ladner Reach 

and Ladner Harbour exhibit a wide range of sediment texture and contaminant concentrations as a result 

of the more complex channel morphology resulting in more quiescent current areas for fine 

sediment deposition, and potentially as a result of the greater localised influence of point-source 

contaminant inputs.  
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Table 3-6  Summary of Data from Fraser River Maintenance Dredging 

Sampling 
Date 

General Sampling 
Area 

Number of 
Sediment 
Samples 
Analysed 

Sampling 
Location 

Coordinates 
Known? 

Analyses 
Available for 

Sediment 
Texture and TOC 

Analyses Available 
for PCB Congeners 
via High-res Mass 

Spectrometry 

13-Jan-09 
Fraser River Shipping 
Channel 

21 Yes Yes No 

09-Jun-10 
Navigational Channel – 
Lower 12 km 

13 No Yes Yes 

05-Mar-12 
Sand Heads to 
Steveston Reach 

13 Yes Yes 
Yes  

(8 of 13 samples) 

21-Feb-13 [no location specified] 12 Yes Yes No 

11-Mar-13
1
 

Ladner Reach, Ladner 
Harbour, Sea Reach 

42 Yes Yes 
Yes  

(21 of 42 samples) 

24-Sep-13 No. 5 Road 8 No Yes (no TOC) No 

11-Oct-13 Port Kells 8 No Yes (no TOC) No 

Note:  
1
 Balanced Environmental 2013 

The Fraser River sediment samples with PCB results from HRMS analysis are the focus of this 

summary. The sediment texture, expressed as percent fines, from different sampling programs is variable 

(Figure 3-3). This is likely a reflection of the sampling location relative to the channel thalweg, i.e., the 

deepest part of the channel with the highest bed velocities. Side channels and nearshore areas where 

small scale eddies may occur are expected to accumulate finer sediments.  

The tPCB concentrations in the sediment samples are also quite variable. All sediment samples exhibited 

a tPCB concentration greater than 12 pg/g dw as referenced in DFO (2010) guidance for SRKW 

protection, and a few samples also exhibited tPCB concentrations greater than 200 pg/g (Figure 3-4). 

The observed tPCBs in sediment in pg/g dw, generally increase with the percent fines in the sample, as 

illustrated in Figure 3-5. The strength of the relationship and slope of the best fit line differed for the 

different data sets. 
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Figure 3-3  Percent Fines in Fraser River Bed Sediments Based on Existing Data 

 

Figure 3-4  Total PCBs in Fraser River Bed Sediments Based on Existing Data 
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Figure 3-5  Total PCB Concentrations in Sediment in Relation to Sediment Texture 
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3.5 SCIENTIFIC INVESTIGATIONS OF PCBS IN SEDIMENTS OF THE SOUTHERN STRAIT OF GEORGIA 

DFO led a series of studies on the concentrations of globally distributed persistent organic contaminants 

in the Strait of Georgia, including PCBs (Dinn et al. 2012, Grant et al. 2011, Johannessen et al. 2008). 

Johannessen et al. (2008) report surficial sediment concentrations in the Strait of Georgia (n = 7 cores) 

ranging from 484 pg/g to 2,910 pg/g. The nearest sampling stations to the RBT2 footprint or the Roberts 

Bank DAS site were sites GVRD-3, close to the Iona municipal wastewater discharge, and GVRD-4, in 

the basin to the west of the Fraser River South Arm discharge. Total PCB concentrations in surface 

sediment were 1,210 pg/g dw at GVRD-3 and 484 pg/g dw at GVRD-4.  

Sediment mixing by benthic macroinvertebrates (bioturbation) under oxic conditions tends to alter the 

overall tPCB sediment concentrations in shallow sediments, because deeper sediments are brought to 

surface and mixed with less contaminated post-1970s sediment (Figure 3-6). The year 1970 roughly 

corresponds to the era of maximum PCB environmental flux, immediately preceding the implementation 

of global bans on PCB production and use. Grant et al. (2011) suggested that the depth of the “surface 

mixed layer” (SML) in nearshore sediments within the Strait of Georgia is in the range of approximately 

6 cm. 

Grant et al. (2011) discuss sediment PCB data for 41 sites in the Strait of Georgia, sampled between 

2003 and 2007, and sediments from sediment traps deployed at two locations. Total PCBs in surface 

sediments from these sites varied from 111 to 370,000 pg/g dw. Samples with higher PCB concentrations 

were collected in the vicinity of sewage outfalls such as the Iona Island wastewater treatment plant oufall 

on northern Sturgeon Bank, while lower concentrations probably reflect background levels in recent 

sediments without the undue influence of additional local sources. The tPCB concentrations in the Strait 

of Georgia were observed to be negatively correlated with sedimentation rate, and sediment age. As 

shown in Figure 3-6, total PCBs are higher in sediments deposited in the 1970s than those deposited 

more recently while older sediments exhibit a decrease in PCB concentrations. Total PCBs were also 

positively correlated with percent organic carbon content of sediments (r = 0.73). 
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Figure 3-6  History of Global PCB Production and Use (after Johannessen et al. (2008), as 
modified from Li et al. (2006)) 
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4.0 METHODS 

Additional field and analytical studies were completed to acquire sediment physical and chemical data for 

the five key study areas as discussed in Section 1, i.e., the proposed dredge prisms for the expanded 

dredge and tug basins, the ITP, Fraser River maintenance dredgeate, and the Roberts Bank candidate 

DAS area. Table 4-1 lists the five key study areas and basis for defining study area boundaries. The 

general location of the Roberts Bank sites is provided in Figure 1-2. The study area locations are shown 

in Figures 4-1, 4-2, 4-3, and 4-4.  

Table 4-1  Study Areas 

Study Area Sediment Basis for Defining Study Area Boundaries 
Max 

Depth 
Assessed 

Dredge Basin 
Dredge prism as described in Project Description (EIS Section 4; 
PMV 2014).  

1.8m 

Tug Basin 
Dredge prism as described in Project Description (EIS Section 4; 
PMV 2014).  

1.8m 

ITP Information provided by PMV geomatics and primary resources.   0.15m 

Roberts Bank Candidate 
DAS Area 

An area defined by the following constraints:  

 North of and removed as much as practically achievable from 
the US/Canada border. 

 North by ≥ 175 m from existing submarine cables. 

 Centred around a seabed or surface discharge above a 
bottom depth of ≥ -40 m CD. 

 ≤ 2 km from either the southeast or southwest corner of the 
proposed terminal footprint. 

0.15m 

Fraser River Lower Reaches 
Information on existing maintenance dredge boundaries provided by 
PMV and FRPD.    

0.15m 

Field activities, which are described in detail in the following sections, were carried out as shown in Table 

4-2. 

Table 4-2  Field Sampling Program, 2013 Schedule 

Area Investigated 2013 Sampling Dates Primary Sampling Equipment Used 

Dredge Basin August 13-15 Vibracore, Van Veen 

Tug Basin August 16 Vibracore, Van Veen 

ITP November 19 Van Veen / GoPro 

Candidate DAS Areas November 20-12 Van Veen / GoPro 

Lower Fraser River Reaches November 28 Van Veen 
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Figure 4-1  Dredge Basin Sampling Stations 

 
  



Port Metro Vancouver  Hemmera 
RBT2 – Sediment Characteristics TR  - 23 - December 2014 

 

Figure 4-2  Tug Basin and ITP Sampling Stations 
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Figure 4-3  Roberts Bank Candidate DAS Area Sampling Stations 
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Figure 4-4  Lower Fraser River Sampling Stations 
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4.1 SAMPLE ACQUISITION AND ANALYSIS: DREDGE BASIN AND TUG BASIN 

The overall objectives for the two proposed dredge prisms were to: (i) develop a better understanding of 

the overall sediment characteristics within the dredge prism; and (ii) critically evaluate vertical trends in 

the distribution of PCBs and other anthropogenic contaminants. The latter objective was addressed 

through the acquisition of sediment cores from the upper approximately one to two metres of sediments, 

careful sectioning to capture trends at or near the sediment surface across depths of a centimetre or 

more, and radioisotopic (excess 
210

Pb) dating. 

Within the proposed dredging footprint of the dredge basin, vibracore samples were collected in nine 

locations (Sites VC-3, 5, 8, 10, 12, 14, 18, 24, 26; Figure 4-1). In the tug basin area, all locations were 

sampled with the vibracorer, augmented by Van Veen grabs (see below). A two metre core barrel with 

vibrating head was deployed from an A-Frame crane and winch set up on a 30 foot (~ 10 m) aluminum 

skiff operated by Rocky Mountain Soil Sampling (RMSS). Once the vibracorer fully advanced into the 

sediment, the core was winched back to surface and recovered on deck. A continuous sediment core was 

extracted from the vibracore barrel by gently expelling into a clean polyethylene sleeve while vibrating the 

unit on the deck of the skiff.  

Vibracores were examined and then sampled by laying the plastic encased continuous core horizontally 

in a clean PVC trough, cutting the plastic sleeve to expose the sediment, and splitting the core down the 

middle by driving clean stainless steel spatulas through the core perpendicular to the long axis of the 

core. Cores were visually examined for dominant grain size, signs of debris, discoloration, bioturbation, 

stratification, or other significant features. All split core sections were photographed. 

Sediment samples were obtained from the cores, being careful to avoid sampling sediments that could 

have contacted either the metal vibracorer barrel or plastic sleeve. Sediment samples were transferred to 

a clean stainless steel mixing bowl using a clean stainless steel spoon. The sample was then 

homogenised before being transferred to the appropriate sample container. 

The uppermost approximately 25 cm of the core was typically disturbed due to vibration-related 

liquefaction. The sediments in the vicinity of the sediment water interface, therefore, were sampled using 

the stainless steel Van Veen grab. A grab sample was obtained in the same location as the core 

(generally within 5 to 10 m) and inspected by opening the top doors to ensure that: (i) the grab was 

adequately full; and (ii) the sediment-water interface was intact. Once a successful grab sample was 

obtained, finer sections of the upper-most sediment profile were obtained by pushing a clean 10 cm 

diameter, thin-walled plexiglass hand core into the top of the sediment within the grab. The hand cores 

were then carefully extruded to obtain minimally disturbed sections of sediment. 
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Two vibracores from the dredge basin area (VC-5, VC-8; Figure 4-1) and one vibracore from the tug 

basin area (VC-201; Figure 4-2) were fine-sectioned vertically to reconstruct sediment geochronology, 

based in part on 
210

Pb dating. The cores were sectioned, with some variation, at the following increments 

downward from the sediment surface: (i) at 1 cm increments through the top 5 cm; (ii) at 2 to 2.5 cm 

increments from 5 to 10 cm; (iii) at 5 cm increments from 10 to 50 cm; (iv) at 10 cm increments from 50 to 

100 cm; and (v) at 25 cm increments at depths greater than 100 cm. The remaining vibracores were 

sampled at intervals of 0 to 50 cm, 50 to 100 cm, and 100 to 150 cm (where core penetration depth 

permitted). 

Fractions of the retrieved sediment samples from cores VC-3, VC-8 and VC-201 were shipped cool to 

Flett Research Ltd., Winnipeg for the analysis of excess 
210

Pb and for geochronological interpretation. 

The major portion of each sediment sample was sent to Maxxam Analytical Laboratories for the analysis 

of Total Organic Carbon (TOC), PCB congeners, parent PAHs, and trace elements by inductively coupled 

plasma mass spectrometry (ICP-MS) (Table 4-3). Given the limited mass available for some samples, 

particle size distribution was completed using sediment suspension and laser categorisation techniques 

at Analytical Resources, Ft. Saskatchewan, A.B.  

Table 4-3  Sediment Analytical Methods 

Parameter Method Number Description/Reference 

Metals EPA 6020a Elements by ICPMS 

PAHs EPA 8270D PAHs in soil by GC/MS 

tPCBs USEPA 1668A 
Determines chlorinated biphenyl congeners (PCBs) in water, soil, sediment, 
biosolids, tissue, and other sample matrices by high resolution gas 
chromatography/high resolution mass spectrometry. 

TOC LECO Combustion Determines total organic carbon of a given sample. 

PSD 
(Sieve and 
Hydrometer) 

UBC MMSA 
Ocean Disposal ‘Basic’ Package provided by Maxxam Analytics uses a 
series of sieves and hydrometer to provide results in Wentworth scale for 
quantifying particle size distributions. 

PSD (Laser 
Diffraction) 

Umicore method 
for Malvern 2000 

Laser diffraction method using a Malvern 2000 provides results for the 
proportion (%w/w (percentage weight/weight) of a sample that is less than a 
given diameter. The natural logarithm of the diameter-based bins increased 
by 0.115, dividing the range of the Malvern’s detection limits (0.002 to 2mm) 
into 100 different bins. Results can be summed to provide data that are 
consistent with the Wentworth scale.    

210
Pb 

226
Ra 

135
Cs 

n/a 
As described in appended reports provided by Flett Research Laboratories 
Ltd. (Appendix D) 
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4.2 SAMPLE ACQUISITION AND ANALYSIS: ITP, ROBERTS BANK CANDIDATE DAS SITE, AND LOWER 

FRASER RIVER 

Surficial sediment samples were obtained from the ITP, Roberts Bank Candidate DAS Site and Lower 

Fraser River. A 0.1 m
2
 Van Veen grab sampler was deployed from a davit on deck of a 30 foot aluminum 

skiff operated by either RMSS or Ocean Dynamics. Sediment collected in the grab was assessed visually 

for dominant grain sizes, signs of fauna, debris, discoloration, or other significant features. 

Sediment samples were obtained from the sediment surface taking care to avoid cross-contamination via 

contact with the inside wall of the Van Veen sampler. For the ITP and Fraser River samples, material 

representing the upper 10 cm was transferred to a clean stainless steel mixing bowl using clean stainless 

steel spoon. The sample was then homogenised before being transferred to the clean, non-contaminating 

sample containers. For the Roberts Bank candidate DAS area, material representing the upper ~1 cm 

only was retrieved from the grab for subsequent analyses. The objective was to characterise ambient 

PCB concentrations in the most recent surface sediments – with the highest probability of influencing 

bottom-associated marine biota in general, and to compare with concentrations in sediments that may be 

discharged to this area of seabed. 

Three types of visual observations were made:  

 Ex-situ: visual assessment of samples on board the vessel (either in the Van Veen grab or the 

Vibracore), undertaken at all sample locations (dredge basin, tug basin, intermediate transfer pit, 

lower Fraser River, and candidate DAS areas); 

 In situ: Using a GoPro video camera fitted to the Van Veen grab (only used in the candidate DAS 

study area and the ITP). 

 In situ: Using an ROV (only in the candidate DAS areas). A description of ROV methodology is 

presented in the Subtidal Benthic Infauna and Epifauna Surveys for Disposal at Sea Site 

Characterisation Technical Data Report (Hemmera 2014b).  
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5.0 RESULTS AND DISCUSSION 

The following section presents the results of the Sediment Characteristics in the Context of Construction-

related Sediment Re-suspension and Marine Discharge Study, and subsequent discussion. 

5.1 GENERAL SUITABILITY OF SEDIMENTS FOR MARINE DISCHARGE UNDER THE DISPOSAL AT SEA 

REGULATION 

Table 5-1 provides a summary of the sediment concentrations of various metals/metalloids, tPAH, and 

tPCBs from the five study areas for comparison with the Disposal at Sea Regulations Lower Limit or the 

CCME ISQG. The complete sediment analytical data for cadmium, mercury, tPAH and tPCB 

concentrations in potential RBT2 dredgeate are provided in Appendix C herein. 

Table 5-1  Sediment Chemistry Statistical Summary  

Substance 

Screening Criteria 
Dredge 
Basin 

Tug 
Basin 

ITP 

Fraser River 
(Lower ~15 km) 

Surface 
Sediments 

Roberts 
Bank 

Candidate 
DAS Area 

DAS Lower 
Limit 

CCME 
ISQG 

Sand (percent)    

No. of samples 
  

31 6 16 30 26 

Minimum value 
  

0.26 20 26 35 87 

Average 
  

43 42 52 92 96 

Maximum value 
  

94 89 81 100 99 

Silt (percent)    

No. of samples 
  

31 6 16 30 26 

Minimum value 
  

5.7 11 13 0.40 0.10 

Average 
  

57 58 32 6.5 2.9 

Maximum value 
  

100 80 48 48 10 

Clay (percent)    

No. of samples 
  

31 6 16 30 26 

Minimum value 
  

  5.6 0.10 0.10 

Average 
  

  16 3.7 1.3 

Maximum value 
  

0 0 27 17 4.0 

TOC (mg/kg)    

No. of samples 
  

31 6 16 30 26 

Minimum value 
  

3300 3600 2800 500 530 

Average 
  

10,000 8,650 11,581 1,108 771 

Maximum value 
  

48,000 14,000 20,000 6,700 1600 
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Substance 

Screening Criteria 
Dredge 
Basin 

Tug 
Basin 

ITP 

Fraser River 
(Lower ~15 km) 

Surface 
Sediments 

Roberts 
Bank 

Candidate 
DAS Area 

DAS Lower 
Limit 

CCME 
ISQG 

Arsenic (mg/kg) 
 

7.24 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

4.24
1
 3.97

1
 

 
1.93 3.05 

Average 
  

4.82
1
 6.39

1
 

 
2.92 4.43 

Maximum value 
  

5.48
1
 7.67

1
 

 
4.86 7.07 

Cadmium (mg/kg) 0.6 0.7 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

0.33 0.23 
 

0.14 0.06 

Average 
  

0.45 0.41 
 

0.20 0.13 

Maximum value 
  

0.67 0.48 
 

0.40 0.32 

Copper (mg/kg) 
 

18.7 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

18.4 13.0 
 

21.5 22.2 

Average 
  

26.2 22.4 
 

29.5 29.5 

Maximum value 
  

35.6 27.3 
 

49.6 37.5 

Chromium (mg/kg) 
 

52.3 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

31.4 27.9 
 

11.9 8.7 

Average 
  

37.0 32.3 
 

14.7 10.2 

Maximum value 
  

41.1 35.6 
 

30.0 22.8 

Lead (mg/kg) 
 

30.2 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

3.85 5.69 
 

2.24 2.02 

Average 
  

5.11 5.90 
 

2.86 2.72 

Maximum value 
  

6.77 6.21 
 

5.47 5.13 

Mercury (mg/kg) 0.75 0.13 
 

No. of samples 
  

8 4 0 50 50 

Minimum value 
     

<0.05 
 

Average 
       

Maximum value 
  

<0.050 <0.050 
 

0.054 <0.05 

Zinc (mg/kg) 
 

124 
 

No. of samples 
  

8 4 0 30 50 

Minimum value 
  

51.4 43.1 
 

34.0 36.2 

Average 
  

60.0 55.9 
 

41.2 41.0 

Maximum value 
  

71.1 62.3 
 

60.0 60.6 
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Substance 

Screening Criteria 
Dredge 
Basin 

Tug 
Basin 

ITP 

Fraser River 
(Lower ~15 km) 

Surface 
Sediments 

Roberts 
Bank 

Candidate 
DAS Area 

DAS Lower 
Limit 

CCME 
ISQG 

Total PAHs (mg/kg) 2.5 - 
 

No. of samples 
  

8 4 0 0 27 

Minimum value 
       

Average 
       

Maximum value 
  

<0.05 <0.05 
  

<0.05 

Total PCBs (pg/g) 100,000 21,500 
     

No. of samples 
  

31 17 16 30 27 

Minimum value 
  

<DL <DL 81.4 3.64 <DL 

Average 
  

20.9 162 466 38.8 20.1 

Maximum value 
  

45.0 655 830 246 151 

Note:  1) Sediment particle size distribution estimates for the dredge basin and tug basin samples are considered 
to be biased, and the average percent fines content is lower than estimates herein suggest. The size 
distribution analysis was completed using limited mass samples that were re-suspended and analysed using 
laser diffraction techniques. The original sub-sampling of sediment recovered in vibracores and further sub-
sampling to obtain a suspended sample resulted in under-representation of coarse-textured sediments that 
were beyond the size range suitable for laser diffraction analysis. 
2) Exceedances are shown in bold.  
3) DL = detectable limit 

When interpreting the statistical summary data, it is important to remember that the results for the 

dredge and tug basin areas reflect sediment samples that were collected from the seabed surface to 

depths of ~2 m, while the results for the ITP, Fraser River, and Roberts Bank Candidate DAS area reflect 

only surface sediment concentrations.  The different sampling depths reflect different eras of sediment 

deposition, and therefore it is expected that the average concentrations of PCBs in particular would 

be different. 

In general, the sediment samples met the DAS Lower Level or CCME ISQG objectives with a few minor 

exceptions. Only one of 92 samples contained cadmium at a concentration greater than the DAS Lower 

Limit. Similarly, only one sample contained arsenic at a concentration greater than its respective CCME 

ISQG. In contrast, most of the sediment samples exhibited a copper concentration greater than the ISQG. 

No sediment sample contained concentrations of unsubstituted PAH compounds (those routinely 

analysed PAHs that do not include alkyl side groups) greater than the achieved analytical detection limit 

of 0.05 mg/kg.  

5.2 COMPARISON OF TOTAL PCBS IN SEDIMENT BETWEEN AREAS 

As discussed in Section 2, the DFO Science Directorate (DFO 2010) states that the marine disposal of 

sediments with lower tPCB concentrations than what occurs at the receiving site is not expected to 

increase the food-web mediated exposure potential for SRKW, or associated reproductive risks. 
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Conversely, the deposition of sediment that has higher PCBs than the receiving seabed could “increase 

the delivery of PCBs to killer whale food webs”. As shown in Figure 5-1 and Table 5-1, the tPCB 

concentrations in the Roberts Bank candidate DAS area are very low (average tPCB concentration of 

20 pg/g) in comparison to: (i) most other surficial sediments in the Roberts Bank area; (ii) riverbed 

sediments in the lower Fraser River, and (iii) sediment concentrations within depositional sediments of the 

southern Strait of Georgia (Grant et al. 2011, Johannessen et al. 2008). 

Figure 5-1  Comparison of Sediment tPCBs between RBT2 Study Areas 

 

The tPCB concentrations provided in Table 5-1 and Figure 5-1 represent dry weight concentrations of 

the sum of all detectable individual or co-eluting congeners. The HRMS PCB congener data include 

results for 164 individual or co-eluting congeners, of 209 theoretically possible PCB congeners. The 

number of individual or co-eluting congeners detected in individual sediment samples varied from none to 

83. Sample and congener specific detection limits were generally within the range of 0.2 to 6 pg/g. 

Those congeners detected in 25% or more of the 121 sediment samples analysed for tPCBs are listed 

in Table 5.2. 

Those congeners detected in the majority of samples are shown in bold. The PCB congener composition 

across all samples was generally dominated by lower chlorinated (tri- to penta-chlorinated PCBs) in 

comparison with higher chlorinated congeners (hexa- to deca-chlorinated PCBs). These are the 

congeners most prone to long-range transport in the atmosphere and in water. They are also congeners 

that are less lipophilic, with lesser potential to biomagnify in aquatic food webs than moderate to higher 

chlorinated congeners. 
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The observed sediment dry weight PCB concentrations as illustrated in Figure 5-1 suggest that 

deposition of dredgeate originating from the lower Fraser River or the expanded tug basin area to the 

immediate vicinity of the Roberts Bank candidate DAS site would tend to increase surficial sediment PCB 

concentrations relative to ambient conditions. The observed tPCB sediment concentrations in both 

surficial sediments and deeper sediments of the proposed dredge basin prism, in contrast, were generally 

lower than observed in the surficial sediment samples within the candidate DAS area. 

Table 5-2  Routinely Detected PCB Congeners in Roberts Bank Study Area Sediment 
Samples (IUPAC numbers in brackets) 

PCB Congener(s) 
Percent 

Occurrence 
PCB Congener(s) 

Percent 
Occurrence 

TriCB-(18)+(30) 26% 23'44'-TetraCB-(66) 56% 

TriCB-(20)+(28) 64% PentaCB-(83)+(99) 37% 

TriCB-(21)+(33) 33% PentaCB-(86)(87)(97)(109)(119)(125) 40% 

234'-TriCB-(22) 31% PentaCB-(90)+(101)+(113) 57% 

24'5-TriCB-(31) 60% 22'35'6-PentaCB-(95) 49% 

344'-TriCB-(37) 25% 233'44'-PentaCB-(105) 37% 

TetraCB-(40)+(41)+(71) 29% PentaCB-(110)+(115) 64% 

TetraCB-(44)+(47)+(65) 45% 23'44'5-PentaCB-(118) 59% 

TetraCB-(49)+TetraCB-(69) 34% HexaCB-(129)+(138)+(163) 64% 

22'55'-TetraCB-(52) 43% HexaCB-(135)+(151) 26% 

233'4'-Tetra CB(56) 39% HexaCB-(147)+(149) 49% 

2344'-TetraCB -(60) 26% HexaCB-(153)+(168) 60% 

TetraCB-(61)+(70)+(74)+(76) 62% HeptaCB-(180)+(193) 39% 

234'6-TetraCB-(64) 30% 22'34'55'6-HeptaCB-(187) 26% 

Note:  Congeners detected in the majority of samples are shown in bold.  

The at-sea disposal of dredgeate for the construction of the RBT2 terminal will result in a bias in the 

particle size distribution of sediments discharged, as suspended sediments will be entrained within decant 

water from the containment cells. In particular, the conveyance of dredgeate from the dredge basin to the 

terminal dyked containment cells is intended to provide reclamation fill for the new terminal. For the 

Roberts Bank foreset sediments (depositional forefront of the delta) near the dredge basin, it has been 

estimated that approximately 21% of the total sediment mass comprises fines, with a particle diameter 

<74 µm. As discussed in the Project Description (Section 4 of the EIS; PMV 2015), for the purpose of 

conceptual design it has been estimated that approximately 85% of dredgeate from the dredge basin by 

mass will be retained within the dyked containment cells, while 15% will not be retained, and will be 

discharged at sea. This remaining 15% is estimated to comprise the fraction with a particle size of 

approximately 35 µm or less. 
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It is well known that finer-textured sediments generally have a much higher organic carbon content than 

aluminosilicate-containing sands, especially based on the tendency of organic carbon to coat the external 

surface of clay and silt particles, and as a result of the much higher surface area: mass ratio of 

increasingly fine particles. PCBs and other hydrophobic organic contaminants preferentially sorb onto and 

partition into sediment organic carbon, as described by theoretical organic carbon-water 

partition coefficients (KOC). For the suite of 209 possible PCB congeners, KOC values range from 1.4 x 10
3
 

to 1.3 x 10
7
, which means that, for each mole of PCBs occurring in water surrounding and in contact with 

sediments, there are between 1,400 and 13 million moles associated with organic carbon in the sediment 

particles. Overall, PCBs preferentially sorb to finer-textured, organic rich sediment fractions. Since there 

will be a bias in the discharge of finer sediments relative to bulk sediment properties, it is important to 

understand the relative concentrations of PCBs in the various sediment masses and areas expressed on 

the basis of organic carbon and percent fines (silt and clay fractions combined). 

5.3 ORGANIC CARBON NORMALISED PCB CONCENTRATIONS 

While there was considerable variation in the average and maximum dry weight tPCB concentrations in 

sediment samples from the five areas of interest (Figure 5-1), there was also considerable variation in 

sediment organic carbon content between these areas, as illustrated in Figure 5-2. Of particular note is 

the very low sediment TOC in the Roberts Bank candidate DAS area (≤0.21% by mass). Dredge basin 

and Fraser River sediments exhibited slightly higher TOC (≤0.74% and ≤0.67%, respectively) while the 

TOC in the tug basin upper dredge prism and ITP surface sediments is an order of magnitude higher than 

for the candidate DAS area. 

The amount of silts and clays in the sediments (percent fines) and TOC were strongly linearly correlated 

(r
2
 = 0.84) and log-log linearly correlated (r

2
 = 0.87: Figure 5-3). Roberts Bank candidate DAS area 

sediments have a very low percent fines (average of 96% sand by mass) and very low associated TOC. 

This is attributed to the routine scouring and removal of finer sediment particles due to flood tide currents 

acting on this portion of the delta foreslope, as described in Section 3.2. Similarly, the surface and 

shallow subsurface sediments within the dredge basin area include very minimal fines, probably as a 

result of routine tidal current scour. This is discussed in more detail in Section 5.5. 
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Figure 5-2  Between-area Variations in Sediment Organic Carbon (mg/kg)  

 
Note: * Range provided includes subsurface sediment samples, while only the surficial sediment samples are 

plotted. 

Figure 5-3  TOC and Percent Fines in Sediment Strongly Co-vary in the Overall Suite of 
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Based on theoretical considerations, it is expected that the sediment PCB concentration in surface 

sediments that are influenced by contemporary regional and global oceanic and atmospheric inputs will 

vary according to the amount of organic carbon accumulated, and in turn on the degree to which specific 

areas of seabed accumulate organic-rich fines. The relationship between the log of percent fines and 

the log of sediment tPCB concentrations, expressed on a sediment dry weight basis is illustrated in 

Figure 5-4. 

Figure 5-4  Total PCB Concentrations in Roberts Bank Sediments as a Function of Percent 
Fines (silt + Clay) Content 

 

For all areas except the dredge basin and the tug basin, there was a statistically significant relationship 

(p<0.05) between the log of the tPCB sediment dry weight concentration and the log of the percent fines. 

For the dredge basin sediments, no such relationship was observed. This is probably due to a greater 

amount of scouring of surface sediments such that the sediment samples comprise deposits occurring 

prior to the era of substantial PCB production and environmental release. In addition, it is likely that 

scouring has depleted finer, organic rich sediments and the associated sorbed PCBs. Several of the 

dredge basin samples did not contain any PCB congener at a detectable concentration. These results are 

not plotted in Figure 5-4.  
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The tug basin area samples did not exhibit a statistically significant log-log relationship between percent 

fines and tPCB concentrations (Figure 5-4), since there were only a limited number of surface sediment 

samples that were analysed and several of the subsurface samples obtained from vibracore reflect 

deposition prior to the 1930s. The surficial tug basin area samples nonetheless fall on the same general 

trend line. 

The slope of the log-log least-squares regression line is similar (Figure 5-4) for the candidate DAS area, 

ITP, and Fraser River sediments. This suggests that the data from these three areas, and from the tug 

basin area, can be described by a single generalised relationship. Figure 5-5 illustrates the strong 

generalised log-log linear relationship between percent fines and tPCBs, excluding the dredge basin 

samples. 

Figure 5-5  Overall Relationship between tPCBs and Fines Content of Surface Sediments at 
Roberts Bank and the Lower Fraser River 

 

Similarly, the strong overall relationship between surface sediment TOC and tPCBs at Roberts Bank and 
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attributable to local differences in the strength of tidal currents and wind-generated wave effects on the 

seabed. Areas conducive to longer term deposition of the organic-rich silt-clay fraction exhibit higher PCB 

concentrations than coarser sandy areas of tideflat and delta foreslope that are routinely scoured of fines. 

Figure 5-6  Overall Relationship between tPCBs and TOC in Surface Sediments at Roberts 
Bank and the Lower Fraser River 

 

Further to the guidance provided by DFO (2010) to manage risks to SRKW from PCBs, the surface 

sediment PCB concentrations in areas proposed for dredging, or in areas where re-suspension of 

sediments may occur during Project construction, are considered to be the same as the Roberts Bank 

candidate DAS area and other areas of the Fraser River Delta and Strait of Georgia in general, when 

tPCB concentrations are normalised against sediment organic carbon or percent fines. 
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As discussed in Section 5.3, the surface sediments potentially disturbed during Project construction and 

discharged to the marine environment within SRKW critical habitat comprise a single geological and 

statistical population, reflecting the dominance of global and regional atmospheric PCB inputs to the 

Fraser River watershed and minimal influence of local point source inputs. Furthermore, construction-

related sediment re-distribution or a DAS discharge will result in the marine transport and settlement of 

the finer-textured portion of the bulk sediments. From the information provided in Figure 5-5, discharged 

sediments that comprise 100% fines are expected to have an average tPCB concentration of 

approximately 510 pg/g dw. This is based on the log-log linear regression estimate as illustrated in 

Figure 5-5 and provided in equation [1]: 

Log10[tPCBs(pg/g dw)] = 0.99 x Log10[%fines] + 0.729     [1] 

The value of 510 pg/g dw exceeds the Lachmuth et al. (2010) values of 12 and 200 pg/g dw. 

The sediment thresholds derived for the protection of SRKW in their critical habitat were back-calculated 

by the researchers who derived them (Alava et al. 2012) from tissue residue concentrations in SRKW 

deemed to reflect thresholds for reproductive impairment based on experimental data on biochemical 

indicators (Mos et al. 2006). A sediment concentration was then back-calculated based on predictions of 

changes in PCB concentrations between predators and their prey, and ultimately between sediment-

associated invertebrates and the sediment itself. This last step in the back calculation assumes fugacity-

type partitioning between the sediment organic carbon sorptive phase and the adjacent seawater, and 

between the adjacent seawater and the lipid pool of the marine invertebrate. A key point is that the 

provisional PCB sediment thresholds would have been estimated assuming a specific sediment organic 

carbon content. In fact, the Alava et al. (2012) model, as further documented in Lachmuth et al. (2010), 

assumed a sediment TOC for the southern Strait of Georgia of 1.5%. 

If the Alava et al. (2012) sediment threshold values of 12 to 200 pg/g dw tPCBs are normalised against 

the assumed TOC of 1.5%, they can be re-expressed as 800 and 13,000 pg/g organic C, respectively. 

Another facet of the Alava et al. (2010) derivation is that the critical threshold for reproductive impairment 

in SRKW is based on the suite of PCB congeners that is known to accumulate in SRKW. Those PCB 

congeners that lack chlorine atoms around the biphenyl ring structure in adjacent (or vicinal) ortho- and 

meta- positions can be metabolised to more polar compounds and excreted. The subset of 209 

congeners that comprise the vast majority of the SRKW tissue concentrations include only about 14 to 20 

congeners. Based on studies of SRKW and northern resident killer whale blubber collection and analyses 

(e.g., Ross et al. 2000), it is clear that ten PCB congeners (PCBs 52, 99, 101, 105, 118, 138, 149, 153, 

180, 187) typically account for more than 80% of total PCB concentrations in SRKW tissues. 
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Since the sediment PCB concentration threshold protective of SRKW was back-calculated using the 

Alava et al. (2012) model from a threshold concentration in SRKW, the corresponding sediment 

concentration should only be relevant to the subset of congeners that can biomagnify into SRKW, not the 

entire suite of detectable PCB congeners. 

As shown in Figure 5-7, it is estimated that the ten SRKW congeners as listed above account for only 

~34% of the total PCB concentration measured in Fraser River riverbed and Roberts Bank sediment 

samples. 

Figure 5-7  Relationship between SRKW and Sediment PCB Congener Set Concentrations 

 

An SRKW protective sediment concentration in the range of 12 to 200 pg/g of bioaccumulative PCBs, 

therefore, equates to a total PCB sediment concentration in the range of 35 to 590 pg/g on a dry weight 

basis, which includes the sum of both accumulating and non-accumulating congeners. If the values of 35 

to 590 pg/g dw are further normalised against the assumed sediment TOC concentration of 1.5%, the 

estimated sediment thresholds for tPCBs – including all detected congeners – is 2,300 pg/g organic C to 

39,000 pg/g organic C. 
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Figure 5-8 shows that the average tPCB sediment concentration for samples from each of the Fraser 

River, dredge basin, tug basin and Roberts Bank candidate DAS area is lower than the DFO (2010) value 

of 200 pg/g dw, when re-expressed as an organic C normalised value that further reflects the ratio of 

PCBs that bioaccumulate in SRKW and the total measurable PCB concentration. The majority 

of surface sediment sample concentrations exceeded the 2,300 pg/g organic C concentration that is the 

re-expressed equivalent of the DFO (2010) 12 pg/g dw value. 

Figure 5-8  Comparison of Fraser River and Roberts Bank Sediment Data to SRKW Thresholds 
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the maximum depth of influence of 20
th
 century PCB production and use.  
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All dredge basin sediment samples exhibited a tPCB concentration <50 pg/g dw, which is significantly 

lower than the DFO (2010) guidance value of 200 pg/g for protection of SRKW, but higher than 12 pg/g. 

The concentration of PCB congeners in cores VC10 and VC14 were lower than the sample-specific 

detection limits (Figure 5-10). The concentrations of PCB congeners in core VC8 were below their 

respective detection limits in the samples from depths greater than the 45 to 50 cm depth interval 

(Figure 5-9). 

Figure 5-9  PCB Vertical Distribution – Dredge Basin (Cores VC5, VC8) 
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Figure 5-10  PCB Vertical Distribution – Dredge Basin (Cores VC3, 10, 12, 14, 18, 24, 26) 

 

Radioisotopic dating of cores VC5 and VC8 provide additional insights into the sediment accumulation 

rates and regime in the dredge basin area. 
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Figure 5-11  
210

Pb Vertical Profiles 

 
Note:  DPM (disintegrations per minute) is a direct measure of the mass of the radioisotope present in the sample. 

As illustrated in Figure 5-11, the 
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VC8 exhibited a similar concentration as the estimated 
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Pb production from in situ 
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Ra decay. This 
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Pb in the upper core sections with the possible 

exception of a sample from a depth of 35 to 40 cm in core VC8. The detailed radioisotope data and 

interpretations, provided by Flett Research Ltd., are provided in Appendix D.  
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Pb activities, dry bulk densities and 
226
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Similar interpretations arise from the geochronological analysis of core VC8. Only the sediment sample 

from a depth of 35 to 40 cm exhibited excess 
210

Pb that might reflect an atmospheric source. The total 

210
Pb activity measured in all other core sections was not significantly higher than (>2 standard deviation) 

the 
226

Ra activity measured in the same sections or adjacent sections. This indicates that the sediments 

accumulated at this sampling site are probably older than 60 years, the estimated maximum age 

detectable in this core. Alternatively, or in addition, the low unsupported 
210

Pb activity may be due to 

similar scour activity noted for core VC5 above. Thus, sediment accumulation could be occurring, but 

atmospheric 
210

Pb is not being incorporated into new or recent sediment deposits. As for core VC5, the 

variation observed in 
210

Pb activities, dry bulk densities and 
226

Ra suggest that the sediments in this core 

are not appreciably mixed. 

Overall, the 
210

Pb and tPCB vertical sediment profiles of vibracores collected from the dredge basin, along 

with estimates of annual sedimentation rates from other studies (Table 3-4) indicate that: (i) sediments 

deeper than approximately one to two metres depth generally pre-date the era of PCB production and 

use (e.g., as demonstrated in core VC8); and (ii) sediments within the top few metres of the proposed 

dredge prism exhibit tPCB concentrations that are less than 40 pg/g dw. The depth at which PCBs are no 

longer detectable has been conservatively estimated taking into account the actual observed PCB profiles 

in the vibracores (Figures 5-9 and 5-10), the radioisotopic characterisation, and potential for downward 

mixing of post- and pre 1930s sediments through bioturbation. 

The PCB vertical distribution pattern in tug basin area sediments (Figure 5-12 and Figure 5-13) is more 

straightforward than observed in the dredge basin samples. This wind-sheltered area is a depositional 

environment, with greater potential for the retention of finer grained sediments. A strong downward 

gradient in PCB concentration was evident in core VC201 (Figure 5-12). PCB concentrations were below 

or near the analytical detection limits in sediment samples obtained from 100 to 125 cm and from 125 to 

150 cm. Above ~100 cm, tPCB concentrations increased to 434 pg/g dw at the sediment surface. 

In the other vibracore samples from the tug basin area, the highest observed tPCB concentration 

observed in samples obtained from >150 cm depth below the tideflat surface was 1.4 pg/g dw. The 

vertical tPCB concentration profile in core VC201 was very similar to that of the unsupported 
210

Pb activity 

(Figure 5-11). The 
210

Pb activity generally decreased with depth in the upper 75 cm. The 
226

Ra activities 

measured in sections from 100 to 120 cm depth and from 175 to 200 cm depth were not significantly 

different than the 
210

Pb activity in the same sections, indicating negligible concentrations of unsupported 

210
Pb activity. Sediment deposits below 75 cm (extrapolated depth – refer to Appendix D), therefore, are 

probably older than 90 years, the estimated maximum age detectable in this core. 
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Figure 5-12  Vertical PCB Concentration Profile in Tug Basin Vibracore VC201 

 
 

Figure 5-13  Vertical PCB Concentration Profile in Tug Basin Vibracores VC202, 205, 207, 209, 
211 
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A linear regression model was used to estimate sedimentation rates in the vicinity of the tug basin. 

Although some variation in the sediment accumulation rate is apparent, regression analysis was 

completed for the upper 55 cm of the core. The predicted average sediment accumulation rate was 

0.59 g/cm
2
/yr (model r

2
 = 0.958). The age of the core at an extrapolated depth of 55 cm was 112 years, 

as estimated by the regression model. The tug basin expansion area, however, is located in an area of 

Roberts Bank directly adjacent to the Deltaport Third Berth and associated tug basin constructed in 2005 

to 2009, and close to the Roberts Bank causeway. It is likely, therefore, that the natural sedimentation 

processes have been disturbed as a result of the import and/or export of sediments during construction 

activities from this and earlier development at the terminal, which resulted in deposition of finer textured 

sediments. The decreasing 
210

Pb activity in the upper 75 cm (extrapolated depth) does not represent a 

typical exponential decay of the isotope, but rather the combined influences of dilution and mixing 

processes due to construction, water currents, bioturbation, and radioactive decay. Some light and 

organic-rich sediments were probably introduced to the area in water currents as a result of historical 

terminal construction activities and mixed with pre-existing sandy material. 

