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Executive Summary 
The City of Vancouver is leading the way in constructing Green Rainwater Infrastructure (GRI) 

in Vancouver as a means of transforming how we view rainwater. GRI uses a suite of 

technologies such as bioswales, rainwater tree trenches, infiltration trenches, permeable 

pavements and green roofs that help mimic the natural hydrological cycle by capturing, treating, 

and infiltrating rainfall runoff close to where it lands. This results in the diversion of large 

amounts of rainwater runoff and associated pollution from the sewer system.  

Although GRI systems are a proven technology implemented in cities around the world, 

monitoring is required to understand how local climate conditions and local materials impact the 

performance and maintenance requirement of these systems. During the 2021-2023 period, the 

Green Infrastructure Implementation Branch at the City of Vancouver conducted monitoring at 

twelve locations, including bioswales, subsurface infiltration, and rainwater tree trenches. 

Monitoring consisted of visual methods, synthetic runoff tests, and 23 sensors logging real-time 

water level or soil moisture data from our systems.  

Using data from water level sensors, we found that GRI systems are well draining for the most 

part, and meeting our standards for surface drainage within 24 hours and subsurface drainage 

within 72 hours. This is occurring at sites across the City, representing a range of soil 

conditions, from very tight soils to very sandy soils. This is encouraging for deploying GRI even 

when soil conditions may suggest low infiltration potential. It also indicates that safety factors 

applied to design infiltration rates may be overly conservative. We would prefer to use safety 

factors of between 1 and 2, instead of safety factors >2.  

In synthetic runoff tests conducted with external partners performed at two sites in the City, we 

found total suspended solids removal >99% by mass, and 6ppd-quinone (a tire wear chemical 

harmful to salmon) removal of >98% by mass. Our findings align with the academic literature on 

the water quality improvement potential of GRI.  

We are also using data from monitoring our practices to improve design and maintenance 

activities. We can also adapt our designs post-construction based on monitoring, such as 

adding caps to underdrains at two sites that had better drawdown results in the field than 

expected at design. We use results from permeable pavement and infiltration trench condition 

assessments to inform maintenance practices, such as power washing and flushing, and 

frequency.   

For the 2024-25 monitoring cycle, the Green Infrastructure Implementation Branch plans to 

continue monitoring water level and drawdown in newly built assets to determine their 

functionality. Also monitoring will continue at a few long-term sites to make conclusions about 

long term performance. We also have new types of assets to monitor: a new dry well type, oil-

grit separators, and wetlands. To extend our monitoring resources and share findings, the 

Green Infrastructure Implementaion Branch will continue pursuing relationships with research 

partners to assist in water quality assessments and exploring opportunities to collaborate with 

and/or initiate citizen science monitoring programs. 
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Introduction 
The quality and volume of urban stormwater runoff from the City of Vancouver (City) are a 

hazard to the health of Vancouver’s streams and coastal waterways. The Rain City Strategy and 

the Integrated Rainwater Management Plan target improving water quality using green 

rainwater infrastructure (GRI). GRI consists of a suite of technologies that retain and filter runoff 

close to where it falls, decreasing the volume of runoff directed to the sewer system, reducing 

combined sewer overflow, and removing pollutants from stormwater before it is discharged to 

receiving waters.  

The Rain City Strategy outlines a volumetric target to treat and retain 90% of annual runoff 

volume. By capturing this volume of runoff using GRI, it is equivalent to removing 90% of annual 

stormwater runoff from entering the sewer system and more closely matches natural hydrology.  

Because of its ability to deliver drainage services while providing climate resiliency and 

community benefits such as reduced urban heat and greener streets, GRI systems have been 

widely adopted across North America, Europe and Australia, and are moving into mainstream 

use in Canada and British Columbia. As the City of Vancouver is leading the way in 

implementing GRI systems, it is important to be open and transparent about the functioning of 

these systems. The City monitors GRI for the following reasons:  

• Performance: Understanding the performance of GRI in the Vancouver climate and 

environmental context. 

• Optimization: Improving and refining designs to improve the cost effectiveness and 

quality of construction and reduce the cost of operations and maintenance. 