In summary, sediments above 75 cm in core VC201 probably contain sediment deposits younger than 

90 years, while sediments below 75 cm do not contain detectable atmospheric sourced 
210

Pb and are 

probably older than 90 years.  
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6.0 CONCLUSIONS 

A key objective of the sediment re-suspension and at-sea disposal sediment characterisation studies was 

to compare the concentrations of PCBs in sediments potentially deposited on the seabed within SRKW 

critical habitat with ambient seabed PCB concentrations. For surface sediments from the tug basin and 

for bed sediments from the lower Fraser River navigational channel, the average dry weight tPCB 

concentrations are higher than PCB concentrations within surface sediments of the Roberts Bank 

candidate DAS site. Furthermore, it is assumed that decant water will contain a high proportion of finer 

textured sediments, which PCBs preferentially sorb to due to their higher organic carbon content. Based 

on this, the marine discharge of dredgeate is predicted to result in re-deposition at higher tPCB 

concentrations on a sediment dry weight basis than occurs in the receiving environment.  

This analysis is misleading, however. All surficial sediment samples from the five areas of interest, 

including the candidate DAS area, comprise a single geological and statistical distribution. The sediment 

that will be re-suspended or discharged to the marine environment as a result of Project construction is 

the same material that is discharged with the Fraser River plume under existing conditions. The four of 

the five types of bulk sediment (riverbed within the navigational channel of the lower Fraser River, tug 

basin area, ITP, Roberts Bank candidate DAS site) all exhibit very similar ranges of tPCBs in surface 

sediments when expressed on an organic carbon normalised basis. The dredge basin represents a 

special case, since scouring by tidal currents and wind-generated wave action has resulted in the removal 

from surface sediments of the major portion of finer textured sediments discharged from the Fraser River 

within the last 60 years or more.  

Since there are no identified local sources of PCBs to the estuarine environment in the areas of interest, 

the sediment quality and especially tPCB concentration in seabed areas affected by re-deposition of re-

suspended sediments and discharged dredgeate will likely be very similar to the existing, pre-construction 

conditions. Local differences in the bulk sediment dry weight tPCB concentrations, predominantly reflect 

differences in local hydrodynamic regime and particularly the tendency for retention versus scouring and 

loss of organic rich silt and clay content. 

Radioisotopic dating of vibracore sediments collected from the dredge basin area indicate that surface 

sediments in one instance (core VC8) and beyond a depth of 30 cm in the other (core VC5) are older than 

approximately 60 years. The PCB profile in core VC8 clearly suggests anthropogenic enrichment only 

above 45 to 50 cm depth. Overall, sediments within the dredge basin dredge prism below approximately 

0.5 to 2 m depth were likely deposited prior to the start of PCB production in the 1930s. Dredgeate from 

below this depth, therefore, probably contains no PCBs, and the re-suspension or marine discharge of 

this dredgeate will result in a net improvement in tPCB concentrations in areas where these sediments 

accumulate. The sediment will assist with the burial and dilution in surficial sediments of more recent 

PCB-affected sediment deposits.  
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Similarly, for the tug basin dredge prism, the 
210

Pb and tPCB data for core VC201 indicate that sediments 

deeper than ~75 cm are older than 90 years, and pre-date the initiation of global PCB production. 

Therefore, dredgeate from depths greater than 75 cm is expected to reduce the potential for food-web 

mediated PCB exposures of SRKW in areas where re-suspended sediments and discharged dredgeate 

accumulate.  
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9.0 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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Appendix 
Summary of Sample Names, Locations, and Depths: Vibracore Locations

Location ID Sample ID Sample Date Depth From: Depth To:
VC26 VC26-1 12/08/2013 0 0.5
VC26 VC26-2 12/08/2013 0.5 1
VC26 VC26-3 12/08/2013 1 1.5

VC14 VC14-a 12/08/2013 0 0.01
VC14 VC14-b 12/08/2013 0.01 0.02
VC14 VC14-c 12/08/2013 0.02 0.03

VC3 VC-3-1 13/08/2013 0 0.5
VC3 VC-3-2 13/08/2013 0.5 1
VC3 VC-3-3 13/08/2013 1 1.5

VC8 VC8-aa 13/08/2013 0 0.01
VC8 VC8-ab 13/08/2013 0.01 0.02
VC8 VC8-ac 13/08/2013 0.02 0.03
VC8 VC8-ad 13/08/2013 0.03 0.04
VC8 VC8-ae 13/08/2013 0.04 0.05
VC8 VC8-a 13/08/2013 0 0.05
VC8 VC8-b 13/08/2013 0.05 0.1
VC8 VC8-c 13/08/2013 0.1 0.15
VC8 VC8-d 13/08/2013 0.15 0.2
VC8 VC8-e 13/08/2013 0.2 0.25
VC8 VC8-f 13/08/2013 0.25 0.3
VC8 VC8-g 13/08/2013 0.3 0.35
VC8 VC8-h 13/08/2013 0.35 0.4
VC8 VC8-i 13/08/2013 0.4 0.45
VC8 VC8-j 13/08/2013 0.45 0.5
VC8 VC8-k 13/08/2013 0.5 0.6
VC8 VC8-l 13/08/2013 0.6 0.7
VC8 VC8-m 13/08/2013 0.7 0.8
VC8 VC8-n 13/08/2013 0.8 0.9
VC8 VC8-o 13/08/2013 0.9 1
VC8 VC8-p 13/08/2013 1 1.25
VC8 VC8-q 13/08/2013 1.25 1.5
VC8 VC8-0 13/08/2013 0 0.1
VC8 VC8-1 13/08/2013 0 0.5
VC8 VC8-2 13/08/2013 0.5 1
VC8 VC8-3 13/08/2013 1 1.5

VC12 VC12-0 13/08/2013 0 0.1
VC12 VC12-1 13/08/2013 0 0.5
VC12 VC12-2 13/08/2013 0.5 1
VC12 VC12-3 13/08/2013 1 1.5
VC12 VC12-a 13/08/2013 0 0.02
VC12 VC12-b 13/08/2013 0.02 0.04
VC12 VC12-c 13/08/2013 0.04 0.06



Appendix 
Summary of Sample Names, Locations, and Depths: Vibracore Locations

Location ID Sample ID Sample Date Depth From: Depth To:
VC12 VC12-d 13/08/2013 0.06 0.08
VC12 VC12-e 13/08/2013 0.1 0.12

VC10 VC10-1 13/08/2013 0 0.5
VC10 VC10-2 13/08/2013 0.5 1
VC10 VC10-3 13/08/2013 1 1.5

VC14 VC 14-1 13/08/2013 0 0.5
VC14 VC 14-2 13/08/2013 0.5 1
VC14 VC 14-3 13/08/2013 0.1 1.5
VC14 VC 14-aa 13/08/2013 0 0.2
VC14 VC 14-bb 13/08/2013 0.2 0.4
VC14 VC 14-cc 13/08/2013 0.4 0.6
VC14 VC 14-dd 13/08/2013 0.6 0.8
VC14 VC 14-ee 13/08/2013 0.8 1
VC14 VC 14-ff 13/08/2013 1 1.2
VC14 VC 14-gg 13/08/2013 1.2 1.4

VC18 VC18-0 14/08/2013 0 0.15
VC18 VC18-1 14/08/2013 0 0.5
VC18 VC18-2 14/08/2013 0.5 1
VC18 VC18-2a 14/08/2013 0.8 0.9
VC18 VC18-3 14/08/2013 1 1.5
VC18 VC18-a 14/08/2013 0 0.01
VC18 VC18-b 14/08/2013 0.01 0.02
VC18 VC18-c 14/08/2013 0.02 0.03

VC24 VC24-0 14/08/2013 0 0.15
VC24 VC24-1 14/08/2013 0 0.5
VC24 VC24-2 14/08/2013 0.5 1.2
VC24 VC24-3 14/08/2013 1.2 1.5

VC5 VC5-0 15/08/2013 0 0.1
VC5 VC5-0a 15/08/2013 0 0.05
VC5 VC5-0b 15/08/2013 0.05 ,1
VC5 VC5-1 15/08/2013 0 0.2
VC5 VC5-2 15/08/2013 0.2 0.4
VC5 VC5-3 15/08/2013 0.4 0.6
VC5 VC5-4 15/08/2013 0.6 0.8
VC5 VC5-5 15/08/2013 0.8 1
VC5 VC5-6 15/08/2013 1 1.2
VC5 VC5-7 15/08/2013 1.2 1.4
VC5 VC5-8 15/08/2013 1.4 1.6
VC5 VC5-Z1 15/08/2013 0 0.5
VC5 VC5-Z2 15/08/2013 0.5 1
VC5 VC5-Z3 15/08/2013 1 1.5
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Summary of Sample Names, Locations, and Depths: Vibracore Locations

Location ID Sample ID Sample Date Depth From: Depth To:
VC5 VC5-Z4 15/08/2013 1.5 1.8
VC5 VC5-aa 15/08/2013 0 0.01
VC5 VC5-ab 15/08/2013 0.01 0.02
VC5 VC5-ac 15/08/2013 0.02 0.03
VC5 VC5-ad 15/08/2013 0.03 0.04
VC5 VC5-ae 15/08/2013 0.04 0.05
VC5 VC5-af 15/08/2013 0.05 0.075
VC5 VC5-ag 15/08/2013 0.075 0.1
VC5 VC5-a 15/08/2013 0 0.1
VC5 VC5-b 15/08/2013 0.1 0.2
VC5 VC5-c 15/08/2013 0.2 0.3
VC5 VC5-d 15/08/2013 0.3 0.4
VC5 VC5-e 15/08/2013 0.4 0.5
VC5 VC5-f 15/08/2013 0.5 0.6
VC5 VC5-g 15/08/2013 0.6 0.7
VC5 VC5-h 15/08/2013 0.7 0.8
VC5 VC5-i 15/08/2013 0.8 0.9
VC5 VC5-j 15/08/2013 0.9 1
VC5 VC5-k 15/08/2013 1 1.25
VC5 VC5-l 15/08/2013 1.25 1.5
VC5 VC5-m 15/08/2013 1.5 1.75
VC5 DUP 130815-115/08/2013 0.05 0.075
VC5 DUP 130815-215/08/2013 0.075 0.1

VC201 VC201-a 16/08/2013 0 0.01
VC201 VC201-b 16/08/2013 0.01 0.02
VC201 VC201-c 16/08/2013 0.02 0.03
VC201 VC201-d 16/08/2013 0.03 0.04
VC201 VC201-e 16/08/2013 0.04 .0.5
VC201 VC201-f 16/08/2013 0.05 0.075
VC201 VC201-g 16/08/2013 0.075 0.1
VC201 VC201-gg 16/08/2013 0.1 0.15
VC201 VC201-h 16/08/2013 0.1 0.2
VC201 VC201-i 16/08/2013 0.2 0.3
VC201 VC201-k 16/08/2013 0.4 0.5
VC201 VC201-l 16/08/2013 0.5 0.6
VC201 VC201-m 16/08/2013 0.6 0.7
VC201 VC201-n 16/08/2013 0.7 0.8
VC201 VC201-o 16/08/2013 0.8 0.9
VC201 VC201-p 16/08/2013 0.9 1
VC201 VC201-q 16/08/2013 1 1.2
VC201 VC201-r 16/08/2013 1.2 1.3
VC201 VC201-rr 16/08/2013 1.3 1.5
VC201 VC201-s 16/08/2013 1.5 1.75
VC201 VC201-t 16/08/2013 1.75 2
VC201 VC201-1 16/08/2013 0 0.2



Appendix 
Summary of Sample Names, Locations, and Depths: Vibracore Locations

Location ID Sample ID Sample Date Depth From: Depth To:
VC201 VC201-2 16/08/2013 0.2 0.4
VC201 VC201-3 16/08/2013 0.4 0.6
VC201 VC201-4 16/08/2013 0.6 0.8
VC201 VC201-5 16/08/2013 0.8 1
VC201 VC201-6 16/08/2013 1 1.2
VC201 VC201-7 16/08/2013 1.2 1.4
VC201 VC201-8 16/08/2013 1.4 1.6
VC201 VC201-9 16/08/2013 1.6 1.8
VC201 VC201-Z1 16/08/2013 0 0.5
VC201 VC201-Z2 16/08/2013 0.5 1
VC201 VC201-Z3 16/08/2013 1 1.5
VC201 VC201-Z4 16/08/2013 1.5 2

VC202 VC202-a 16/08/2013 0 0.01
VC202 VC202-b 16/08/2013 0.01 0.02
VC202 VC202-c 16/08/2013 0.02 0.03
VC202 VC202-d 16/08/2013 0.03 0.04
VC202 VC202-e 16/08/2013 0.04 0.05
VC202 VC202-f 16/08/2013 0.05 0.075
VC202 VC202-g 16/08/2013 0.075 0.1
VC202 VC202-h 16/08/2013 0.1 0.15
VC202 VC202-1 16/08/2013 0 0.15
VC202 VC202-2 16/08/2013 0.5 1.2
VC202 VC202-3 16/08/2013 1.2 1.8

VC205 VC205-1 16/08/2013 0 0.15
VC205 VC205-2 16/08/2013 0.8 1.2
VC205 VC205-3 16/08/2013 1.2 1.5

VC207 VC207-1 16/08/2013 0 0.15
VC207 VC207-2 16/08/2013 0.75 1
VC207 VC207-3 16/08/2013 1 1.5
VC207 VC207-4 16/08/2013 1.8 2

VC209 VC209-1 16/08/2013 0 0.15
VC209 VC209-2 16/08/2013 1 1.5
VC209 VC209-3 16/08/2013 1.5 1.8

VC211 VC211-1 16/08/2013 0.5 0.75
VC211 VC211-2 16/08/2013 0.8 1



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC10

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 13, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Silty Sand
Dark grey lenses.

Clay lense at 0.9 m.

Organic layer at 1.2 m.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.80
1.80

 VC10-1 

 VC10-2 

 VC10-3 

2500 500

ppm

500 100

%

BP/CT VC10

VC100



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC12

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 13, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Clayey Silt
Some sand, trace shell fragments, grey, wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.80
1.80

 VC12-1 

 VC12-2 

 VC12-3 

2500 500

ppm

500 100

%

BP/CT VC12

VC120



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC14

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 13, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Silty Sand

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.50
1.50

 VC14-1 

 VC14-2 

 VC14-3 

2500 500

ppm

500 100

%

BP/CT VC14

VC140



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC18

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 14, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Wood Debris

Sand
Fine grained, some clay, trace silt, grey, wet.

Silt
Some silt, trace fine grained sand, grey, wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.10
0.10

-1.19
1.19

-1.49
1.49

 VC18-1 

 VC18-2 

 VC18-3 

2500 500

ppm

500 100

%

BP/CT VC18

VC180



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC5

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Silty Sand
medium grained, interbedded organic layers and shell 
fragments, dark grey, organic odour, wet.

Silt

Sand
medium grained, grey, wet.

Silt

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.20
1.20

-1.30
1.30

-1.50
1.50

-2.00
2.00

 VC201-1 

 VC201-2 

 VC201-3 

 VC201-4 

 VC201-5 

 VC201-6 

 VC201-7 

 VC201-8 

 VC201-9 

2500 500

ppm

500 100

%

BP/CT VC201

VC2010



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC202

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Organic Silt

Sand
medium grained, grey, wet.

Silt
grey

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.50
0.50

-1.20
1.20

-1.80
1.80

 VC202-1 

 VC202-2 

 VC202-3 

2500 500

ppm

500 100

%

BP/CT VC202

VC2020



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC205

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Organic Silt

Sand
medium grained, trace silt, grey, wet.

Silt

Sand Lense

Silt

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.80
0.80

-1.20
1.20

-1.50
1.50

-1.60
1.60

-1.80
1.80

 VC205-1 

 VC205-2 

 VC205-3 

2500 500

ppm

500 100

%

BP/CT VC205

VC2050



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC207

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Sand
medium grained, dark grey, wet. 

Sand
medium grained, light grey, wet. 

Organic Debris at 1.5 m.

Silt

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.00
1.00

-1.50
1.50

-2.00
2.00

 VC207-1 

 VC207-2 

 VC207-3 

 VC207-4 

2500 500

ppm

500 100

%

BP/CT VC207

VC2070



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC209

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Organic Silt
dark, sulfuric odour.

Sand
medium grained, trace silt, grey with interbedded darker 
lenses, sulfuric odour, wet.

Silt
trace fine grained sand, grey, wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.75
0.75

-1.50
1.50

-1.80
1.80

 VC209-1 

 VC209-2 

 VC209-3 

2500 500

ppm

500 100

%

BP/CT VC209

VC2090



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC211

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Tug Basin

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Sand
medium grained, dark grey, wet.

Sand
medium grained, light grey, wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.75
0.75

-1.50
1.50

 VC211-1 

 VC211-2 

2500 500

ppm

500 100

%

BP/CT VC211

VC2110



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC24

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 14, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Sand
Fine grained, trace silt, grey, wet.

Clay lense from 0.6 to 0.8 m.

Clayey Silt
trace fine grained sand, grey, wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.20
1.20

-1.50
1.50

 VC24-1 

 VC24-2 

 VC24-3 

2500 500

ppm

500 100

%

BP/CT VC24

VC240



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC26

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 16, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Sand

Sand
Trace silt, grey, wet.

Silt

Sand

Silt

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.00
1.00

-1.19
1.19

-1.28
1.28

-1.50
1.50

-2.00
2.00

 VC26-1 

 VC26-2 

 VC26-3 

2500 500

ppm

500 100

%

BP/CT VC26

VC260



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC3

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 13, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Wood Debris

Sand
Trace fine sand and silt

Woody Debris

Sand

Woody Debris at 0.9 m,

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.10
0.10

-0.30
0.30

-0.40
0.40

-1.80
1.80

 VC3-1 

 VC3-2 

 VC3-3 

2500 500

ppm

500 100

%

BP/CT VC3

VC30



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC5

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 15, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Silt
Trace fine grained sand, grey.

Woody Debris

Silty Sand

Woody Debris

Silty Sand

Sand and Silt
Intermittent fine sand or silt lenses. 

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-0.50
0.50

-0.60
0.60

-0.79
0.79

-0.90
0.90

-1.28
1.28

-1.80
1.80

 VC5-1 

 VC5-2 

 VC5-3 

 VC5-4 

 VC5-5 

 VC5-6 

 VC5-7 

 VC5-8 

2500 500

ppm

500 100

%

BP/CT VC5

VC50



Log of Borehole:

Project Name/No:

Client:

Site Location:

Date Drilled: Drilling Company:

Drilling Method:

Logged by:

Sheet: 1 of 1

Borehole location: Borehole diameter:

Borehole depth:Borehole ground elevation:

SUBSURFACE PROFILE SAMPLE

0 0
ft  m

1

1

2

2

3

3

4

5

6

7

8

9

10

Description

Vapour LEL
Backfill 
details

VC8

Dredging and Sediment Resuspension Study

Port Metro Vancouver

Berth Pocket / Caisson Trench  

August 13, 2013 Rocky  Mountain Soil Sampling

Vibracore

JT

Ground Surface

Silty Sand
Fine silty sand, interbeded organic or clay lenses, grey, 
wet.

Samples listed may not be comprehensive for this 
borehole.  See last page of Appendix for list of samples.

End of Log

0.00
0.00

-1.50
1.50

 VC8-1 

 VC8-2 

 VC8-3 

2500 500

ppm

500 100

%

VC8 VC8

VC80



 

 

APPENDIX B 

ROV Photos – Roberts Bank Candidate DAS Area 

  



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 1 - December 2014 

 

 
Photo 1: Typical dune feature 
 
 
 

 
Photo 2:  Typical scenario in which cohesive silt exists, around which unconsolidated material has 

been scoured away (This leaves a ridge-like feature.)   
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 2 - December 2014 

 

 
Photo 3: Woody debris collecting at the base of a dune 
 
 
 

 
Photo 4: Typical scenario in which scouring has exposed underlying cohesive material (A thin layer 

or dusting of medium sand remains at the surface.) 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 3 - December 2014 

 

 
Photo 5: Typical dune 
 
 
 

 
Photo 6: Organic debris collecting in low points between ripples on the sea floor (Areas varied in the 

amount of woody and organic debris; this photograph represents the upper extreme.)   
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 4 - December 2014 

 

 
Photo 7: View of a ridge of cohesive silt material, erosional patterns alongside 
 
 
 

 
Photo 8: Typical rocky debris in a possible historical DAS area 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 5 - December 2014 

 

 
Photo 9: Typical rocky debris in a possible historical DAS area 
 
 
 

 
Photo 10: Typical debris in a possible historical DAS area 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 6 - December 2014 

 

 
Photo 11: Typical ridge 
 
 
 

 
Photo 12: View of edge of a dune (ROV would have been ‘climbing’ this dune.) 
 

 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 7 - December 2014 

 

 
Photo 13: View of the edge of a dune (ROV would have been ‘descending’ this dune.)   
 
 
 

 
Photo 14:  View of another edge of a dune (Red lasers are 20cm apart.) 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 8 - December 2014 

 

 
Photo 15: View of a ridge   
 
 
 

 
Photo 16: Good perspective on a dune (ROV would have been ‘descending’ this dune.) 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 9 - December 2014 

 

 
Photo 17: Ancient crab trap, partially buried by deposited sediment/sand 
 
 
 

 
Photo 18: Abandoned crab trap (Note scouring patterns around the base of the trap; no underlying 

cohesive sediment (in contrast to Photograph 4 or any of the ‘Ridge’ photographs).)  
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 10 - December 2014 

 

 
Photo 19: View of sand and silt layers during vibracoring at BP/CT (This stratification was 

encountered at approximately 1.4m below sea floor.)  
 
 
 

 
Photo 20: Typical section (Sediment was relatively cohesive in places, and would separate as shown.)    
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 11 - December 2014 

 

 
Photo 21: Typical stratification in sediment ~1.5m below sea floor 
 
 
 

 
Photo 22: Occasional layer of decomposing organic matter (Note higher proportion of silt than shown 

in the preceding photographs, which were cores composed mainly of sand.) 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 12 - December 2014 

 

 
Photo 23: Van Veen and vibracore sampling equipment in place at the Tug Basin 
 
 
 

 
Photo 24:  Dark, anoxic organic material at surface of the Tug Basin – strong sulfurous odour 
 

 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 13 - December 2014 

 

 
Photo 25: Splitting and sectioning a core containing mixed silt and sand 
 
 
 

 
Photo 14: Uppermost 0.5m section of core obtained at VC24-1 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 14 - December 2014 

 

 
Photo 15:  Typical Van Veen grab recovery 
 
 
 

 
Photo 16: Fine-sectioning a hand-push core at station G15 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 15 - December 2014 

 

 
Photo 17: Extruding a section of material from the Van Veen using a hand-push core (This location 

exhibited medium sand over cohesive silt.) 
 
 
 

 
Photo 18: Hand-push core from Van Veen (This location contained only medium sand to 0.15m.) 
 



Port Metro Vancouver APPENDIX B Hemmera 
RBT2 – Sediment Characterization - 16 - December 2014 

 

 
Photo 19: Close-up of silty sand mixture typical of material recovered in the vibracore 
 

 



 

 

APPENDIX C 

Sediment Analytical Data 

  



Appendix C
Page 1 of 4

BP/CT SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs TOC
VC3‐1 BP/CT 0 12.3 87.7 3300 246.5 0.0135
VC5‐ab BP/CT 0.0 33.7 66.3 4100 200.3 0.0426 Regression Statistics
VC5‐m BP/CT 0.0 36.0 64.0 4500 136.5 0.0223 Multiple R 0.377070329
VC5‐e BP/CT 0.0 32.3 67.7 4900 181.1 0.0229 R Square 0.142182033
VC5‐ag BP/CT 0.0 99.7 0.3 5100 9.5 0.0263 Adjusted R Square 0.084994168
VC5‐k BP/CT 0.0 39.3 60.7 5700 85.9 0.0253 Standard Error 0.010894142
VC5‐b BP/CT 0.0 97.0 3.0 5800 10.6 0.0338 Observations 17
VC5‐ae BP/CT 0.0 59.9 40.1 6000 40.0 0.0189
VC12‐1 BP/CT 0.0 60.9 39.1 7400 41.8 0.00474 ANOVA
VC8‐j BP/CT 0.0 58.6 41.4 7400 49.1 0.0248 df SS MS F Significance F
VC8‐b BP/CT 0.0 67.8 32.2 7600 29.1 0.0272 Regression 1 0.000295071 0.000295071 2.486227349 0.135699097
VC12‐3 BP/CT 0.0 27.1 72.9 8100 163.1 0.00494 Residual 15 0.001780235 0.000118682
VC8‐f BP/CT 0.0 46.5 53.5 10000 72.1 0.0325 Total 16 0.002075306
VC26‐3 BP/CT 0.0 40.1 59.9 11000 97.5 0.0432
VC8‐ae BP/CT 0.0 51.4 48.6 22000 55.6 0.0317 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0% Upper 95.0%
VC3‐3 BP/CT 0.0 77.0 23.0 25000 18.9 0.0371 Intercept 0.02222803 0.003736087 5.949548217 2.66523E‐05 0.014264749 0.030191311 0.014264749 0.030191311 0.047059
VC26‐1 BP/CT 0.0 41.1 58.9 48000 86.0 0.0369 TOC 3.80869E‐07 2.41549E‐07 1.576777521 0.135699097 ‐1.3398E‐07 8.95718E‐07 ‐1.3398E‐07 8.95718E‐07 1.94E‐06

DAS SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCB vs TOC
DAS17‐1 DAS <0.010 3.4 96.6 550 no data 0.00576
DAS44‐1 DAS 0.3 5.4 94.3 580 no data 0.00994 Regression Statistics
DAS38‐1 DAS 0.3 2.2 97.5 600 no data 0.00467 Multiple R 0.125000203
DAS32‐1 DAS <0.010 3.6 96.4 610 no data 0.00968 R Square 0.015625051
DAS36‐1 DAS <0.010 3.2 97.3 660 no data 0.0153 Adjusted R Square ‐0.025390572
DAS18‐1 DAS <0.010 3.1 97.1 670 no data 0.0131 Standard Error 0.028719465
DAS11‐1 DAS 2.7 3.3 94.0 700 no data 0.014 Observations 26
DAS15‐1 DAS 0.1 1.4 98.5 720 no data 0.0119
DAS19‐1 DAS 0.1 2.1 97.9 720 no data 0.0144 ANOVA
DAS21‐1 DAS <0.010 3.1 97.2 720 no data 0.0245 df SS MS F Significance F
DAS22‐1 DAS 1.5 1.6 96.9 730 no data 0.0169 Regression 1 0.000314213 0.000314213 0.380953639 0.542905292
DAS31‐1 DAS 0.5 3.9 95.7 740 no data 0.0184 Residual 24 0.019795384 0.000824808
DAS12‐1 DAS 0.2 1.8 98.1 750 no data 0.0101 Total 25 0.020109597
DAS2‐1 DAS 2.5 3.2 94.2 760 no data 0.0319
DAS5‐1 DAS <0.010 1.6 98.6 780 no data 0.00582 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
DAS45‐1 DAS 0.2 2.3 97.6 800 no data 0.0124 Intercept 0.012075344 0.015348407 0.786749032 0.439129005 ‐0.01960221 0.043752898 ‐0.01960221 0.043752898
DAS35‐1 DAS 1.3 1.8 96.9 800 no data 0.00299 TOC 1.06618E‐05 1.7274E‐05 0.617214419 0.542905292 ‐2.499E‐05 4.63135E‐05 ‐2.499E‐05 4.63135E‐05
DAS20‐1 DAS 2.4 3.4 94.1 800 no data 0.0129
DAS34‐1 DAS 0.4 4.2 95.4 830 no data 0.046
DAS23‐1 DAS 2.9 0.1 97.0 830 no data 0.0178
DAS16‐1 DAS 1.6 3.0 95.4 900 no data 0.151
DAS33‐1 DAS 1.6 0.7 97.7 910 no data 0.0124
DAS51‐1 DAS 4.0 3.5 92.6 1100 no data 0.0185
DAS46‐1 DAS 2.5 10.2 87.2 1600 no data 0.0391

FR SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs {PSD, TOC}
VC8‐ae BP/CT 0.0 51.4 48.6 22000 55.6 0.0317
VC3‐3 BP/CT 0.0 77.0 23.0 25000 18.9 0.0371 Regression Statistics
VC26‐1 BP/CT 0.0 41.1 58.9 48000 86.0 0.0369 Multiple R 0.948703882
FR19‐1 FR <0.010 1.9 98.3 500 no data 0.00364 R Square 0.900039056
FR23‐1 FR <0.010 0.4 99.6 500 no data 0.00572 Adjusted R Square 0.888505101
FR18‐1 FR <0.010 1.6 98.7 500 no data 0.00803 Standard Error 0.017536645
FR17‐1 FR <0.010 1.8 98.3 500 no data 0.00834 Observations 30
FR22‐1 FR <0.010 1.6 98.6 500 no data 0.0153
FR14‐1 FR <0.010 3.2 96.9 510 no data 0.0148 ANOVA
FR9‐1 FR <0.010 1.6 98.9 520 no data 0.0465 df SS MS F Significance F
FR5‐1 FR <0.010 2.8 97.6 530 no data 0.00853 Regression 3 0.07199418 0.02399806 78.03386165 3.96534E‐13
FR3‐1 FR 1.7 0.0 98.3 560 no data 0.0089 Residual 26 0.007995882 0.000307534
FR24‐1 FR <0.010 1.7 98.5 570 no data 0.0104 Total 29 0.079990062
FR4‐1 FR <0.010 4.3 95.9 580 no data 0.00923
FR20‐1 FR <0.010 1.6 98.7 580 no data 0.0173 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
FR16‐1 FR <0.010 1.6 98.5 610 no data 0.0117 Intercept ‐0.391754413 0.326512897 ‐1.199812983 0.241031323 ‐1.062911286 0.279402459 ‐1.062911286 0.279402459
FR13‐1 FR <0.010 3.1 97.2 640 no data 0.0281 % silt 0.002572809 0.004181938 0.615219299 0.543757736 ‐0.006023287 0.011168905 ‐0.006023287 0.011168905
FR30‐1 FR 3.0 1.9 95.1 670 no data 0.0118 % sand 0.003774349 0.003225887 1.170018936 0.252607058 ‐0.002856557 0.010405255 ‐0.002856557 0.010405255
FR8‐1 FR <0.010 6.1 94.3 680 no data 0.0135 TOC 5.98745E‐05 1.38679E‐05 4.317487744 0.000203468 3.13686E‐05 8.83804E‐05 3.13686E‐05 8.83804E‐05
FR25‐1 FR 0.1 1.9 98.0 760 no data 0.00493
FR26‐1 FR 1.4 7.4 91.2 800 no data 0.0321
FR10‐1 FR 2.4 6.1 91.4 800 no data 0.0176
FR15‐1 FR <0.010 4.4 95.6 890 no data 0.0388
FR7‐1 FR 1.0 7.0 92.0 910 no data 0.0269
FR6‐1 FR <0.010 1.6 98.7 930 no data 0.00884
FR2‐1 FR 1.6 3.0 95.5 1100 no data 0.0735
FR28‐1 FR 2.9 8.6 88.5 1200 no data 0.0269
FR12‐1 FR 2.6 9.1 88.3 1300 no data 0.0418
FR11‐1 FR <0.010 6.1 94.3 1500 no data 0.0716
FR21‐1 FR 1.4 7.3 91.2 1600 no data 0.117
FR29‐1 FR 4.4 19.0 76.6 2500 no data 0.0894
FR1‐1 FR 8.8 25.6 65.6 3300 no data 0.147
FR27‐1 FR 17.3 47.6 35.2 6700 no data 0.246
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ITP SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs {PSD, TOC}
ITP2‐1 ITP 5.6 13.3 81.1 2800 no data 0.0814
ITP11‐1 ITP 10.9 22.0 67.1 6600 no data 0.272 Regression Statistics
ITP15‐1 ITP 17.4 28.0 54.6 6700 no data 0.217 Multiple R 0.836025393
ITP4‐1 ITP 11.0 22.9 66.0 9000 no data 0.258 R Square 0.698938458
ITP14‐1 ITP 14.2 24.5 61.3 9000 no data 0.698 Adjusted R Square 0.589461534
ITP1‐1 ITP 12.4 30.1 57.5 9200 no data 0.387 Standard Error 0.124403854
ITP6‐1 ITP 14.0 28.9 57.1 10000 no data 0.454 Observations 16
ITP7‐1 ITP 13.4 31.9 54.7 12000 no data 0.409
ITP5‐1 ITP 13.8 35.6 50.6 12000 no data 0.55 ANOVA
ITP9‐1 ITP 16.2 38.5 45.2 13000 no data 0.5 df SS MS F Significance F
ITP3‐1 ITP 16.7 29.8 53.5 13000 no data 0.471 Regression 4 0.395224641 0.09880616 6.384345043 0.006573893
ITP8‐1 ITP 22.4 37.0 40.5 13000 no data 0.484 Residual 11 0.170239509 0.015476319
ITP12‐1 ITP 22.0 38.9 39.1 15000 no data 0.573 Total 15 0.56546415
ITP10‐1 ITP 21.9 47.5 30.6 16000 no data 0.615
ITP16‐1 ITP 19.6 40.6 39.8 18000 no data 0.83 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
ITP13‐1 ITP 26.8 47.2 26.1 20000 no data 0.657 Intercept ‐14.04912879 66.94073102 ‐0.209874146 0.837602508 ‐161.3846844 133.2864268 ‐161.3846844 133.2864268

%clay 0.137209091 0.668327114 0.205302297 0.841085774 ‐1.333768969 1.608187152 ‐1.333768969 1.608187152
%silt 0.139143004 0.671143478 0.207322292 0.839546308 ‐1.33803383 1.616319839 ‐1.33803383 1.616319839
%sand 0.141412055 0.669619754 0.211182621 0.836606254 ‐1.332411086 1.615235196 ‐1.332411086 1.615235196
TOC 4.46276E‐05 2.01579E‐05 2.213901394 0.048884009 2.60364E‐07 8.89949E‐05 2.60364E‐07 8.89949E‐05

SUMMARY OUTPUT: PCBs vs TOC

Regression Statistics
Multiple R 0.83078389
R Square 0.690201871
Adjusted R Square 0.668073434
Standard Error 0.111860799
Observations 16

ANOVA
df SS MS F Significance F

Regression 1 0.390284415 0.390284415 31.19071844 6.72478E‐05
Residual 14 0.175179735 0.012512838
Total 15 0.56546415

Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
Intercept 0.046147004 0.080214062 0.575298183 0.57422024 ‐0.125895048 0.218189057 ‐0.125895048 0.218189057
TOC 3.6255E‐05 6.49165E‐06 5.584865123 6.72478E‐05 2.23318E‐05 5.01782E‐05 2.23318E‐05 5.01782E‐05