This report covers flow, water level and soil moisture monitoring that was conducted at 12 GRI 

assets using 23 sensors from July 2021 through to June 2023. The City of Vancouver Green 

Infrastructure Implementation Branch currently maintains more than three hundred GRI assets, 

which include bioretention systems, bioswales, rainwater tree trenches, permeable pavements 

and infiltration trenches. This report includes methodology (Section 2), and results for 

Performance Monitoring Objectives (Section 3) and Optimization Monitoring Results (Section 4). 

A description of GRI assets and the monitoring objectives are included in Section 1.  

1.1 Green rainwater infrastructure in public right-of-ways 

GRI functions to mimic natural hydrology and brings nature back to the City. The Green 

Infrastructure Implementation Branch has been designing and constructing GRI systems on 

public lands, primarily in the right-of-way, adjacent to roads, sidewalks and bike lanes. GRI 

systems in the right-of-way capture runoff from the City’s most impervious and highly polluted 

surfaces, and treat and capture that water, diverting large amounts of annual runoff from our 

sewer system.   

There are four types of GRI systems currently implemented in the City and covered in this 

report. Further GRI typologies are shown in Appendix B of the Rain City Strategy. 

https://vancouver.ca/home-property-development/green-infrastructure-documents-and-policies.aspx
https://vancouver.ca/home-property-development/city-wide-integrated-stormwater-management-plan.aspx
https://vancouver.ca/files/cov/one-water-gri-typologies.pdf
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Figure 1 Bioretention schematic, from the Rain City Strategy Appendix B 

Bioretention or bioswales: This common practice typically consists of a shallow depression or 

basin that features layers of rock, engineered soils, and resilient vegetation that can tolerate 

extreme rain and drought events. They can be designed as rain gardens, bioswales, 

bioretention cells, bioretention planters and bioretention corner bulges.  

 

Figure 2 Rainwater tree trench schematic, from the Rain City Strategy Appendix B 
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Rainwater tree trench: Rainwater tree trenches (RTTs) are multifunctional GRI practices that 

provide storage for rainwater and supporting street trees with increased soil volume, nutrients 

and moisture. There are two types of RTTs in the City of Vancouver: structural soil and soil 

cells. Soil cells consists of plastic frames that are strong enough to bear the weight of surfaces 

like sidewalks. Soil fills the void left in the plastic frame, leaving space for tree roots. Structural 

soil uses a mix of large crushed stone and soil. The stone bears the weight of the surface while 

the soil and the space between the stone allows tree root growth. 

 

 

Figure 3 Infiltration trench schematic, from the Rain City Strategy Appendix B 

Subsurface Infiltration: Subsurface infiltration practices use conventional grey rainwater 

infrastructure to collect and convey rainwater to areas where it can be stored and infiltrated. 

Large aggregate materials with void spaces and/or modular crates and arches are used to 

create storage space below the ground’s surface. Rainwater is temporarily stored in these 

practices, giving it a chance to soak back into the ground. Subsurface infiltration practices 

include infiltration trenches, dry wells, soakways, chambers, arches and modular systems. 

 

 



Green Infrastructure Implementation 
Performance Monitoring Report 
 
 

9 
 

 

Figure 4 Permeable Pavement schematic, from the Raincity Strategy Appendix B 

Permeable Pavement: Permeable pavement comes in a variety of forms, such as permeable 

interlocking concrete pavers (PICP) and porous versions of poured asphalt and concerete. All 

permeable pavement types allow rainfall to soak into an underlying reservoir base where it is 

either infiltrated to the ground or removed by a subsurface drain. Rainwater is filtered and 

cleaned through the different aggregate layers and the underlying subsoil layer. Permeable 

pavement provides a hard, usable surface, whether by cars, bikes, or pedestrians, while 

reducing runoff volume and improving water quality. 

1.2 Monitoring Program Objectives 

Objectives for monitoring green rainwater infrastructure fall into two categories: Performance 

Monitoring (determining how GRI functions and performs) and Optimization Monitoring 

(determining how best to design and maintain GRI over its life cycle). This report addresses 

nine program objectives under these two categories.  

Performance Monitoring Objectives 

Objective 1: Evaluate surface ponding: should not be ponded for longer than 24 hours. 

This is a City of Vancouver standard for infiltration systems with ponding zones, addressing 

public perception that ponding beyond 24 hours is generally unacceptable. While mosquito 

hatching is a commonly raised concern, mosquitoes need at least seven days of standing water 

to develop and hatch. 

Objective 2: Evaluate subsurface storage: storage should empty in no more than 72 

hours. This is a design requirement for the City of Vancouver, and relates to the average period 

between storm events. Ideally, the system receiving runoff would be dry before the next rain 

event so that storage space is maximized.  
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Objective 3: Evaluate whether design infiltration rates are matching drawdown rates. The 

process of determining in situ infiltration capacity is prone to uncertainty due to the high 

variability in subsoil conditions and instrumentation used. As such, a conservative design factor 

of safety of between 2 and 9 is applied to the in situ soil infiltration capacity. We would like to 

compare drawdown rates (the real rate at which water is leaving the system through exfiltration) 

to the design infiltration rates to determine (1) whether safety factors are correctly applied and 

(2) whether the drawdown rate decreases over time. 

Objective 4: Monitor soil moisture for plant health. A common critique with vegetated GRI is 

that the plants are exposed to a wide variety of contaminants and tough conditions through a 

combination of flooding and drought. We would like to know whether the soil moisture range in 

the observed practices is amenable to vegetation health. 

Objective 5: Determine if retention/filtration target is being met. GRI is designed to capture 

and infiltrate small and routine rainfall events, thereby reducing the total annual volume of 

stormwater entering the storm or combined sewers and eventually released to receiving water 

bodies. We conduct occasional synthetic runoff tests (adding the design storm volume to the 

system via hydrant or water truck) on our systems to determine if they are meeting the volume 

reductions targets for which they were designed.  

Objective 6: Evaluate load reduction and effluent concentration of GRI for target 

pollutants: solids, nutrients, metals and organic contaminants. A major benefit of GRI is 

filtering stormwater and reducing loading of contaminants to surface water via infiltration. Many 

studies have shown the load reduction and filtration capacity of GRI, but GRI’s performance for 

reducing contaminants of concern is unknown in Vancouver.  

Optimization Monitoring Objectives 

Objective 7: Determine permeable pavement performance over time and necessary 

maintenance methods. Permeable pavement or other porous surfaces are often an ideal 

solution for both providing a hard flat surface in an urban space while also allowing stormwater 

to infiltrate. Permeability can decrease over time as the pore spaces become clogged with 

sediment, dust and debris and cleaning the porous product is required to maintain permeability. 

We conducted permeability testing for a subset of assets before and after cleaning to determine 

the appropriate maintenance tasks to ensure permeability is maintained, 

Objective 8: Determine condition scores for all GRI assets. A key component of an asset 

management program and understanding life cycle costs of infrastructure is creating condition 

scores for individual assets. This can be used to determine trends over time and estimate 

maintenance and other life cycle costs.  

Objective 9: Evaluate the impact of GRI on biodiversity in the City. GRI creates vegetated 

spaces for water to infiltrate using a diverse range of plant species to provide habitat for flora 

and fauna and thus increasing biodiversity. This co-benefit of GRI often goes unmeasured and 

unreported, and monitoring this aspect of GRI will help document the outcomes of this design 

intention.  
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Methods 
This section describes the methods used to evaluate each objective. The two categories of 

objectives are Performance Monitoring and Optimization Monitoring. The previous monitoring 

report summarized monitoring results for 13 sites (City of Vancouver, 2022). Since then, 

monitoring has ceased at some sites, while new sites have been added. This report will cover 

monitoring results for 12 sites monitored between 2021-2023 using 23 different sensors. The 

locations of the monitoring sites, and City rain gauges are presented in Figure 5 along with the 

type of monitoring conducted. Full site descriptions are included with the results in Section 3.  

 

Figure 5 City of Vancouver monitoring sites, typology and rain gauges 
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1.3 Performance Monitoring 

1.3.1 Rainfall data collection 

The City of Vancouver has a tipping bucket rain gauge network across the City (Figure 5). Raw 

rainfall data is available at 5-minute intervals from the nearest rain gauge to each site and is 

downloaded using FlowWorks software. A rainfall event is defined as having a minimum 

cumulative rainfall of 2.0 mm and a minimum 6 hour antecedent dry period. Rainfall events are 

separated for analysis into three categories: 

• Normal Event: ≤24 mm; 

• Large Event >24 mm & ≤ 48 mm; and  

• Extreme Event >48 mm 

1.3.2 Water level monitoring 

Water level monitoring was achieved through the installation of water level loggers in the 

monitoring wells of the GRI practices post-construction. Monitoring wells are incorporated into 

the design of each GRI practice. The wells consist of a 150-mm diameter perforated pipe that 

extends the vertical depth of the practice. The wells are wrapped in geotextile to prevent 

sediment from entering. A cap covers the well, and the entire structure is surrounded by a valve 

box with a bolted lid to prevent any theft or vandalism. Design changes have occurred to the 

monitoring wells, and newer assets are capped on the bottom of the well to keep a small volume 

of standing water for the logger to remain submerged.  