TB SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs TOC
VC201‐q TB 0.0 80.8 19.2 1600 15.9 0.00575
VC209‐3 TB 0.0 68.0 32.0 3500 32.7 0.0014 Regression Statistics
VC211‐2 TB 0.0 11.0 89.0 3600 260.5 0.00218 Multiple R 0.828667636
VC201‐t TB 0.0 85.6 14.4 4300 15.2 0.0022 R Square 0.686690052
VC202‐3 TB 0.0 65.1 34.9 4600 32.3 0.00273 Adjusted R Square 0.655359057
VC201‐i TB 0.0 38.7 61.3 5200 172.5 0.102 Standard Error 0.122958341
VC205‐1 TB 0.0 69.2 30.8 8100 20.6 0.243 Observations 12
VC209‐1 TB 0.0 67.3 32.7 8900 23.4 0.00196
VC201‐m TB 0.0 49.7 50.3 9100 64.6 0.034 ANOVA
VC201‐g TB 0.0 77.4 22.6 13000 23.4 0.266 df SS MS F Significance F
VC207‐1 TB 0.0 57.5 42.5 14000 42.2 0.634 Regression 1 0.33136189 0.33136189 21.9172757 0.000865423
VC201‐b TB 0.0 80.3 19.7 16000 18.9 0.434 Residual 10 0.151187536 0.015118754
VC201‐i TB 0.0 38.7 61.3 5200 172.5 0.102 Total 11 0.482549425
VC205‐1 TB 0.0 69.2 30.8 8100 20.6 0.243
VC209‐1 TB 0.0 67.3 32.7 8900 23.4 0.00196 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
VC201‐m TB 0.0 49.7 50.3 9100 64.6 0.034 Intercept ‐0.140884662 0.070466455 ‐1.999315307 0.073471812 ‐0.297893707 0.016124384 ‐0.297893707 0.016124384
VC201‐g TB 0.0 77.4 22.6 13000 23.4 0.266 TOC 3.72126E‐05 7.94871E‐06 4.681589015 0.000865423 1.95018E‐05 5.49234E‐05 1.95018E‐05 5.49234E‐05
VC207‐1 TB 0.0 57.5 42.5 14000 42.2 0.634
VC201‐b TB 0.0 80.3 19.7 16000 18.9 0.434
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ALL SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs {PSD, TOC}
VC3‐1 BP/CT 0 12.3 87.7 3300 246.5 0.0135
VC5‐ab BP/CT 0.00 33.7 66.3 4100 200.3 0.0426 Regression Statistics
VC5‐m BP/CT 0.00 36.0 64.0 4500 136.5 0.0223 Multiple R 0.851820446
VC5‐e BP/CT 0.00 32.3 67.7 4900 181.1 0.0229 R Square 0.725598072
VC5‐ag BP/CT 0.00 99.7 0.3 5100 9.5 0.0263 Adjusted R Square 0.714003625
VC5‐k BP/CT 0.00 39.3 60.7 5700 85.9 0.0253 Standard Error 0.113893979
VC5‐b BP/CT 0.00 97.0 3.0 5800 10.6 0.0338 Observations 75
VC5‐ae BP/CT 0.00 59.9 40.1 6000 40.0 0.0189
VC12‐1 BP/CT 0.00 60.9 39.1 7400 41.8 0.00474 ANOVA
VC8‐j BP/CT 0.00 58.6 41.4 7400 49.1 0.0248 df SS MS F Significance F
VC8‐b BP/CT 0.00 67.8 32.2 7600 29.1 0.0272 Regression 3 2.435391803 0.811797268 62.58151271 6.72108E‐20
VC12‐3 BP/CT 0.00 27.1 72.9 8100 163.1 0.00494 Residual 71 0.921000524 0.012971838
VC8‐f BP/CT 0.00 46.5 53.5 10000 72.1 0.0325 Total 74 3.356392328
VC26‐3 BP/CT 0.00 40.1 59.9 11000 97.5 0.0432
VC8‐ae BP/CT 0.00 51.4 48.6 22000 55.6 0.0317 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
VC3‐3 BP/CT 0.00 77.0 23.0 25000 18.9 0.0371 Intercept 2.279287998 0.19598508 11.62990569 4.18477E‐18 1.888504848 2.670071149 1.888504848 2.670071149
VC26‐1 BP/CT 0.00 41.1 58.9 48000 86.0 0.0369 % silt ‐0.022132757 0.001996182 ‐11.08754382 3.78779E‐17 ‐0.026113031 ‐0.018152483 ‐0.026113031 ‐0.018152483
FR19‐1 FR <0.010 1.9 98.3 500 no data 0.00364 % sand ‐0.022757318 0.002000254 ‐11.37721352 1.16328E‐17 ‐0.026745712 ‐0.018768925 ‐0.026745712 ‐0.018768925
FR23‐1 FR <0.010 0.4 99.6 500 no data 0.00572 TOC 4.38042E‐06 2.1545E‐06 2.033147842 0.045777278 8.44661E‐08 8.67637E‐06 8.44661E‐08 8.67637E‐06
FR18‐1 FR <0.010 1.6 98.7 500 no data 0.00803
FR17‐1 FR <0.010 1.8 98.3 500 no data 0.00834 SUMMARY OUTPUT: PCBs vs d50
FR22‐1 FR <0.010 1.6 98.6 500 no data 0.0153
FR14‐1 FR <0.010 3.2 96.9 510 no data 0.0148 Regression Statistics
FR9‐1 FR <0.010 1.6 98.9 520 no data 0.0465 Multiple R 0.197145779
FR5‐1 FR <0.010 2.8 97.6 530 no data 0.00853 R Square 0.038866458
FR3‐1 FR 1.70 0.0 98.3 560 no data 0.0089 Adjusted R Square 0.00786215
FR24‐1 FR <0.010 1.7 98.5 570 no data 0.0104 Standard Error 0.135098463
FR4‐1 FR <0.010 4.3 95.9 580 no data 0.00923 Observations 33
FR20‐1 FR <0.010 1.6 98.7 580 no data 0.0173
FR16‐1 FR <0.010 1.6 98.5 610 no data 0.0117 ANOVA
FR13‐1 FR <0.010 3.1 97.2 640 no data 0.0281 df SS MS F Significance F
FR30‐1 FR 3 1.9 95.1 670 no data 0.0118 Regression 1 0.02287988 0.02287988 1.253582514 0.271469547
FR8‐1 FR <0.010 6.1 94.3 680 no data 0.0135 Residual 31 0.565799433 0.018251595
FR25‐1 FR 0.1 1.9 98.0 760 no data 0.00493 Total 32 0.588679313
FR26‐1 FR 1.4 7.4 91.2 800 no data 0.0321
FR10‐1 FR 2.40 6.1 91.4 800 no data 0.0176 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
FR15‐1 FR <0.010 4.4 95.6 890 no data 0.0388 Intercept 0.097816446 0.034241305 2.856679872 0.007577916 0.027980845 0.167652048 0.027980845 0.167652048
FR7‐1 FR 1.00 7.0 92.0 910 no data 0.0269 d50 ‐0.000335459 0.000299615 ‐1.119634991 0.271469547 ‐0.000946527 0.000275609 ‐0.000946527 0.000275609
FR6‐1 FR <0.010 1.6 98.7 930 no data 0.00884
FR2‐1 FR 1.60 3.0 95.5 1100 no data 0.0735
FR28‐1 FR 2.9 8.6 88.5 1200 no data 0.0269
FR12‐1 FR 2.60 9.1 88.3 1300 no data 0.0418
FR11‐1 FR <0.010 6.1 94.3 1500 no data 0.0716
FR21‐1 FR 1.4 7.3 91.2 1600 no data 0.117
FR29‐1 FR 4.4 19.0 76.6 2500 no data 0.0894
FR1‐1 FR 8.80 25.6 65.6 3300 no data 0.147
FR27‐1 FR 17.3 47.6 35.2 6700 no data 0.246
ITP2‐1 ITP 5.6 13.3 81.1 2800 no data 0.0814
ITP11‐1 ITP 10.9 22.0 67.1 6600 no data 0.272
ITP15‐1 ITP 17.4 28.0 54.6 6700 no data 0.217
ITP4‐1 ITP 11 22.9 66.0 9000 no data 0.258
ITP14‐1 ITP 14.2 24.5 61.3 9000 no data 0.698
ITP1‐1 ITP 12.4 30.1 57.5 9200 no data 0.387
ITP6‐1 ITP 14 28.9 57.1 10000 no data 0.454
ITP7‐1 ITP 13.4 31.9 54.7 12000 no data 0.409
ITP5‐1 ITP 13.8 35.6 50.6 12000 no data 0.55
ITP9‐1 ITP 16.2 38.5 45.2 13000 no data 0.5
ITP3‐1 ITP 16.7 29.8 53.5 13000 no data 0.471
ITP8‐1 ITP 22.4 37.0 40.5 13000 no data 0.484
ITP12‐1 ITP 22 38.9 39.1 15000 no data 0.573
ITP10‐1 ITP 21.9 47.5 30.6 16000 no data 0.615
ITP16‐1 ITP 19.6 40.6 39.8 18000 no data 0.83
ITP13‐1 ITP 26.8 47.2 26.1 20000 no data 0.657
VC201‐q TB 0 80.8 19.2 1600 15.9 0.00575
VC209‐3 TB 0 68.0 32.0 3500 32.7 0.0014
VC211‐2 TB 0 11.0 89.0 3600 260.5 0.00218
VC201‐t TB 0 85.6 14.4 4300 15.2 0.0022
VC202‐3 TB 0 65.1 34.9 4600 32.3 0.00273
VC201‐i TB 0 38.7 61.3 5200 172.5 0.102
VC205‐1 TB 0 69.2 30.8 8100 20.6 0.243
VC209‐1 TB 0 67.3 32.7 8900 23.4 0.00196
VC201‐m TB 0 49.7 50.3 9100 64.6 0.034
VC201‐g TB 0 77.4 22.6 13000 23.4 0.266
VC207‐1 TB 0 57.5 42.5 14000 42.2 0.634
VC201‐b TB 0 80.3 19.7 16000 18.9 0.434
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BP/CT and FR SAMPLES
Sample Area %clay %silt %sand TOC (mg/kg) d50 Total PCBs (mg/Kg) SUMMARY OUTPUT: PCBs vs TOC
VC3‐1 BP/CT 0 12.3 87.7 3300 246.5 0.0135
VC5‐ab BP/CT 0.00 33.7 66.3 4100 200.3 0.0426 Regression Statistics
VC5‐m BP/CT 0.00 36.0 64.0 4500 136.5 0.0223 Multiple R 0.075167522
VC5‐e BP/CT 0.00 32.3 67.7 4900 181.1 0.0229 R Square 0.005650156
VC5‐ag BP/CT 0.00 99.7 0.3 5100 9.5 0.0263 Adjusted R Square ‐0.016446507
VC5‐k BP/CT 0.00 39.3 60.7 5700 85.9 0.0253 Standard Error 0.043015252
VC5‐b BP/CT 0.00 97.0 3.0 5800 10.6 0.0338 Observations 47
VC5‐ae BP/CT 0.00 59.9 40.1 6000 40.0 0.0189
VC12‐1 BP/CT 0.00 60.9 39.1 7400 41.8 0.00474 ANOVA
VC8‐j BP/CT 0.00 58.6 41.4 7400 49.1 0.0248 df SS MS F Significance F
VC8‐b BP/CT 0.00 67.8 32.2 7600 29.1 0.0272 Regression 1 0.000473128 0.000473128 0.255701791 0.615556698
VC12‐3 BP/CT 0.00 27.1 72.9 8100 163.1 0.00494 Residual 45 0.083264036 0.001850312
VC8‐f BP/CT 0.00 46.5 53.5 10000 72.1 0.0325 Total 46 0.083737164
VC26‐3 BP/CT 0.00 40.1 59.9 11000 97.5 0.0432
VC8‐ae BP/CT 0.00 51.4 48.6 22000 55.6 0.0317 Coefficients Standard Error t Stat P‐value Lower 95% Upper 95% Lower 95.0% Upper 95.0%
VC3‐3 BP/CT 0.00 77.0 23.0 25000 18.9 0.0371 Intercept 0.032501772 0.007227505 4.496955896 4.80719E‐05 0.017944829 0.047058715 0.017944829 0.047058715
VC26‐1 BP/CT 0.00 41.1 58.9 48000 86.0 0.0369 TOC 3.89051E‐07 7.69378E‐07 0.505669646 0.615556698 ‐1.16056E‐06 1.93866E‐06 ‐1.16056E‐06 1.93866E‐06
FR19‐1 FR <0.010 1.9 98.3 500 no data 0.00364
FR23‐1 FR <0.010 0.4 99.6 500 no data 0.00572
FR18‐1 FR <0.010 1.6 98.7 500 no data 0.00803
FR17‐1 FR <0.010 1.8 98.3 500 no data 0.00834
FR22‐1 FR <0.010 1.6 98.6 500 no data 0.0153
FR14‐1 FR <0.010 3.2 96.9 510 no data 0.0148
FR9‐1 FR <0.010 1.6 98.9 520 no data 0.0465
FR5‐1 FR <0.010 2.8 97.6 530 no data 0.00853
FR3‐1 FR 1.70 0.0 98.3 560 no data 0.0089
FR24‐1 FR <0.010 1.7 98.5 570 no data 0.0104
FR4‐1 FR <0.010 4.3 95.9 580 no data 0.00923
FR20‐1 FR <0.010 1.6 98.7 580 no data 0.0173
FR16‐1 FR <0.010 1.6 98.5 610 no data 0.0117
FR13‐1 FR <0.010 3.1 97.2 640 no data 0.0281
FR30‐1 FR 3 1.9 95.1 670 no data 0.0118
FR8‐1 FR <0.010 6.1 94.3 680 no data 0.0135
FR25‐1 FR 0.1 1.9 98.0 760 no data 0.00493
FR26‐1 FR 1.4 7.4 91.2 800 no data 0.0321
FR10‐1 FR 2.40 6.1 91.4 800 no data 0.0176
FR15‐1 FR <0.010 4.4 95.6 890 no data 0.0388
FR7‐1 FR 1.00 7.0 92.0 910 no data 0.0269
FR6‐1 FR <0.010 1.6 98.7 930 no data 0.00884
FR2‐1 FR 1.60 3.0 95.5 1100 no data 0.0735
FR28‐1 FR 2.9 8.6 88.5 1200 no data 0.0269
FR12‐1 FR 2.60 9.1 88.3 1300 no data 0.0418
FR11‐1 FR <0.010 6.1 94.3 1500 no data 0.0716
FR21‐1 FR 1.4 7.3 91.2 1600 no data 0.117
FR29‐1 FR 4.4 19.0 76.6 2500 no data 0.0894
FR1‐1 FR 8.80 25.6 65.6 3300 no data 0.147
FR27‐1 FR 17.3 47.6 35.2 6700 no data 0.246
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Client: Traverse, Julien

Address: 

Core ID:

Transaction ID: 

PO/Contract No.: 

Date(s) Received: 

Analysis Date(s): 

Analyst(s): 

Sampling Date(s): 

Project: 

Observations:

Conclusion: 

CRS model of Age at bottom of Extrapolated section in years vs. Depth of bottom edge of current section in cm: 

Regression model of Unsupported Pb-210 activity vs. Cumulative Dry Weight(g/cm2):

When applying the linear regression model, it is assumed that the input of Pb-210 and the sediment accumulation rate are constant. 
Although some variation in the sediment accumulation rate is apparent, the linear regression model was initially applied to the upper 
55 cm (extrapolated depth) of the core, because it appears that the average sediment accumulation rate will be reasonably estimated 
and this estimate of sediment accumulation rate is used to calibrate the CRS model for this core.

Not possible to model.

In this core, sediments above 75 cm (extrapolated depth) probably contain sediments younger than 90 years, which were brought in 
from the surrounding area. Sediments below 75 cm (extrapolated depth) are probably older than 90 years, and do not contain 
detectable atmospheric sourced Pb-210. Due to the physical disturbance at the sampling site, neither the regression model nor the 
CRS model are applicable.

Overall, the analytical quality of radioisotope data (based upon the results of repeat analyses and blanks) is considered good. 

HEMMERA, 
Suite 250 – 1380, Burrard Street, 
Vancouver, British Columbia V6Z 2H3

VC201

671

Results authorized by Dr. Robert J. Flett, Chief Scientist

INTERPRETATION 

September 17, 2013

September 23 - November 10, 2013

L. Hesketh-Jost; B. Nykyforuk; X. Hu

August 16, 2013

Ra-226 was measured at 0.50, 0.32, 0.32 and 0.64 DPM/g in sections G (depth 7.5 - 10 cm), K (depth 40 - 50 cm), Q (depth 100 - 
120 cm and T (depth 175 - 200 cm), respectively (Pages 5 - 9). In the upper 75 cm (extrapolated depth), the unsupported Pb-210 
(column AH on Page 2) was calculated by subtracting the nearest neighbouring Ra-226 measurement from each total Pb-210 value, 
unless noted otherwise. The Ra-226 activities measured in sections Q and T are not significantly different than the Pb-210 activities 
in the same sections, indicating that the sediments accumulated below 75 cm (extrapolated depth) at this sampling site are probably 
older than 90 years, the estimated maximum age detectable in this core.

In this core, the Pb-210 activities generally decrease with depth in the upper 75 cm (Pages 2 & 3). The maximum activity of 2.62 
DPM/g observed in the uppermost section (depth 0 - 1 cm) is about 6 times the activity of 0.44 DPM/g in section VC201-K 
(extrapolated depth 35 - 55 cm). Below 75 cm (extrapolated depth), the Pb-210 activities generally increase from 0.25 DPM/g to 0.66 
DPM/g. 

The dry bulk densities of this core generally increase from 0.684 at core surface to 1.554 g/cm3 in section Q (extrapolated depth 95 - 

125 cm), then vary between 1.182 - 1.323 g/cm3 below 125 cm (extrapolated depth) (Page 4). 

However, this sampling site is located in an area under construction since 2007. It is highly likely that the natural sedimentation 
processes have been disturbed, due to import and/or export of sediments during construction. The declining Pb-210 activity in the 
upper 75 cm (extrapolated depth) does not represent a typical exponential decay of the isotope, but rather is the result of dilution and 
mixing processes due to construction, water currents and/or bioturbation, i.e. some light and organic-rich sediments were probably 
brought in recently in water currents and mixed with pre-existing sandy material. 

The model predicts (R2 = 0.9575) an average sediment accumulation rate of 0.5907 g/cm2/yr when net unsupported Pb-210 (column 
AH on Page 2) was calculated by subtracting the nearest neighbouring Ra-226 measurement from each total Pb-210 value. The age 
at the bottom of section VC201-K (extrapolated depth 55 cm) was 112 years, estimated by the regression model. 

TOE Oct 25-13

Interpretation of Pb-210 and Ra-226 Results
Flett Research Ltd.

440 DeSalaberry Ave.  Winnipeg, MB   R2L 0Y7  

Fax/Phone (204) 667-2505
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Client: Traverse, Julien

Address: 

Core ID:

Transaction ID: 

PO/Contract No.: 

Date(s) Received: 

Analysis Date(s): 

Analyst(s): 

Sampling Date(s): 

Project: 

Observations:

Conclusion: 

Interpretation of Pb-210 and Ra-226 Results
Flett Research Ltd.

440 DeSalaberry Ave.  Winnipeg, MB   R2L 0Y7  

Fax/Phone (204) 667-2505

671

In the upper 30 cm of this core, the unsupported Pb-210 activities are extremely low. Only sections AG (depth 7.5 - 10 cm) and C (20 - 
30 cm) might contain detectable atmospheric sourced Pb-210. The low unsupported Pb-210 activity may be due to hydrodynamic 
activity which strips the sediment of organic matter for which Pb-210 has an affinity. Thus, sediment accumulation could be occurring 
but atmospheric Pb-210 (i.e. Pb-210 in excess of that produced by the in-situ Ra-226) is not being incorporated.  

The variation observed in Pb-210 activities, dry bulk densities and Ra-226 activities may indicate that the sediments in this core are 
not mixed. 

In this core, the Pb-210 activities are low and irregular, varying between 0.40 - 0.67 DPM/g (Pages 2 & 3). The dry bulk densities of 

this core are relatively high, varying between 1.127 - 1.634 g/cm3 (Page 4). Ra-226 was measured at 0.41, 0.45 and 0.56 DPM/g in 
sections AE (depth 4 - 5 cm), E (depth 40 - 50 cm) and M (depth 150 - 175 cm), respectively (Pages 5 - 8).

TOE Oct 25-13

INTERPRETATION 

Below section VC5-C (depth 20-30 cm), none of the total Pb-210 activities are significantly higher (>2 standard deviation) than the Ra-
226 activities measured in the same sections or adjacent sections, indicating that the sediments accumulated below 30 cm depth at 
this sampling site are probably older than 60 years, the estimated maximum age detectable in this core.

E-mail:  flett@flettresearch.ca   Webpage:  http://www.flettresearch.ca   
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Results authorized by Dr. Robert J. Flett, Chief Scientist

September 17, 2013

September 20 - November 3, 2013

L. Hesketh-Jost; B. Nykyforuk; X. Hu

August 15, 2013

CRS model of Age at bottom of Extrapolated section in years vs. Depth of bottom edge of current section in cm: 
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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 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, a long-term strategy to deliver projects to meet anticipated growth in demand for

container capacity to 2030. Tetra Tech EBA Inc. (Tetra Tech EBA) undertook this Dredging Studies –

Dispersion Modelling study to assess sediment re-suspension and deposition during the construction phase

of the Project. Fine sediments in the Project area are of interest because of their association with

polychlorinated biphenyls (PCBs), a constituent of potential concern for marine wildlife, and because of

the direct effect of suspended sediments on marine primary producers, invertebrates and fish. This

technical report describes Tetra Tech EBA’s methods and findings.

The proposed RBT2 site is adjacent to the existing Westshore Terminals coal export terminal and will be

built on the outer face of the Fraser River delta, below low tide level. The site will be built up using a

combination of dredged in situ material from the dredge basin at the face of the terminal, Fraser River

Sand (FRS) reclaimed from annual maintenance dredging, and material from miscellaneous other sources.

These fill materials will be contained by dykes of crushed rock. Before and during construction, the FRS

will be temporarily stored in an underwater stockpile (Intermediate Transfer Pit, or ITP) to the east of the

existing Roberts Bank terminals. The existing tug basin is proposed to be expanded by dredging.

Most of the fill materials for RBT2 will be delivered to the terminal footprint as slurry through pipelines from

dredges operating at the dredge basin and the ITP. The RBT2 footprint will act as a containment cell,

assumed to be divided into two basins, the east basin and the west basin, in which the fill materials can

deposit and from which the liquid fraction of the slurry will be decanted. The fill materials contain varying

fractions of sand, silt and clay, some of which are not expected to settle fully. These suspended fine

materials will be discharged from the containment cell through an underwater pipeline to a Disposal at Sea

(DAS) outfall. The tug basin expansion will be accomplished by clamshell dredging, with the dredged

material disposed by barge dumping in the vicinity of the DAS outfall.

After dredging to the target depth in the dredge basin, the contractor will improve the native Caisson Trench

soil using vibro-replacement. This process generates a plume of sediment, or vibro-replacement

expressed fines (VEF), some of which settles on the adjacent sea bed (VEF fallout) and some of which

remains in suspension longer and may be dispersed by currents (fugitive VEF).

This report addresses sediment dispersion related to dredging native material at the dredge basin; loading

and unloading of terminal fill from the ITP; disposal of the unsettled fines including the VEF fallout, at the

DAS outfall; and dredging and disposal of material removed to expand the tug basin. Other potential
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sediment sources not considered in this report include fugitive VEF, fugitive sediment from the clean-up

dredging in the dredge basin, and sediment handling related to Causeway construction. Due to their short

duration and limited anticipated effects, these sediment sources are addressed qualitatively by others. For

example, potential effects on marine biophysical VCs are addressed in Volume 3 including Sections 11

Marine Vegetation and Section 12 Marine Invertebrates.

Tetra Tech EBA implemented hydrodynamic models of the Strait of Georgia and the RBT2 footprint

containment cells, combined with sediment transport, dredging, dumping and wave modules, to estimate

the quantity and fate of sediments released to the marine environment during construction. Based on the

modelling and analysis, several generalisations regarding the fate of the sediment plumes generated by

the RBT2 dredging and DAS operations can be made:

 The number and type of dredges operating on site has a significant influence on the concentration

and extent of the total suspended solids (TSS) plume.

 Dredging operations within the ITP will generate much smaller concentrations of TSS and lesser

deposition of fines than dredging at the dredge basin, primarily because sediment in the ITP

consists of Fraser River dredged sand, which contains much smaller amounts of fines than the

native material in the dredge basin.

 Dredging operations within the dredge basin will generate a small TSS plume, which is generally

advected along a northwest-southeast axis. Depending on the season, the TSS plume can be

advected onto the tidal flat of Roberts Bank due to upwelling near the northwestern corner of the

RBT2 footprint. Similarly, the TSS plume originating from dredge basin operations can be advected

over the Canada-U.S.A. border for short durations and at small concentrations. This phenomenon

is more likely in summer and fall than in spring.

 For planning purposes, the containment cells have been assumed to capture 85% of all sediment

input from the dredge basin, corresponding to a non-retention rate of 15%. This level of containment

is an estimate based on previous experience and assumes the residence time for dredgeate liquids

in the containment cell will be relatively short. As a sensitivity test, a settling model was also

developed, which predicts more retention of solids: the east and west basin containment cells are

predicted to settle over 97% of all sediment from the input dredge basin dredgeate, corresponding

to a non-retention rate of about 3%, provided they are constructed to operate as settling basins

with a long residence time. This result, coming from Stokes’ law and the basin hydraulics,

represents a potential upper bound to the achievable retention in the containment cells, given

appropriate hydraulic management.
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 The settling model predicts the sediment escaping from the RBT2 footprint containment cells will

be up to 70% clay, with between a third and a half of the input clays captured in the containment

cell, depending on the fill level of the containment cell.

 Even with the 3% non-retention rate, DAS operations will generate a larger TSS plume than near-

surface dredging operations.

 Using an assumed non-retention rate of 15%, the TSS plume has an 80% probability of crossing

the Canada-U.S.A. border in any given hour at concentrations up to 1.0 mg/L, a 20% probability at

concentrations up to 5.0 mg/L and a 10% probability at concentrations up to 10.0 mg/L.

 Using the settling model’s non-retention rate of approximately 3%, the TSS plume originating at

any DAS outfall depth has a 20 to 30% probability of crossing the Canada-U.S.A. border in any

given hour at concentrations below 1.0 mg/L and a 0.1% to 1.0% probability at concentrations up

to 5.0 mg/L.

 For either non-retention rate, the predicted fate of the DAS plume relies on the assumption of a

steady discharge flow rate. If the discharge rate instead varies with tidal conditions, the predicted

plume positions could have greater extents and predicted TSS concentrations could be higher.

 The TSS plume originating from an outfall depth of 75 m is unlikely to be advected onto the tidal

flat of Roberts Bank, while an outfall location of 45 m depth will result in occasional TSS

concentrations up to 5 mg/L on the tidal flat of Roberts Bank. This is due to near-surface upwelling

effects along the face of Roberts Bank.

 For both dredging and DAS operations, a dominant factor in the fate of the released fine sediments

is dispersal by currents and turbulent mixing. Deposition of the fine material will be limited to the

region immediately surrounding the RBT2 footprint and will be an order of magnitude smaller than

the estimated natural sedimentation rate for Roberts Bank. The bulk of the fine material generated

during construction will be diluted to below 1 mg/L and flushed from the Strait of Georgia.

 The excavation of the tug basin and disposal of the resulting dredgeate results in two TSS plume

behaviours. At the DAS location, the suspended fine sediments are dispersed similarly to the fine

material exiting through the discharge pipe. These sediments have a 20% probability of crossing

the Canada-U.S.A. border at a concentration between 1 mg/L and 5 mg/L in any given hour.

Suspended sediments from the excavation of the tug basin are generally confined to the tidal flat

adjacent to the Causeway and have a 40% probability of locally exceeding 1 mg/L, a 1% probability

of exceeding 5 mg/L and a 0.1% probability of exceeding 10 mg/L in any given hour.
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1.0 INTRODUCTION

This section provides Project background information and an overview of the Dredging Studies – Dispersion

Modelling 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, 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 to inform a future effects

assessment for the Project. In turn, Hemmera has retained Tetra Tech EBA Inc. (Tetra Tech EBA) to

undertake this Dredging Studies – Dispersion Modelling Study to predict the extent and magnitude of

sediment re-suspension and deposition during the construction phase of the Project. This technical report

describes Tetra Tech EBA’s methods and findings.

1.2 DREDGING STUDIES – DISPERSION MODELLING OVERVIEW

The proposed RBT2 site is adjacent to the existing Westshore Terminals coal export facility and will be built

on the outer shoulder of the Fraser River delta. The footprint for the RBT2 terminal will be built up using a

combination of (i) dredged in situ material from the dredge basin consisting of the Berth

Pocket / Approaches and Caisson Trench (BP/CT) area at the south face of the terminal, (ii) Fraser River

Sand (FRS) reclaimed from annual maintenance dredging, and (iii) materials from miscellaneous other

sources. These fill materials will be contained by dykes of crushed rock, or rip-rap. Before and during

construction, the FRS will be temporarily stored in an underwater stockpile (Intermediate Transfer Pit, or

ITP) to the east of the existing Roberts Bank terminals. The existing tug basin is proposed to be expanded

by dredging. Figure 1.1 illustrates the location of RBT2, including the dredge basin, expanded tug basin

and ITP, relative to the existing Roberts Bank terminals.

Most of the fill materials for RBT2 will be delivered to the terminal footprint as slurry through pipelines from

cutter-suction dredges operating at the dredge basin and the ITP. The RBT2 footprint will act as a

containment cell, assumed to be divided into two basins, the east basin and the west basin, in which the fill

materials can deposit and from which the liquid fraction of the slurry can be decanted. The fill materials

contain varying fractions of sand, silt and clay, some of which are not expected to settle fully. These

suspended fine materials will be discharged from the containment cell through an underwater pipeline to a

suitable Disposal at Sea (DAS) location. The tug basin expansion will be accomplished by clamshell

dredging, with the dredged material disposed by barge dumping in the vicinity of the DAS outfall.
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After dredging to the target depth in the dredge basin, the contractor will improve the native Caisson Trench

soil using vibro-replacement. This process generates a plume of sediment, or vibro-replacement

expressed fines (VEF), some of which settles on the adjacent sea bed (VEF fallout) and some of which

remains in suspension longer and may be dispersed by currents (fugitive VEF).

Study components, major objectives and a brief overview are provided in Table 1.1.

Table 1.1 Dredging Studies – Dispersion Modelling Study Components and Major Objectives

Task Major Objective Brief Overview

1) Existing Data Review and
Technical Integration with
RBT2 Environment Team

 Gather and review existing data
and information related to the
sediment dispersion study and the
broader Project

 Interface with Hemmera, Port
Metro Vancouver and other parties
in the Project team

Data and information to include
construction plans, schedules and
sequences, regulatory requirements,
sediment characterization and local
and regional hydrodynamics

2) Turbidity/TSS Generated
During Cutter-Suction
Dredging

 Quantify the amount and particle
size of fine sediment generated
during dredging of the dredge
basin at the face of RBT2

Sediment plume stirred up by cutter-
suction dredging to be characterized
in terms of total suspended solids

(TSS) and deposition footprint

3) Settlement of Agitated
Sediment within Containment
Cell

 Predict the concentration of TSS at
the inlet of the discharge pipe from
the RBT2 footprint

Hydraulic retention time decreases as
work proceeds. TSS concentration
and particle size distribution (PSD)

to be predicted as a function of time

4) Settlement of Entrained Fine
Sediment Following DAS.

 Estimate and illustrate the DAS
plume

Plume trajectory and ultimate fate to
be characterized in terms of TSS and
deposition footprint

5) TSS Generated during the
Loading and Unloading of
the ITP

 Quantify the turbidity generated
during loading and unloading of
the ITP

“Loading” = discharge of FRS from
hopper suction dredge to ITP

“Unloading” = recovery of FRS from
ITP to RBT2 footprint by cutter-
suction dredge

Sediment plumes stirred up by these
two activities to be characterized in
terms of TSS and ultimate deposition
footprint

6) TSS Generated during
Dredging and Disposal of
Tug Basin Expansion
Sediments

 Quantify the suspended sediment
generated by tug basin expansion
activities

Sediment plumes from clamshell
dredging activity and from barge
dumping to be characterized in terms
of TSS and ultimate deposition
footprint

Figure 1.2 provides a Gantt chart showing the scheduling of the above activities. Section 2.6 provides an

in-depth explanation of the as-modelled study component schedule and further discussion of the Figure.

Overall, the dispersion modelling described herein predicts the fate of sediments that will be re-suspended

in the water column as a result of three major types of activities during Project construction:
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(i) Re-suspension of surficial and deeper sediments from the dredge basin and expanded tug basin

during active dredging, and re-suspension of sediments from the ITP during loading and unloading

of FRS for terminal fill.

(ii) A DAS discharge that will convey the poorly settleable portions of the BP/CT dredgeate, VEF

fallout, and then FRS transferred from the ITP to the dyked perimeter, to a location along the

Roberts Bank foreslope, at a distance of approximately 300 m from the berth face.

(iii) Barge dumping, at the DAS site, of sediment dredged from the expanded tug basin.

Other potential sediment sources not considered in this report include fugitive VEF, fugitive sediment from

the clean-up dredging in the dredge basin, and sediment handling related to Causeway construction. These

sediment sources will be addressed qualitatively by others.

Section 2.0 provides a review of the literature and data sources on which Tetra Tech EBA relied for this

study; Section 3.0 outlines Tetra Tech EBA’s approach to each of the study components; Section 4.0

provides descriptions of the modelling tools used in the study; Section 5.0 presents and discusses the

results of the study. Conclusions, closure, and references follow.
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2.0 DATA REVIEW

This section provides a review of the literature and data sources on which Tetra Tech EBA relied for the

Dredging Studies – Dispersion Modelling Study. This section constitutes the reporting deliverable for Task 1

of Table 1.1.

2.1 BATHYMETRY

Tetra Tech EBA received Project area bathymetry data from the CCIP team. The following datasets were

provided:

 Port Metro Vancouver 2013 Lidar (PMV 2013 Lidar);

 Port Metro Vancouver 2011 Lidar (PMV 2011 Lidar);

 Bathymetry data compiled by Triton (Triton Dataset). This dataset incorporates:

o 2011 bathymetry and Lidar by Terra Remote Sensing;

o 2004 Fraser River bathymetry by Public Works and Government Services Canada;

o 2005 Lidar from Fraser Basin Council by Terra Remote Sensing; and

o Coarse Strait of Georgia bathymetry from Canadian Hydrographic Service (CHS).

 Multibeam Strait of Georgia bathymetry by CHS (CHS Multibeam); and

 Turning Basin and Terminals approach soundings by Canadian Hydrographic Service (Approach

Soundings).

Tetra Tech EBA used these data to generate bathymetry for the hydrodynamic models applied in this study.

Table 2.1 summarises the datums, resolutions and domains of the five datasets. To generate model

bathymetry, the five datasets listed above were utilised using a priority sequence, as follows: In a given

location,

1. PMV 2013 Lidar was used, if available. Otherwise;

2. CHS Multibeam was used, if available. Otherwise;

3. Approach Soundings data were used, if available;

4. Triton Dataset was used everywhere else; and

5. PMV 2011 Lidar was not used, since it is already incorporated into the Triton Dataset.
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Table 2.1 Bathymetry Datasets

Name Datum Horizontal Resolution Domain

PMV 2013 Lidar Geodetic 20 m
Banks, from Point Grey to Tsawwassen, down

to low tide line

PMV 2011 Lidar Chart 1 m
Banks, from Canoe Pass to Deltaport, down to

30 m depth

Triton Dataset Geodetic
variable: 5 km in Strait of
Georgia, 10 m on Roberts

Bank

Fraser River to Annacis Island, Burrard Inlet,
Strait of Georgia from Sechelt to Saturna Island

CHS Multibeam Chart 5 m
Strait of Georgia, offshore between Canoe Pass

and Point Roberts, below 20 m depth

Approach
Soundings

Chart 5 m
South and west sides of Deltaport and

Westshore Terminals, including part of the ITP

Chart datum (CD) is Lowest Normal Tide which is approximately 3.0 m below the geodetic datum (mean

water level) at Tsawwassen. All datasets were converted to CD, for modelling purposes.

2.2 SEDIMENT CHARACTERIZATION

The RBT2 site will utilise a combination of dredged in situ material from Roberts Bank and imported FRS

beneficially reused from annual maintenance dredging. Data from both Roberts Bank and the Fraser River

dredging operations were reviewed to arrive at a set of representative sediment characteristics for in situ

material at the dredge basin and imported FRS. Representative particle size distributions (PSDs) and

material properties for both the in situ material and the FRS were selected based on the best available data,

and assumptions for the RBT2 preliminary design.

The fine sediment content of the in situ sediment and FRS was represented using four sediment

particle-size bins in the hydrodynamic models. The sediment bins were defined for particle sizes between

74 μm (passing a 75 μm sieve) and 1 μm (approaching the colloidal limit) based on a log-linear distribution 

of particle size limits, resulting in a higher resolution of the finer silts and clays compared to coarser

sandy-silts.

2.2.1 In Situ Dredge Basin Material

The in situ Roberts Bank sediments from the western edge of the RBT2 footprint were characterized using

an estimated average PSD of dredgeate, presented in Figure 2.2.1. This PSD curve was adapted from

Klohn Crippen Berger (KCB 2013) which references geotechnical evaluations completed by Golder

Associates Limited. CPT and sonic borehole samples collected from within the RBT2 Project footprint

yielded twenty-seven samples adjacent to the dredge basin. Analysis of these samples shows an average

of 21% of the material had a diameter of less than 75 μm, corroborating the curves shown in KCB (2013).  
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In situ sediments are estimated to have a specific gravity of 2.75 and a solid fraction of 0.549

(WorleyParsons 2011). The fines content estimated from the PSD curve was subdivided into five size

classes (Table 2.2).

Table 2.2 In situ Sediment Properties at the Dredge Basin

Particle Size Bin
Fraction Specific Gravity Solids Fraction

Midpoint1 Lower Upper

μm μm µm % - - 

2 1 3 3.8

2.75 0.549

5 3 9 2.0

15 9 25 4.9

43 25 74 10.2

200 74 2000 79.1

1 The midpoint is calculated as the logarithmic centroid of the particle size bin, rather than the arithmetic mean.

In the text of this report, the particle size bins are referred to by the range of sizes they represent

(e.g. 25-74 µm). However, for brevity, in the figures the particle size bins are referred to by their midpoints

(e.g. 43 µm).

2.2.2 Vibro-replacement Expressed Fines

Native soil densification in the Caisson Trench will be carried out by vibro-replacement. This process is

expected to result in the deposition of a layer of sediment (VEF fallout) on the adjacent sea bed.

The expected characteristics of the VEF fallout are similar to those of the native material undergoing

densification, but quantitative descriptions from past projects were not available. This report assumes that

the VEF layer will have the same PSD as the native material (Table 2.2).

During the vibro-replacement process, some of the finest fraction the VEF will likely be carried away by tidal

currents (fugitive VEF). Considering this potential loss of fines, the assumed PSD of the VEF fallout may

be finer than what actually occurs. This finer PSD would be conservative from a water quality perspective,

when considering the potential plume generated by disposal of the material, because the finer materials

would be predicted to stay in suspension longer and travel farther.

However, it is also possible that the vibro-replacement process could preferentially liberate the finer fraction

of the in situ material. If this is the case, the assumed PSD of the VEF fallout may be coarser than what

actually occurs, leading to a different predicted spatial extent of the deposition footprint and lower predicted

suspended sediment concentrations.

The predicted fate of the VEF disposal plume presented later in this report as a component of the DAS

operation is subject to the uncertainty inherent in the assumed PSD.



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 7

2.2.3 In Situ Tug Basin Material

To expand the existing tug basin, native material will be removed by clamshell dredging. For modelling

purposes, the PSD of the tug basin native materials was assumed to be the same as that of the dredge

basin native material (Table 2.2). Data provided by the Project team show that the PSD of sediments near

the tug basin expansion area is variable, with a median sediment diameter ranging from 17 to 316 µm over

eight samples; no PSD data were available from within the expansion area itself. For comparison, the

assumed median diameter for modelling is approximately 150 µm (Figure 2.2.1).

2.2.4 Fraser River Sand

Fraser River Pile & Dredge Inc. (FRPD) owns and operates the only dredges on the B.C. coast capable

of undertaking the work. FRPD provided information with respect to their dredging capabilities, to enable

a realistic schedule of dredging to be developed. PSD measurements of in-hopper dredgeate collected from

the Fraser Titan, a trailing suction hopper dredger owned and operated by FRPD, were analysed to

determine the properties of the FRS dredgeate delivered to the ITP. Seventy-one samples of material

dredged from the navigational channel of the Fraser River at Sand Heads Reach, Steveston Cut and

Steveston Bend were collected from the Fraser Titan between June 2007 and March 2008. These reaches

of the Fraser River cover the potential area of source material for the RBT2 Project

(i.e., within the lower 12 km of the river). A sieve analysis was completed by Golder Associates Limited in

June 2008 (J. Halmarick, FRPD, personal communication).

Based on the mean properties of the full sample set, Samples 655 and 208 were selected as representative

samples of the average distribution of the coarsest and finest 10% of the samples. Sample 570 had the

highest fines content of the data set, but showed an unusual distribution of fine sand and was excluded

from further consideration. Sample 699 contained the next highest fines content with 1.9% of the mass less

than 75 μm, compared to an average fines content for the sample set of 0.8%. This sample, therefore, was 

selected as a conservative representation for the FRS. Figure 2.2.2 shows the PSDs of selected samples

as well as the overall average distribution.

A minimum sieve size of 75 μm was used in analysing the larger Fraser Titan data set, which provides the

percentage of fine particles in the sample, but not the PSD of the fine sediments themselves. Therefore,

the distribution of particle sizes below 75 μm was assumed to be log-linear, spreading equally across the 

four previously defined sediment classes. Fraser River sediments are estimated to have a specific gravity

of 2.75 (WorleyParsons 2011). The solids fraction in situ varies from site to site, a value of 0.588 was

estimated based on previous experience on other local projects. Table 2.3 provides the resulting sediment

properties.
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Table 2.3 Sediment Properties for Fraser River Sand Dredgeate

Particle Size Bin
Fraction Specific Gravity Solids Fraction

Midpoint Lower Upper

μm μm μm % - -

2 1 3 0.5

2.75 0.588

5 3 9 0.5

15 9 25 0.5

43 25 74 0.5

200 74 2000 98.0

2.2.5 Constituents of Potential Concern

Tetra Tech EBA understands that polychlorinated biphenyls (PCBs) are a constituent of potential concern

in some of the in situ materials in the Project location as well as in the proposed fill to be imported from the

Fraser River. Sediment characteristics for RBT2 materials and the potential for the proposed dredging

operations to lead to an increase in PCB exposure of marine mammals are discussed by Hemmera (2014a,

b). PCBs are not addressed directly in this report, which considers only sediment releases to the marine

environment.

Nevertheless, Tetra Tech EBA understands that the in situ sediments in the ITP location, as well as

imported materials from the Fraser River and other potential fill materials or disturbed native materials, may

pose a potential concern in terms of PCBs, and that PCBs are often preferentially associated with fine

sediment. Therefore, particular attention was given to the fate of fine sediments from these sources.

2.2.6 Sedimentation Rates in the Strait of Georgia

Grant et al. (2011) calculated sedimentation rates at six sites in the Strait of Georgia within approximately

25 km of RBT2. Sedimentation rates at these sites ranged from 2 to 18 mm/A (0.2 to 1.5 mm/month), with

a sedimentation rate of 9 mm/year at the nearest sample location (offshore of Sturgeon Bank) to the RBT2

site. Evoy et al. (1993) determined sediment accumulation rates across the Fraser Delta foreslope,

including sections of Roberts Bank, using a series of 28 samples gathered from core samples.

The sediment accumulation rate was found to be highly spatially variable, with rates ranging from 5 mm/A

to 30 mm/A depending on the location and the surrounding bathymetry. A sedimentation rate of 8 mm/A

was suggested for offshore of the delta foreslope. Clague et al. (1998) further cite and confirm the earlier

results of Evoy et al. (1993). Burd et al. (2008) suggest sedimentation rates in the vicinity of Roberts Bank

range between 10 mm/A and 20 mm/A, while Picard et al. (2006) present sedimentation rates between

3 mm/A and 7 mm/A as historical sedimentation rates in the northern Strait of Georgia. Levings and

Sutherland (2001) indicate the sedimentation rates for the marshy zones adjacent to Roberts Bank range
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from 3 mm/A to 21 mm/A. Northwest Hydraulic Consultants’ coastal geomorphology study (2014) reported

average sedimentation rates in the tidal flats north of the Roberts Bank Causeway ranging from -4 to

+20 mm/A.

Based on these studies, the sedimentation rate in the vicinity of Roberts Bank (within approximately 25 km)

could range from a low of 2 mm/A to a high of 30 mm/A. Near the Project location, the sedimentation rate

is more likely in the range of 8 mm/A (foreslope) to 20 mm/A (marshy areas), with Grant et al. (2011) and

Evoy et al. (1993) indicating a sedimentation rate on the Fraser Delta foreslope of 9 mm/A and 8 mm/A

respectively. Therefore, a reasonable estimate of the sedimentation rate is approximately 10 mm/A.

The depositional patterns presented later in this report are plotted with a cutoff thickness of 0.1 mm; that

is, deposition values less than 0.1 mm are not shown. Deposition of 0.1 mm is approximately 1% of the

total annual deposition in the vicinity of Roberts Bank.

Unless specifically indicated otherwise, depositional patterns and thicknesses presented later in this report

refer to the cumulative deposition resulting from a single dredging operation or season. Dredging operations

for RBT2 construction typically occur over a limited period and recur one to two times per year. To help

understand the impact of these dredging operations, comparisons are made in this report to the annual rate

of deposition by natural sources.

2.2.7 Natural Sediment Concentrations on Roberts Bank

The primary source of suspended sediment in the Strait of Georgia and on Roberts Bank is the Fraser River

plume. As a result, the natural concentrations of suspended sediment are variable, increasing during the

freshet. TSS concentrations in the range from 20-35 mg/L were observed in five samples taken at Roberts

Bank between May and October 2004 (J. Traverse, Hemmera, personal communication).

For waters with background TSS concentrations between 25 and 100 mg/L, the applicable B.C. water

quality guideline for aquatic life is a “change from background of 10 mg/L at any time” (British Columbia

Ministry of Environment 2001). For convenience, therefore, results in this report are presented on scales

that facilitate comparisons with the 10 mg/L guideline.

2.3 CURRENT METERS

Current meter data were collected on Roberts Bank as part of a Geological Survey of Canada (GSC)

study (Hill et al. 2013). ASL (2003) discussed the current measurements in further detail. The data are

freely licensed for use and remain the copyrighted property of the Department of Natural Resources

Canada.

The locations of the GSC current meters, labelled GSC acoustic Doppler current profiler (ADCP) and

GSC Norton in Figure 2.3.1, are ideal for validating the performance of a hydrodynamic model on Roberts
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Bank, with the GSC ADCP deployed in approximately 8 m of water near the edge of Roberts Bank, and a

single-point current meter (termed 'Norton') deployed further inshore which was only inundated during

higher water levels, for approximately 70% of the deployment time. These two current meters were used to

validate the hydrodynamic model, as discussed in Section 4.1 and Appendix A.

Additionally, Tetra Tech EBA requested and received current meter data from Fisheries and Oceans

Canada (2013) within a window covering from 48.9°N to 49.1°N and from 123.05°W to 123.35°W.

Thirty-one data files were provided, dating from 1969 to 1985. The deployment locations of these current

meters are shown in Figure 2.3.1. Eleven of the files included data quality warnings and were not

considered further (white circles in Figure 2.3.1). Of the remaining files, six are adjacent to RBT2

approximately in the proposed DAS outfall location:

1. RB04: deployment from March 17 to 27, 1970, at 15 m depth;

2. RB04: deployment from April 2 to May 5, 1970, at 15 m depth;

3. RB05: deployment from March 17 to 24, 1970, at 15 m depth;

4. RB05: deployment from April 2 to May 5, 1970, at 15 m depth;

5. RB10: deployment from January 28 to March 1, 1977, at 77 m depth; and

6. RB10: deployment from March 10 to May 11, 1977, at 65 m depth.

Before beginning work on the DAS plume modelling, Tetra Tech EBA analysed the data contained in these

six files for general trends. The 10-day deployment at RB04 provided an average current velocity of

6.3 km/day (0.07 m/s) to the northwest, while the 33-day deployment provided an average speed of

2.5 km/day (0.03 m/s) in the same direction with a maximum daily excursion of 18 km. The 7-day

deployment at RB05 provided an average speed of 5.3 km/day (0.06 m/s) to the southeast, while the 33-day

deployment provided an average speed of 3.1 km/day (0.04 m/s) in the same direction with a maximum

daily excursion of 20 km. At 77 m depth at RB10, the average current speed was observed to be 2.5 km/day

(0.03 m/s) to the northwest with a maximum daily excursion of 11 km. At 65 m depth at RB10, the average

current speed was 2.7 km/day (0.03 m/s) to the northwest with a maximum daily excursion of 12 km. These

statistics provide a general impression of the potential trajectory of the DAS plume and compare favourably

with the DAS modelling results presented below.

2.4 PERIMETER DYKE PERMEABILITY OF THE RBT2 FOOTPRINT CONTAINMENT CELL

Water balance is a key component of modelling the fate of suspended or settled sediments in containment

cells during the infilling of the east and west basins. Existing water depths within the proposed RBT2

footprint have a maximum value of almost 5 m below CD. The proposed perimeter dykes rise to 6 m or

more above CD (AECOM drawing 60287593-MA-217, dated July 22, 2013), for a total vertical range of
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over 10 m. According to the drawings issued for the Project Description, the perimeter dykes will be

constructed of crushed rock with a 0.3 m gravel filter layer on the inner face. In the Project area, the range

of normal tides is from 0.0 to 4.9 m above CD, with mean sea level at 3.0 m above CD. Therefore, there is

a potential for a steep instantaneous hydraulic gradient across the dyke during portions of the tidal cycle,

driving flow through the perimeter dykes. If not managed further and appropriately, such flow could result

in ‘fugitive’ losses of water and the associated suspended sediments (turbidity) to the adjacent marine

environment. An important simplifying assumption for this study, therefore, is that flows through the

perimeter dykes will be appropriately managed through engineering design, and contractor means and

methods, to prevent the development of fugitive sediment losses during lower tide conditions.

It was further assumed that water outflow through the perimeter dykes was negligible for modelling

purposes. The implications of this assumption are discussed further in Sections 4.4, 4.5 and 5.4.

2.5 DREDGING MECHANICS

Based on data provided by FRPD, the properties of the Columbia and Fraser Titan dredging vessels have

been parameterised as inputs into the dredging and hydrodynamic models. These ship properties are

summarised in Table 2.4. The properties of the second, as yet unnamed, cutter-suction dredge planned for

ITP deployment (Unnamed Second Dredge) had not been established at the time of completion of the

dispersion modelling study.
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Table 2.4 Summary of Dredging Ship and Barge Properties

Property Value Unit

Columbia

Cutter Tip Swing Velocity 0.56 m/s

Width of Cutter Head 1.70 m

Diameter of Cutter Head 1.80 m

Rotation Speed of Cutter Head 0.50 Rotations per second

Typical Thickness of Dredge Cut 1.80 m

Dredge Depth Range 13.0 - 30.0 m

Maximum Ladder Angle (standard / extension) 44 / 40 °

Fraser Titan

Ship Length 95.0 m

Ship Beam 16.0 m

Loaded Draft 5.3 m

Unloaded Draft 3.0 m

Dredgeate Release Time 5.0 s

Hopper Capacity 3,420 m3

Clamshell Dredge

Bucket Volume 7.65 m3

Cycle Time (One Dredge Grab) 60 s

Bucket Fill Efficiency 83 %

Barge for Tug Basin Disposal

Hopper Barge Capacity 1500 m3

Number of Operating Barges 1

Based on input from FRPD, it is assumed that cutter-suction dredging operations, including clean-up of the

VEF fallout, will be carried out continuously over the periods indicated in the construction schedule (see

Section 2.6). It was assumed that the Fraser Titan will make four deliveries daily to the ITP, and will operate

continuously over the scheduled periods (Section 2.6). Based on information presented in Construction

Schedule – Basis of Schedule (Basis of Schedule; AECOM 2013), the dredging capacities of the three

dredges have been estimated. The dredging rates presented in the Basis of Schedule are based on an

estimated volume placed in the containment cells per day. The in situ (i.e., on the seabed) volume of the

dredgeate was estimated from this in-place volume, the assumed bulking factor (change in bulk volume

due to compaction), and retention rate (fraction retained in the containment cell) for placed fill. From this

in situ volume, the solids fraction for dredge basin and FRS sediments were applied to arrive at a final solids

flux rate (i.e., the estimated volume of solid material transported through the dredge ship). These data are

summarised in Table 2.5. Volumes of dredged material are described only in terms of the volume of solids

throughout the remainder of this report, except where otherwise indicated.
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Table 2.5 Summary of Cutter-Suction Dredging Ship Production Rates

Location

Placed

Volume
In situ Volume Solids

Solids

Volume

Fraction

Retention

Rate

Bulking

Factor
m3/day m3/day m3/hr m3/hr

Columbia

Dredge

Basin
13,500 17,647 735 404 0.549 0.85 0.90

ITP 15,000 19,608 817 480 0.588 0.85 0.90

Unnamed Second Dredge

ITP 3,500 4,575 191 112 0.588 0.85 0.90

Fraser Titan

ITP 10,500 13,725 572 336 0.588 0.85 0.90

Assumed properties of the clamshell dredge and barges to be used for tug basin expansion, and associated

production rates of the dredge and barge operations there, are presented in Tables 2.4 and 2.6. The tug

basin dredging operation was assumed to use 15-hour work days including 10% down time, 6 days per

week. This work schedule allows the tug basin expansion dredging to be completed in approximately 54

days, thereby fitting into the available 2-month work window (Figure 1.2). These assumed properties and

production rates were presented to the project team (Hemmera and WorleyParsons) and were accepted

as being a realistic representation of how the dredging would be implemented.

According to the assumptions listed in Table 2.4, the clamshell dredge can pick up 7.65 m3 of material per

scoop, of which 83% is the target native material and 17% is water. With the assumed 0.549 solids fraction

of native material, the expected volume of solids per scoop is 3.49 m3, for an overall solids fraction in the

scoop of 0.456. The clamshell scoop is assumed to lose 2% of its contents before delivery to the barge.

The clamshell dredge will take approximately 3 hours to fill the barge, and the barge is assumed to make

three trips per day. The daily production rates of clamshell dredge and barge are summarised in Table 2.6.
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Table 2.6 Summary of Clamshell Dredging Ship and Barge Production Rates

Location
Trips per

Day

Total

Volume

In situ

Volume

Solids

Delivered

Solids

Lost

Solids

Volume

Fraction

Time to

Fill Barge
m3/day m3/day m3/day m3/day

Clamshell Dredge

Tug Basin N/A 4,500 3,735 2,051 41 0.456 3:20

Barge for Tug Basin Disposal

Tug Basin 3 4,500 3,735 2,051 N/A 0.456 N/A

2.6 CONSTRUCTION SCHEDULE

To develop an adequate understanding of the construction schedule, the analysis initially used the Basis

of Schedule and the RBT2 Modified Preliminary Design Project Construction Schedule (August 2013 Gantt

Chart) provided to Tetra Tech EBA on August 9, 2013. These documents have since been updated with

the Basis of Schedule Rev C (AECOM 2014) and the Project description document Project Description,

Rev B (Port Metro Vancouver 2014). These latter documents include alterations to the dredging schedule

and to several assumptions in the dredging study; however, the results presented in this document are

robust against these changes and no significant alterations to the modelling were required.

The proposed terminal area construction is scheduled to commence in July 2018 and extend through to

May 2023. Major sediment handling operations from July 2018 to September 2021 will be carried out by

the three previously mentioned dredging vessels operated by FRPD. Dredging operations are proposed at

three locations near the port expansion site: the dredge basin, the ITP and the tug basin. Dredging at the

dredge basin will lower the seabed immediately in front of RBT2 to a depth of 30 meters below mean CD.

The ITP will be used as a transfer and stockpile area for FRS recovered from annual maintenance dredging

of the main navigation channel within the Fraser River. The depth of the ITP will vary between 5 m and

13 m below CD, depending on the phase of the stockpiling operation. Clamshell dredging at the tug basin

will remove native material for expansion of the existing tug basin. Dredge basin dredging is assumed to

be conducted by the Columbia cutter-suction dredge or similar equipment. It is proposed that this cutter-

suction dredge will operate continuously from April 1 to October 15 (outside of prescribed crab closures),

dredging to full depth and progressing from East to West, taking up a total in situ volume of 4,168,000 m3

(KCB 2013). VEF clean-up dredging will also be conducted by the Columbia, during the same window of

time, taking up a total in situ volume of 128,000 m3 (AECOM 2014). ITP loading will be accomplished by

FRPD’s Fraser Titan dredge or a similar vessel, making four daily trips from the Fraser River to the ITP.

ITP unloading will be conducted by FRPD’s Columbia dredge ship or similar equipment during fisheries

closure of the dredge basin dredge site (October 15th to April 1st) and by the Unnamed Second Dredge from

July 1, 2019 onwards. Clamshell dredging at the tug basin will occur between the salmon and crab closures:
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August 16 to October 9, 2021. The in situ volume of material to be removed by clamshell dredging, including

a 5% contingency, is 172,000 m3. The dredging schedule applied in this study is summarised in Table 2.7.

Table 2.7 Summary of Applied Schedule

Location Start Date (d/m/year) End Date (d/m/year)

Columbia

Dredge Basin: Dredging and
VEF Clean-up

1/4/2019 15/10/2019

1/4/2020 15/10/2020

ITP: Unloading
1/11/2019 31/3/2020

1/11/2020 15/9/2021

Unnamed Second Dredge

ITP: Unloading 1/10/2019 (ongoing)

Fraser Titan

ITP: Loading

1/7/2019 28/2/2020

1/7/2020 28/2/2021

1/7/2021 31/8/2021

Clamshell Dredge

Tug Basin: Dredging 16/8/2021 9/10/2021

A comparison of the full schedule of dredging activities covered under the scope of this report to the

schedule presented in the most recent schedule document Basis of Schedule, Rev C (AECOM 2014) is

presented in Table 2.8 and plotted as a Gantt chart of scheduled and modelled activities on Figure 1.2. In

several instances, there is a one day discrepancy in schedule, likely due to differences in the precise

interpretation of dredging start time (i.e., beginning at 23:59 on 30/09/2019 or 00:01 on 01/10/2019). The

start date of underwater stockpile unloading (ITP) is offset by five days for the dredging vessel “Columbia”.

This discrepancy in start date is not significant in terms of total release volume or the seasonality of

circulation patterns in the Strait of Georgia. Deviations between the scheduled and modelled end dates of

DAS operations are discussed further in Section 4.4.
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Table 2.8 Comparison of Modelled Time Periods and the Construction Schedule

Activity

Model Construction Schedule

Start Date

(d/m/year)

End

(d/m/year)

Start Date

(d/m/year)

End

(d/m/year)

Titan to Stockpile 1/7/2019 28/2/2020 1/7/2019 28/02/2020

Dredge Approach and Caisson Trench 1/4/2019 15/10/2019 1/4/2019 14/10/2019

Stockpile Reclaim to East Basin 1/11/2019 31/3/2020 26/10/2019 31/3/2020

Stockpile Reclaim to East Basin 1/10/2019 (ongoing) 30/9/2019 (ongoing)

DAS of East Basin1 Effluent from Dredge Basin

(Fill2)
1/4/2019 27/7/20193 1/4/2019 14/10/2019

DAS of East Basin Effluent from VEF Clean-up 28/7/2019 31/7/2019 1/4/2019 14/10/2019

DAS of East Basin Effluent from Stockpile (Fill) 1/11/2019 05/12/20194 26/10/2019 12/02/2020

Tug Basin Dredging 16/8/2021 9/10/2021 15/8/2021 15/10/2021

1 The release rates of east and west basin sediments are similar, so in this report only east basin results are presented.
2 Modelling includes only the fill stage of basin construction.
3 This is the date at which the prescribed fill volume (50% of dredge basin volume) is reached at the dredge rates provided in the
project description.
4 This is the date at which the fill stage of basin construction is completed at the dredge rates provided in the project description.



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 17

3.0 METHODS

Expanding on and continuing from the study overview provided in Section 1.2, this section addresses the

spatial and temporal scope of the study and presents the study approach for each of the study tasks.

3.1 STUDY AREA

The spatial extent of the study area is conceptually defined as the region within which the dredging and

sediment transfer activities described above may have an effect on the marine environment. The study was

conducted primarily by the application of hydrodynamic models. The spatial domains of these models are

described in Section 4.0. In general, the study area includes the Strait of Georgia as far north as Point

Grey and as far south as Saturna Island.

3.2 TEMPORAL SCOPE

As detailed in Section 2.6, the construction schedule provided in the Basis of Schedule and the August

2013 Gantt Chart proposes the loading of the ITP starting in July 2018 and dredging in the dredge basin

starting in April 2019. Dredging from the dredge basin is proposed to continue until October 2020 and

unloading of the ITP until September 2021. Dredging at the tug basin is proposed from August 15 to October

15, 2021. The proposed dredging, loading and unloading operations will follow a seasonal pattern dictated

especially by fisheries closures. For the purposes of estimating the fate of re-suspended sediments due to

these operations, a single year, with the greatest extent of sediment disturbance activities, was selected

based on the construction schedule such that it encompassed all activities of interest.

The period from April 2019 to March 2020 was selected for estimating the fates of re-suspended sediments.

During this representative year, the following operations are scheduled to occur:

 Dredging by the Columbia from the dredge basin into the RBT2 footprint, including VEF clean-up,

from April 1, 2019 to October 15, 2019;

 Fraser Titan loading the ITP with FRS from July 1, 2019 to February 28, 2020;

 Columbia unloading the ITP into the RBT2 footprint, from November 1, 2019 to March 31, 2020;

 Unnamed Second Dredge unloading the ITP into the RBT2 footprint from October 1 to

March 31, 2020; and

 Discharge from the RBT2 footprint to the DAS outfall throughout operations.

This schedule is presented as a Gantt chart in Figure 1.2.

In the following year, from April 2020 to March 2021, the scheduled construction activities are almost

identical. The representative year includes all major configurations of dredging and unloading operations:
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single dredge operation in the dredge basin; combined dredge basin dredging and ITP dredging and

unloading with two and three vessels; and ITP dredging and unloading with one, two, and three vessels.

The temporal scope of the dredge modelling is based on the dates provided in the Basis of Schedule and

the August 2013 Gantt Chart. The durations of these dredging windows do not match the provided dredging

rates and volumes presented in the Project documents. Specifically, if the dredging operations were carried

out at the specified rates, the target volume of dredgeate would be removed considerably faster than the

schedule indicates. Based on data provided by FRPD, Tetra Tech EBA understands that the dredging rates

quoted in the Basis of Schedule are reflective of actual average production rates (including down-time) and,

as such, there was no basis to reduce the dredging rates further to fit the schedule. Therefore, the dredging

rates quoted in the Basis of Schedule were applied over the full schedule period. By doing this, however,

the total amount of released material in the representative year is likely overestimated; nevertheless, the

estimates of suspended solid concentrations are deemed to be conservatively representative of the release

potential, given that the quoted potential dredging rate could be achieved at some times in the provided

dredging schedule.

The daily production rates for Tug Basin dredging were selected, in part, to match the two-month fisheries

window available for this activity. The clamshell dredging is estimated to take 54 days at the assumed

production rates; this schedule is applied in the model.

3.3 STUDY METHODS

The turbidity/TSS generated either during cutter-suction dredging (Task 2) or loading and unloading of FRS

from the ITP (Task 5) was predicted through use of hydrodynamic models that included dredging and

dumping modules. The hydrodynamic models were implementations of H3D, Tetra Tech EBA’s in-house

three-dimensional circulation model. The dredging and dumping modules were implementations of

DREDGE and STFATE within H3D. These models are described in Sections 4.1, 4.2 and 4.3.

Completion of Task 3 (settlement of agitated sediment within the RBT2 containment cell) required prediction

of TSS at the outlet of the RBT2 footprint containment cells. This task was accomplished using another

implementation of H3D, coupled with a wind-driven wave model. Settling was estimated in a three-

dimensional dynamic environment. Section 4.4 describes the model configuration and inputs.

Prediction of the settlement of entrained fine sediments (RBT2 containment cell outlet water) following DAS

(Task 4) was also accomplished using the implementations of H3D described in Section 4.1. The amount

of poorly settleable sediment to be discharged through DAS is strongly dependent on the contractor’s

methods, which had not been determined at the time of this analysis. To date, the Project team has

generally assumed 15% non-retention of dredge basin dredgeate solids by the containment cells (see

AECOM 2014, for example). The fate of the DAS plume was therefore simulated assuming a 15% non-
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retention rate. Additionally, the simulations were repeated using the much lower non-retention rate

predicted by the Task 3 settling model, as a sensitivity analysis of the impact of sediment management

techniques on the expected amount and fate of discharged sediment.

The fate of sediments released or disposed during Tug Basin dredging (Task 6) was predicted with

sediment sources in H3D (Section 4.1.11), an implementation of STFATE (Section 4.3) and the same

implementations of H3D described in Section 4.1.
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4.0 MODEL DESCRIPTIONS

This section describes the models used in this Dredging Studies – Dispersion Modelling study.

4.1 HYDRODYNAMIC MODEL (H3D)

Currents for the sediment fate simulations were generated using a proprietary three-dimensional

hydrodynamic model, H3D. This model is derived from GF8 (Stronach et al. 1993) developed for Fisheries

and Oceans Canada. H3D has been used on several extensive studies along the B.C. coast.

4.1.1 Description of H3D

H3D is a three-dimensional time stepping numerical model that computes the three components of velocity

(u, v and w) on a regular grid in three dimensions (x, y, and z), as well as scalar fields such as temperature,

salinity, and various introduced constituents, including sediment. A time stepping numerical model is one

in which the period of interest (e.g., a year-long simulation of currents in the Strait of Georgia) is broken up

into a number of small time intervals (e.g., 100 seconds each). The model then takes advantage of the fact

that, over a short time interval, known as a time step, changes in currents, salinities, and other properties

are small and can be computed in a way suitable for coding in a numerical model. The time step length is

variable, depending on the maximum velocity present in the model at that particular time step. During each

time step, values of velocity, temperature, salinity, and sediment concentration are updated in each cell.

The spatial grid may be visualized as a number of interconnected computational cells collectively

representing the water body. Figure 4.1.1 shows a schematic of a typical computational grid. Velocities are

determined on the faces of each cell and non-vector variables, such as temperature or salinity, are situated

in the centre of each cell. The selection of grid size is based on consideration of the scale of the phenomena

of interest, the grid domain, and available computational resources.

In the vertical, the cells are usually configured such that they are relatively thin (0.5 m to 1.0 m) near the

surface and increase in thickness with depth. The increased vertical resolution near the surface is needed

because much of the variability (e.g., stratification, wind mixing, inputs from streams, and land drainage) is

concentrated near the surface. For the work on Roberts Bank, cell heights ranging from 0.5 to 5 m were

used down to a depth of 50 m, to reduce numerical diffusion of sediment placed for deep-sea disposal.

H3D is a semi-implicit model, using the numerical scheme described in Backhaus (1983), and a staggered

Arakawa C-grid (Arakawa and Lamb 1977). It uses only two time levels, and computes internal and external

modes at the same time. To allow for better simulation of features such as mud flats and river plumes in

conjunction with large tidal excursions, the number of layers is allowed to increase and decrease as water

levels rise and fall. New layers are successively turned on as the water level rises, and are then allowed to

drain as the water level falls. This feature allows river plumes that have vertical dimensions of 1 or 2 m to
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be resolved in the presence of tidal ranges of 5 m. This procedure has been shown to work well for

simulations of the Fraser River as it enters the Strait of Georgia (Stronach et al. 2006).

The following sections describe further information on the inputs to and hydrodynamic characteristics of the

model, as well as the model grids used for this investigation. Further technical detail and additional

validation are presented in Appendix A.

4.1.2 Hydrodynamic Grids

Two model implementations of H3D on different spatial grids were used in this report. Figure 4.1.2 shows

the domain of each model grid. Each model grid is described primarily in terms of its horizontal resolution

and spatial coverage. A larger horizontal resolution allows a larger area to be covered with the same

computing resources, but reduces the ability to resolve smaller-scale hydrodynamic processes. Where

further hydrodynamic detail is required, additional model grids with finer horizontal resolution are nested

inside the larger model, matching water level, velocity and hydrographic information at the boundaries, but

independently computing processes inside a smaller area, such as the region around Roberts Bank in this

case.

4.1.2.1 Strait of Georgia 1 km Grid

This model covers the entirety of the Strait of Georgia, Juan de Fuca Strait, Puget Sound, and a substantial

part of the shelf off the entrance to Juan de Fuca Strait at a horizontal resolution of 1 km. It is driven at the

boundaries by tidal and hydrographic data as discussed below. Information from this model provides

boundary information for the finer model grid. This model is validated by comparing tide heights at a number

of locations, as well as by proxy in validations of the fine grids, as they could not match observations if their

boundary conditions were not also correct.

The model was set up with inputs for the calendar year 2012, and a looping system was used to simulate

the December-to-January transition. The year 2012 was used because there is sufficient variability within

a single year to simulate sediment dispersion processes, and a single year is more straightforward than

multiple years of boundary and hydrographic data. As per the construction schedule (Section 2.6), dredging

operations span from July 2018 to September of 2021. The model was initialised in January 2012 and run

without dredge inputs until reaching July in order to 'spin up' to realistic hydrographic conditions. The first

year of dredging simulations was run from April to the end of December 2012, at which point the model was

paused, the date changed to January 1, 2012, and then the model was allowed to continue. The looping

procedure maintains the continuity of time since depth changes, due to sediment, build upon previous

events.
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The Fraser River freshet in 2012 was somewhat larger than average. This is not expected to have a

significant effect on the modelling results because (i) the Fraser sediment was omitted from modelling as it

represents a background source, and (ii) the momentum of flow through Canoe Pass is relatively small.

4.1.2.2 Strait of Georgia 200 m Grid

This model covers the Strait of Georgia from Point Grey in the north to Saturna Island in the south. This grid

provides detailed hydrodynamics on a 200 m grid in the region of the Fraser River plume and the wetting

and drying of Roberts and Sturgeon Banks. This grid is validated by visually comparing performance at the

boundaries with the 1 km model, comparison with predicted tide heights, and against velocity data from two

current meters deployed by GSC in 2003.

The model ran for the same time period as the 1 km grid, as well as for a period in 2003 coincident with the

current meter data.

4.1.3 Tides

One of the principal driving forces is water level fluctuation, primarily tidal, derived from water level

variations at the open boundaries of the model. Tidal fluctuations are computed from tidal constituents

obtained from global tidal models (Schrama and Ray 1994) and are applied to the open boundaries of the

1 km Strait of Georgia model. The 200 m model grid obtained tidal information from the relevant portion of

the 1 km Strait of Georgia model. Tidal currents at the boundaries are generated by the model, and are the

response of the basin to the fluctuating water levels on the boundaries.

4.1.4 Winds

Wind forcing causes both currents and water level differences. Consideration of wind forcing is also

important because wind energy has a notable effect on vertical mixing, and therefore, scalar distributions.

Wind stresses acting at the water surface are derived from wind records collected from coastal

Meteorological Service of Canada stations and moored buoys. Offshore winds from the North American

Regional Reanalysis (NARR) were also used due to the scarcity of offshore observations. Winds from

NARR matched the buoy data well, but did not accurately represent winds inland of Vancouver Island, so

were only used offshore. The raw, or reanalysis, data were processed into hourly time-series of over-water

winds at the observation points, and then spatially interpolated inside H3D. For the 1 km and 200 m Strait

of Georgia models, H3D uses a simple inverse distance weighting scheme for the spatial interpolation of

hourly wind data from the available locations.

4.1.5 Meteorology

Besides wind speed and direction, other meteorological data are also needed to compute heat flux into the

water body and thus, its temperature structure. In most applications, data are limited for calculating heat
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flux across the water surface. Reasonable estimates can be made from wind speed, wet bulb and dry bulb

air temperatures, and cloud cover or insolation. These data are obtained from the Halibut Bank buoy, with

the exception of cloud cover which was obtained from the Vancouver International Airport meteorological

station. In the summer, heat input leads to increased temperature stratification. In the winter, when salinity

stratification is often minimal, cooling can lead to static instabilities and overturning in the upper part of the

water column. To treat winter cooling effectively, H3D includes a convective overturning mechanism, so

that if, for example, the surface cell in a particular water column cools to the point that it is denser than the

cell beneath it, H3D will vertically mix the water in these two cells, therefore, propagating the cooling process

downward. H3D’s ability to simulate both summer heating and winter cooling has been rigorously verified

in simulations done for freshwater lakes, where adequate temperature data for validation is more routinely

available over several years (Stronach et al. 2002). Although the density structure of the southern Strait of

Georgia is dominated by the salinity distribution – notably the Fraser River Plume – temperature plays an

important role as well. Summer warming lends even greater vertical stability to the near-surface water

column, and winter cooling, when there is almost no salinity stratification, can lead to overturning processes

in the upper parts of the water column,

4.1.6 River Inputs

The model incorporates inflows from 50 rivers and creeks throughout the model domain. These inflows

contribute mass and momentum to the water body. The flow boundary condition is represented by a

time-varying flow rate. Where available, all input river flows are generated from the daily hydrographs of

the particular river under consideration. Where necessary, gauged rivers are supplemented with flows from

nearby ungauged watersheds, using basin area ratios. The Fraser, Nicomekl, and Serpentine rivers are

included in the nested 200 m model.

4.1.7 Vertical and Horizontal Mixing

Turbulence modelling is important in determining the correct distribution of velocity and scalars such as

temperature and salinity. The diffusion coefficients for momentum and scalars at each computational cell

depend on the level of turbulence at that point. H3D uses a shear-dependent turbulence formulation in the

horizontal (Smagorinsky 1963) and a shear- and stratification-dependent formulation in the vertical for

momentum, a procedure referred to as the Mellor-Yamada Level 2 scheme (Mellor and Yamada 1982), a

local boundary layer simplification of the full turbulence closure model. These parameters have been shown

to work well when simulating the annual cycle of salinity and temperature in the Strait of Georgia (Stronach

et al. 2006) and also allowed a good calibration of the model against observed data. For scalars, such as

salinity and sediment, similar parameterisations of horizontal and vertical eddy diffusivity are used to

compute the diffusion.
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4.1.8 Sediment Transport Routine

The sediment transport model operates as a set of extensions to the hydrodynamic model. The core of the

sediment transport model is the advection and diffusion of suspended solids. The model also includes a

formulation of sediment sinking and sediment re-suspension from erodible beds. The sediment transport

model was originally developed by Tetra Tech EBA for the Lower Fraser River and has since been applied

to lakes, rivers, and coastal areas in British Columbia and elsewhere.

Two sediment transport processes are commonly modelled: bed-load transport and suspended load

transport. Bed-load transport is the movement of particles by rolling, sliding, and hopping. Suspended load

transport is the movement of particles that are held in suspension in the water column. Bed-load transport

is not included in this implementation of the model because the fine-grained sediments under consideration

travel as suspended load, not bed-load. The model predictions, therefore, describe the characteristics of

initial deposition of sediments to the seabed. Except for infrequent slumping events, the deposited

sediments remain where they are deposited.

The RBT2 application of the sediment model tracks four separate sediment size classes covering the range

of fine sediment particle sizes presented in Tables 2.2 and 2.3, each of which is treated separately during

transport. A fifth sediment size class, spanning particle diameters from 74 µm to 2 mm, is not formally

considered in the model, since this fine to coarse grained sand material settles rapidly within a very short

period after re-suspension, and within a short distance. For the DAS scenario, it is expected from theoretical

considerations that all sediment particles >74 µm in diameter will be retained within the RBT2 dyked

footprint.

The different sediment size classes interact in the erosion routine in the form of a hiding effect, which can

shield smaller sized sediments from erosion in the presence of larger particles. The total suspended

sediment load is also taken into account when calculating the density of water. With the addition of the

sediment routine, the model has the potential to simulate the transport of dense, sediment-laden water

down a sloping bottom.

For the simulations described here, the methods contained in Olsen and Kjellesvig (1999), Wu et al. (2000)

and van Rijn (1993) were implemented for the suspended sediment transport. The computation of sediment

transport involves several empirical formulas, determined in both laboratory flumes and natural rivers.

Examination of the experimental observations and the theoretical fits to data indicates a large variability

between observed values and empirical fitted curves. This variability is the cause of uncertainty in sediment

transport modelling.

The sediment module is fully coupled to the H3D hydrodynamic model: time advances in small intervals,

and at every time step, the sediment concentration fields, the spatial distribution of sediment fluxes, and
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the spatial distribution of erosion and accretion are re-computed based on water currents. Sediment

concentration in all cells above the bottom cell is governed by the usual processes of advection, diffusion,

and settling. The bottom face of the bottom cell, i.e., the ocean floor, can act as a source or a sink of

sediment, depending on whether erosion or deposition is occurring in that cell. At every time step, each

part of the bed is examined to determine whether scour or deposition of sediment occurs. The model

geometry is continuously changing in response to the erosion/accretion processes, and the net erosion or

accretion can be obtained by assessing the changes in model bathymetry, which are archived every hour

over the course of the simulation. Thus, over time, a complete picture of the sediment processes and

bathymetry changes is constructed, in much the same way as these processes and changes occur in the

real world.

Dredgeate sediment fluxes were added to the model in various locations, discussed in Sections 4.1.11 and

4.2 through 4.5. Sediment fluxes from the Fraser and other rivers were not included in the modelling, as

they represent background conditions, whereas the objective of this study is to determine the incremental

increase in TSS relative to the antecedent background concentration. Furthermore, the inclusion of these

background fluxes would have introduced seasonal variability (e.g. during freshet) to the background TSS

concentration levels, complicating the evaluation of any potential impacts from the port expansion. Ambient

levels of TSS and turbidity are particularly important when evaluating the implications of Project-related

sediment re-suspension, and this is discussed in the RBT2 environmental impact statement (EIS).

4.1.9 Initial and Boundary Conditions

The model is initialised with salinity and temperature fields obtained by interpolating observations archived

at the Institute of Ocean Sciences. An initial condition of zero velocity is chosen, and the water level is

initially set to mean sea level. The model is run in prognostic mode from this initial state, with the tide and

wind being ramped up over one day. For the 1 km Strait of Georgia model, previous predictions from the

year 2011 were used to ensure model stability and remove any start-up transients.

Oceanic boundary conditions for salinity and temperature were available via models maintained by the

Alaska Ocean Observing System (AOOS). The AOOS developed, and continues to maintain, an

implementation of the Regional Ocean Modelling System (ROMS) for the entire Gulf of Alaska.

The southern boundary of this model domain is approximately 450 km south of the mouth of the Juan de

Fuca Strait, and the AOOS provides and archives model predictions every four hours since early 2011.

These data were downloaded and used to provide realistic boundary conditions to the 1 km Strait of Georgia

implementation of H3D.
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4.1.10 Validation of the Models

The H3D model that forms the basis of the hydrodynamics has been extensively validated over the course

of its ongoing development. The H3D implementation for RBT2 was validated in terms of both tides and

currents.

Tide heights predicted by the model were validated against theoretical tide heights predicted from harmonic

constants at Point Atkinson, Campbell River, Victoria and Bamfield and against observed heights at Point

Atkinson and Victoria. Modelled tide heights were generally within 0.2 m at all stations, with excellent

reproduction of variations in tidal patterns throughout the modelled regions and agreement between the

200-m and 1-km implementations of the model.

Current meter data were collected on Roberts Bank in 2003 by GSC. Meter locations included an ADCP

instrument in approximately 8 m of water near the edge of Roberts Bank, and a single-point current meter

(termed 'Norton') further inshore which was only inundated during higher water levels. The model

reproduces the observed phase and magnitude of the currents just off the shelf, and the magnitude of

currents on the bank, while showing a slight offset in phase. The model has sufficient resolution to represent

water levels on the drying portion of the bank, but does not represent the currents flowing through many

small drainage channels except on an area-average basis. Comparison of the ADCP and Norton validations

indicates that the model reproduces both surface and bottom currents with similar skill.

Further details of these and other validations of H3D are provided in Appendix A.

4.1.11 Sediment Sources

Sediment inputs to H3D in relation to clamshell dredging are described in this section; sediment inputs

related to other activities are addressed in Sections 4.2 through 4.5.

The loss of fine sediment to the water column during clamshell dredging was modelled as a sediment

source within H3D. As the loss rate of sediments from a clamshell dredge is less well defined than for cutter-

suction dredges, an appropriate clamshell-specific model does not exist. Therefore, the loss rate of

dredgeate was calculated based on values cited in literature and the resulting sediment load was introduced

into H3D at the location of the tug basin.

The loss rate from clamshell dredging largely depends on the operational conditions of the dredge itself,

for example, the decent and ascent rate of the bucket, the style of bucket and the swing rate of the dredge

arm. Without more detailed information regarding the characteristics of the clamshell dredge to be

employed at the tug basin, the loss rate from the clamshell has been conservatively estimated as 2%, based

on a range of 1% to 2% found in literature (Collins 1995; Hayes et al. 2007; Bridges et al. 2008). The

suspended sediment release cloud is generally considered evenly distributed over the water column,
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though some studies place the volume distribution of the sediment as 40% near-bed 30% mid-depth and

30% surface (Lackey et al. 2012). For simplicity, sediment is assumed to be evenly distributed over the

water column.

An important consideration in clamshell dredging is that the clamshell bucket will not be completely filled

with dredgeate. Each seabed material and bucket style has an associated efficiency, with a certain

proportion of the bucket filled with dredgeate and the rest, with seawater. The fill efficiency of common

clamshell buckets is estimated as 83% for mud, 80% for loose sand and 77% for compact sand, meaning

that, for a given bucket volume, approximately 80% of the bucket contains seabed material (including voids)

and approximately 20% is seawater (Hayes et al. 2007). As the tug basin contains a significant proportion

of fine material, the fill efficiency rate for mud, 83%, has been applied.

According to the assumptions listed in Table 2.4, the clamshell dredge can pick up 7.65 m3 of material per

scoop, of which 83% is the target native material and 17% is water. With the assumed 0.549 solids fraction

of native material, the expected volume of solids per scoop is 3.49 m3, for an overall solids fraction in the

scoop of 0.456. With an in situ fines content of 21%, the total fines content per scoop, expressed as a

volume fraction of the scoop is 0.096. Following from this, if a loss rate of 2% is applied evenly across the

bucket contents, the loss rate of fine material to the water column is 0.015 m3/cycle or 2.86 m3 per barge

fill. The associated sediment release rate is presented in Table 4.1.1 for each sediment fraction.

Each release volume stated in Table 4.1.1 is introduced into the model as a point source with the tug basin

footprint. The point source is vertically mixed through the water column and is continuously introduced (on

a per-time-step basis) such that the total volume of introduced sediment summed over the barge fill time is

equal to the release volume stated in Table 4.1.1.
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Table 4.1.1 Fine Sediment Releases during Clamshell Dredging

Property Value Unit

Ship Properties

Bucket Size 7.65 m3

Cycle Time 60 S

Efficiency 0.83 -

Loss Rate 0.02 -

Effective Bucket Size 6.35 m3

Dredging Rates

Effective Dredge Rate 381 m3/hr of seabed

Effective Barge Delivery Rate 373 m3/hr of seabed

Total to Barge 450 m3/hr of dredgeate

Time to Fill Barge 3:20 hr

Barge Fills Per Day 3 -

Dredgeate Properties

Void Ratio of In Situ Sediment 0.549 -

Volumetric Fraction of In situ Sediments 0.830 -

Void Ratio of Dredgeate 0.456 -

Released Sediment Properties

Release Volume
Fine Sediment 2.86 m3/barge fill

Sand 10.81 m3/barge fill

Release Volume

by Particle Size

Bin

1-3 μm  0.52 m3/barge fill

3-9 μm  0.27 m3/barge fill

9-25 μm  0.67 m3/barge fill

25-74 μm  1.39 m3/barge fill

200-2000 μm 10.81 m3/barge fill

4.2 DREDGE MODEL

Cutter-head suction dredges are commonly used for small to large dredging operations worldwide.

In general, cutter-suction dredges efficiently excavate sediment with a minimum of losses; however, not all

sediments disturbed by the cutter-head are captured by the suction intake pipe. Sediment losses are

typically on the order of 0.1% to 5% of the total sediment flux through the intake pipe, with variations largely

depending on the dimensions of the dredge ship, ambient water body, and seabed sediments (Anchor

Environmental 2003; Bridges et al. 2008; Fitzpatrick et al. 2009). The ratio of sediment loss rate to the total

sediment flux is called the bulk suspension factor.

To quantify the release of sediments during the dredging operations at the dredge basin and ITP, the

formulae meter underlying the DREDGE module of the US Army Corps of Engineers ADDAMS software
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suite, as presented in Hayes et al. (2000) and validated in Hayes and Wu (2001), have been implemented

as a module of H3D. DREDGE uses empirical fits to observed data to relate the rate of release of

suspended sediment to the characteristics of the dredge, its operation and the conditions at the dredge site.

In this implementation, the DREDGE formulae are employed to calculate the rate of seabed sediment loss

to the water column resulting from dredging operations. These dredgeate losses are introduced into the

H3D domain as a near-bed point source which can subsequently disperse and settle. Given the 200 m by

200 m grid cell size of the H3D model, the coarser sand fractions will resettle within a single grid cell and

are, hence, not included in the point source.

The general horizontal positioning of the dredge (e.g., dredge basin versus ITP) is determined from the

Basis of Schedule and August 2013 Gantt Chart. The precise location of the dredge at any one time is

governed by two factors: (i) the volume of sediment remaining to be dredged from a given grid-cell, and (ii)

the level of the seabed in the grid-cell being dredged. At the active dredging grid-cell, the rate of sediment

removal from the dredge site is used to lower the seabed until the prescribed volume of sediment has been

displaced and the seabed reaches its final level. At the dredge basin, the dredge remains in a single grid

cell for several weeks at a time as the trench is lowered one grid-cell at a time to 30 m depth CD progressing

from east to west. At the ITP, the dredge is moved hourly to ensure that the bathymetry is altered in a

relatively uniform manner.

The use of the DREDGE formulae is advantageous in that the properties of the individual dredging vessels

can be parameterised and distinguished. In the parameterisation of seabed sediments, however, the basic

model formulations make no distinction between different soil types and particle sizes. Rather the rate of

sediment suspension is given as a function of the dredging vessel, the working water depth and seabed

porosity. The bulk suspension factor, therefore, has been applied uniformly to all fractions of the seabed

sediments in the suspension process. For example, a calculated bulk suspension factor of 1% results in

the PSD of the dredge plume immediately adjacent to the dredge being identical to the PSD of the seabed,

with a volumetric concentration representing 1% of the concentration in the suction pipe. Underlying this

approach are the assumptions that, firstly, the immediate vicinity of the cutter-head is such a high-energy

environment that sands, silts and clays alike are suspended and, secondly, the seabed sediment is

relatively uniformly graded.