There are two types of water level loggers that are currently in use for water level 

measurements. The first type are Onset HOBO U20-001-01 pressure transducers that are set to 

record pressure measurements at 5-minute intervals. These loggers are non-vented and need 

to be adjusted for atmospheric pressure. There are two methods that are used for this 

barometric compensation. The first is to use a central barometric sensor. However, if the site is 

located at too great a distance from the central sensor, or if the design does not allow for proper 

venting to the atmosphere then a secondary sensor is installed inside the well (Figure 6). Data 

is offloaded from the loggers manually using an optic USB Base station and coupler every 4-6 

weeks. Data is offloaded using HOBOware Pro software, which also performs the barometric 

compensation. The data is then exported to Excel and plotted along with rainfall data to 

determine where water level changes occurred and locate any outliers in the data set.  

The second type of water level loggers used are Seametrics PT12 pressure transducers. These 

sensors are vented and do not require the need for additional barometric compensation. They 

are set to record a measurement every 5-minutes. These loggers are connected to Novion® 

data loggers and data is sent to a cloud platform every three hours. Data is downloaded from 

the platform and exported to Excel and plotted with rainfall to determine water level changes 

and locate any outliers in the data set.  

All loggers were installed in the monitoring well post-construction by suspending the logger in 

the well with a non-stretch rope above the bottom of the well to prevent any sediment 

accumulation from blocking the sensor. Well depth, level logger depth and standing water depth 

(if applicable) measurements are taken at time of deployment.  
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Figure 6 Schematic of HOBO water level logger installation inside a monitoring well (Onset, 2012) 

Each individual storm event and water level change was analyzed to determine the drawdown 

rate and drawdown duration. Drawdown duration is the time between peak water level and the 

return to the pre-event water level (Figure 7). Drawdown rate is defined as the rate at which 

water exits the bioretention system during and following a rainfall event, and is calculated by 

dividing the drawdown level (from peak water level to water level before rainfall) by the 

drawdown duration. Drawdown rate is compared to the design infiltration rate. The design 

infiltration rate was determined by infiltration rate testing of native soils beneath the GRI system 

prior to construction and installation, and is a conservative estimate of the real drawdown rate.  

 

Figure 7 Example of water level response to show calculation of drawdown duration and drawdown rate. 
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1.3.3 Soil moisture monitoring 

To monitor the soil moisture, temperature and electrical conductivity, TEROS 12 soil sensors 

are used. They consist of three prongs inserted into the soil to measure volumetric water 

content, electrical conductivity and temperature. The TEROS 12 sensors were installed in the 

soil during construction by placing the sensor prongs into the soil at the desired depth. The 

cables were fed through a narrow PVC pipe that led to a valve box. Once construction was 

complete, a data logger was connected to the soil sensor. A pelican box was used to house the 

data logger and the entire system is locked inside a valve box. The data logger is set to collect 

data at 5-minute intervals, allowing for 120 days of data to be stored in the EM50, or 2 years of 

data in the ZL6. Data is collected and batteries changed approximately every 12-16 weeks. 

Upon collection, each parameter is plotted with rainfall to determine any trends or locate any 

outliers in the data set.  

1.3.4 Synthetic runoff testing 

Synthetic runoff tests involve using a clean water source – either from a fire hydrant or water 

truck, that is then applied to the GRI practice in a controlled manner. From this, flow 

measurements can be taken at the inlet and outlet to determine the volume of water retained in 

the system. Flow measurements are taken using the bucket and timer approach – filling a 

bucket over a set amount of time, then measuring the volume using graduated cylinders. Flow 

measurements are taken from the water truck or hydrant hose at the inlet, and from the 

underdrain at the outlet. The synthetic runoff tests are set up so that there are no overflows, so 

all water in is either released through the underdrain or infiltrated into the ground. The main 

limitation of this method is that it does not simulate high-intensity or variable-intensity rainfall 

events. However, on a volumetric basis, this method is quite accurate. Also, this helps to 

overcome many of the challenges associated with flow monitoring – such as low flows, 

estimating the amount of inlet bypass, and space constraints in the inlet and outlet.   