Calculations of the bulk suspension factor are based on the Columbia cutter-suction dredge operated by

FRPD. Dredge dimensions and operating parameters are provided by, or inferred from information provided

by, FRPD and are summarised in Table 4.2.1. At the ITP, an Unnamed Second Dredge may be employed

to ensure the full capacity of the ‘Fraser Titan’ (FRPD) hopper dredge can be utilised. As the characteristics

of this dredge ship are unknown at the time of writing, the bulk suspension factor for the Columbia has been

applied to both ships.
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Table 4.2.1 Summary of DREDGE Input Parameters

Property Value Units

Ship Properties

Cutter Tip Swing Velocity 0.56 m/s

Width of Cutter Head 1.70 m

Diameter of Cutter Head 1.80 m

Rotation Speed of Cutter Head 0.50 Rotations per second

Typical Thickness of Dredge Cut 1.80 m

Site Specific Operating Conditions: Dredge Basin

Dredge Depth Range 13.0 - 30.0 m

Maximum Ladder Angle (standard / extension) 44 / 40 °

Volumetric Flow Rate 1.04 m3/s

Volumetric Fraction of Seabed Sediments 0.549 -

Specific Gravity of Seabed Sediments 2.75 -

Bulk Suspension Factor 3.5 %

Site Specific Operating Conditions: Intermediate Transfer Pit

Dredge Depth Range 5.0 - 11.0 m

Maximum Ladder Angle (standard / extension) 22 °

Volumetric Flow Rate 1.16 m3/s

Volumetric Fraction of Seabed Sediments 0.588 -

Specific Gravity of Seabed Sediments 2.75 -

Bulk Suspension Factor 0.6 %

Based on the above-listed dredge, operating, and seabed characteristics, bulk suspension factors have

been calculated across the range of operational dredge depths (Figure 4.2.1). On this figure, the bulk

suspension factor for the standard ladder application of the Columbia dredge ship is shown in black, with

the extended ladder application plotted in red. The difference between the two curves represents the

influence of the cutter-head approach angle at the seabed – the steeper the angle the lower the dredge

efficiency for a given set of operational conditions. In practical terms, this indicates that as the dredge cuts

deeper into the seabed, the efficiency of cutter-head drops and a larger proportion of sediments are

released, rather than transported up to the dredge. For the purposes of this study, the maximum bulk

suspension factor for a particular site is applied uniformly to form a conservative estimate. It is assumed

that the standard ladder will be applied at the ITP (green shading) for a maximum bulk suspension factor

of approximately 0.6%. At the dredge basin, either the standard (red shading) or extended ladder (blue

shading) could be applied over a large range of depths. As the specific ship configuration was not known
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at the time of this study, the bulk suspension factor associated with the standard ladder at its maximum

operational depths (3.5%) has been applied.

4.3 STFATE MODEL

The placing of FRS in the ITP is carried out via a hopper-dredge, as is disposal of dredged material from

the tug basin. A dredge ship of this design transports dredgeate in several internal bins (hoppers) which

empty via doors in the ship's bottom. Upon reaching a dump-site, the bottom doors are opened, typically in

a specific sequence to ensure even trim of the ship, releasing the dredgeate in a descending cloud.

Sediments released from a hopper dredge generally escape into the surrounding water body in two main

phases which, depending on water depth, can be viewed as either independent or concurrent. Firstly, as

material leaves the dredge ship, an initial stripping of fine material occurs as the dredgeate accelerates and

segregates. This generates a near-surface cloud of material near the release point. Provided the water

depth is great enough (and depending on the specific dredgeate composition), all readily removable fine

material is stripped during dredgeate descent towards the seafloor. Some fine material, and possibly the

bulk of the fine material, can remain entrained in this descending plume, shielded by the larger sediment

fractions. Currents in the Project vicinity are not great enough to have a significant impact on this process.

Where the plume contacts the seafloor, a second cloud of fine material is released as the plume collapses.

In shallow depths, the two phases of plume behaviour occur almost simultaneously, while in deeper waters

two distinct clouds of fine materials are generated.

With the accurate modelling of this process in mind, the release of fines during the ITP stockpiling and tug

basin disposal operations was modelled with an updated version of the STFATE (Short-Term FATE of

dredged sediments) model developed by the U.S. Army Corps of Engineers. The model is based on work

by Johnson and Fong (1994), which in turn is developed from the DIFID (Disposal from Instantaneous

Discharge) model by Koh and Chang (1973). The model simulates discrete discharge events from dredging

vessels – essentially a single disposal operation – and models the complete life-cycle of the disposed

dredgeate. For this study, the underlying equations and framework of STFATE were retained; however,

large sections of the code were re-worked to allow the model to operate on the time and spatial scales

required to simulate stockpiling operations at the ITP.

The disposed material is modelled in three distinct phases:

 Convective Descent: The material falls under the influence of gravity and its initial momentum

imposed by discharge from the dredging vessel. In deep water, the dredgeate plume is

parameterised as an ellipsoid (roughly egg-shaped) descending mass, while in depth-limited

conditions, a column of descending dredgeate results. Based on the initial momentum of the
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descending plume and the sediment constituents of the dredgeate, the initial blow-off of suspended

sediments is calculated.

 Dynamic Collapse: The descending cloud of dredgeate either impacts the seafloor or achieves

neutral buoyancy with the surrounding water mass. In the event of seafloor impact, the dredgeate

plume forms an approximately Gaussian depositional pattern centred on the release point (subject

to horizontal advection during the decent phase). Again, based on the momentum of the

descending cloud and sediment properties, the blow-off of suspended sediment on impact is

calculated.

 Advection-Diffusion: Following dynamic collapse, downward motion is halted and horizontal

spreading by ambient currents and diffusion disperse any suspended dredgeate. In this application,

this functionality of the model is unused. Advection-diffusion is handled instead by the much more

sophisticated H3D model.

For the purposes of this investigation, STFATE has been used to model the convective descent and

collapse of the dredgeate plume, at which point, the concentration and depositional fields generated by

STFATE are passed into H3D to model the long-term advection and diffusion of the sediment plumes.

By coupling the models in this way, each of the models is used in its strongest capacity; the detailed and

calibrated disposal formulae of STFATE are applied at a sub-grid scale (with respect to H3D) until the

dredgeate plume is dominated by advection-diffusion, at which point H3D takes over the dispersal of the

dredgeate.

Calculations of the TSS plume released during the loading of the ITP are based on the Fraser Titan hopper

dredge operated by FRPD. Dredge dimensions and operating conditions are provided by, or inferred from,

information provided by FRPD and are summarised in Table 4.3.1. The FRS comprising the dredgeate has

been divided into five representative bins: a sand fraction (>74 μm) and four silt and clay bins matching the 

sediment fractions modelled in H3D. Table 4.3.1 also includes, for completeness, the fall velocities and

critical bed shear stresses input to the STFATE model.

The model of the disposal of tug basin sediments at the DAS is based on the production rate of the clamshell

dredge outlined in Section 4.1.11 and the FRPD hopper ship Pauquachin. Dredge dimensions and

operating conditions are provided by, or inferred from, information publically available through the Canadian

Transportation Agency’s Canadian Vessel Database and are summarised in Table 4.3.2. The FRPD vessel

Pauquachin was selected as a representative hopper ship and accepted by the project team (Hemerra,

WorleyParsons and FRPD) as being a realistic representation of how the dredging would be implemented.

The In situ material comprising the dredgeate is modelled using sediment bins matching the sediment

fractions modelled in H3D.
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Table 4.3.1 Summary of STFATE Input Parameters, Fraser Titan Loading the ITP

Property Value Unit

Ship Properties

Ship Length 95.0 m

Ship Beam 16.0 m

Loaded Draft 5.3 m

Unloaded Draft 3.0 m

Dredgeate Release Time 5.0 s

Dredgeate Volume (Solids) 2,011 m3

Dredgeate Volume (In Situ) 3,420 m3

Environmental Parameters

Water Depth 5.0 – 13.0 m

Ambient Current 0.0 m/s

Sediment Parameters

Specific Gravity 2.75 -

Volumetric Fraction of In situ Sediments 0.588 -

74-2000 μm 

Percentage of Total 98.0 %

Fall Velocity 0.022 m/s

Critical Bed Shear Stress 0.19 N m-2

25-74 μm 

Percentage of Total 0.5 %

Fall Velocity 0.0013 m/s

Critical Bed Shear Stress 0.11 N m-2

9-25 μm 

Percentage of Total 0.5 %

Fall Velocity 0.00015 m/s

Critical Bed Shear Stress 0.11 N m-2

3-9 μm 

Percentage of Total 0.5 %

Fall Velocity 0.000018 m/s

Critical Bed Shear Stress 0.11 N m-2

1-3 μm 

Percentage of Total 0.5 %

Fall Velocity 0.0000020 m/s

Critical Bed Shear Stress 0.33 N m-2
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Table 4.3.2 Summary of STFATE Input Parameters, Typical Hopper Dredge Dumping at the DAS

Property Value Unit

Ship Properties

Ship Length 59.2 m

Ship Beam 12.9 m

Loaded Draft 5.7 m

Unloaded Draft 3.7 m

Dredgeate Release Time 5.0 s

Dredgeate Volume (Solids) 684 m3

Dredgeate Volume (In Situ) 1245 m3

Environmental Parameters

Water Depth 45.0 m

Ambient Current variable m/s

Sediment Parameters

Specific Gravity 2.75 -

Volumetric Fraction of In situ Sediments 0.549 -

74-2000 μm 

Percentage of Total 79.1 %

Fall Velocity 0.022 m/s

Critical Bed Shear Stress 0.19 N m-2

25-74 μm 

Percentage of Total 4.6 %

Fall Velocity 0.0013 m/s

Critical Bed Shear Stress 0.11 N m-2

9-25 μm 

Percentage of Total 2.2 %

Fall Velocity 0.00015 m/s

Critical Bed Shear Stress 0.11 N m-2

3-9 μm 

Percentage of Total 0.9 %

Fall Velocity 0.000018 m/s

Critical Bed Shear Stress 0.11 N m-2

1-3 μm 

Percentage of Total 1.7 %

Fall Velocity 0.0000020 m/s

Critical Bed Shear Stress 0.33 N m-2

For simplicity, the TSS plume produced by STFATE is introduced into H3D via near-surface and near-bed

source terms, with the near-surface source typically being an order of magnitude smaller than the near-bed

source. These plumes are then advected by the tidal and wind forcing of the H3D model, simulating the

long-term dispersal of the sediment. For a typical release in 13 m of water, the volume and composition of

suspended sediment following release and full collapse of the main dredgeate plume is presented in Table

4.3.3. The identical (within rounding limits) proportions of the silt and clay constituents reflect the ‘shielding’

of the smaller silt and clay fractions within the overwhelmingly sandy dredgeate. Essentially, the silt and

clay particles are dragged to the bottom by the descending cloud of sand, resulting in relatively small near-
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surface releases relative to the near-bed plume released as the sandy dredgeate cloud collapses and

releases the entrained silts and clays.

A visualization of the TSS plume is provided on Figure 4.3.1. In this plot, the depositional mound associated

primarily with the sandy dredgeate fraction (total volume, including fines and sand, of 1,976 m3) can be

seen in the centre of the frame. The lighter brown ring around this central mound is a near-bed cloud of

suspended material (total volume, including fines and sand, of 42 m3) released by the impact of the

dredgeate on the sea floor. A small cloud of suspended fine material (total volume of 0.3 m3) is present

near the release point at the surface. The concentration profiles over the dredgeate release point

corresponding to the values in Table 4.3.3 are presented on Figure 4.3.3. From this plot, it can be seen

that the sandy dredgeate fraction rapidly settles to the seabed, with no discernible sand in the water column

within a minute of the release window. Fine sediments, conversely, maintain elevated concentrations across

the bulk of the water column for several minutes following release, resulting in the dispersion of these

sediments via the advection and diffusion processes in H3D. The figure shows results for the greatest ITP

depth; timescales for sand settlement at shallower depths are smaller.

Table 4.3.3 Summary of H3D Sediment Influx for ITP Loading

Location
Volume

Release

Proportion
Sediment Bin

(µm)

Sediment Ratios Release Volume

m3 % % m3

Fraser Titan near

surface TSS

Plume

0.3 0.015%

1-3 22.5% 0.07

3-9 22.5% 0.07

9-25 22.5% 0.07

25-74 22.5% 0.07

74-2000 10.0% 0.03

Fraser Titan near

bottom TSS

Plume

41.7 2.085%

1-3 22.6% 9.43

3-9 22.6% 9.43

9-25 22.6% 9.43

25-74 22.6% 9.43

74-2000 9.5% 3.97

The distribution of sediment in the TSS plume generated by dredgeate disposal at the DAS site is presented

in Table 4.3.4. At the deeper DAS disposal site, the distribution of sediment within the TSS plume is

somewhat different compared to TSS plume generated at the ITP. Firstly, due to the larger fines fraction in

this dredgeate (21% versus 2% at the ITP), the total volume of material contained in the TSS plume is an

order of magnitude larger: 17.4% of the dredgeate is in suspension following disposal at the DAS, versus

2.1% at the ITP. Secondly, the longer descent distance at the DAS (45 m versus 13 m) increases the degree

of segregation between the sand and fine fraction. At the DAS, negligible sand is in suspension at the time



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 36

the concentration data is passed to H3D, while at the ITP, there is insufficient descent time to segregate

the fractions and the resulting co-mingled plume still contains a small amount of sand.

Table 4.3.4 Summary of H3D Sediment Influx for Disposal of Tug Basin Sediment at the DAS

Location
Volume

Release

Proportion
Sediment Bin

(µm)

Sediment Ratios Release Volume

m3 % % m3

Pauquachin near

surface TSS

Plume

4.21 0.6%

1-3 18.1% 0.76

3-9 9.6% 0.40

9-25 23.4% 0.98

25-74 49.0% 2.06

74-2000 0.0% 0.00

Pauquachin near

bottom TSS

Plume

114.8 16.8%

1-3 18.3% 21.03

3-9 9.7% 11.15

9-25 23.7% 27.17

25-74 48.3% 55.47

74-2000 0.0% 0.00

4.4 RBT2 FOOTPRINT SETTLING MODEL

The evolution of the sediment concentration within the RBT2 footprint containment cell as it is being filled

with the dredgeate materials was simulated using the hydrodynamic model, H3D, coupled with the sediment

transport model to account for the settling of the fine materials through the water column within the

containment cell. In addition, the nearshore wave model, SWAN, was implemented in conjunction with the

hydrodynamic and sediment transport model, to determine the wave climate within the basin, which could,

combined with current, contribute to additional agitation of the sediments on the bottom and affect the

settling behaviour of the sediments. Each basin will discharge supernatant water through a weir structure

on top of the dyke to the DAS pipe. The objective of this containment cell model is to track the sediment

concentration of the fine materials which will enter the DAS pipe throughout the filling process until the fill

materials reach the weir elevation. The modelling focused on the fate of the fine materials due to their

tendency to adsorb hydrophobic organic contaminants such as PCBs.

For this modelling study, the RBT2 footprint is divided into two hydraulically-separated basins: the east

basin and the west basin. The east basin will be constructed in the first year of the filling operation and the

west basin in the following year. A transfer pipe will deliver the slurry, which contains mixture of dredgeate

and seawater, to the basin at a rate depending on the operation period (details given below). Once in the

basin, the fill materials in the slurry will start to sink, and some will settle to the bottom. A weir structure,

proposed to be built near the top of the dykes, will act as an outflow control to the basin, allowing discharge

of the surface water to the DAS pipe. To avoid excessive localised build-up of the fill materials in the basin
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during the filling operation, the transfer pipe will be relocated regularly to different locations along the edge

of the basins. Table 4.4.1 summarises the basins’ geometry as used in the model.

Table 4.4.1 Geometry and Configuration of the East and West Basins in the Containment Cell

Property Value Unit

East Basin

Weir elevation above CD 4.9 m

Area 362,800 m2

Estimated volume below weir elevation 2,811,000 m3

Initial deepest depth below weir elevation 9.6 m

Initial average depth below weir elevation 7.7 m

West Basin

Weir elevation above CD 4.9 m

Area 406,400 m2

Estimated volume below weir elevation 2,920,000 m3

Initial deepest depth below weir elevation 7.9 m

Initial average depth below weir elevation 7.1 m

For the purpose of this study, it was assumed that the weir elevation, and thus the water surface within the

basins, will stand at 4.9 m above the local CD, equivalent to the higher high tide level at Sand Heads. This

is consistent with the Project design objectives and construction sequencing, based on discussions with

the engineering design team. As mentioned in Section 2.4, it was further assumed for modelling purposes

that neither sediment nor water would pass through the perimeter dykes. The key implications of these

assumptions are as follows:

 If the above assumptions hold, the containment cells act as “bathtub” systems, with dredgeate as

the only inflow and DAS discharge as the only outflow. The water surface elevation, hydraulic

retention time and discharge rate and TSS concentration are therefore relatively constant over a

tidal cycle.

 If the weir elevation and water surface elevation are lower than assumed, but still constant, the

hydraulic retention time would be reduced and discharge TSS concentrations would be greater

than predicted.

 If the perimeter dykes allow water to pass through them at a rate comparable to or greater than the

dredging rate (around 1 m3/s), the water surface elevation will vary and the DAS outflow rate will

vary or become intermittent. In this situation, the hydraulic retention time may be substantially less,

and the predicted discharge TSS concentrations may at times be lower or higher than the results

presented herein. Intermittent or varying flow in the DAS pipe could potentially lead to sediment
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deposition within the pipe; engineering design of the DAS pipe and its operation should be carried

out to mitigate risk of such deposition.

 If the perimeter dykes allow fine sediment to pass through them, less sediment would be discharged

to DAS but there would be turbidity elevation in the water adjacent to the dykes.

The settling model was implemented with the assumptions given above, and its results should therefore be

interpreted appropriately. The retention of sediment predicted by the settling model could be considered

an upper bound or ideal case if the above assumptions are not fully realized during construction.

The model simulated the settling and advection of the fine sediments of the same four size classes used in

the dredge modelling task (Table 2.2). The containment cell model did not directly simulate the behaviour

of the sand particles: they were assumed to settle quickly out of the water column and to deposit onto the

bottom upon reaching the basin. As a result of sand input in the slurry, it was assumed that the bottom of

the basins will be evenly raised in accordance with the input rate of the sand. It is important to point out

that, in reality, settling of the sand may not occur evenly as it depends on the exact location of the transfer

pipe as well as how frequently this pipe is moved to a new location. At the time of the study, detailed design

was not complete; therefore, the bottom was assumed to rise evenly for modelling purposes. This

assumption is in agreement with the design intent, which aims to keep the PSD and spatial distribution of

sediment laterally uniform for geotechnical reasons. Experience with operating tailings ponds, for instance,

has shown that a relatively flat bottom is readily achieved as the bottom rises, by appropriate management

of sediment inflow locations. The results of this simulation are not as sensitive to unevenness in the bottom

as they are to the hydraulic control assumptions discussed above.

The preliminary construction design specifies the infilling of each basin in two stages:

1) Cutter-suction dredge delivery of dredge basin material and VEF fallout to the terminal footprint

excavation; and

2) Subsequent transfer of FRS from the ITP into the basin.

Assuming that the dredge basin materials and VEF clean-up materials will be divided equally between the

east and west basins, the dredge basin excavation phase should take approximately 118 days to load each

basin at the production rates listed in Table 2.5, with an additional 3.6 days for VEF clean-up. Although the

August 2013 Gantt Chart allows almost 200 days for this process, the RBT2 footprint settling model retained

the production rates from Table 2.5 and assumed completion of the dredge basin excavation over 118

days, starting in April 1 and ending on July 27. VEF clean-up was assumed to follow immediately, from July

28 to 31. The ITP Operation was then assumed to begin on November 1 and continue at the Table 2.5

production rates until the fill materials reached the elevation of the weir structure, at which point the model

run was terminated.
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Deviations between the scheduled end date of DAS of dredge basin effluent (east and west basins) are

due to the discrepancy between the scheduled time to complete filling of each basin and the stated dredging

rate in both Basis of Schedule, August 7, 2013 and Basis of Schedule, April 10, 2014. Essentially, if the

basins are filled at the prescribed rate (summarised in Table 2.5), the time to achieve the stated fill volume

(50% of the dredge basin dredgeate production per Basin) is significantly shorter than scheduled (118 days

versus 200 days). To maintain a conservative release rate of fine sediment through the DAS, the more

aggressive dredge rate given in the Basis of Schedule documents was applied. In the excess schedule

period from 31/07/2019 to 14/10/2019, the summer stratification structure of the Strait of Georgia has been

established and does not vary significantly over the modelled period. Similarly, during this time period, the

wind regime would continue its summer characteristics (stormy winter conditions do not start till late October

or November). As the DAS operation occurs at considerable depth, winds and stratification are the

seasonally-varying governing processes that determine the fate of the released dredgeate, and hence the

simulation period represents conditions over the scheduled dredge period.

Table 4.4.2 details the volume input rates for each of the operation stages. Since the VEF fallout is assumed

to have the same PSD as the in situ dredge basin materials, and since the same dredging equipment is

used both for general dredging and for VEF clean-up, the sediment input rates to the containment cell

model are identical for the two processes. VEF clean-up is included in “Dredge Basin Operation” in the

following tables.

A snapshot of current velocity and direction and sediment concentration from the East Basin Containment

Cell Model is shown in Figure 4.4.1. The outflowing concentration is determined by looking at the model

cell next to the weir structure.

Materials dredged from the dredge basin have a significantly higher content of fine sediments than the

materials from the ITP. The mass flow rate of the fine sediments for the dredge basin operation is

approximately an order of magnitude higher than the ITP operation. This trend is reflected in the sediment

concentration as well. Table 4.4.3 provides details of the mass concentration of the sediments in the slurry

for the two filling operation stages.
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Table 4.4.2 Input Rate of the Sediments into the Containment Cell

Property Value Unit

Dredge Basin Operation (April 1 – July 31)

Slurry (liquid and solid fractions) 90,000 m3/day

Sand (>74 Microns) 7,665 m3/day

25-74 Microns 986 m3/day

9-25 Microns 475 m3/day

3-9 Microns 197 m3/day

1-3 Microns 371 m3/day

ITP Operation (November 1 until Basin Filled to Weir Elevation)

Slurry (liquid and solid fractions) 123,333 m3/day

Sand (>74 Microns) 13,900 m3/day

25-74 Microns 72 m3/day

9-25 Microns 72 m3/day

3-9 Microns 72 m3/day

1-3 Microns 72 m3/day

Table 4.4.3 Concentration of the Sediments in the Slurry Discharged into the Containment Cell

Property Value Unit

Dredge Basin Operation (April 1 – July 31)

Sand (>74 Microns) 234,200 mg/L

25-74 Microns 30,100 mg/L

9-25 Microns 14,500 mg/L

3-9 Microns 3,000 mg/L

1-3 Microns 11,300 mg/L

Intermediate Transfer Pit Operation (November 1 until Basin Filled to Weir Elevation)

Sand (>74 Microns) 310,500 mg/L

25-74 Microns 1,600 mg/L

9-25 Microns 1,600 mg/L

3-9 Microns 1,600 mg/L

1-3 Microns 1,600 mg/L

Since detailed information about construction methods was not available at the time of writing, it can be

conservatively assumed that after the containment cells are filled up to the weir elevation, the concentration

of fine sediments delivered to the DAS pipe will be equal to the inputs in Table 4.4.3.
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4.5 DISPOSAL AT SEA PLUME MODELLING

The plume resulting from disposal at sea of sediment-laden water has the potential to behave in a number

of different ways based on the composition of the slurry, the density difference between water at the surface

and at depth, and the slope of the bottom. Initially, the water exiting the outfall pipe will behave as a jet. As

the jet mixes with slowly-moving ambient water, it will lose momentum and its buoyancy characteristics will

change, though it will remain a distinct water mass, called a plume. A positively buoyant plume could occur

if surface water from the containment cell is less dense (less saline or warmer or both) than water at depth,

and if the sediment concentration is low. A negatively buoyant plume could occur if sediment concentrations

are high enough to affect the plume density. The presence of a bottom boundary can reduce the

effectiveness of plume mixing. With a sufficiently high sediment concentration and bottom slope, sediment

disposal at sea could result in a density current. Ambient currents improve the dilution of a plume, and can

disrupt density-driven behaviour.

The default method of introducing an outfall discharge into H3D is to add the volume flux of sediment to the

appropriate model cell. This is appropriate when the physical dimensions of the plume are similar to, or

smaller than, the model grid cells at the outfall location. If the plume were to rise or fall more than the vertical

dimension of the grid cell (5 m in this implementation of H3D), or the plume or jet's momentum continued

beyond the horizontal grid resolution (200 m), an additional plume-resolving module or a finer grid resolution

would be required.

A scoping-level assessment of jet and plume behaviour was conducted based on the projected outfall

discharge and sediment concentration. A variety of conservative assumptions were made regarding

ambient conditions and outfall geometry. Empirical equations from Jirka and Domeker (1991) were used to

classify jet and plume behaviour and the length scale over which the important processes occur. As an

additional check, the UM3 model, as implemented in USEPA Visual Plumes, was used to assess plume

behaviour, although it does not consider the effect of sediment concentration on density, so an artificially

high salinity was used instead.

Two scenarios were chosen to represent the range of possible density conditions, and there are two

projected flow rates for the DAS outfall pipe (dredge basin operation and ITP operation). If the ambient

density was seasonally high, and the effluent density was low, the plume could approach the surface. If the

effluent density was much greater than ambient density, due to a high sediment concentration, the plume

could sink and possibly form a density current. The maximum sediment concentration in the outfall pipe,

discussed in Section 5.3, is approximately 13,000 mg/L, or a volume fraction of 0.47%. As this sediment

(2,750 g/L) is heavier than the saltwater it displaces (1,023 g/L), the density of the water-sediment mixture

would increase by approximately 8.1 g/L (0.0047 x (2,750 – 1,023 g/L)). For comparison, a 10.1 PSU

increase in salinity would result in the same density change.
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The water column properties near the containment cells and DAS outfall were analysed throughout the

modelled year. The highest ambient density in the surface waters near the Project was 1023.8 g/L

(σT = 23.8) coinciding with winter conditions, and the lowest was 1004 g/L (σT = 4) coinciding with the

passage of the Fraser River freshwater plume. The containment cell contents were assumed to match the

salinity and temperature of the surrounding surface waters. The outfall is proposed at a depth of

approximately 45 m, and the minimum and maximum ambient densities at the outfall depth are 1,022.4 and

1,023.8 g/L, respectively. The range at depth is smaller than that at the surface as deeper water is more

isolated from processes at the surface, such as freshwater inflows and atmospheric effects on temperature.

The density increases further below the elevation of the outfall, with a minimum density at 100 m of 1,023.2

g/L. All of the scoping scenarios assume a conservative case with minimal (0.10 m/s) ambient currents.

Any higher ambient currents would increase the mixing of the plume and reduce the buoyancy-driven

vertical excursion.

Table 4.5.1 shows the parameters for each plume scenario and the results in terms of the distance over

which the initial momentum or buoyancy of the plume are unimportant compared to the magnitude of a

0.10 m/s ambient current, and the maximum vertical rise or fall relative to the outfall according to the UM3

model. As the length scales are smaller than the model's grid resolution, it is reasonable to simply place

the effluent in a single model cell at the location of the outfall.

Table 4.5.1 Summary of Plume Behaviour

Case Flow Rate
Sediment

Concentration

Effluent and
Surface
Density

Ambient
Density

Distance to
Ambient

Flow
Dominance
(Empirical)

Plume Rise
or Fall

(Plumes)

m3/s mg/L g/L g/L m m

Buoyant Plume 1.0 0 1,004.0 1,023.8 197.8 6

Buoyant Plume 1.5 0 1,004.0 1,023.8 296.8 5

Sinking Plume 1.0 13,000

1,031.8

(1,023.8

without

sediment)

1,022.4 120.5 -10

Sinking Plume 1.5 13,000

1,031.8

(1,023.8

without

sediment)

1,022.4 180.7 -8

The maximum distance the plume could sink is greater than the vertical grid resolution, but since the outfall

is already at the bottom, there would have to be horizontal as well as vertical motion to actually sink 8 to 10

m. H3D fully resolves the behaviour of the plume with respect to buoyancy and ambient currents. A test

case with ambient currents set to zero in H3D showed the outfall plume gradually descending down the
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slope of the shelf. However, the ambient currents required to interrupt this behaviour were very small (less

than 0.10 m/s), and during all phases of the tide were sufficient to transport the plume horizontally. A small

amount of plume descent may occur locally during periods of slack water, but according to model tests and

past outfall project experience, it is not possible for a density current to form on the relatively shallow slope

of Roberts Bank with the low sediment concentrations predicted. Analysis of modelled current speeds at

the depth of the outfall shows that velocities lower than 0.10 m/s occur less than 20% of the time, and very

rarely persist beyond one hour. The median ambient velocity along the berth face, at an outfall depth of 45

m, is approximately 0.20 m/s.

Plume surfacing is similarly unlikely, as even with zero sediment concentration the ambient water at the

cutter-suction dredge (typically 5 m to 20 m depth), when mixed with ambient water from 45 m depth, must

be denser than the near-surface water. The alternate outfall depths of 60 and 75 m were not analysed, but

the density profile is similar and plume behaviour, and the reasons for resolving it fully in H3D, will also be

the same.

Modelling of the DAS plume and its fate relied on the assumption of a steady DAS discharge flow rate. This

assumption is consistent with the hydraulic management of the containment cells as implemented for the

settling model simulations. The implications of this assumption are discussed together with the results

presented in Section 5.4.
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5.0 RESULTS AND DISCUSSION

This section presents and discusses the results from each of the study Tasks.

5.1 TASK 1: EXISTING DATA REVIEW AND TECHNICAL INTEGRATION WITH RBT2 ENVIRONMENT TEAM

Most results from Task 1 are presented and discussed above in Section 2.0. The observed and modelled

currents near the study site are compared for validation purposes in Section 4.1.10 and Appendix A. The

currents are discussed further in this section with respect to magnitude and seasonal trends.

5.1.1 Summary of Modelled Currents

Tidal currents just offshore of RBT2 can be described in terms of the behaviour of standing and progressive

waves, which are descriptors of the temporal relationship between tidal currents and elevations. In a

progressive wave, the strongest currents occur coincident with high water (flood currents) and low water

(ebb currents). A standing wave, on the contrary, has slack water at high and low tides and the strongest

currents during times when water levels are rising or falling. Currents just offshore from RBT2 behave

mostly as a standing wave and peak during the rising tide, but continue to flood during and slightly after

peak water levels, with slack water occurring up to one hour after high or low tide based on model results.

Currents on the Roberts Bank adjacent to RBT2 behave strictly as a standing wave, with slack currents

coinciding with high water. Thompson (1981) also describes the southern Strait of Georgia as having

behaviour in between that of a standing and progressive wave.

Vertical currents are generally small in the Strait of Georgia due to the stabilising effects of gravity and

stratification. However, in regions of steeply sloping topography such as Roberts Bank, the vertical currents

can periodically (i.e., related to tidal flows) and locally (i.e., along the rapidly sloping foreshore) increase to

magnitudes relevant to sediment transport processes. Roberts Bank is mostly dry during low water levels,

and as tidal height increases, the bank fills with water coming from the central Strait of Georgia. This filling

of Roberts Bank draws water upwards from areas below the shelf break, producing moderate vertical

currents along the entire outer face. With RBT2 as an additional barrier between the bank and the central

Strait, the water undergoes local acceleration in the horizontal and vertical to fill or drain the same volume

of bank with a reduced area of transport. The modelled currents for a period of one month (April 2011) were

averaged to produce a long-term residual velocity. This average vertical velocity is shown as the colour

scale in Figure 5.1.1, and the average horizontal velocity is shown as vectors, all at a depth of 10 m. There

is a region of strong upward flow at the southwest corner of RBT2, and a landward component to the

horizontal velocity in the nearest model cells to the terminal footprint. Elsewhere, residual currents are

generally offshore.

Also shown on Figure 5.1.1 are four points selected to provide representative currents for discussion.

The direction of flooding currents is shown in green, chosen based on the direction of maximum variance
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in current speed. Modelled currents from all depths were rotated into along-channel and across-channel

components, with across-channel components being minimal due to the constraint of the RBT2 face.

Profiles of currents at these four points are summarised for representative months in four figures. Currents

from April 2019 are shown in Figure 5.1.2. High, average, and low tidal elevations are also shown. The

median current at each depth was first computed based on all of the archived snapshots in the month, and

plotted as the median velocity. The currents were then binned into ebb and flood currents, and a median

and 95th percentile velocity were determined from the sub-sampled currents to produce typical and extreme

currents for each flow direction.

At points H3D1 and H3D3, located just offshore of RBT2, the currents are slightly ebb-dominated near the

surface and approximately equally balanced below a depth of 20 m. Point H3D2, on Roberts Bank just to

the northwest of RBT2, is ebb-dominated likely due to the changed bathymetry once RBT2 is constructed.

Currents at point H3D4, in the ITP, are relatively small.

Typical median velocities just offshore of RBT2 (points H3D1 and H3D3) are 0.25 m/s, with the 95th

percentile velocities approximately 0.5 m/s in the top 10 m of the water column. Currents slow gradually

with depth. On the bank adjacent to RBT2 (point H3D2), currents are stronger as water floods onto and off

of the banks through a somewhat constricted area, and the 95% value exceeds 1 m/s in both directions.

Velocities in the ITP (point H3D4) are symmetric and relatively weak, rarely reaching 0.2 m/s.

The same current statistics are presented for the months of July (Figure 5.1.3), October (Figure 5.1.4),

and January (Figure 5.1.5). The offshore median current at point H3D2, on the bank, is stronger in July

during the Fraser freshet peak and weakest in January during lower flow conditions. Currents elsewhere

are similar in most months, albeit slightly stronger in July which has some of the highest tidal ranges of the

year. The depth of water at point H3D4 changes as the ITP bottom elevation varies in the model throughout

the construction schedule.

5.2 TASKS 2 AND 5: TURBIDITY/TSS GENERATED DURING DREDGING AND ITP OPERATIONS

Since Tasks 2 and 5 were addressed by a single modelling approach, and since their temporal and spatial

scopes overlap, they are presented here in a single section.

5.2.1 Dredge Basin Excavation

Dredging of the dredge basin is conducted sequentially from east to west as the seabed is lowered from its

initial depth to 30 m below CD. Dredge basin operations occur in isolation from other modelled activities

that could result in sediment re-suspension from April to June. Loading of the ITP commences in July and

continues concurrently with dredge basin excavation from July to October. The data presented in this

section are for the month of April, which was selected as a representative month for the period of isolated



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 46

dredge basin operations spanning April-June 2019. Results are presented for one month to capture the full

range of tidal variation in the Strait of Georgia and to provide a sufficiently large sample size for reliable

statistical analysis. A single month can adequately characterize the normal range of tidal currents.

Dredging is assumed to be conducted by a dredge with similar characteristics to the Columbia cutter-suction

dredge operated by FRPD. The loss-rate (i.e., the rate of sediment re-suspension) of cutter-section type

dredges increases with dredge depth, with the deepest sections of the dredge cut incurring a loss rate of

3.5% of the volumetric dredgeate throughput. As a conservative estimate, this loss rate was applied across

the full range of dredging depths (see Section 4.2). Combined with the projected dredging volumes outlined

by KCB (2013), the loss-rate was applied uniformly across all sediment types. Applying the loss rate

uniformly across all sediment types assumes that the cutter-section dredging process is sufficiently violent

that the difference in energy required to mobilize, for instance, a 200-μm versus a 2-μm sediment particle 

is trivial compared to the overall energy the cutter-head imparts to the seabed. For every time step, the rate

of re-suspension was calculated for each sediment size and the corresponding volume of material was

introduced into the second-from-bottom grid cell (approximately 2 m above the seabed). Similarly, the

volume of material removed from the seabed was determined for each time step and the model bathymetry

was altered to reflect this change. In this way, as the dredging operation progresses, both the seabed in

the dredge basin and the generation point for suspended materials were lowered. The volume of sediment

dredged from the dredge basin and released as suspended solids is summarised in Table 5.2.1.

Table 5.2.1 Average Daily Dredgeate Production and Sediment Loss: Fine Sediments

Delivery to Containment Cell Initial Suspended Solids Generation

Total 25-74 μm 9-25 μm 3-9 μm 1-3 μm 25-74 μm 9-25 μm 3-9 μm 1-3 μm 

m3/day1 m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day

9,688 986 475 197 371 35 17 7 13

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549), excluding voids and water.

The dredge basin is located on the outer edge of Roberts Bank and, as such, is exposed to relatively strong

tidal currents oriented primarily along the face of the Roberts Bank. Sediments disturbed by dredging tend

to remain relatively confined to the face of Roberts Bank and are primarily advected along the bank face

with the tides. The fate of TSS plume originating from the dredge basin is illustrated in Figures 5.2.1 to

5.2.3 wherein the probability of the peak TSS exceeding 1 mg/L, 5 mg/L, and 10 mg/L in any given hour,

respectively, is presented for the month of April over the full range of tides. These figures are representative

of typical TSS plume behaviour for sediments disturbed by the dredge ship at the dredge basin during other

months. The extent of the probability maps represents 99.9% of predicted TSS plume positions for the

month of April 2019. At a concentration of 10 mg/L, the TSS plume is not predicted to extend significantly

outside the RBT2 Project footprint and will be largely confined to within approximately 800 m of the dredge

site. The probability of the TSS plume exceeding 10 mg/L at any given hour of operation is predicted to be
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approximately 0.1%. At 5 mg/L, the TSS plume is predicted to remain within 1,600 m of the dredge location

and largely remain confined to the RBT2 Project footprint. At 1 mg/L the TSS plume is predicted to be

advected over a larger extent, with approximately 1% probability of extending across the Canada-U.S.A.

border in any given hour of operations. The TSS plume is predicted to be occasionally advected a short

distance onto the tidal flat of Roberts Bank, but not in concentrations exceeding 1 mg/L and only for short

durations during flood tide.

Figures 5.2.4 and 5.2.5 present instantaneous snapshots of the maximum TSS plume extent under flood

and ebb tidal conditions, respectively. Snapshots were selected to display the typical maximum excursion

of the TSS plume. Under flood tidal conditions (Figure 5.2.4), the TSS plume at a concentration of 1 mg/L

is predicted to be advected approximately 3,000 m northwest along the bank face, and extend

approximately 500 m past the RBT2 footprint onto Roberts Bank. Under ebb tide conditions (Figure 5.2.5),

the TSS plume is predicted to be advected in a thin trail 4,000 m southeast along the bank face. The plume

is predicted to extend approximately 1,000 m across the Canada-U.S.A. border at a concentration of

between 1 and 2 mg/L.

The total volume of suspended solids, rate of sediment resettlement within the dredge basin and the total

rate of resettlement of fine sediments released during dredge basin operations is presented in Table 5.2.2.

Within the dredge basin, the rate of resettlement includes the volume of sediments removed by the dredging

operation (i.e., resettled sediments in grid cell with active dredging are subject to removal by dredge) and

disturbed by tidal currents.

Table 5.2.2 Representative Average Daily Settlement Rate and Instantaneous TSS Plume Volume
over Period of Isolated Dredge Basin Dredging Spanning April to June

Property
Value

Unit
25-74 μm 9-25 μm 3-9 μm 1-3 μm 

Volume of TSS > 1 mg/L 15.18 43.12 32.76 55.29 m3

Resettlement Rate, Dredge

Basin
0.44 0.06 <0.01 <0.01 m3/day1

Resettlement Rate, Total 40.84 9.57 0.89 0.21 m3/day2

Permanent Losses <0.01 7.37 6.10 12.78 m3/day3

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549), excluding voids and water.

2 Total resettlement includes material scoured and resettled, not only dredgeate releases.

3 Permanent losses refer to TSS material dispersed in the Strait of Georgia that neither settles nor remains in the project location.

The rate of resettlement of the finest sediment fractions and the volume of material entrained into the TSS

plume is predicted to be slightly smaller than the rate of suspended material production due to dredging.

This imbalance arises because a fraction of the finest particles in the TSS plume exit the model domain at

very low concentrations. Even at such small concentrations, the large volumes of water mobilized by tidal
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action in the Strait of Georgia will result in a relatively large transport of material away from Project locations

at extremely low concentrations.

Typical depositional patterns resulting from the advection of the TSS plume, as predicted, are presented in

Figures 5.2.6 and 5.2.7 in terms of depositional thickness and the median diameter of the deposited

material (note the change of scale). The depositional pattern is presented down to a thickness of 0.1 mm,

which is equivalent to approximately 1% of the total annual deposition in the vicinity of Roberts Bank. These

figures show a slight skew of the predicted depositional pattern to the southeast, with strict confinement of

the depositional layer to the bank face. Little to no sediment accumulation is predicted to occur along the

tidal flat of Roberts Bank. Similarly, there is a strong skew towards the larger-grained fine sediments (silts),

with little significant deposition of the finest clay fractions. The predicted fate of clay sediments is dilution

within the water column to concentrations well below 1 mg/L and eventual dispersal in the Strait of Georgia.

5.2.2 Combined Dredge Basin Excavation and ITP Loading/Unloading

Between June 2019 and October 2019, the dredge basin and ITP will be simultaneously active sites of

dredging and loading operations, respectively. During this period, the elevation of the top of the substrate

at the ITP was assumed to be raised as high as 5 m below CD (as a result of the stockpiling of FRS) before

the stockpiled sediment was dredged and utilised for construction. It was further assumed that the dredge

basin will be continuously lowered to 30 m below CD, proceeding from east to west along the berth face.

The cutter-suction dredge will be active at the dredge basin until October 15, while the Fraser Titan or

similar will operate continuously during this entire period to deliver FRS to the ITP. The Unnamed Second

Dredge will transfer FRS from the ITP from October 1 onwards. During this period, both dredge basin and

ITP suspended sediment sources have been considered as the overlap in operations could result in

interactions of sediment re-suspension plumes from the two Project areas, and elevated TSS

concentrations in the vicinity of the RBT2 site. The month of July 2019 is representative of operations

involving the Columbia (dredge basin) and Fraser Titan (ITP) under summer conditions, while the month of

October 2019 is representative of operations involving the Columbia (dredge basin), Fraser Titan (ITP) and

the Unnamed Second Dredge (ITP) under fall conditions. The overlap of operations in October spans a full

spring-neap tidal cycle and so is a complete representation of possible dispersion conditions.

The introduction of suspended material to the water column via both the Columbia at the dredge basin and

the Unnamed Second Dredge at the ITP was conducted in the same manner as outlined in Sections 5.2.1

and 4.2. The loss rate applied for the Unnamed Second Dredge was based on the properties of the

Columbia operating at the shallower depths of the ITP. A loss rate of 0.6% was calculated for the deepest

depth within the ITP and was applied across the full operational range of the cutter-suction dredge to arrive

at a conservative loss rate. Introduction of fine sediments released from the Fraser Titan hopper dredge
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was carried out as discussed in Section 4.3. The predicted volume of disturbed and released suspended

sediments over this period at the dredge basin and ITP is summarised in Table 5.2.3.

Table 5.2.3 Average Daily Sediment Flux and TSS Release Volume over Period of Combined
Dredge Basin and ITP Dredging

Delivery Losses

Total 25-74 μm 9-25 μm 3-9 μm 1-3 μm 25-74 μm 9-25 μm 3-9 μm 1-3 μm 

m3/day1 m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day

Columbia, Delivery to Containment Cell

9,688 986 475 197 371 35 17 7 13

Unnamed Second Dredge, Delivery to Containment Cell

2,690 13 13 13 13 <1 <1 <1 <1

Fraser Titan, Delivery to ITP

8,064 2 2 2 2 38 38 38 38

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ and 0.588 for FRS), excluding voids and water.

The predicted fate of TSS plumes originating from the combined dredge basin and ITP operations is

illustrated in Figures 5.2.8, 5.2.9, and 5.2.10 for the month of July 2019; the probability of the peak TSS

exceeding 1 mg/L, 5 mg/L and 10 mg/L in any given hour, respectively, is presented. These figures are

representative of the typical predicted TSS plume behaviour for sediments disturbed by the Columbia at

the dredge basin and the Fraser Titan at the ITP. The extent of the probability maps represents 99.9% of

TSS plume positions.

For the month of July 2019, the predicted concentration of TSS exceeding 10 mg/L in any hour of operation

is not predicted to extend significantly outside the RBT2 Project footprint. Compared to April 2019, there is

a slightly wider distribution of TSS in July 2019 due to the increased dilution of dredge basin suspended

sediments as the dredging operation proceeds in a westerly direction into the sections of the dredge basin

more exposed to tidal currents in the Strait of Georgia. At 5 mg/L, the TSS plume is predicted to remain

mostly confined near the RBT2 Project footprint. Sediments suspended in the dredge basin are dispersed

along the bank face, while suspended sediments introduced by the loading of the ITP remain largely

contained within the ITP. At 1 mg/L the TSS plume is predicted to be advected approximately 6,000 m to

the northwest, 4,000 m to the southeast and has an approximately 1% probability of extending across the

Canada-U.S.A. border in any given hour of operations. The TSS plume has a 1% probability at any given

hour of operation of being advected up to 1,000 m onto the tidal flat of Roberts Bank, but not in

concentrations exceeding 5 mg/L and only for short durations during flood tide.

Figures 5.2.11 and 5.2.12 present instantaneous snapshots of the predicted TSS plume extent under

illustrative flood and ebb tidal conditions, respectively, during July 2019. Under flood tidal conditions, the
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TSS plume at a concentration of 1 mg/L can be advected in a narrow plume up to 6,000 m northwest along

the bank face. Under ebb tide conditions, the TSS plume will be advected in a wider, higher-concentration

plume southeast along the bank face and across the Canada-U.S.A. border. It should be noted that the

most extensive far-field TSS plumes occur between ITP loading dumps and so the suspended sediment

plume originating from loading the ITP is not present in the figures. The TSS plume originating from ITP

operations only occasionally exceeds 1 mg/L, which is the lowest concentration displayed on these plots.

The predicted depositional thickness and the median diameter of the deposited layer for the month of July,

2019 are presented on Figures 5.2.13 and 5.2.14. These figures are discussed further along with their

companion results for October, 2019 in the final paragraph of this section.

Figures 5.2.15 to 5.2.17 present the predicted fate of the TSS plume originating from dredging operation

during the month of October 2019 for the probability of the peak TSS exceeding 1 mg/L, 5 mg/L, and

10 mg/L in any given hour, respectively. For the month of October 2019, similar to July 2019, the predicted

concentration of TSS in the water column will exceed 10 mg/L with a probability of 0.1% during any given

hour of operation only in the immediate vicinity (approximately 400 m diameter) of the RBT2 site. At 5 mg/L,

the predicted TSS plume will remain largely confined near the RBT2 Project footprint, with contributions

from the ITP detectable along the bank face to the southeast of the ITP. Sediments suspended in the

dredge basin are predicted to be dispersed along the bank face and RBT2 footprint, with a 1% probability

of the TSS plume extending a short distance over top of Roberts Bank at a concentration of 5 mg/L. The

TSS plume at a concentration of 5 mg/L is predicted to approach, but not cross the Canada-U.S.A. border.

At 1 mg/L, the predicted TSS plume will be advected approximately 6,000 m to the northwest, 15,000 m to

the southeast and has an approximate 1% probability of extending across the Canada-U.S.A. border in any

given hour of operation. The TSS plume has a 1% probability at any given hour of operation of being

advected up to 4,000 m onto the tidal flat of Roberts Bank, essentially up to the shoreline. This behaviour,

shown in Figure 5.2.15, is considerably different from that shown in Figure 5.2.8 for July or Figure 5.2.1

for April, and the difference between these months illustrates the significance of seasonal changes in winds,

stratification and currents, and changes in dredge location as the Project proceeds. There is a 5-10%

probability of predicted TSS plume concentrations reaching 1 mg/L up to 1,000 m onto Roberts Bank.

Figures 5.2.18 and 5.2.19 present instantaneous snapshots of the predicted maximum TSS plume extent

under flood and ebb tidal conditions, respectively, during October 2019. Under flood tidal conditions, the

TSS plume at a concentration of between 1 mg/L and 2 mg/L can be advected over a large portion of

Roberts Bank between Canoe Pass and RBT2. Under ebb tide conditions, the predicted TSS plume will be

advected in a large plume southeast along the bank face and across the Canada-U.S.A. border. As in

Figures 5.2.11 and 5.2.12 (July 2019), the suspended sediment plume originating from loading the ITP is

not visible.
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Comparing the predicted plume extents presented for April, July and October 2019 (Figures 5.2.1, 5.2.8,

and 5.2.15, respectively), it can be seen that the seasonal progression from spring to fall will result in larger

incursions of suspended fine sediments onto Roberts Bank in the fall. The predicted increase in plume

extent is mainly due to the increase in dredging intensity (one ship, then two, then three), but the circulation

patterns around the RBT2 footprint also have a significant influence. The northwest corner of the RBT2

footprint is associated with a region of strong upwelling extending tens of metres below the surface with

increasing velocity from southeast to the northwest (Figure 5.1.1). As the dredging operation progress from

the east to the west, the suspended sediments released by the dredging operations will be increasingly

upwelled on to the tidal flat of Roberts Bank and then redistributed by surface currents. Moreover, summer

and fall in the Strait of Georgia are generally associated with diurnally varying northwesterly winds, which

tend to drive upwelling along Roberts Bank. This upwelling may selectively draw the TSS plume onto

Roberts Bank, giving more frequent incidents of the TSS plume on the bank exceeding a 1 mg/L or 5 mg/L

TSS threshold.

The predicted total volume of suspended solids, rate of sediment resettlement within the dredge basin and

ITP and the total rate of resettlement for fine sediments released during dredge basin and ITP operations

is presented in Table 5.2.4. Within the dredge basin and ITP, the predicted rate of resettlement includes

the volume of sediments removed by the dredging operation (i.e., resettled sediments in grid cell with active

dredging are subject to removal by dredge) and disturbed by tidal currents. As such, the total resettlement

volume may be somewhat different from the suspended sediment influx rate due to dredging. The low rates

of resettlement in the ITP can be additionally attributed to the low fines content of the FRS imported by the

Fraser Titan. Moreover, those fines released by the Fraser Titan are generally dispersed at very low

concentration onto the slopes of Roberts Bank. The predicted rate of resettlement of fine material and the

volume of material entrained into the TSS plume is somewhat smaller than the rate of suspended material

production due to dredging. This is due to finest particles in the TSS plume exiting the model domain at

concentrations less than 1 mg/L, which is the plotting limit of the presented figures. Even at such small

concentrations, the large volumes of water mobilized by tidal action in the Strait of Georgia result in a

relatively large transport of material away from Project locations at extremely low concentrations.
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Table 5.2.4 Average Daily Settlement Rate and Instantaneous TSS Plume Volume over Period of
Combined Dredge Basin and ITP Dredging Operations

Property
Value

Unit
25-74 μm 9-25 μm 3-9 μm 1-3 μm 

Volume of TSS > 1 mg/L 23.89 45.55 37.04 61.55 m3

Resettlement Rate, Dredge Basin 0.45 0.05 <0.01 <0.01 m3/day1

Resettlement Rate, ITP <0.01 <0.01 <0.01 <0.01 m3/day1

Resettlement Rate, Total 36.99 8.95 0.93 0.22 m3/day2

Permanent Losses3 35.55 45.99 44.05 50.76 m3/day

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ and 0.588 for FRS), excluding voids and water.

2 Total resettlement includes material scoured and resettled, not only dredgeate releases.

3 Permanent losses refer to TSS material dispersed in the Strait of Georgia that neither settles nor remains in the Project location.

Typical predicted depositional patterns expressed in depositional thickness and the median particle

diameter of the deposited material resulting from the advection of the TSS plume are presented in Figures

5.2.13 and 5.2.14 for the month of July 2019 and Figures 5.2.20 and 5.2.21 for the month of October 2019.

These figures show, for both July and October, a predicted elongation of the depositional pattern along the

bank face, with the depositional layer confined to water depths between approximately 20 m and 120 m

below CD. Near the RBT2 site, the predicted depositional pattern is somewhat variable. This effect is related

primarily to individual turbidity events (presented, for instance in Figure 5.2.19) which will advect over the

bank slope at either flood or ebb tide and deposit material at slack water. Relatively little accumulation will

occur along the tidal flat of Roberts Bank, but monthly deposition of up to 1.5 mm can occur in the immediate

vicinity of the RBT2 footprint. There is a strong skew in the resettled sediments towards the larger-grained

fine sediments, with little significant deposition of the finest clay fractions. The deposited layer tends towards

finer sediments along the top of Roberts Bank, behind the RBT2 footprint.

5.2.3 Dredging from ITP Only

Between November 1, 2019 and March 30, 2020, dredging operations are scheduled for the ITP only.

During this period, three dredging ships will operate in the ITP: the assumed cutter-suction dredge

characteristic are based on the Columbia and an Unnamed Second Dredge unloading the ITP, and the

Fraser Titan hopper dredge loading the ITP with FRS. The Fraser Titan will operate until February 28, while

the Unnamed Second Dredge and Columbia will operate continuously until March 30, 2020. January 2020

has been selected as a representative month for this period as all three dredges will be in operation under

winter conditions.

The introduction of suspended material to the water column from both the Columbia and the Unnamed

Second Dredge activities at the ITP was simulated in the same manner as outlined in Sections 5.2.1, 5.2.2,

and 4.2. The assumed production rate of the Columbia was increased slightly from 9,688 to 11,520 m3/day
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to reflect the shallower depth of the ITP. The loss rate for both dredges of 0.6% was calculated for the

deepest depth within the ITP and was applied across the full operational range of the cutter-suction dredge

to arrive at a conservative loss rate. Introduction of fine sediments released from the Fraser Titan hopper

dredge was simulated as discussed in Section 4.3.

The predicted volume of disturbed and released suspended sediments over this period at the ITP is

summarised in Table 5.2.5. It should be noted when interpreting Table 5.2.5 that a conservative approach

to managing fine sediment fluxes was introduced for both the incoming and outgoing fine sediment streams.

For the loading of the ITP, a worst case fines stripping scenario, as calculated per Section 4.3, was

assumed in which the vast majority of fine sediment is stripped into suspension as the FRS is delivered to

the ITP. When unloading the ITP, however, it was assumed that the entire fine fraction of the FRS was

present on the seabed, giving a higher fines content in the dredgeate disturbed by the two cutter-suction

dredges. In this way, the results bracket the two possible high-fines release scenarios for loading and

unloading the ITP. However, the fines content is double-counted in the predictive estimates of TSS.

Table 5.2.5 Average Daily Sediment Flux and TSS Release Volume over Period of ITP Dredging

Delivery Losses

Total 25-74 μm 9-25 μm 3-9 μm 1-3 μm 25-74 μm 9-25 μm 3-9 μm 1-3 μm 

m3/day1 m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day

Columbia, Delivery to Containment Cell

11,520 58 58 58 58 <1 <1 <1 <1

Unnamed Second Dredge, Delivery to Containment Cell

2,690 13 13 13 13 <1 <1 <1 <1

Fraser Titan, Delivery to ITP

8,064 2 2 2 2 38 38 38 38

Total Sediment Flux

22,274 - - - - 39 39 39 39

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ and 0.588 for FRS), excluding voids and water.

The ITP is located in a sheltered area, between the two causeways, adjacent to the berth faces of the

existing Roberts Bank terminals, and is only subject to relatively weak tidal currents. As shown in the

modelling results, sediments disturbed by dredging will tend to remain relatively confined to the ITP and will

be primarily advected at low concentration into the Strait of Georgia. The predicted fate of TSS plume

originating from the ITP is illustrated on Figures 5.2.22 to 5.2.24 which present the probability of the peak

TSS exceeding 1 mg/L, 5 mg/L and 10 mg/L in any given hour, respectively. These figures summarise

typical TSS plume behaviour for sediments disturbed by the three dredge ships operating in the ITP. The

extent of the probability maps represents 99.9% of TSS plume positions for the month of January 2020. At

1 mg/L, the predicted TSS plume will remain largely confined to the ITP, with a 40% to 50% probability that
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the average TSS concentration will exceed 1 mg/L during any given hour of operation. At the 5 and 10 mg/L

thresholds, the predicted TSS plume will remain confined within the ITP footprint with the average TSS

concentration exceeding those thresholds less than 10% and 5% of the time, respectively.

Figures 5.2.25 and 5.2.26 present instantaneous snapshots of the predicted maximum TSS plume extent

under flood and ebb tidal conditions, respectively. Under all tidal conditions, the TSS plume resulting from

dredging operations will remain contained to the ITP for concentrations above 1 mg/L.

Predictions of the total volume of suspended solids, rate of sediment resettlement within the ITP and the

total rate of resettlement for fine sediments released during ITP operations are presented in Table 5.2.6.

Within the dredge basin, the rate of resettlement includes the volume of sediments removed by the dredging

operation (i.e., resettled sediments in grid cell with active dredging are subject to removal by dredge). The

predicted rate of resettlement of fine material and the volume of material entrained into the TSS plume is

somewhat smaller than the rate of suspended material production due to dredging. This is tied to the strong

dilution of suspended material generated at the ITP as it is advected into the Strait of Georgia. Essentially,

the suspended material will exit the relatively confined area of the ITP at concentrations less than 1 mg/L

(below the plotting limit of the presented figures) and will be rapidly diluted in the Strait of Georgia to

concentrations less than 0.01 mg/L before exiting the model domain. The corresponding rate of predicted

sediment release has been previously presented in Table 5.2.5.

Table 5.2.6 Average Daily Settlement Rate and Instantaneous TSS Plume Volume over Period of
ITP Dredging

Property
Value

Unit
25-74 μm 9-25 μm 3-9 μm 1-3 μm 

TSS > 1 mg/L 4.48 10.89 16.61 18.29 m3

Resettlement , ITP 0.06 <0.01 <0.01 <0.01 m3/day1

Resettlement , Total 5.81 1.76 0.39 0.06 m3/day2

Permanent Losses3 33.13 37.23 38.6 38.93 m3/day2

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ and 0.588 for FRS), excluding voids and water.

2 Total resettlement includes material scoured and resettled, not only dredgeate releases.

3 Permanent losses refer to TSS material dispersed in the Strait of Georgia that neither settles nor remains in the Project location.

The predicted typical depositional patterns resulting from the advection of the TSS plume are presented in

Figures 5.2.27 and 5.2.28 in terms of depositional thickness and the median diameter of the deposited

material.
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5.2.4 Overall Dredging Operation

The predicted fate of the TSS plume originating from the dredging operations is illustrated in Figures 5.2.29

to 5.2.31 wherein the probability of the peak TSS exceeding 1 mg/L, 5 mg/L, and 10 mg/L, respectively, is

presented from April 1, 2019 to April 1, 2020.

Figures 5.2.32 and 5.2.33 present the predicted depositional thickness and median particle diameter for

sediments deposited during the dredging operation spanning the period of April 1, 2019 to April 1, 2020.

It should be noted that this period spans a full year; therefore, the depositional thicknesses and the on-bed

composition of the deposited material are directly comparable to the annual sedimentation rates on Roberts

Bank presented in this report. These figures show that sediments will be deposited in an extremely thin

layer over a large extent of the Roberts Bank shelf face – from north of Canoe Pass to approaching Point

Roberts. The deposited layer will be largely confined to depths between 20 m and 120 m below CD, with a

small depositional feature extending onto the Roberts Bank tidal flat to the north of the RBT2 Project site.

There will be a marked fining of the deposited material on the tidal flat, with increasingly fine material

deposited farther up the bank. The predicted thickness of deposited material in the ITP will be quite low

compared to over the surrounding seabed because the dredging operations at the ITP will continue to the

end of the model run, removing most accumulated sediments within the dredge zone. The extent of the

predicted depositional pattern is somewhat larger than indicated by the probability or TSS plume maps.

These low-thickness (0.1 mm) lobes are due to low concentration events which have a sustained

concentration of less than 1 mg/L.

The predicted total volume of suspended solids, rate of sediment resettlement within the dredge basin and

ITP, and the total rate of resettlement for fine sediments released during dredge basin and ITP operations

are presented in Table 5.2.7. The monthly dredging volumes presented in this table are based on the daily

production rates. Over a given period of dredging operation (e.g. excavation of the dredge basin), the daily

production rate of dredgeate remains constant, leading to monthly variations in the total volume of dredged

material due to variations in the length of each month. It bears noting that the release rate of sediments is

a much more significant determinant of TSS concentration than the monthly total of dredged material.

The rate of resettlement of fine material and the predicted volume of material entrained into the TSS plume

is somewhat smaller than the rate of suspended material production due to dredging. This is due to finest

particles in the TSS plume exiting the model domain at concentrations less than 1 mg/L, which is below the

plotting limit of the presented figures. Even at such small concentrations, the large volumes of water

mobilized by tidal action in the Strait of Georgia result in a relatively large transport of material away from

Project locations at extremely low concentrations.
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Table 5.2.7 Summary of Sediment Fluxes from Dredging Operations

Year Month

Dredgeate2 Resettled Fines > 0.1 mm2

TSS

>1 mg/L4Dredged1

Placed in

Containment

Cells

Re-

Suspended

Fines

Dredge

Basin

Only

ITP Only Global3

m3/month m3/month m3/month m3/month m3/month m3/month m3

2019

April 290,647 - 2,131 106.9 2.3 1,757.5 152.0

May 300,335 - 2,202 65.8 1.74 1,404.7 142.8

June 290,647 - 2,131 -126.4 -3.2 1,573.9 144.3

July 300,335 250,188 6,905 47.3 -0.3 1,433.9 162.1

August 300,335 250,188 6,905 -59.0 >0.1 1,967.3 157.7

September 290,647 242,118 6,683 12.1 -0.2 1,441.2 164.7

October 228,720 250,188 5,779 60.7 -0.3 852.4 187.7

November 426,588 242,118 4,603 -73.9 >0.1 210.5 54.1

December 440,808 250,188 4,756 >0.1 >0.1 240.9 50.6

2020

January 426,588 242,118 4,603 >0.1 0.2 246.2 49.0

February 398,149 225,977 4,296 >0.1 -0.2 243.7 47.7

March 440,808 250,188 4,756 0.1 8.9 276.5 50.0

1 Dredged sediments include only ITP unloading and dredge basin excavation. ITP loading is excluded from this category.

2 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ and 0.588 for FRS), excluding voids and water.

3Global resettlement figures include settlement within the dredge basin and ITP dredge zones.

4TSS is expressed as a monthly average of suspended solids, expressed in m3 of solids.

5.3 TASK 3: SETTLEMENT OF AGITATED SEDIMENT WITHIN CONTAINMENT CELL

The hydraulic characteristics of the east and west basins will change over time as the basins are being

filled and the capacity of the basins decreases. The expected change in inflow rate from one operation

stage to another also changes how the filling process would progress, and will affect the sediment

concentration in the outflow. As the basins become shallower, the volume and associated hydraulic

retention time will decrease. At a given input rate, a shorter retention time allows less sediment to settle out

of the water column and results in a higher sediment concentration in the deep-sea discharge. Table 5.3.1

details the hydraulic characteristics of the two basins and their evolution during the dredging operation.
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Table 5.3.1 Evolution of Basin Volume and Hydraulic Residence Time in the East and West Basins

Value Unit

East Basin

Volume – April 1 2,811,000 m3

Residence Time April 1 31.2 days

Volume – July 31 808,564 m3

Residence Time July 31 8.9 days

Volume – November 1 808,564 m3

Residence Time – November 1 6.6 days

Date when Basin is fully filled December 4

West Basin

Volume – April 1 2,92000 m3

Residence Time April 1 32.4 days

Volume – July 26 911,266 m3

Residence Time July 31 10.2 days

Volume – November 1 911,266 m3

Residence Time – November 1 7.4 days

Date when Basin is fully filled December 9

Throughout the filling process, the residence time for the east basin is consistently shorter than that for the

west basin by 5-10% due to its lesser capacity. As such, the east basin is filled faster and the bottom

reaches the weir elevation earlier than the west basin.

The mass concentrations of the four sediment size fractions over the two operational periods are shown in

Figure 5.3.1 and Figure 5.3.2 for the east basin and the west basin, respectively. As mentioned in Section

4.4, the volume to be removed from the dredge basin, including the VEF fallout, in a given year will require

122 days at the given (maximum) production rates. Therefore, there is a gap in both inflows and outflows

from the end of July to the beginning of November, when the ITP operation will begin. The containment cell

models terminate in early December when the east and west basins are filled to the weir elevation (see

dates in Table 5.3.2). The settling efficiency of the containment cells at settling the input dredgeate slurry

is presented in Table 5.3.2. Here, settling efficiency is defined as the ratio of solids retained to solids input.

Of the total sediment input, it is estimated that between 97% and 99% will be retained in the basins. The

majority of the 3- to 74-μm sediments will be retained in the containment cells, and approximately half of 

the 1- to 3-μm sediment fraction will also be retained. The predicted efficiency of the containment cells with 

respect to sediment retention will be reduced as the cell fills (compare periods 01/04/2019 to 26/04/2019

and 01/11/2019 to 05/12/2019) and the retention time is reduced. This effect is most pronounced for the

finer sediments, with the capture rate of the 3-9 μm and 1-3 μm falling by a factor of approximately 1.5. 
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Concentrations delivered to the DAS pipe after the fill materials reach the weir elevation could be

conservatively estimated as equal to the input concentrations (Table 4.4.3).

Table 5.3.2 Summary of Containment Cell Settling Efficiency

Containment

Cell
Perioda Sediment

Source

Settling Efficiency of Containment Cell

Total
Fines
Only

25-74 μm 9-25 μm 3-9 μm 1-3 μm 

East Basin

1/4/2019 to
31/7/2019

Dredge
Basin and

VEF
97% 86% 99% 94% 74% 47%

1/11/2019 to
5/12/2019

ITP 99% 72% 97% 92% 65% 31%

West Basin

1/4/2020 to
31/07/2020

Dredge
Basin and

VEF
98% 87% 99% 95% 75% 50%

1/11/2020 to
9/12/2020

ITP 99% 71% 98% 92% 61% 30%

aThe rationale behind these date ranges is presented in Section 4.4.

5.4 TASK 4: SETTLEMENT OF ENTRAINED FINE SEDIMENT FOLLOWING DAS

Supernatant water generated during filling of the east and west basins will be discharged via pipeline to be

disposed at depth in the Strait of Georgia. Characterization of the fate of sediments discharged at the DAS

outfall is fundamentally dependent on the expected quantity of sediment to be discharged. As mentioned

in Section 3.3, an estimated 85% of dredge basin solids will be retained in the containment cells, leaving

15% to be discharged through the DAS outfall, according to Project planning documents (see AECOM

2014, for example). However, the settling model results presented above (Table 5.3.2) show that over 97%

is predicted to be retained, with less than 3% to be discharged to DAS. This discrepancy is primarily due

to differences in assumptions about the hydraulic control of the containment cells and to uncertainty with

regard to the contractor’s methods.

To address the potential differences in DAS plume behaviour coming from the 15% versus 3% non-retention

scenarios, the DAS plume simulations were conducted with both retention estimates. Results from the 15%

non-retention scenario are presented first, in Section 5.4.1, followed by results from the settling model 3%

non-retention scenario in Section 5.4.2. These first two simulations were conducted with the DAS outfall

at a depth of 45 m. Additional simulations were also conducted with the DAS outfall at depths of 60 and 75

m, using the 3% non-retention rate; the results of these are presented in Sections 5.4.3 and 5.4.4,

respectively. The results from the 15% non-retention rate scenario should be used for planning purposes

while the results from the 3% non-retention rate scenarios can be considered sensitivity analyses.

Because the modelling for Sections 5.4.2 through 5.4.4 was completed before VEF clean-up was

incorporated into the scope of analysis, the additional volume of solids associated with VEF clean-up is
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accounted for in Section 5.4.1 only. This additional volume is approximately 3% of the total DAS discharge,

and does not qualitatively affect the results.

The 15% non-retention scenario is applicable only to disposal of dredge basin sediments. The FRS used

as input to the containment cells has a fines content of at most 2% and so the containment cells cannot be

expected to retain less than 98% of the FRS. Therefore, results from the 15% non-retention scenario

(Section 5.4.1) do not cover the period of FRS recovery from the ITP. However, the sensitivity scenarios

with input from the settling model do address the period of FRS recovery (Sections 5.4.2 through 5.4.4).

The east basin has a smaller volume than the west basin; consequently, the fine sediment concentrations

in the effluent coming from the east basin will be slightly higher than those with a west basin origin. In all

other respects, the behaviour of the TSS plumes originating from east and west basin effluents will be

identical. The patterns observed in the TSS plume originating from east basin effluents, therefore, are

equally applicable and slightly conservative for effluents originating in the west basin. For the sake of

brevity, results are presented for the period of discharge from the east basin only, for all scenarios.

Modelling of the DAS plume and its fate relied on the assumption of a steady DAS discharge flow rate. This

assumption is consistent with the hydraulic management of the containment cells as implemented for the

settling model simulations. However, the contractor’s methods for managing water and sediment within the

containment cells (and final hydraulic design of the perimeter dykes) have not yet been determined. The

DAS discharge may vary with time and tide, and may become intermittent. In such a case, the predicted

discharge TSS concentrations may be intermittently higher than those simulated, leading to more frequent

exceedances of the TSS thresholds presented in the results below.1 Additionally, if the DAS discharge is

synchronized with certain phases of the tide, for instance because of water influx and efflux through the

perimeter dykes, the probable DAS plume trajectories and deposition patterns may be different than

presented here. The outcomes of the dispersion modelling are dependent on various assumptions about

the nature of the discharge as documented herein, and most assumptions were selected to be conservative

in the face of uncertainty relative to the predicted magnitude and spatial extent of sediment dispersion, with

an exception as noted above. It is improbable that suspended sediment concentrations or depositional

thickness from a DAS discharge will be markedly greater than predicted herein. Nonetheless, the model

predictions should be re-evaluated once the details of the contractor’s proposed methods are known.

5.4.1 Assumed 15% Non-retention Rate Scenario

This section presents the results of DAS plume modelling for the period of dredge basin dredging only, in

2019, assuming a solids non-retention rate of 15% in the terminal footprint and a discharge depth of 45 m.

1 See Section 9.6.6 Surficial Geology and Marine Sediment Existing Conditions for a description of the typical TSS
concentrations in the vicinity of the Fraser River plume.
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Since only one year is included, the discharged volume of solids is 15% of half the dredge basin prism plus

15% of half the VEF clean-up volume. Taking into account the solids fraction of 0.549, the total volume of

solids discharged in this scenario is 15% x 0.549 x ½ x (4,168,000 + 128,000) = 176,888 m3.

The PSD of the discharged solids in this scenario was derived from the in situ dredge basin materials’ PSD

(Table 2.2). The discharged solids are assumed to make up the finest 15% of the native materials.

Therefore, the relative proportions of the discharged materials are as shown in Table 5.4.1.

Table 5.4.1 PSD for the 15% Non-retention Rate Scenario

Particle Size Bin
Fraction

Midpoint Lower Upper

mm Μm µm % 

2 1 3 25.5

5 3 9 13.6

15 9 25 32.7

43 25 74 28.2

200 74 2000 0.0

The discharge schedule for this scenario extends from April 1 to July 31, 2019, in keeping with Table 2.8.

The probable trajectories of the TSS plume resulting from this discharge scenario are illustrated in Figures

5.4.1 to 5.4.3. These figures show, for any given hour during the period of DAS operation, the probability

that the TSS plume will be present at a given location in a concentration exceeding 1 mg/L, 5 mg/L or 10

mg/L, respectively. At a concentration threshold of 1 mg/L (Figure 5.4.1), the plume occasionally extends

out of the plot view, north of Sand Heads or south beyond Point Roberts, and it has an 80% probability of

crossing the Canada-U.S.A. border in any given hour. At a concentration threshold of 5 mg/L (Figure 5.4.2),

the plume has a 20% probability of extending onto Roberts Bank to the north or crossing the border to the

south in any given hour. A narrow band of 5 mg/L plume occasionally reaches northward along the shelf as

far as Sand Heads. At a concentration threshold of 10 mg/L (Figure 5.4.3) the plume has less than 10%

probability of extending onto Roberts Bank or crossing the border in any given hour; however, the 10 mg/L

threshold is still exceeded 70% of the time within 200 m of the DAS outfall.

Typical maximum excursions of the TSS plume originating from the DAS under flood and ebb tidal

conditions are plotted on Figures 5.4.4 and 5.4.5, respectively, for this discharge scenario. During flood

tide, the plume is advected northwards and onto Roberts Bank. The maximum concentrations of the plume

on Roberts Bank are 10-12 mg/L at the time step displayed. As the plume disperses along the shelf face,

10-20 mg/L concentrations are typical. The maximum concentration in Figure 5.4.4 is approximately 100

mg/L near the DAS, although the colour scale only reaches 10 mg/L for the sake of comparisons with later

figures. During ebb tide, the plume is advected southwards. The typical concentration at the border is 10-
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20 mg/L. The maximum concentration in Figure 5.4.5 is approximately 150 mg/L near the DAS, although

again, the colour scale only reaches 10 mg/L.

The depositional thickness and median diameter of the deposited layer for this discharge scenario are

plotted in Figures 5.4.6 and 5.4.7, respectively. Primary deposition occurs in the vicinity of the DAS outfall,

with up to 1 mm of deposition possible over an area extending in a roughly 2-km radius of the DAS location,

including part of Roberts Bank (Figure 5.4.6). Deposition of up to 0.8 mm is possible as far as 10 km

northward and 3 km southwards, crossing the border. Natural deposition in this area is on the order of 10

mm per year (see Section 2.2.6). Note the influence of Canoe Pass in limiting deposition at the mouth of

its outflow channel. Sediment is deposited in specific bands ordered by grain size (Figure 5.4.7). Larger-

grained materials tend to settle along the shelf face as they are too large to be advected onto the shelf by

the upwelling currents. Finer-grained materials are preferentially transported onto the shelf and away from

the DAS outfall, with a gradual fining of the deposited layer with increasing distance from the DAS. Note

also the fining of the deposited material offshore of the DAS (i.e., the deposition of the coarsest grains is

not radial from the outfall). This is because the relatively weak cross-shelf flows cannot transport the larger

grains offshore before they settle, while the relatively strong along-shelf flows can carry the larger grains in

suspension long enough to disperse them widely along the shelf.

5.4.2 3% Non-Retention Rate Scenario, 45 m Outfall Depth

In this section, as well as Sections 5.4.3 and 5.4.4, below, outflows to the candidate DAS site will have

four significant and distinct periods associated with (i) loading the east basin with dredge basin sediments,

(ii) loading the west basin with dredge basin sediments, (iii) loading the east basin with ITP sediments, and

(iv) loading the west basin with ITP sediments. The sediment fluxes through the DAS for each of these four

periods are summarised in Table 5.4.2. The general load of fine sediments in the effluent produced from

loading the basins with dredge basin sediments is a factor of four larger than for similar loading scenarios

from utilising ITP material (FRS). This is due to the much larger fines content of the dredge basin sediments

than the FRS (approximately 20% versus 2%).

Table 5.4.2 Average Daily Sediment Flow Rate for DAS Operations

Containment

Cell
Period

(d/m/year)

Sediment

Source

Delivery
Unit1

25-74 μm 9-25 μm 3-9 μm 1-3 μm 

East Basin

1/4/2019 to

26/7/2019

Dredge

Basin
7.50 26.15 51.86 196.39 m3/day

1/11/2019 to

4/12/2019
ITP 1.96 5.79 25.42 49.83 m3/day

West Basin

1/4/2020 to

26/7/2020

Dredge

Basin
6.36 24.69 48.27 185.69 m3/day

1/11/2020 to

9/12/2020
ITP 1.19 5.46 27.76 50.29 m3/day

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ dredge basin sediments and 0.588 for FRS),
excluding voids and water.
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The specific depth of the DAS outfall can have an influence on the fate of the discharged fine material.

The sensitivity to outfall depth is primarily due to stratification in the Strait of Georgia, where circulation

patterns near the surface are different from those at depth. To address this potential for dispersal variation,

the discharge from the east or west basins to the seabed via an outfall pipe was modelled assuming the

location of the pipe terminus at 45, 60, or 75 m depth (Figure 5.4.8). Due to the steepness of delta foreslope

at Roberts Bank, the horizontal distance between these outfall terminus locations is small; i.e.,

approximately 200 m.

The assumed DAS outfall locations are located on the outer edge of Roberts Bank and, as such, are

exposed to strong tidal currents oriented primarily along the face of Roberts Bank. Occasionally, water from

the depth of the DAS outfall locations is drawn up and onto Roberts Bank by wind- and tide-induced

circulation (see Section 5.1.1). Therefore, the TSS plume can be upwelled onto the tidal flat of Roberts

Bank. This propensity for upwelling is stronger at the shallower outfall location. Sediments discharged at

the DAS will tend to remain relatively confined near the face of Roberts Bank as they are advected

northward. To the south, the TSS plume will be more widely dispersed in a larger and more diffuse plume.

The discharge scenario described in Section 5.4.1 used an assumed non-retention rate of 15% for dredge

basin sediments. The non-retention rate from the settling model used in the present section, about 3%, is

approximately 5 times smaller, meaning that the discharge concentrations are also 5 times smaller.

Although the discharged PSDs differ, leading to a difference in settling rates in the plume materials, the

plumes follow similar trajectories. A comparison of Figure 5.4.9 (1 mg/L threshold, 3% non-retention) and

Figure 5.4.2 (5 mg/L threshold, 15% non-retention) shows substantial similarity.

The predicted fate of the TSS plume originating from the DAS at concentrations of 1 mg/L, 5 mg/L, and

10 mg/L for the loading of the east basin with dredge basin sediments and 3% non-retention is illustrated

in Figures 5.4.9 to 5.4.11 for a 45 m outfall depth. The extent of the probability maps represents 99.9% of

TSS plume positions for the entire period of dredge basin effluent disposal. The predicted probability of the

TSS plume exceeding 10 mg/L at any given hour of operation (Figure 5.4.11) is less than 0.1% outside of

the immediate vicinity of the RBT2 site. Within 100 m of the DAS outfall pipe, there is an 80% probability of

exceeding 10 mg/L. Within a 400 m radius, the probability of exceeding 10 mg/L drops to 1%, reflecting the

strong mixing along the Roberts Bank shelf face. At 5 mg/L, the TSS plume will remain primarily confined

near the bank face, extending approximately 4,000 m to the northwest and southeast of the DAS outfall

location. For the 45 m outfall depth, the TSS plume at a concentration of 5 mg/L will extend onto the top of

Roberts Bank adjacent to the RBT2 footprint with a probability of 0.1% at any given hour of operation. At

1 mg/L the TSS plume will be advected approximately 12,000 m along a northwest-southeast axis and has

a 20% to 30% probability of extending across the Canada-U.S.A. border in any given hour of operations.
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The TSS plume will be advected onto the tidal flat of Roberts Bank with a probability of 20% to 30% for the

45 m DAS outfall depth, but rarely in concentrations exceeding 5 mg/L.

Representative predicted maximum excursions of the TSS plume originating from the DAS under flood and

ebb tidal conditions for the loading of the east basin with dredge basin sediments are plotted on Figures

5.4.12 and 5.4.13, for a DAS outfall depth of 45 m. In comparison to the probability maps, it can be seen

that the predicted width of the instantaneous TSS plume is somewhat more confined than in the overall

probability trace of the plume. The total volume of solids maintained in suspension during 45 m depth DAS

operation is presented in Table 5.4.3.

Table 5.4.3 Average Instantaneous Suspended Solids Volume for DAS Operations for Disposal of
Dredge Basin and ITP Sediments from the East and West Basins

Containment

Cell

Period

(d/m/year)

Sediment

Source
Outfall Depth

Suspended Solids Volume

with TSS > 1 mg/L
Unit1

25-74

μm 

9-25

μm 

3-9 μm 1-3 μm 

East Basin

1/4/2019 to

26/4/2019

Dredge

Basin

45 m 4.01 55.71 173.33 676.58 m3

60 m 3.75 59.30 188.74 736.34 m3

75 m 3.68 60.17 191.42 746.02 m3

1/11/2019 to

5/12/2019
ITP

45 m 3.00 17.65 69.06 135.65 m3

60 m 2.96 17.80 70.83 137.45 m3

75 m 3.01 18.05 70.62 136.12 m3

West Basin

1/4/2020 to

26/4/2020

Dredge

Basin

45 m 4.04 56.77 164.51 642.98 m3

60 m 3.55 59.20 179.21 702.68 m3

75 m 3.58 59.18 180.26 706.54 m3

1/11/2020 to

06/12/2020
ITP

45 m 2.97 17.41 78.74 146.42 m3

60 m 2.99 18.13 82.08 149.93 m3

75 m 3.04 18.57 81.85 147.69 m3

1TSS is expressed as an average of suspended solids, expressed in m3 of solids.

The depositional thickness and median diameter of the deposited layer resulting from the advection of the

TSS plume for the loading of the east basin with dredge basin sediments are plotted on Figures 5.4.14 and

5.4.15 for a DAS outfall depth of 45 m. The predicted depositional pattern is presented down to a thickness

of 0.1 mm, which is comparable to approximately 1% of the total annual deposition in the vicinity of Roberts

Bank. For disposal of effluent from the dredge basin, the predicted depositional pattern is relatively

symmetric along the bank face. The main depositional zones are matching lobes to the northwest and

southeast of the outfall locations. At the 45 m outfall depth, the northwest lobe is predicted to be dominant

due to the regular transit of the TSS plume as it is drawn onto the tidal flat of Roberts Bank. The total rate

of resettlement for fine sediments released during 45-m depth DAS operations is presented in Table 5.4.4.
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Table 5.4.4 Average Settlement Rate for DAS Operations for Disposal of Dredge Basin and ITP
Sediments from the East and West Basins

Containment

Cell

Period

(d/m/year)

Sediment

Source

Outfall

Depth

Deposition
Unit1

25-74 μm 9-25 μm 3-9 μm 1-3 μm 

East Basin

1/4/2019 to

26/04/2019

Dredge

Basin

45 m 4.53 6.97 2.30 1.19 m3/day

60 m 4.99 7.60 2.32 1.10 m3/day

75 m 5.24 7.67 2.25 1.01 m3/day

1/11/2019 to

5/12/2019
ITP

45 m 0.83 0.46 0.23 0.04 m3/day

60 m 1.20 0.62 0.28 0.06 m3/day

75 m 1.10 0.49 0.22 0.05 m3/day

West Basin

1/4/2020 to

26/04/2020

Dredge

Basin

45 m 3.99 6.62 2.08 1.06 m3/day

60 m 4.39 7.30 2.11 1.02 m3/day

75 m 4.68 7.30 2.04 0.94 m3/day

1/11/2020 to

6/12/2020
ITP

45 m 0.75 0.64 0.40 0.08 m3/day

60 m 0.73 0.52 0.32 0.07 m3/day

75 m 0.65 0.40 0.24 0.05 m3/day

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549 for in situ dredge basin sediments and 0.588 for FRS),

excluding voids and water.