To test the ability of GRI systems to remove contaminants, pollutants of known mass are 

injected into the system, along with the flow of water from a water truck or hydrant. Samples are 

collected at the underdrain while it is flowing, and analyzed for the same water quality 

parameters. The concentration and known volume at the outlet determines the mass of 

contaminants at the outlet, and using mass balance, we can determine how much mass is 

removed from the GRI system. However, this does not break down how much contaminant 

mass remains within the GRI soil, and how much enters the vadose zone via exfiltration from 

the GRI system. Additional monitoring and modelling studies could assist in determining a more 

detailed mass balance of the GRI system.  

1.4 Optimization Monitoring 

1.4.1 Permeable pavement testing  

We currently have 37 permeable pavement assets in the City of Vancouver, which range in size 

from 32 m2 to 705 m2, with the majority at around 100 m2 or less. We conducted infiltration 

testing on a subset of these assets using the ASTM C1781 standard method (with an infiltration 

ring of 300 mm diameter, and two lines marked at 10 mm and 15 mm from the base of the ring). 

The assets we studied were all permeable interlocking concrete pavement (PICP). The ring was 

sealed to the surface using clay and a known mass of water was poured at a constant rate to 
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keep the head of water between 10 mm and 15 mm. The time it takes for water to infiltrate was 

recorded and the infiltration rate is calculated using: 

 
I= 

KM 
 D2T 

Where I=infiltration rate (mm/h) 

K=constant 4.58 x 109 

M=Mass of water infiltrated (kg) 

D=Diameter of ring (300 mm) 

T=Time required for water to infiltrate pavement surface (s) 

We determined that a test time of greater than 30 minutes, or an infiltration rate of 100 mm/h, 

indicated system failure, based on guidance from ASTM C1781 and literature on permeable 

pavements. After an initial round of assessing the infiltration of a subset of assets, we found that 

all PICP assets failed. We then proceeded to clean and then repeat the permeablity testing. We 

found that vacuum street sweeping did not improve the infiltration rate, but that power washing 

was most effective. We then repeated permeability testing at six of the PICP assets over five 

months following the cleaning.  

1.4.2 Condition assessments  

The condition assessment program began in 2022 with the objective of identifying non-routine 

maintenance needs, identifying failed assets requiring rehabilitation and assigning condition 

scores to the bioretention assets. Condition values ranged from 1-5, with 1 being very good, and 

5 being very poor. Different components of the systems were evaluated including the 

contributing drainage area, inlet, outlet, monitoring well, cleanouts, planting bed, ponding area, 

vegetation and soil. Wet weather and post-24 hour rain inspection data was also incorporated 

into the condition scoring to measure bypass, short-circuiting and excessive ponding. A copy of 

the bioretention condition assessment guide is included in Appendix A. All GRI assets 

(rainwater tree trenches, infiltration trenches, permeable pavement and bioretention) had 

condition assessments performed over 2022, and the results of the condition assessments on 

147 bioretention sites are included in Section 4.  

1.4.3 Biodiversity scoring  

To better understand the impact of the co-benefits of GRI, we are attempting a new program of 

measuring biodiversity at GRI assets. We have monitored biodiversity before the construction of 

the St George Rainway (a 4-block long bioretention system currently under construction), and 

will continue monitoring this in the years after its construction. We used citizen science and 

iNaturalist to document the types of species along St George St. (between 5th Ave. and East 

Broadway) during 4 bioblitzes in 2022. We used this data to determine the number of species 

within a two block radius of St George St. We will then repeat bioblitzes following construction to 

measure changes. For the full methodology, results and recommendations, please see our 

biodiversity monitoring report (City of Vancouver, 2022).  In the next monitoring report, we will 

include more detailed results of post-construction biodiversity monitoring at St George Rainway.  

https://syc.vancouver.ca/projects/st-george-rainway/st-george-rainawy-2022-bioblitz-report-back.pdf
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Performance Monitoring Results  

1.5 Objective 1: Surface drawdown within 24 hours 

After a large storm event (>120 mm in 24 hours) in November 2021, GI team members 

performed post-rain inspections more than 24 hours after rain stopped to evaluate standing 

water in bioretention systems. A total of 140 systems were evaluated, of which 92% had no 

standing water, and 8% had standing water. All the standing water present was under 10 cm. 