The characteristics of the TSS plume were modelled during the time period when the somewhat coarser

sediment from the ITP will be dredged and delivered to the east basin, and the supernatant disposed at

sea at a depth of 45 m. The predicted fate of TSS plume originating from the DAS at concentrations of

1 mg/L, 5 mg/L, and 10 mg/L for the loading of the east basin with ITP sediments is illustrated in

Figures 5.4.16 to 5.4.18 for an outfall depth of 45 m. The predicted probability of the TSS plume exceeding

10 mg/L at any given hour of operation is less than 0.1% outside of a 200 m radius of the DAS outfall

location, as can be seen on the probability map presented in Figure 5.4.18. At 5 mg/L, the TSS plume will

remain confined to a small area approximately 800 m to 1,000 m in diameter surrounding the DAS outfall.

At 1 mg/L, the TSS plume is predicted to be advected approximately 5,000 m to the southeast and

approximately 2,000 m to the northwest. The apparent discontinuities in the map are relics of the low

number of counts at the edge of the probability cloud, and also the hourly model output time step.

Concentration can also, rarely, increase at a certain depth and location due to different rates of sinking of

the modelled size fractions. The predicted TSS plume has an approximate 1% to 5% probability of

extending across the Canada-U.S.A. border in any given hour of operation. The excursion of the plume

originating from the 45 m depth outfall has a small probability of extending to the western shore of Point

Roberts. The plume from the 45 m depth outfall has a 1% to 5% probability of appearing on the tidal flat of

Roberts Bank during any given hour of operation.



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 65

Representative maximum excursions of the predicted TSS plume originating from the DAS under flood and

ebb tidal conditions for the loading of the east basin with ITP sediments are plotted on Figures 5.4.19 and

5.4.20, for a DAS outfall depth of 45 m. In comparison to the probability maps presented previously, it can

be seen that the instantaneous TSS plume will have a smaller contiguous area, but more continuous

distribution than indicated by the overall probability trace of the plume. This is due to the low probability of

the TSS plume being in any given location and is reflective of the overall low TSS concentration in the

plume. The total volume of solids maintained in suspension from a discharge at 45-m depth is presented in

Table 5.4.3.

The depositional thickness and median diameter of the deposited layer resulting from disposal of ITP

sediment-laden effluent from the east basin is plotted on Figures 5.4.21 and 5.4.22 for a DAS outfall depth

of 45 m. The depositional pattern is presented down to a thickness of 0.1 mm, which is comparable to

approximately 1% of the total annual deposition in the vicinity of Roberts Bank. From these figures, it is

clear that the area with depositional thickness larger than 0.1 mm is very limited. The total rate of

resettlement for fine sediments released during 45 m depth DAS operations is presented in Table 5.4.4.

5.4.3 60 m Outfall Depth

The same modelling analysis presented in Section 5.4.2 was repeated with the assumed DAS outfall

terminus located at a depth of 60 m. At this outfall depth, the probability of predicted TSS concentrations in

the receiving water exceeding 1 mg/L, 5 mg/L, and 10 mg/L in any given hour during disposal at sea during

the loading of the east basin with dredge basin sediments is illustrated in Figures 5.4.23 to 5.4.25. The

predicted plume locations from the 60-m depth outfall are very similar to the locations for a 45-m depth

outfall (Figures 5.4.9 to 5.4.11). At a threshold of 1 mg/L, the probable plume positions from the 60-m

depth outfall have a slightly smaller extent. At thresholds of 5 and 10 mg/L, the predicted plume positions

are almost the same, with a slight bias to the south and fewer excursions onto the tidal flats.

Representative predicted maximum excursions of the TSS plume are plotted in Figures 5.4.26 and 5.4.27.

Compared with the instantaneous plume extents from a 45-m depth outfall (Figures 5.4.12 and 5.4.13), the

flood tide extent shows less coverage of the tidal flat while the ebb tide extent is nearly identical.

The predicted depositional thickness and median diameter of the deposited layer are plotted in Figures

5.4.28 and 5.4.29. The predicted depositional pattern is relatively symmetric along the bank face, and very

similar to that for the 45-m depth outfall (Figures 5.4.14 and 5.4.15), with the exception of a slight offshore

displacement due to the difference in outfall location.

The predicted fate of a TSS plume during dredging of the ITP is presented for concentrations of 1 mg/L,

5 mg/L, and 10 mg/L in Figures 5.4.30 to 5.4.32. At the 1 mg/L threshold, the probable plume positions are

similar to those for a 45-m discharge depth (Figure 5.4.16) except that there are no excursions onto the
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tidal flats. At the 5 and 10 mg/L thresholds the probable plume positions are very similar to the 45-m depth

plume positions (Figures 5.4.17 and 5.4.18), with a small horizontal offset away from the terminal.

Representative predicted maximum excursions of the TSS plume for the loading of the east basin with ITP

sediments are plotted in Figures 5.4.33 and 5.4.34. The TSS plume approximately conforms to the

boundaries prescribed by the exceedance probability. This implies that for a 60-m depth outfall location,

the variation in plume extents and positions is relatively limited.

The predicted depositional thickness and median diameter of the deposited layer are plotted in Figures

5.4.35 and 5.4.36. The area of deposition is quite limited, similar to the predicted deposition for a 45-m

depth discharge (Figures 5.4.21 and 5.4.22).

5.4.4 75 m Outfall Depth

The same modelling analysis presented in Sections 5.4.2 and 5.4.3 was repeated with the assumed DAS

outfall terminus located at a depth of 75 m. The probabilities of predicted TSS concentrations exceeding

1 mg/L, 5 mg/L, and 10 mg/L for the discharge of effluent containing dredge basin sediments are illustrated

in Figures 5.4.37 to 5.4.39. Compared with the probable plume positions for a 60-m depth discharge

(Figures 5.4.23 to 5.4.25), the 75-m depth discharge plume positions look very similar. At a 1 mg/L

threshold the probability extent is slightly less, while at the 5 and 10 mg/L thresholds the extent is slightly

greater and less concentrated.

Representative predicted maximum excursions of the TSS plume are plotted in Figures 5.4.40 and 5.4.41.

Compared to the 60-m depth discharge (Figures 5.4.26 and 5.4.27), the 75-m depth plume excursions

have only slight differences: on flood tide the plume is slightly offset to seaward and on ebb tide the plume

reaches slightly less far to the south.

The predicted depositional thickness and median diameter of the deposited layer for the 75-m depth

discharge of dredge basin sediments from the east basin are plotted in Figures 5.4.42 and 5.4.43.

The depositional area is similar to and slightly seaward of the predicted depositional area for the 60-m depth

discharge (Figures 5.4.28 and 5.4.29).

The predicted fate of sediment discharged at 75 m depth during ITP dredging is presented for

concentrations of 1 mg/L, 5 mg/L, and 10 mg/L in Figures 5.4.44 to 5.4.46. The probable plume positions

are similar to the 60-m depth discharge positions for all thresholds, and slightly offset to seaward (Figures

5.4.30 to 5.4.32).

Representative predicted maximum excursions of the TSS plume are plotted in Figures 5.4.47 and 5.4.48.

Similarly to the 60-m depth outfall, it can be seen here that the instantaneous TSS plume approximately
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conforms to the boundaries prescribed by the exceedance probability, implying that the variation in plume

extents and positions is relatively limited.

The predicted depositional thickness and median diameter of the deposited layer resulting from the 75-m

discharge of ITP sediment-laden effluent are plotted on Figures 5.4.49 and 5.4.50. Again, the depositional

area is similar to and slightly seaward of the predicted depositional area for the 60-m depth discharge

(Figures 5.4.35 and 5.4.36).

The total rate of resettlement for fine sediments released during DAS operations is presented in Table 5.4.4.

Comparing Tables 5.4.3 and 5.4.4, it can be seen that the deeper outfall locations result in a slightly larger

volume of suspended 1- to 25-μm sediments at concentrations greater than 1 mg/L, with slightly lower 

concentrations of suspended 25- to 74-μm sediment. This sediment behaviour is reflective of the available 

mixing energy at 45 m depth versus 75 m depth, in which the lower energy environment of the 75-m depth

outfall results in more settling of the coarser sediment fraction and less dispersal of fine sediments.

Conversely, the higher energy environment of the 45 m depth outfall location inhibits the settling of the 25-

to 74-μm fraction and results in a more rapid dispersal of the TSS plume, yielding a larger proportion of the 

finer material at concentrations less than 1 mg/L and, hence, a lower volume of material at concentrations

of 1 mg/L and above. When the volumes of deposition are compared, the 45-m depth outfall location results

in a marginally higher deposition of fine-grained material compared to either the 60-m or 75-m outfall

depths. This is because the TSS plume originating at 45 m depth is regularly swept on to the low energy

environment of the Roberts Bank tidal flat, where it deposits fine-grained material. The preferential

deposition of fine-grained material can be visualized by comparing Figures 5.4.15 and 5.4.43 wherein the

median diameter of the depositional layer originating from the 45 m depth outfall is marginally finer and

contains a fine sediment lobe extending to the west of the RBT2 footprint. For disposal of sediment

generated during infilling of FRS from the ITP, the depositional thickness of fine sediments is very thin (less

than 0.5 mm) and is concentrated at the DAS location, compared to a slightly thicker (up to 1.0 mm) and

wider-spread depositional pattern resulting from disposal of dredge basin sediments.

5.4.5 Reliance on Steady DAS Flow Rate

As noted at the beginning of Section 5.4, the results presented above relied on the assumption of a steady

DAS discharge flow rate. If the DAS discharge flow rate were varying or intermittent as a result of tidal

influences, the above results would no longer be applicable.

5.5 TASK 6: TUG BASIN DREDGING AND DISPOSAL

The excavation of the tug basin consists of two major phases which introduce sediment into the ambient

waters of the Strait of Georgia. Firstly, the clamshell dredging within the basin results in fugitive sediment

releases both as the dredge scoop takes place and as the bucket travels through the water column.
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Secondly, as the disposal barge releases its stored dredgeate at the DAS location, the fine sediment

fractions within the dredgeate are stripped from the descending plume of disposal material. These stripped

sediments form a plume of suspended fine sediment (Section 4.3). A third source of suspended sediment

could be the overflow of supernatant water from the disposal barge as it is loaded by the clamshell dredge;

however, this source has been omitted as it could not be confirmed that this loading practice would be

applied during tug basin dredging. The assumption of zero supernatant water overflow was accepted by

the Project team.

Dredging is assumed to be conducted by a clamshell dredge with a 7.65 m3 (10 yd3) bucket capacity, based

on the largest clamshell dredge operated by FRPD. The loss-rate through the clamshell bucket (i.e., the

rate of sediment re-suspension) is assumed to be 2% of the total bucket contents, which has a solids

fraction of 0.456. For every time step, the rate of re-suspension was calculated for each sediment size and

the corresponding volume of material was introduced throughout the water column at the dredge location

(see Section 4.1.11). Dumping of the dredgeate generated by the clamshell dredge is assumed to be

conducted by a vessel with similar properties to the Pauquachin, operated by FRPD. The loss rate of

sediment during dumping was determined via STFATE (Section 4.3) and three daily trips were assumed.

The volume of sediment dredged from the tug basin and released as suspended solids is summarised in

Table 5.5.1.

Table 5.5.1 Average Daily Dredgeate Production and Sediment Loss: Fine Sediments

Total

Fugitive Fine Sediment Releases

at the Tug Basin

Fugitive Fine Sediment Releases

at the DAS Location

25-74 μm 9-25 μm 3-9 μm 1-3 μm 25-74 μm 9-25 μm 3-9 μm 1-3 μm 

m3/day1 m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day m3/ day

365.61 4.17 2.01 0.81 1.56 172.59 84.45 34.65 65.37

1 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549), excluding voids and water. Daily values are calculated from

data presented in Table 4.1.1.

The tug basin is located in the shallow, sheltered waters behind Deltaport berth 3 immediately adjacent to

the tidal flats and the causeway. Consequently, the tidal currents within the tug basin are relatively mild and

the flushing of the basin is less dramatic than at the dredge basin or ITP. Sediments released at the tug

basin tend to remain relatively confined to the immediate vicinity of the RBT2 footprint and are primarily

advected along the causeway embankment with rising tides and past the ITP with falling tides. The DAS

location is on the shelf face of Roberts Bank and is exposed to relatively strong tidal currents which primarily

follow the contours of the Roberts Bank face. Sediments released during dredgeate disposal are primarily

advected along the bank face with some excursion events onto the tidal flats north of RBT2.

The dispersal of the TSS plume originating from tug basin excavation is illustrated in Figures 5.5.1 to 5.5.3

wherein the probability of the peak TSS exceeding 1 mg/L, 5 mg/L, and 10 mg/L, respectively, is presented
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over the full dredging period from mid-August to mid-October. The extent of the probability maps represents

99.9% of predicted TSS plume positions over this period. At a concentration of 10 mg/L, the TSS plume is

largely limited to the vicinity of the dredging and disposal zones. At the DAS site, the maximum probability

of exceedance is 30%, dropping to less than 1% within an along-shelf distance of approximately 1,400 m

and an offshore radius of 600 m. With a 10 mg/L exceedance rate of 0.1%, the plume can be advected from

the tug basin a short distance onto the tidal flats adjacent to the causeway. Considering concentrations

greater than 5 mg/L, the TSS plume is advected approximately 2,800 m from the DAS location and 1,500

m onto the tidal flat adjacent to the causeway. The plume from the tug basin enters the tidal flat on a flood

tide and is forced along the edge of the causeway to near the shoreline. In the immediate vicinity of the

DAS location, the maximum probability of exceeding a TSS concentration of 5 mg/L is 35%. Considering

concentrations greater than 1 mg/L, the TSS plume is widely dispersed. The plume extends approximately

9,000 m northward and 7,500 m southwards nearly to Point Roberts. Adjacent to the causeway, the plume

regularly transits the tidal flat and shoreline, with a 40% probability of extending onto the shelf at any given

hour of dredging operations. The TSS plume has a 30% probability of extending onto Roberts Bank at a

concentration greater than 1 mg/L.

Figures 5.5.4 and 5.5.5 present instantaneous snapshots of the maximum TSS plume extent under flood

and ebb tidal conditions, respectively. Snapshots were selected to display the most significant excursions

of the TSS plume. Under flood tidal conditions (Figure 5.5.4), the TSS plume, demarcated by

concentrations of 1 mg/L, is predicted to be advected approximately 4,500 m northwest along the bank

face, and to extend approximately 1,500 m past the RBT2 footprint onto Roberts Bank. Under ebb tide

conditions (Figure 5.5.5), the TSS plume can occasionally be advected in a thin trail to Point Roberts.

However, the presented time step shows a high concentration plume extending across the Canada-U.S.A.

border, 4,500 m southeast along the bank face. The plume is predicted to cross the Canada-U.S.A. border

at a concentration of between 3 and 4 mg/L.

The total volume of suspended solids, rate of sediment resettlement within the tug basin and within a 100

m radius of the DAS location, and the total rate of resettlement of fine sediments released during tug basin

operations are presented in Table 5.5.2. The rate of resettlement includes the volume of sediments later

removed by the dredging operation (i.e., resettled sediments in grid cells with active dredging are subject

to removal by dredge) and disturbed by tidal currents. The volume of the TSS plume is presented as the

average instantaneous plume volume and, as such, is not a suspension rate, but rather the average volume

of sediment maintained in the water column at a concentration greater than 1.0 mg/L during the period of

tug basin excavation.

The rate of resettlement of the finest sediment fractions and the volume of material entrained into the TSS

plume is predicted to be smaller than the rate of suspended material production due to dredging. This
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imbalance arises because a fraction of the finest particles in the TSS plume exit the model domain at very

low concentrations. Even at such small concentrations, the large volumes of water mobilized by tidal action

in the Strait of Georgia will result in a relatively large transport of material away from Project locations at

extremely low concentrations.

Table 5.5.2 Representative Average Daily Settlement Rate and Instantaneous TSS Plume Volume
over Period of Tug Basin Dredging Spanning August to October

Property
Value

Unit
25-74 μm 9-25 μm 3-9 μm 1-3 μm 

Volume of TSS > 1 mg/L 31.29 165.16 123.38 242.39 m3,1

Resettlement Rate, DAS and TB 1.73 1.27 0.04 0.01 m3/day2

Resettlement Rate, Total 117.97 38.92 3.54 0.94 m3/day3

Permanent Losses 31.66 30.92 23.43 49.50 m3/day4

1 Average volume of material maintained in suspension at concentrations greater than 1 mg/L.

2 Volumetric flow rate quoted as m3/day of the solid fraction only (0.549), excluding voids and water. Resettlement rate is for only the

tug basin footprint and within a 100m radius of the DAS location.

3 Total resettlement includes material scoured and resettled, not only dredgeate releases. Resettlement rate is calculated over the full

model domain.

4 Permanent losses refer to TSS material dispersed in the Strait of Georgia that neither settles nor remains in the project location.

Typical depositional patterns resulting from the advection of the TSS plume, as predicted, are presented in

Figures 5.5.6 and 5.5.7 in terms of depositional thickness and the median diameter of the deposited

material (note the change of scale). The depositional pattern is shown only where the predicted thickness

is 0.1 mm or greater; this thickness is equivalent to approximately 1% of the total annual deposition in the

vicinity of Roberts Bank. These figures show a strong northwesterly skew predicted for the depositional

pattern along the shelf face, with minor deposition occurring on the Roberts Bank shelf and the tidal flat

adjacent to the causeway. Maximum depositional thickness is not predicted to exceed 1.6 mm, considerably

less than the annual deposition rate. Along the shelf face, there is a strong skew towards the larger-grained

fine sediments (silts), with little significant deposition of the finest clay fractions. The median diameter of

the deposited layers on the tidal flats is somewhat finer than along the shelf face owing to the more

quiescent environment of the flats and the inability of the tidal flows to transport the larger-grained silts onto

the flats. The vast majority of the clay sediments are diluted to concentrations well below 1 mg/L and

eventually dispersed in the Strait of Georgia.

5.6 SCHEDULE INTERPRETATION

Based on the modelling results presented above and the schedule documents Basis of Schedule, Rev C

(AECOM 2014), Construction and Operation Activities List, Rev E (WorleyParsons, 2014) and EIS Section

4 Project Description, Rev B (Port Metro Vancouver 2014), the totals of released, deposited and dispersed

fine sediments for the Project activities covered by this report have been calculated and are presented in
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Table 5.6.1. The dispersed sediment represents sediment that remains in the water column at the end of

the simulation, or sediment that has exited the model domain, and will continue to be carried by currents

until it too settles, but over a wide area and with a very small depositional depth.

When interpreting these totals, several points must be considered. There are discrepancies between the

scheduled times to complete the various dredging and stockpiling activities and the stated dredging

capacities in both Basis of Schedule, August 7, 2013 (AECOM 2013), and Basis of Schedule, April 10, 2014

(AECOM 2014). A good example of this discrepancy is provided by the filling of east and west basins where,

essentially, if the basins are filled at the prescribed rate, the time to achieve the stated fill volume (50% of

the dredge basin dredgeate production per basin) is significantly shorter than scheduled (122 days versus

196 days). To maintain a conservative release rates of fine sediment (hence TSS concentration in the water

column and overall deposition), the more aggressive dredge rates given in the Basis of Schedule

documents were applied in the modelling. Because the total volumes of dredged sediment are presented

in Table 5.6.1, rather than dredge rates, the results presented below remain valid regardless of the applied

dredge rate. Where significant, deviations between the presented results and the schedule documents have

been noted in Table 5.6.1. Furthermore, the filling of the east and west basins with fill material from the ITP

was modelled until such time as the fill level reached the crest of the containment cell berm. Beyond this fill

level, the applied modelling approach loses validity and it was agreed that this would be the cutoff point for

modelling further sediment inputs. Therefore, the results presented below for the DAS deposition and

dispersion volumes do not cover the period of above-berm (e.g. preloading) construction activities. The

DAS results below are derived from both the 15% non-retention scenario and the settling model non-

retention scenario (approximately 3%), and do not include the VEF fallout discharge volume.
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Table 5.6.1 Summary of Total Released, Settled and Dispersed Fine Material as Applied to the
Construction Schedule

Days
Start Date
(d/m/year)

End Date
(d/m/year)

Total
Volume

a

Fines
Released

Fines
Settled

Fines
Dispersed

1000 m3 1000 m3 1000 m3 1000 m3

Titan to ITPb

Titan to ITP(Y1) 274 1/7/2018 28/2/2019 2,211.3 44.1 0.7 43.4

Titan to ITP (Y2) 274 1/7/2019 28/2/2020 2,211.3 44.1 0.7 43.4

Titan to ITP (Y3) 274 1/7/2020 28/2/2021 2,211.3 44.1 0.7 43.4

Titan to ITP (Y4) 60 1/7/2021 29/8/2021 484.2 9.7 0.2 9.5

Total 882c 1/7/2018 29/8/2021 7,118.3 142.1 2.2 139.9

Columbia at Dredge Basind

Dredge and Pump to
East Basin

196 1/4/2019 14/10/2019
1,143 .2
(1,928)

13.9 10.2 3.7

Dredge and Pump to
West Basin

194 1/4/2020 12/10/2020
1,143 .2

(358)
13.8 10.2 3.6

Total 390b 2/11/2018 12/10/2020 2,286.4 27.7 20.4 7.3

Columbia ITP to East Basin Fille

Reclaim from ITP to East
Basin to Final Grade

110 26/10/2019 12/2/2020 1,268.2 15.2 0.5 14.7

Columbia ITP to West Basin Fille

Reclaim from ITP to West
Basin to Final Grade

123 31/10/2020 2/3/2021 1,418.1 17.0 0.6 16.5

Unnamed Second Dredge ITP to East Basin Fille

Reclaim from ITP to East
Basin to Final Grade

135 30/9/2019 12/2/2020 363.2 4.4 0.1 4.2

Unnamed Second Dredge ITP to West Basin Fille

Reclaim from ITP to West
Basin to Final Grade

92 30/11/2020 2/3/2021 247.5 3.0 0.1 2.9

DAS of Dredge Basin Effluents, 15% Non-Retention

DAS of East Basin
Effluent from Dredge

Basin Fill
197 1/4/2019 14/10/2019 168.7 168.7 57.6 111.1

DAS of West Basin
Effluent from Dredge

Basin Fill
197 1/4/2020 12/10/2020 168.7 168.7 57.6 111.1

Total 394 1/4/2019 12/10/2020 337.4 337.4 115.2 222.2

DAS of Dredge Basin Effluents, Settling Model Non-Retention (Approximately 3%)

DAS of East Basin
Effluent from Dredge
Basin Fill

197 1/4/2019 14/10/2019 32.7 32.7 1.7 31.0

DAS of West Basin
Effluent from Dredge
Basin Fill

197 1/4/2020 12/10/2020 30.7 30.7 1.6 29.1

Total 394 2/11/2018 12/10/2020 63.4 63.4 3.3 60.1
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Days
Start Date
(d/m/year)

End Date
(d/m/year)

Total
Volume

a

Fines
Released

Fines
Settled

Fines
Dispersed

1000 m3 1000 m3 1000 m3 1000 m3

DAS of ITP Effluents (Until Crest Elevation Achievedf)

DAS of East Basin
Effluent from ITP Fill

34 30/9/2019 Crest 2.8 2.8 0.1 2.8

DAS of West Basin
Effluent from ITP Fill

35 31/10/2020 Crest 3.0 3.0 0.1 2.9

Total 69 30/9/2019 Crest 5.8 5.8 0.1 5.7

Excavation of the Tug Basin

Dredge to Design
Grade and DAS

61 15/8/2022 15/10/2022 172.1 19.8 8.7 11.1

a All volumes are presented as solids, neglecting voids. This is for consistency with the presentation of suspended solids (which have

no void ratio) and the varying void ratios associated with the in situ and imported sand.

b Delivery rates are based on information presented in Basis of Schedule, August 7, 2013 (AECOM 2013), and Basis of Schedule,

April 10, 2014 (AECOM 2014). Using this rate and the operation dates presented in Construction and Operation Activities List, Rev E

(WorleyParsons 2014) there is a discrepancy of 981,000 m3 with the EIS Section 4 Project Description, Rev A (WorleyParsons 2014).

c There is a discrepancy in Construction and Operation Activities List, Rev E (WorleyParsons 2014) between the date ranges and the

operational days. In this analysis, the provided date ranges have been used to calculate the number of operational days and it is this

value presented here.

d The excavation of the dredge basin to the east and west basins presented here is based equal amounts of dredging occurring per

dredging window. Values in grey are the amount dredged at the rates presented in Basis of Schedule, August 7, 2013 (AECOM 2013),

and Basis of Schedule, April 10, 2014 (AECOM 2014).

e In the absence of a projected dredging volume for this period, dredging volumes presented here are based on the rates presented

in Basis of Schedule, August 7, 2013 (AECOM 2013), and Basis of Schedule, April 10, 2014 (AECOM 2014).

f The time to fill each basin to the crest elevation is based on the total volume of the basins and the dredge rates presented in Basis

of Schedule, August 7, 2013 (AECOM 2013), and Basis of Schedule, April 10, 2014 (AECOM 2014)



Port Metro Vancouver l RBT2 – Dredging Studies – Dispersion Modelling Tetra Tech EBA

December 2014 Page 74

6.0 CONCLUSIONS

Based on the preceding analysis, the following conclusions regarding the fate of the TSS plume generated

by the RBT2 dredging and DAS operations can be made:

 The number and type of dredges operating on site has a significant influence on the concentration

and extent of the TSS plume, as shown in the figures of Section 5.2;

 Dredging operations within the ITP will generate much smaller concentrations of TSS and lesser

deposition of fines than dredging at the dredge basin;

 Dredging operations within the dredge basin generate a small TSS plume, which is generally

advected along a northwest-southeast axis. Depending on the season, the TSS plume can be

advected onto the tidal flat of Roberts Bank due to upwelling near the northwestern corner of the

RBT2 footprint. Similarly, the TSS plume originating from dredge basin operations can be advected

over the Canada-U.S.A. border for short durations and at low concentrations. This phenomenon is

more likely in summer and fall than in spring;

 For planning purposes, the containment cells have been assumed to capture 85% of all sediment

input from the dredge basin, corresponding to a non-retention rate of 15%. A settling model of the

containment cells, if operated as settling basins, however, predicts more retention of solids: the

east and west basin containment cells are predicted to settle over 97% of all sediment from the

input dredge basin dredgeate, corresponding to a non-retention rate of about 3%. This result,

coming from Stokes’ law and the basin hydraulics, represents a potential upper bound to the

achievable retention in the containment cells, given appropriate hydraulic management;

 The sediment released from the RBT2 footprint containment cells under the assumed 15%

non-retention scenario will be approximately 25% clay, with a negligible proportion of the input clays

captured in the containment cell;

 The settling model predicts the sediment escaping from the RBT2 footprint containment cells will

be up to 70% clay, with between a third and a half of the input clays captured in the containment

cell, depending on the fill level of the containment cell;

 Even with the 3% non-retention rate, DAS operations will generate a larger TSS plume than near-

surface dredging operations;

 Using an assumed non-retention rate of 15%, the TSS plume has an 80% probability of crossing

the Canada-U.S.A. border in any given hour at concentrations up to 1.0 mg/L, a 20% probability at

concentrations up to 5.0 mg/L and a 10% probability at concentrations up to 10.0 mg/L;

 Using the settling model’s non-retention rate of approximately 3%, the TSS plume originating at

any DAS outfall depth has a 20 to 30% probability of crossing the Canada-U.S.A. border in any

given hour at concentrations below 1.0 mg/L and a 0.1% to 1.0% probability at concentrations up

to 5.0 mg/L;
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 For either non-retention rate, the predicted fate of the DAS plume relies on the assumption of a

steady discharge flow rate. If the discharge rate instead varies with tidal conditions, the predicted

plume positions could have greater extents and predicted TSS concentrations could be higher;

 The TSS plume originating from an outfall depth of 75 m is unlikely to be advected onto the tidal

flat of Roberts Bank, while an outfall location of 45 m depth will result in occasional TSS

concentrations up to 5 mg/L on the tidal flat of Roberts Bank. This is due to near-surface upwelling

effects along the face of Roberts Bank;

 For both dredging and DAS operations, a dominant factor in the fate of the released fine sediments

is dispersal by currents and turbulent mixing. Deposition of the fine material will be limited to the

region immediately surrounding the RBT2 footprint and will be an order of magnitude smaller than

the estimated natural sedimentation rate for Roberts Bank. The bulk of the fine material generated

during construction will be diluted to below 1 mg/L and flushed from the Strait of Georgia; and

 The excavation of the tug basin and disposal of the associated dredgeate results in two TSS plume

dispersal patterns. At the DAS location, the suspended fine sediments are dispersed similarly to

the fine material exiting through the discharge pipe. These sediments have a 20% probability of

crossing the Canada-U.S.A. border at a concentration greater than 1 mg/L. Suspended sediments

from the excavation of the tug basin are generally confined to the tidal flat adjacent to the causeway

and have a 40% probability of exceeding 1 mg/L, a 1% probability of exceeding 5 mg/L and a 0.1%

probability of exceeding 10 mg/L.
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9.0 STATEMENT OF LIMITATIONS

This report and its contents are intended for the sole use of Port Metro Vancouver and their agents. Tetra

Tech EBA Inc. (Tetra Tech EBA) does not accept any responsibility for the accuracy of any of the data, the

analysis, or the recommendations contained or referenced in the report when the report is used or relied

upon by any Party other than Port Metro Vancouver, or for any Project other than the proposed development

at the subject site. Any such unauthorised use of this report is at the sole risk of the user. Use of this report

is subject to the terms and conditions stated in Tetra Tech EBA’s Services Agreement. Tetra Tech EBA’s

General Conditions are provided in Appendix B of this report.
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Dredge Basin Sediment with
Overlaid Grain-Size Binning

Data derived from: Klohn Crippen Berger, 2013, Roberts Bank Terminal 2 Settling and Flocculation Ponds.
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Bulk Suspension Factor Curves
Columbia Cutter-Suction Dredge

Depths relative to chart datum.

Bulk suspension factor is the ratio of dredgeate through-put to losses.
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Depositional Mound and Suspended
Sediment Clouds Following Disposal

Depths relative to chart datum.

Results are presented 150 seconds after disposal for the release of Fraser River Sand at the ITP

via the hopper dredge Fraser Titan .

The depositional mound at the centre is formed primarily from the sandy fractions of the dredgeate. Two clouds of

suspended fine particles are released, a small cloud near the surface and a larger cloud near the seabed.
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Following Disposal from Hopper Dredge

Depths relative to chart datum.

Results are presented for the disposal of Fraser River Sand at the ITP via the hopper dredge Fraser Titan.
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H3D Velocity Points and
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Velocities - 10 m Depth
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Modelled Velocity Summary
at Selected Points - April 2019
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Flood and ebb currents are in locations and directions
noted on Figure 5.1.1.

Current statistics are calculated based on 744 hourly
model snapshots.
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Modelled Velocity Summary
at Selected Points - July 2019
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Flood and ebb currents are in locations and directions
noted on Figure 5.1.1.

Current statistics are calculated based on 744 hourly
model snapshots.
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Modelled Velocity Summary
at Selected Points - October 2019
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Flood and ebb currents are in locations and directions
noted on Figure 5.1.1.

Current statistics are calculated based on 744 hourly
model snapshots.
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Modelled Velocity Summary
at Selected Points - January 2020
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Flood and ebb currents are in locations and directions
noted on Figure 5.1.1.

Current statistics are calculated based on 744 hourly
model snapshots.
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to May 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, April 2019:
Peak TSS Exceeding 1.0mg/L

RBT2 Terminal Footprint and Causeway Expansion
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to May 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, April 2019:
Peak TSS Exceeding 5.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to May 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, April 2019:
Peak TSS Exceeding 10.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Dredging Operations, April 2019:
Instantaneous TSS Extent, Flood Tide
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Depths relative to chart datum.

TSS plume presented on April 29, 2019 at 21:00, corresponding to a flood tide.
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Dredging Operations, April 2019:
Instantaneous TSS Extent, Ebb Tide
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Depths relative to chart datum.

TSS plume presented on April 29, 2019 at 06:00, corresponding to an ebb tide.
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Tug Basin, Extended
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Dredging Operations, April 2019:
Total Deposition of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Dredging Operations, April 2019:
D50 of Deposited Fine Sediments
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from July 1st, 2019 to August 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, July 2019:
Peak TSS Exceeding 1.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from July 1st, 2019 to August 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, July 2019:
Peak TSS Exceeding 5.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from July 1st, 2019 to August 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, July 2019:
Peak TSS Exceeding 10.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Dredging Operations, July 2019:
Instantaneous TSS Extent, Flood Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 10, 2019 at 20:00, corresponding to a flood tide.
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Tug Basin, Extended

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0

20

100

60

120140

USA

Canada

Point Roberts

Tsawwassen

Longitude

L
a

ti
tu

d
e

-123.30 -123.25 -123.20 -123.15 -123.10 -123.05 -123.00 -122.95
48.92

48.94

48.96

48.98

49.00

49.02

49.04

49.06

TSS

[mg/L]Display Period

May Jun

2019

Aug Sep Oct Nov Dec Jan Feb MarApr

Columbia, ITP

Titan, ITP Second Dredge, ITP

Columbia, Dredge Basin

AprJul

2020



NOTES

DATE

PROJECT NO.

V13203124

Tetra Tech EBA - VANC

OFFICE

DWN

October 29, 2014

JASJM

APVD REV

1

ISSUED FOR USE

Figure 5.2.12

PROPOSED ROBERTS BANK TERMINAL 2
DREDGING STUDIES - DISPERSION MODELLING

29 Oct 2014 09:25:57E:\Projects\RBT2\08-Report\Figures\JM_figs_RevE\0406-2019-July-TSS_Ebb.lay

Dredging Operations, July 2019:
Instantaneous TSS Extent, Ebb Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 13, 2019 at 05:00, corresponding to an ebb tide.
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Tug Basin, Extended
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Dredging Operations, July 2019:
Total Deposition of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Dredging Operations, July 2019:
D50 of Deposited Fine Sediments
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from October 1st, 2019 to November 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, October 2019:
Peak TSS Exceeding 1.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from October 1st, 2019 to November 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, October 2019:
Peak TSS Exceeding 5.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from October 1st, 2019 to November 1st, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, October 2019:
Peak TSS Exceeding 10.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Dredging Operations, October 2019:
Instantaneous TSS Extent, Flood Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on October 3, 2019 at 06:00, corresponding to a flood tide.
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Dredging Operations, October 2019:
Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on October 16, 2019 at 23:00, corresponding to an ebb tide.

Intermediate Transfer Pit

Tug Basin, Extended
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Dredging Operations, October 2019:
Total Deposition of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Dredging Operations, October 2019:
D50 of Deposited of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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JAS
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STATUS

Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from January 1st, 2020 to February 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, January 2020:
Peak TSS Exceeding 1.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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JAS
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from January 1st, 2020 to February 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, January 2020:
Peak TSS Exceeding 5.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from January 1st, 2020 to February 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, January 2020:
Peak TSS Exceeding 10.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

100%

90%

80%

70%

60%

50%

40%

30%

20%

10%

5%

1%

0.1%

0

0

20

60

100120

140

80

40

USA

Canada

Point Roberts

Tsawwassen

Longitude

L
a

ti
tu

d
e

-123.30 -123.25 -123.20 -123.15 -123.10 -123.05 -123.00 -122.95
48.92

48.94

48.96

48.98

49.00

49.02

49.04

49.06

Percent

of Time

Threshold

was

Exceeded

Display Period

May Jun

2019

Aug Sep Oct Nov Dec Jan Feb MarApr

Columbia, ITP

Titan, ITP Second Dredge, ITP

Columbia, Dredge Basin

Jul

2020

Apr



NOTES

DATE

PROJECT NO.

V13203124

Tetra Tech EBA - VANC

OFFICE

DWN

March 18, 2014

JASJM

APVD REV

0

ISSUED FOR USE

Figure 5.2.25

PROPOSED ROBERTS BANK TERMINAL 2
DREDGING STUDIES - DISPERSION MODELLING

29 Oct 2014 11:50:54E:\Projects\RBT2\08-Report\Figures\JM_figs_RevE\0406-2020-January-TSS_Flood.lay

Dredging Operations, January 2020:
Instantaneous TSS Extent, Flood Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on January 17, 2020 at 00:00, corresponding to a flood tide.
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Tug Basin, Extended
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Dredging Operations, January 2020:
Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on January 2, 2020 at 04:00, corresponding to an ebb tide.

Intermediate Transfer Pit

Tug Basin, Extended
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Dredging Operations, January 2019:
Total Deposition of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Dredging Operations, January 2019:
D50 of Deposited of Fine Sediment
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Tug Basin, Extended
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to April 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, 2019 to 2020:
Peak TSS Exceeding 1.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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JAS

CKD

STATUS

Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to April 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, 2019 to 2020:
Peak TSS Exceeding 5.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents the dredging of the Dredge Basin from April 1st, 2019 to April 1st, 2020.

Probability map accounts for 99.9% of TSS plume positions.

Dredging Operations, 2019 to 2020:
Peak TSS Exceeding 10.0mg/L

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin
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Dredging Operations, Full Period:
Total Deposition Fine Sediments
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Dredging Operations, Full Period:
D50 of Deposited Fine Sediments
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Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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- November 1 onward: Basin being filled with materials from the ITP
Containment Cell Model - East Basin
Fine Sediment Mass Concentration

- April 1 to July 31: Basin being filled with materials from the Dredge Basin and VEF discharge
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- November 1 onward: Basin being filled with materials from the ITP
Containment Cell Model - West Basin
Fine Sediment Mass Concentration

- April 1 to July 31: Basin being filled with materials from the Dredge Basin and VEF discharge
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Tug Basin, Extended

DAS Outfall

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, 15%
Non-Retention Scenario, TSS > 1.0 mg/L
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Tug Basin, Extended

DAS Outfall

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, 15%
Non-Retention Scenario, TSS > 5.0 mg/L
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Tug Basin, Extended

DAS Outfall

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, 15%
Non-Retention Scenario, TSS > 10.0 mg/L
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DAS: 45m Outfall Depth, 15%
Non-Retention Scenario

Instantaneous TSS Extent, Flood Tide
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Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 18:00, corresponding to a flood tide.
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DAS: 45m Outfall Depth, 15%
Non-Retention Scenario

Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 13:00, corresponding to an ebb tide.
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Tug Basin, Extended
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Tug Basin, Extended

DAS Outfall

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, 15%
Non-Retention Scenario, Deposition
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Intermediate Transfer Pit

Tug Basin, Extended

DAS Outfall

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, 15%
Non-Retention Scenario, D50
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 1.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 5.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 10.0 mg/L
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DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Flood Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 19:00, corresponding to a flood tide.
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DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Ebb Tide
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Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 13:00, corresponding to an ebb tide.
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment, Deposition
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, East Basin
Dredge Basin Sediment, D50
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
ITP Sediment, TSS > 1.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
ITP Sediment, TSS > 5.0 mg/L
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 45m Outfall Depth, East Basin
ITP Sediment, TSS > 10.0 mg/L
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DAS: 45m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Flood Tide
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Depths relative to chart datum.

TSS plume presented on November 29, 2019 at 04:00, corresponding to a flood tide.
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DAS: 45m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on December 1, 2019 at 21:00, corresponding to an ebb tide.

Intermediate Transfer Pit

Tug Basin, Extended
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, East Basin
ITP Sediment, Deposition
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 45m Outfall Depth, East Basin
ITP Sediment, D50
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 1.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 5.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 10.0 mg/L
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DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Flood Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 21:00, corresponding to a flood tide.
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Tug Basin, Extended
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DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 13:00, corresponding to an ebb tide.
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Tug Basin, Extended
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment, Deposition
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 60m Outfall Depth, East Basin
Dredge Basin Sediment, D50
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 60m Outfall Depth, East Basin
ITP Sediment, TSS > 1.0 mg/L
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 60m Outfall Depth, East Basin
ITP Sediment, TSS > 5.0 mg/L
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Intermediate Transfer Pit

Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 60m Outfall Depth, East Basin
ITP Sediment, TSS > 10.0 mg/L
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DAS: 60m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Flood Tide
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Depths relative to chart datum.

TSS plume presented on November 28, 2019 at 16:00, corresponding to a flood tide.

Intermediate Transfer Pit

Tug Basin, Extended

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0

20

100

60

1201401601
8
02

0
0

USA
Canada

Point Roberts

Tsawwassen

Display Period

May

2021

Jul Aug Sep Oct Nov Dec Jan Feb MarApr

East Basin, ITP West Basin, DB West Basin, ITPEast Basin, DB

AprMay Jun Jul Aug Sep Oct Nov Dec Jan Feb MarAprJun

2019 2020

Longitude

L
a

ti
tu

d
e

-123.35 -123.30 -123.25 -123.20 -123.15 -123.10 -123.05 -123.00 -122.95 -122.90
48.92

48.94

48.96

48.98

49.00

49.02

49.04

49.06

49.08

49.10

TSS

[mg/L]



NOTES

DATE

PROJECT NO.

V13203124

Tetra Tech EBA - VANC

OFFICE

DWN

March 18, 2014

JASJM

APVD REV

0

ISSUED FOR USE

Figure 5.4.34

PROPOSED ROBERTS BANK TERMINAL 2
DREDGING STUDIES - DISPERSION MODELLING

29 Oct 2014 09:29:35E:\Projects\RBT2\08-Report\Figures\JM_figs_RevE\0408-EB-60-TSS_Ebb.lay

DAS: 60m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Ebb Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on December 1, 2019 at 20:00, corresponding to an ebb tide.
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Tug Basin, Extended

10.00

9.00

8.00

7.00

6.00

5.00

4.00

3.00

2.00

1.00

0

20

100

60

1201401601
8
02

0
0

USA
Canada

Point Roberts

Tsawwassen

Display Period

May

2021

Jul Aug Sep Oct Nov Dec Jan Feb MarApr

East Basin, ITP West Basin, DB West Basin, ITPEast Basin, DB

AprMay Jun Jul Aug Sep Oct Nov Dec Jan Feb MarAprJun

2019 2020

Longitude

L
a

ti
tu

d
e

-123.35 -123.30 -123.25 -123.20 -123.15 -123.10 -123.05 -123.00 -122.95 -122.90
48.92

48.94

48.96

48.98

49.00

49.02

49.04

49.06

49.08

49.10

TSS

[mg/L]



NOTES

DATE

PROJECT NO.

V13203124

Tetra Tech EBA - VANC

OFFICE

DWN

March 18, 2014

JASJM

APVD REV

0

ISSUED FOR USE

Figure 5.4.35

PROPOSED ROBERTS BANK TERMINAL 2
DREDGING STUDIES - DISPERSION MODELLING

27 Oct 2014 11:43:51E:\Projects\RBT2\08-Report\Figures\JM_figs_RevE\0408-EB-60-Deposit.lay

JAS

CKD

STATUS
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 60m Outfall Depth, East Basin
ITP Sediment, Deposition
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 60m Outfall Depth, East Basin
ITP Sediment, D50
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

Intermediate Transfer Pit

Tug Basin, Extended DAS: 75m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 1.0 mg/L
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.
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Tug Basin, Extended DAS: 75m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 5.0 mg/L
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

Map represents loading of the East Basin with Dredge Basin (DB) sediment April 1st, 2019 to July 26th, 2019.

Probability map accounts for 99.9% of TSS plume positions.
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Tug Basin, Extended DAS: 75m Outfall Depth, East Basin
Dredge Basin Sediment, TSS > 10.0 mg/L
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DAS: 75m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Flood Tide
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Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 20:00, corresponding to a flood tide.
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Tug Basin, Extended
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DAS: 75m Outfall Depth, East Basin
Dredge Basin Sediment

Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on July 21, 2019 at 13:00, corresponding to an ebb tide.

Intermediate Transfer Pit

Tug Basin, Extended
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 75m Outfall Depth, East Basin
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 75m Outfall Depth, East Basin
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 75m Outfall Depth, East Basin
ITP Sediment, TSS > 5.0 mg/L
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Tug Basin, Extended

Depths relative to chart datum.

Map represents loading of the East Basin with ITP sediment November 1st, 2019 to December 5th, 2019.

Probability map accounts for 99.9% of TSS plume positions.

DAS: 75m Outfall Depth, East Basin
ITP Sediment, TSS > 10.0 mg/L
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DAS: 75m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Flood Tide
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Depths relative to chart datum.

TSS plume presented on November 27, 2019 at 15:00, corresponding to a flood tide.
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DAS: 75m Outfall Depth, East Basin
ITP Sediment

Instantaneous TSS Extent, Ebb Tide
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RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum.

TSS plume presented on November 28, 2019 at 12:00, corresponding to an ebb tide.
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Tug Basin, Extended
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.

DAS: 75m Outfall Depth, East Basin
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Tug Basin, Extended

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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Tug Basin, Extended

DAS Location

Depths relative to chart datum

Map represents the dredging and disposal of Tug Basin sediments from August 16, 2021 to October 15, 2021.

Probability map accounts for 99.9% of TSS plume positions.

Tug Basin Dredging:
Peak TSS Exceeding 1.0mg/L
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Tug Basin, Extended

DAS Location

Depths relative to chart datum

Map represents the dredging and disposal of Tug Basin sediments from August 16, 2021 to October 15, 2021.

Probability map accounts for 99.9% of TSS plume positions.

Tug Basin Dredging:
Peak TSS Exceeding 5.0mg/L
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Tug Basin, Extended

DAS Location

Depths relative to chart datum

Map represents the dredging and disposal of Tug Basin sediments from August 16, 2021 to October 15, 2021.

Probability map accounts for 99.9% of TSS plume positions.

Tug Basin Dredging:
Peak TSS Exceeding 10.0mg/L
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Tug Basin, Extended

DAS Location

Depths relative to chart datum

TSS plume presented on September 12, 2022 at 13:00, corresponding to a flood tide.

Tug Basin Dredging:
Instantaneous TSS Extent, Flood Tide
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Tug Basin, Extended

DAS Location

Depths relative to chart datum

TSS plume presented on September 11, 2021 at 23:00, corresponding to an ebb tide.

Tug Basin Dredging:
Instantaneous TSS Extent, Ebb Tide
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DEPOSITION IS DISPLAYED FOR FINE SEDIMENT (<74 MIRCON) ONLY.

Tug Basin Dredging:
Total Deposition of Fine Sediment

RBT2 Terminal Footprint and Causeway Expansion

Dredge Basin

Depths relative to chart datum

Depositional contours not presented for mean thickness less than 0.1mm.

A depositional thickness of 0.1mm is approximately 1% of the annual deposition on Roberts Bank.
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APPENDIX A: H3D TECHNICAL DESCRIPTION

1.0 INTRODUCTION

H3D is an implementation of the numerical model developed by Backhaus (1983; 1985) which has had

numerous applications to the European continental shelf, (Duwe et al., 1983; Backhaus and Meir Reimer, 1983),

Arctic waters (Kampf and Backhaus, 1999; Backhaus and Kampf, 1999) and deep estuarine waters,

(Stronach et al., 1993). Locally, H3D has been used to model the temperature structure of Okanagan Lake

(Stronach et al., 2002), the transport of scalar contaminants in Okanagan Lake, (Wang and Stronach, 2005),

sediment movement and scour / deposition in the Fraser River, circulation and wave propagation in

Seymour and Capilano dams, and salinity movement in the lower Fraser River. H3D forms the basis of

the model developed by Saucier and co-workers for the Gulf of St. Lawrence (Saucier et al., 2003), and has

been applied to the Gulf of Mexico (Rego et al., 2010). H3D and its hydrocarbon transport and weathering

module have been used in three recent environmental assessment applications currently before the

appropriate regulatory agencies. H3D was used to simulate an existing and proposed reservoir for BC

Hydro's Site C Clean Energy Project. Temperature, ice cover, and sedimentation characteristics of the

proposed reservoir were predicted, supported by model validations in existing Dinosaur Reservoir. Two

reports are available at the provincial Environmental Assessment Office. H3D was used to conduct oil spill

modelling for the environmental and engineering assessments for the proposed Gateway project involving

oil shipment out of Kitimat. The modelling work forms part of the information package submitted to the

National Energy Board which is currently under review. Similarly, H3D was used to assess the fate of

accidental fuel spills arising from a proposed jet fuel terminal in the Fraser River. This modelling work is

part of the information package submitted to the provincial Environmental Assessment Office.

2.0 THEORETICAL BASIS

H3D is a three-dimensional time-stepping numerical model which computes the three components of

velocity (u,v,w) on a regular grid in three dimensions (x,y,z), as well as scalar fields such as temperature

and contaminant concentrations. The model uses the Arakawa C-grid (Arakawa and Lamb, 1977) in space,

and uses a two level semi-implicit scheme in the time domain. H3D bears many similarities to the

well-known Princeton Ocean Model (POM) (Blumberg and Mellor, 1987) in terms of the equations it solves,

but differs in how the time-domain aspects are implemented. H3D uses a semi-implicit scheme, allowing

relatively large time steps, and does not separately solve the internal and external models as POM does.

It also uses a considerably simpler turbulence scheme in the vertical. These considerations combined allow

H3D to execute complex problems relatively quickly.
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The equations to be solved are:

Mass Conservation:
(A1)

ݑ߲

ݔ߲
+
ݒ߲

ݕ߲
+
ݓ߲

ݖ߲
= 0

At the end of each timestep equation, (A1) is used to diagnostically determine the vertical component of

velocity (w) once the two horizontal components of velocity (u and v) have been calculated by the model.

X-directed momentum:
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Y-directed momentum:
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(A3)

Water surface elevation determined from the vertically-integrated continuity equation:
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The effect of wind forcing introduced by means of the surface wind-stress boundary condition:
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The effect of bottom friction introduced by the bottom boundary condition:
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The bottom friction coefficient is usually understood to apply to currents at an elevation of one metre

above the bottom. The bottom-most vector in H3D will, in general, be at a different elevation, i.e., at the

midpoint of the lowest computational cell. H3D uses the ‘law of the wall’ to estimate the flow velocity at

one metre above the bottom from the modelled near-bottom velocity.

The evolution of scalars, such as salinity, temperature, or suspended sediment, is given by the scalar

transport/diffusion equation:
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In the above equations:

u(x,y,z,t): component of velocity in the x direction;

v(x,y,z,t): component of velocity in the y direction;

w(x,y,z,t): component of velocity in the z direction;

S(x,y,z,t): scalar concentration;

Q(x,y,z,t): source term for each scalar species

f: Coriolis parameter, determined by the earth’s rotation and the local latitude;

AH  yvxvyuxu  /,/,/,/ : horizontal eddy viscosity;

AV  zzvzu water  /,/,/  : vertical eddy viscosity;

NH: horizontal eddy diffusivity;

NV  zzvzu water  /,/,/  : vertical eddy diffusivity;

CD,air: drag coefficient at the air-water interface;

CD,bottom: drag coefficient at the water/sea bottom interface;

a: density of air;

w(x,y,z,t) : density of water;

o : reference density of water;

(x,y,t): water surface elevation;

H(x,y) : local depth of water.

The above equations are formally integrated over the small volumes defined by the computational grid, and

a set of algebraic equations results, for which an appropriate time-stepping methodology must be found.

Backhaus (1983, 1985) presents such a procedure, referred to as a semi-implicit method. The spatially-

discretized version of the continuity equation is written as:

)()1()( )0()0()1()1()0()1( VU
l

t
VU

l

t
yxyx  









 (A8)

where superscript (0) and (1) refer to the present and the advanced time, δx and δy are spatial differencing

operators, and U and V are vertically integrated velocities.  The factor α represents an implicit weighting, 

which must be greater than 0.5 for numerical stability. U(0) and V(0) are known at the start of each

computational cycle. U(1), and similarly V(1), can be expressed as:

)0()0()1()0()1( )1( tXtgtgUU xx   (A9)

where X(0) symbolically represents all other terms in the equation of motion for the u- or v-component,

which are evaluated at time level (0): Coriolis force, internal pressure gradients, non-linear terms, and top

and bottom stresses,). When these expressions are substituted into the continuity equation (A4), after

some further manipulations, there results an elliptic equation for δi,k, the change in water level over one

timestep at grid cell i,k (respectively the y and x directions):
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kikikikikiki Zcscncwce ,,1,11,1,, )(    (A10)

where ce, cw, cn, and cs are coefficients depending on local depths and the weighting factor (α), and Zi,k

represents the sum of the divergence formed from velocities at time level (0) plus a weighted sum of

adjacent water levels at time level (0).

Once equation (A10) is solved for ki , , the water level can be updated:

,ߟ
(ଵ)

= ,ߟ
()

+ ,ߜ (A11)

and equation (A9) can be completed.

At the end of each timestep, volume conservation is used to diagnostically compute the vertical velocity

w(j,i,k) from the two horizontal components u and v.

2.1 Vertical Grid Geometry

In the vertical, the levels near the surface are typically closely spaced to assist with resolving near-surface

dynamics. In addition, the model is capable of dealing with relatively large excursions in overall water level

as the water level rises and falls in response to varying inflows and outflows, by allowing the number of

near-surface layers to change as the water level varies. That is, as water levels rise in a particular cell,

successive layers above the original layer are turned on and become part of the computational mesh.

Similarly, as water levels fall, layers are turned off. This procedure has proven to be quite robust, and

allows for any reasonable vertical resolution in near-surface waters. When modelling thin river plumes in

areas of large tidal range, the variable number of layers approach allows for much better control over

vertical resolution than does the σ-coordinate method. 

In addition to tides, the model is able to capture the important response, in terms of enhanced currents and

vertical mixing, to wind-driven events. This is achieved by applying wind stress to each surface grid point

on each time step. Vertical mixing in the model then re-distributes this horizontal momentum throughout

the water column. Similarly, heat flux through the water surface is re-distributed by turbulence and

currents in temperature simulations.

2.2 Turbulence Closure

Turbulence modelling is important in determining the correct distribution of velocity and scalars in the

model. The diffusion coefficients for momentum (AH and AV) and scalars (NH and NV) at each computational

cell are dependent on the level of turbulence at that point. H3D uses a shear-dependent turbulence

formulation in the horizontal, (Smagorinsky, 1963). The basic form is:

ுܣ = ටቀݕ݀�ݔு�݀ܣ
ௗ௨

ௗ௫
ቁ
ଶ

+ ቀ
ௗ௩
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ଶ
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ଵ

ଶ
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డ௩

డ௫
+
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డ௬
ቁ
ଶ

(A12)

The parameter AH0 is a dimensionless tuning variable, and experience has shown it to lie in the range of

0.25 to 0.45 for most water bodies such as rivers, lakes and estuaries.
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A shear and stratification dependent formulation, the Level 2 model of Mellor and Yamada (1982), is used

for the vertical eddy diffusivity. The basic theory for the vertical viscosity formulation is taken from an

early paper, Mellor and Durbin (1975). The evaluation of length scale is based on a methodology presented

in Mellor and Yamada (1982).

For scalars, both horizontal and vertical eddy diffusivity are taken to be similar to their eddy viscosity

counterparts, but scaled by a fixed ratio from the eddy viscosity values. Different ratios are used for the

horizontal and vertical diffusivities. If data is available for calibration, these ratios can be adjusted based

on comparisons between modelled and observed data. Otherwise, standard values based on experience

with similar previously modelled water bodies are used. In a recent reservoir simulation, the ratio of

vertical eddy diffusivity to vertical eddy viscosity was 0.75 and the ratio between horizontal eddy

diffusivity and horizontal eddy viscosity was 1.0.

2.3 Scalar Transport

The scalar transport equation implements a form of the flux-corrected algorithm (Zalesak, 1979), in which

all fluxes through the sides of each computational cell are first calculated using a second-order method.

Although generally more accurate than a first order method, second order flux calculations can sometimes

lead to unwanted high frequency oscillations in the numerical solution. To determine if such a situation is

developing, the model examines each cell to see if the computed second order flux would cause a local

minimum or maximum to develop. If so, then all fluxes into or out of that cell are replaced by first order

fluxes, and the calculation is completed. As noted, the method is not a strict implementation of the Zalesak

method, but is much faster and achieves very good performance with respect to propagation of a Gaussian

distribution through a computational mesh. It does not propagate box-car distributions as well as the full

Zalesak method, but achieves realistic simulations of the advection of scalars in lakes, rivers and estuaries,

which is the goal of the model. This scheme as implemented is thus a good tradeoff between precision and

execution time, important since in many situations, where more than one scalar is involved, the transport-

diffusion algorithm can take up more than half the execution time.

2.4 Heat Flux at the Air-Water Interface

The contribution of heat flux to the evolution of the water temperature field can be schematized as:

݀ܶ

ݐ݀
=

∆ܳ

∗ߩ ܿ ∗ ℎ

where ∆ܳ is the net heat flux per unit area retained in a particular layer, ρ is the density of water, cp is the

heat capacity of water and h is the layer thickness.

Heat flux at the air-water interface incorporates the following terms:

Qin: incident short wave radiation. Generally, this is not known from direct observations. Generally, it is

estimated from the cloud cover and opacity observations at nearby stations, a theoretical calculation of

radiation at the top of the atmosphere based on the geometry of the earth/sun system, and an empirical

adjustment based on radiation measurements at Vancouver Airport and UBC respectively for the period 1974-

1977. This procedure has worked well for many water bodies, notably Okanagan Lake and the waters of
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the north coast of British Columbia, in terms of allowing H3D to reproduce the observed temperature

distributions in space and time. Values for albedo as a function of solar height are taken from Kondratyev

(1972).

Qback: net long wave radiation, calculated according to Gill (1982), involving the usual fourth power

dependence on temperature, a factor of 0.985 to allow for the non-black body behaviour of the ocean,

a factor depending on vapor pressure to allow for losses due to back radiation from moisture in the air,

and a factor representing backscatter from clouds.

QL and QH: latent and sensible heat flux. Latent heat flux (QL) is the heat carried away by the process of

evaporation of water. Sensible heat flux (QS) is driven by the air-water temperature difference and is

similar to conduction, but assisted by turbulence in the air. Latent and sensible heat flux is described by:

ܳ = 1.32݁ିଷ ∗ ∗ܮ ݊݅ݓ ݁݁ݏ݀ ݀ ∗ −௦ݍ) (௦௧ݍ ∗ ݈ܽ ݐ݁ ݂ܽ_ݐ݊ ݎݐܿ

ܳௌ = 1.46݁ିଷ ∗ ߩ ∗ �ܿ ∗ ݊݅ݓ ݁݁ݏ݀ ݀ ∗ ( ܶ− ௪ܶ ௧) ∗ ݏ݁ ݏ݅݊ ܾ݈ _݂݁ܽ ݎݐܿ

Where qobs and qsat are the observed and saturated specific humidities, Tair and Twater are the air and water

temperatures, L is the latent heat of evaporation of water, and cp is the heat capacity of water. 'latent_factor’

and ‘sensible_factor’ are scaling factors introduced to account for local factors, and can be adjusted, when

needed, to achieve better calibration of the model. Typically, the only adjustment is that Sensible_factor is

doubled when the air temperature is less than the water or ice surface temperature to account for

increased turbulence in an unstable air column.

Light absorption in the water column. As light passes through the water column it is absorbed and the

absorbed energy is a component of the energy balance that drives water temperature. H3D assumes that

light attenuation follows an exponential decay law:

(ݖ)ܧ = (ݖ)ܧ ∗ ݁ି∗(௭ି ௭బ)

The model computes the energy at the top and bottom of each layer and the difference is applied to the

general heat equation in that layer. The extinction coefficient (k) is related to the Secci depth (Ds) by

݇=
2.1

௦ܦ

Temperature is treated like any other scalar as far as advection and diffusion are concerned. Heat flux at

the water-sediment interface is not currently included in H3D.

2.5 Ice

The ice model is generally based on processes described in Patterson and Hamblin (1988). The ice cover

is characterized by a thickness, a fraction of the cell covered, and an ice surface temperature.

The temperature of the bottom of the ice is assumed to be the temperature of melting, usually 0°C.

The strategy is to compute the differences in heat flux at the top and bottom of the ice layer and use this

difference to determine the growth or decay rate and the change in temperature of the ice. The heat flux at
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the bottom of the ice layer is dependent on lake temperature and water velocity. The heat flux at the top is

dependent on meteorological processes and the surface temperature of the ice. The surface heat flux to the

top of the ice sheet is calculated in a similar way as for open water, except that latent heat flux term (QL)

also includes the heat of fusion. Albedo is also altered to account for ice/snow cover.

In order to start ice formation, once the surface water temperature drops below 3°C in a particular cell,

a test ice layer of thickness 1 cm is initialized. If the test thickness melts in one time step, then the system

cannot support ice cover in that cell at that time. If it survives, then the amount of ice in that cell is

converted to a 1 cm thick region with coverage calculated from the mass of ice formed. In this way,

a relatively robust start is made to ice formation.

The frictional interaction between the bottom of the ice and the immediately adjacent water is

parameterized according to Nezhikhovskiy (1964).

3.0 VALIDATION

This section presents validations of tide and current predictions in the specific H3D implementation used

for the Roberts Bank Terminal 2 (RBT2) Dredging Studies – Dispersion Modelling project as well as

validations of temperature structure in an implementation of H3D in Okanagan Lake developed for other

project work. The RBT2 implementation was comprised of a 1-km resolution model of the Strait of Georgia

and the Juan de Fuca Strait and a nested 200-m resolution model of the central Strait of Georgia in the

vicinity of Roberts Bank.

3.1 RBT2: Tidal Validation

The primary validation of an oceanographic model concerns the reproduction of observed tidal heights.

Comparisons are made to four tide gauges at different locations in the 1 km Strait of Georgia model domain.

Point Atkinson is a long-term tide gauge close to Vancouver and represents the central Strait of Georgia.

The tidal gauge at Campbell River confirms that the model’s northern boundary performs well. Victoria is

on the other side of the Gulf Islands from Point Atkinson and represents the Juan de Fuca Strait. Bamfield is

on the Pacific coast of Vancouver Island and represents tides offshore. The model was compared to

theoretical tide heights predicted from harmonic constants at all four gauges (Figure A-1) and observed

heights at Point Atkinson and Victoria (Figure A-2). The figures show a representative month of modelled

versus theoretical or observed water levels. H3D reproduces the wide variety of tidal characteristics at

different locations, from the mixed semidiurnal signals at Point Atkinson and Campbell River, to the mainly

diurnal tides at Victoria. Figure A-3 shows a comparison of the two models at tide gauges within the 200 m

model domain, indicating that the nesting of models works correctly. One location in the 1 km model, Sand

Heads, is not well resolved at low tidal elevations due to the coarse nature of this grid: in fact, the grid dries

at low tide. The improved performance in the 200 m model shows the benefits of finer grid resolution,

providing, among other things, a better resolution of the intertidal area.

The statistical methods used to measure model performance are based on calculation of the root-mean-

square (RMS) error and a comprehensive ‘model skill’ equation (Equation 3.1). RMS error is presented in

the same units as the original data and represents the magnitude of all errors over the entire predicted
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time period. Model skill, as defined by Wilmott et al. (1981), is a measure of the agreement between

predicted and observed data, with a skill of one representing a perfect match.

Equation 3.1 Model Skill

∑|ܺெ ௗ− ܺ௧|ଶ

∑(|ܺெ ௗ− ܺ௧തതതതതതത| + |ܺ௧ − ܺ௧തതതതതതത|)ଶ

Modelled tide heights are generally within 0.2 m at all stations, with excellent reproduction of variations in

tidal patterns throughout the modelled regions and agreement between 200 m and 1 km implementations

of the model (Table 3.1).

Table 3.1 Tidal Validation Statistics

Tide Gauge RMS Difference (m) Model Skill

Point Atkinson Predicted 0.229 0.988

Campbell River Predicted 0.214 0.989

Victoria Predicted 0.187 0.980

Bamfield Predicted 0.128 0.993

Point Atkinson Observed 0.260 0.986

Victoria Observed 0.231 0.969

Sand Heads Predicted (200 m) 0.204 0.987

Steveston Predicted (200 m) 0.364 0.954

White Rock Predicted (200 m) 0.202 0.985

Point Grey Predicted (200 m) 0.184 0.990

3.2 RBT2: Current Meter Validation

Current meter data were collected on Roberts Bank as part of a Geological Survey of Canada (GSC) study

(Hill et al. 2013). ASL (2003) discussed the current measurements in further detail. The data are freely

licensed for use and remain the copyrighted property of the Department of Natural Resources Canada.

The locations of the current meters are ideal for validating the performance of H3D on Roberts Bank, with

the ADCP instrument in approximately 8 m of water near the edge of Roberts Bank, and a single-point

current meter (termed ‘Norton’) further inshore which was only inundated during higher water levels, for

approximately 70% of the deployment period.

To validate the 200-m implementation of H3D, the model was run for the time period in 2003 coincident

with the observations. Currents from the model cells closest to the current meters were saved. For the

ADCP, which profiles velocities in the entire water column, the two cells nearest the water surface were

averaged to produce a time series of surface currents, and the two cells nearest the bottom were averaged

to produce a time series of bottom currents. A similar procedure was followed with the model predictions,

such that velocities at the same portion of the water column were compared. For the Norton location, the
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model cell with a similar percentage of inundation time was selected for comparison. The Norton

measurement is representative of near-bottom currents.

Once the correct location and elevation was selected, the observed currents were resolved into

components aligned with the direction of maximum variance and at 90 degrees to that axis. This method

separates currents into along-channel and across-channel components and is more informative than

comparing northward and eastward velocities without consideration to local geometry. The same

procedure was performed on the modelled currents. The observed and modelled along-channel and across-

channel surface currents at the ADCP location are shown in Figures A-4 and A-5 respectively. The

comparisons of bottom currents at the ADCP are shown in Figures A-6 and A-7 respectively, and the

comparisons at the Norton location are shown in Figures A-8 (along-channel) and A-9 (across channel).

The RMS difference between modelled and observed currents, and the model's skill in reproducing the

magnitude and variability of currents, are shown in Table 3.2. The model reproduces the phase and

magnitude of the currents just off the shelf, and the magnitude of currents on the bank, while showing a

slight offset in phase. The model has sufficient resolution to represent water levels on the drying portion of

the bank, but does not represent the currents flowing through many small drainage channels except on an

area-average basis. Comparison of the ADCP and Norton validations indicates that the model reproduces

both surface and bottom currents with similar skill.

Table 3.2 Current Validation Statistics

Tide Gauge RMS Difference (m/s) Model Skill

ADCP Surface Along-Channel 0.203 0.849

ADCP Surface Across-Channel 0.124 0.635

ADCP Bottom Along-Channel 0.137 0.863

ADCP Bottom Across-Channel 0.059 0.766

Norton Current Meter Along-Channel 0.155 0.677

Norton Current Meter Across-Channel 0.138 0.681

3.3 Okanagan Lake: Temperature Profiles

Obtaining good reproduction of the seasonally–evolving temperate structure of a lake indicates that the

heat flux across the air-water interface is accurately parameterized and that the transport-diffusive

processes operating in the water column are also accurately reproduced by the model. Figure A-10

presents a comparison of observed and computed temperature profiles at the northern end of Okanagan

Lake near Vernon, in April, August, October and December of 1997. The agreement is very good as the

model reproduced the transition from a well-mixed condition in the spring to the development of a strong

thermocline in the summer, the deepening of the upper layer during the fall cooling period, and a return

to isothermal conditions in winter. There is little doubt that H3D can compute accurate temperature

distributions in water bodies, as long as adequate meteorological data is available. For this simulation,
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the meteorological data was obtained from Penticton Airport: winds, rotated to follow the thalweg of

the valley; cloud cover, air temperature and relative humidity.

3.4 Okanagan Lake: Thermistor Response

Okanagan Lake is subject to significant fluctuations in the vertical thermal structure during the

summer stratified period. Figure A-11 shows a temperature time-series at a site on the north side of the

William R. Bennett Bridge which exhibits significant temperature excursions at periods of about 60 hours,

or 2.5 days. Figure A-12 shows the modelled time series of temperature at three selected depths, 51 m,

21 m and 9 m. The occurrence and magnitude of the temperature fluctuations is generally predicted by the

model, but the reproduction is not perfect: the occurrence and timing of the temperature events is quite good,

but the modelled peaks appear to be generally somewhat broader in time. It was found that there were

considerable differences in the simulated behaviour depending on whether winds at Kelowna Airport,

which is situated in a side-valley, were included in the model or not. It is also clear that H3D can generally

reproduce internal seiches in a lake, as long as adequate spatial resolution is used. This is particularly

apparent when the coherent internal waves that propagate up and down the lake are examined in a

longitudinal section, illustrated in two snapshots from a model simulation of such an event in Figure A-13.
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Modelled and Predicted Water Levels
September 2012
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Modelled water levels are taken from the H3D grid cell closest to the tide gauge

Predicted water levels data source: DFO constituents
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Modelled and Observed Water Levels
September 2012
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Modelled water levels are taken from the H3D grid cell closest to the tide gauge

Observed water levels data source: DFO
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Modelled and Predicted Water Levels
1 km and 200 m H3D Grids

September 2012
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Modelled water levels are taken from the H3D grid cell closest to the tide gauge.
The 200m implementation of H3D more correctly represents water depth near Sand Heads
Compelete overlap of the two H3D time series can be seen in some plots.

Predicted water levels data source: DFO constituents



NOTES

DATE

CLIENT

PROJECT NO.

V132

Tetra Tech EBA - VANC

OFFICE

DWN

February 11, 2014

JASJR

APVD REV

0

ISSUED FOR USE

Figure A-4

H3D TECHNICAL DESCRIPTION

22 Oct 2014 11:36:08V:\V13203124 RBT2 Hemmera\working\JR\Validation\FigA-4_ADCP_Along.lay

Modelled and Observed Surface Currents
ADCP Along-Channel Component

March-April 2003
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Observed currents are the along-channel component of the top two metres of
available current data. Positive currents are north-northwestward (flood tide).

Modelled water levels are taken from the H3D grid cell closest to the ADCP.

Winds speeds are from the Halibut Bank buoy.
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Modelled and Observed Surface Currents
ADCP Across-Channel Component

March-April 2003
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Observed currents are the across-channel component of the top two metres of
available current data. Positive currents are east-northeastward (flood tide).

Modelled water levels are taken from the H3D grid cell closest to the ADCP.

Winds speeds are from the Halibut Bank buoy.
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Modelled and Observed Bottom Currents
ADCP Along-Channel Component

March-April 2003
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Observed currents are the along-channel component of the bottom two metres of
available current data. Positive currents are north-northwestward (flood tide).

Modelled water levels are taken from the H3D grid cell closest to the ADCP.

Winds speeds are from the Halibut Bank buoy.
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Modelled and Observed Bottom Currents
ADCP Across-Channel Component

March-April 2003
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Observed currents are the across-channel component of the bottom two metres of
available current data. Positive currents are east-northeastward (flood tide).

Modelled water levels are taken from the H3D grid cell closest to the ADCP.

Winds speeds are from the Halibut Bank buoy.
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Figure A-8

H3D TECHNICAL DESCRIPTION
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Modelled and Observed Surface Currents
Norton Along-Channel Component

March-April 2003
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Observed currents are the along-channel component of the available current data.
Positive currents are north-northeastward (flood tide).
The current meter measures at a single point 80cm above the bottom, and is inundated approximately
70% of the time.

Modelled water levels are taken from the H3D grid cell closest to the current meter with the vertical
cell chosen to produce a similar percentage of inundation.

Winds speeds are from the Halibut Bank buoy.
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Figure A-9
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Modelled and Observed Surface Currents
Norton Across-Channel Component

March-April 2003
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CKD

STATUS

Observed currents are the across-channel component of the available current data.
Positive currents are east-southeastward (flood tide).
The current meter measures at a single point 80cm above the bottom, and is inundated approximately
70% of the time.

Modelled water levels are taken from the H3D grid cell closest to the current meter with the vertical
cell chosen to produce a similar percentage of inundation.

Winds speeds are from the Halibut Bank buoy.
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GEOTECHNICAL REPORT

This report incorporates and is subject to these “General Conditions”.

1.0 USE OF REPORT AND OWNERSHIP

This geotechnical report pertains to a specific site, a specific

development and a specific scope of work. It is not applicable to any

other sites nor should it be relied upon for types of development

other than that to which it refers. Any variation from the site or

development would necessitate a supplementary geotechnical

assessment.

This report and the recommendations contained in it are intended

for the sole use of Tetra Tech EBA’s Client. Tetra Tech EBA does

not accept any responsibility for the accuracy of any of the data, the

analyses or the recommendations contained or referenced in the

report when the report is used or relied upon by any party other

than Tetra Tech EBA’s Client unless otherwise authorized in writing

by Tetra Tech EBA. Any unauthorized use of the report is at the

sole risk of the user.

This report is subject to copyright and shall not be reproduced either

wholly or in part without the prior, written permission of Tetra Tech

EBA. Additional copies of the report, if required, may be obtained

upon request.

2.0 ALTERNATE REPORT FORMAT

Where Tetra Tech EBA submits both electronic file and hard copy

versions of reports, drawings and other project-related documents

and deliverables (collectively termed Tetra Tech EBA’s instruments

of professional service), only the signed and/or sealed versions

shall be considered final and legally binding. The original signed

and/or sealed version archived by Tetra Tech EBA shall be deemed

to be the original for the Project.

Both electronic file and hard copy versions of Tetra Tech EBA’s

instruments of professional service shall not, under any

circumstances, no matter who owns or uses them, be altered by

any party except Tetra Tech EBA. Tetra Tech EBA’s instruments of

professional service will be used only and exactly as submitted by

Tetra Tech EBA.

Electronic files submitted by Tetra Tech EBA have been prepared

and submitted using specific software and hardware systems. Tetra

Tech EBA makes no representation about the compatibility of these

files with the Client’s current or future software and hardware

systems.

3.0 ENVIRONMENTAL AND REGULATORY ISSUES

Unless stipulated in the report, Tetra Tech EBA has not been

retained to investigate, address or consider and has not

investigated, addressed or considered any environmental or

regulatory issues associated with development on the subject site.

4.0 NATURE AND EXACTNESS OF SOIL AND

ROCK DESCRIPTIONS

Classification and identification of soils and rocks are based upon

commonly accepted systems and methods employed in

professional geotechnical practice. This report contains descriptions

of the systems and methods used. Where deviations from the

system or method prevail, they are specifically mentioned.

Classification and identification of geological units are judgmental in

nature as to both type and condition. Tetra Tech EBA does not

warrant conditions represented herein as exact, but infers accuracy

only to the extent that is common in practice.

Where subsurface conditions encountered during development are

different from those described in this report, qualified geotechnical

personnel should revisit the site and review recommendations in

light of the actual conditions encountered.

5.0 LOGS OF TESTHOLES

The testhole logs are a compilation of conditions and classification

of soils and rocks as obtained from field observations and

laboratory testing of selected samples. Soil and rock zones have

been interpreted. Change from one geological zone to the other,

indicated on the logs as a distinct line, can be, in fact, transitional.

The extent of transition is interpretive. Any circumstance which

requires precise definition of soil or rock zone transition elevations

may require further investigation and review.

6.0 STRATIGRAPHIC AND GEOLOGICAL INFORMATION

The stratigraphic and geological information indicated on drawings

contained in this report are inferred from logs of test holes and/or

soil/rock exposures. Stratigraphy is known only at the locations of

the test hole or exposure. Actual geology and stratigraphy between

test holes and/or exposures may vary from that shown on these

drawings. Natural variations in geological conditions are inherent

and are a function of the historic environment. Tetra Tech EBA does

not represent the conditions illustrated as exact but recognizes that

variations will exist. Where knowledge of more precise locations of

geological units is necessary, additional investigation and review

may be necessary.
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7.0 PROTECTION OF EXPOSED GROUND

Excavation and construction operations expose geological materials

to climatic elements (freeze/thaw, wet/dry) and/or mechanical

disturbance which can cause severe deterioration. Unless otherwise

specifically indicated in this report, the walls and floors of

excavations must be protected from the elements, particularly

moisture, desiccation, frost action and construction traffic.

8.0 SUPPORT OF ADJACENT GROUND AND STRUCTURES

Unless otherwise specifically advised, support of ground and

structures adjacent to the anticipated construction and preservation

of adjacent ground and structures from the adverse impact of

construction activity is required.

9.0 INFLUENCE OF CONSTRUCTION ACTIVITY

There is a direct correlation between construction activity and

structural performance of adjacent buildings and other installations.

The influence of all anticipated construction activities should be

considered by the contractor, owner, architect and prime engineer

in consultation with a geotechnical engineer when the final design

and construction techniques are known.

10.0 OBSERVATIONS DURING CONSTRUCTION

Because of the nature of geological deposits, the judgmental nature

of geotechnical engineering, as well as the potential of adverse

circumstances arising from construction activity, observations

during site preparation, excavation and construction should be

carried out by a geotechnical engineer. These observations may

then serve as the basis for confirmation and/or alteration of

geotechnical recommendations or design guidelines presented

herein.

11.0 DRAINAGE SYSTEMS

Where temporary or permanent drainage systems are installed

within or around a structure, the systems which will be installed

must protect the structure from loss of ground due to internal

erosion and must be designed so as to assure continued

performance of the drains. Specific design detail of such systems

should be developed or reviewed by the geotechnical engineer.

Unless otherwise specified, it is a condition of this report that

effective temporary and permanent drainage systems are required

and that they must be considered in relation to project purpose and

function.

12.0 BEARING CAPACITY

Design bearing capacities, loads and allowable stresses quoted in

this report relate to a specific soil or rock type and condition.

Construction activity and environmental circumstances can

materially change the condition of soil or rock. The elevation at

which a soil or rock type occurs is variable. It is a requirement of

this report that structural elements be founded in and/or upon

geological materials of the type and in the condition assumed.

Sufficient observations should be made by qualified geotechnical

personnel during construction to assure that the soil and/or rock

conditions assumed in this report in fact exist at the site.

13.0 SAMPLES

Tetra Tech EBA will retain all soil and rock samples for 30 days

after this report is issued. Further storage or transfer of samples can

be made at the Client’s expense upon written request, otherwise

samples will be discarded.

14.0 INFORMATION PROVIDED TO TETRA TECH EBA BY

OTHERS

During the performance of the work and the preparation of the

report, Tetra Tech EBA may rely on information provided by

persons other than the Client. While Tetra Tech EBA endeavours to

verify the accuracy of such information when instructed to do so by

the Client, Tetra Tech EBA accepts no responsibility for the

accuracy or the reliability of such information which may affect the

report.
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Appendix 9.6-D Rationale for Exclusion of Other Certain and Reasonably 

Foreseeable Projects and Activities in the Surficial Geology and 
Marine Sediment Assessment of Cumulative Change 

The assessment included consideration of an interaction between potential Project-related 

changes to surficial geology and marine sediment and similar changes potentially resulting 

from other certain and reasonably foreseeable projects and activities. The rationale for 

exclusion of each certain and reasonably foreseeable project and activity identified in 

Table 8-8 Project and Activity Inclusion List for the assessment of cumulative change 

for this IC is presented in Table 9.6-D. 

Table 9.6-D Rationale for Exclusion of Other Certain and Reasonably 
Foreseeable Projects and Activities in the Surficial Geology and 

Marine Sediment Assessment of Cumulative Change 

Other Certain and Reasonably 
Foreseeable Project /Activity 

Rationale for Exclusion 

Project 

BURNCO Aggregate Project, Gibsons, B.C. 
No potential for cumulative interaction due to distant 
location from Roberts Bank. 

Centerm Terminal Expansion, Vancouver, 
B.C. 

No potential for cumulative interaction due to distant 
location from Roberts Bank. 

Fraser Surrey Docks Direct Coal Transfer 

Facility, Surrey, B.C. 

No potential for cumulative interaction due to distant 

location from Roberts Bank. 

Gateway Pacific Terminal at Cherry Point 
and associated BNSF Railway Company 
Rail Facilities Project, Blaine, Washington  

No potential for cumulative interaction due to distant 
location from Roberts Bank. 

Gateway Program ‒ North Fraser 
Perimeter Road Project, Coquitlam, B.C. 

Not relevant to this IC assessment due to land-based 
nature of project. 

George Massey Tunnel Replacement 

Project, Richmond and Delta, B.C. 

Project is potentially relevant to this IC through 
potential sedimentation effects (i.e., elevated TSS 

levels and sedimentation during construction from 
removal of existing tunnel or changes to riverbed 
morphology and sediment re-distribution following 
tunnel removal). Due to the preliminary stage of this 

project, publicly available information is limited, but it 
is assumed that mitigation will be implemented; 
therefore, any change to the physical environment 

from this project is likely to be negligible relative to 
the scale of influence of RBT2 at Roberts Bank. 

Kinder Morgan Pipeline Expansion Project, 
Strathcona County, Alberta to Burnaby, 
B.C. 

No potential for cumulative interaction due to distant 
location from Roberts Bank. 
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Other Certain and Reasonably 

Foreseeable Project /Activity 
Rationale for Exclusion 

Lehigh Hanson Aggregate Facility, 

Richmond, B.C. 

Project relevant to this IC through potential 
sedimentation effects during berthing infrastructure 
construction; however, any change from this project is 

likely to be negligible (unmeasurable) relative to the 
RBT2 scale of influence at Roberts Bank. 

Lions Gate Wastewater Treatment Plant 
Project, District of North Vancouver, B.C. 

No potential for cumulative interaction due to distant 
location from Roberts Bank. 

North Shore Trade Area Project – Western 
Lower Level Route Extension, West 
Vancouver, B.C. 

Not relevant to this IC assessment due to land-based 
nature of project. 

Pattullo Bridge Replacement Project, New 
Westminster and Surrey, B.C. 

Not relevant to this IC assessment due to the fact that 
this is primarily a land-based project and the project is 
distant from Roberts Bank. 

Southlands Development, Delta, B.C. 
Not relevant to this IC assessment due to land-based 
nature of project. 

Vancouver Airport Fuel Delivery Project, 

Richmond, B.C. 

Potentially relevant to this IC, but any change to the 
physical environment from this project is likely to be 

negligible (unmeasurable) relative to the RBT2 scale 
of influence at Roberts Bank.  

Woodfibre LNG Project, Squamish, B.C.  
No potential for cumulative interaction due to distant 

location from Roberts Bank. 

Activity 

Incremental Road Traffic Associated with 

RBT2  

Not relevant to this IC assessment due to land-based 

nature of activity. 

Incremental Rail Traffic Associated with 

RBT2 

Not relevant to this IC assessment due to land-based 

nature of activity. 

Incremental Marine Vessel Traffic 

Associated with RBT2 

Potentially relevant to this marine IC, but changes to 
the physical environment from vessel transiting and 

berthing activities are not anticipated. 
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