The sites that did contain standing water were built in a pre-GRI era at the City and are not 

designed to meet our current standards. Many of those sites have since been or will soon be 

upgraded to more closely meet our current design standard.  

In October 2023, another post-rain inspection was conducted to evaluate standing water in the 

bioretention systems. A total of 138 sites were evaluated and none of them were found to have 

standing water 24 hours following a rainfall event of >60 mm in a day.  

1.6 Objectives 2&3: Subsurface drawdown time and rate 

1.6.1 Yukon St. and 63rd Ave. Bioretention 

The bioretention practice located at Yukon St. and West 63rd Ave. was constructed in 2018. The 

location was highlighted in the Marpole Community Plan and features a rain garden and 

bioswale to manage rainwater runoff, as well as seating areas, a drinking fountain, and 

interpretative signage.  

The bioretention practice is located along two boulevards of residential streets and manages 

stormwater runoff from a drainage area of 1170 m2 from adjacent sidewalks and roads. In 

addition, this system is on a major flow path. During moderate to high intensity rain events, 

bypass of upstream catchbasins is frequently observed; thereby increasing flows to the Yukon 

St. and 63rd Ave. system beyond the 1170 m2 area. Infiltration testing was performed prior to 

construction using the double ring infiltrometer method. After a factor of safety was applied to 

the infiltration results, the practice was sized using a design infiltration rate of 39 mm/h.  

Sustained rainfall amounts and rainfall intensity above 5 mm/h would generate a water level 

response at the Yukon St. and 63rd Ave. system. The monitoring well generally demonstrated 

drawdown within a few hours and drawdown rates above 200 mm/h. The water level monitoring 

results from the 2018-2023 are shown in Figure 8. Between 2018 and 2023, 80 rainfall events 

produced a water level change for which the drawdown time and drawdown rate were 

calculated and compared to the design infiltration rate, as shown in Table 1.  

This site was included in the previous monitoring report, and drawdown rates and times have 

since increased slightly (City of Vancouver, 2022). The average drawdown rate in 2018-2021 

was 367 mm/h, and the average drawdown rate for 2021-2023 was 736 mm/h, with an average 

drawdown rate for the full 2018-2023 period of 497 mm/h, indicative of an increasing drawdown 

rate over time.  
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Table 1 Yukon St. & 63rd Ave. water level analysis 

Storm Category 
Normal 

(under 24 
mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

47 21 12 80 

Drawdown Duration (h) 1.0 1.0 3.1 1.3 

Drawdown Rate (mm/h) 466 583 465 497 

Design Infiltration Rate 
(mm/h) 

39 

% change 1095% 1394% 1092% 1173% 

Figure 8 Hourly water level response at Yukon St. & 63rd Ave. and hourly rainfall response at Manitoba 
Yards rain gauge 
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1.6.2 Quebec St. and 2nd Ave. RTT 

The Quebec St. and 2nd Ave. GRI practice was constructed in 2019 and is part of the second 

phase of precinct upgrades along Quebec St. The GRI practice consists of soil cell RTTs that 

manages a drainage area of 610 m2 and sized using a design infiltration rate of 10 mm/h.  There 

are three monitoring wells installed, one in the north of the practice, one in the middle of the 

practice, and one in the south of the practice, each with water level loggers that were installed in 

March 2020. The middle well water level logger has since died and results are not included in 

this report.   The south portion of the practice also contains a soil sensor that measures 

volumetric water content, electrical conductivity and temperature that was installed during 

construction. A data logger was connected to the soil sensor in September 2020. The soil 

sensor has since died and the monitoring results are not included in this report.  

1.6.2.1 Quebec St. and 2nd Ave. North RTT 

The North RTT monitoring well contained standing water above 40 cm for most of the 

monitoring period, with the exception of a few months in the summer when the water level drops 

and the well dries out. There are no observed issues with tree health or differential settlement 

with this constant water level. The well displays water level changes with nearly every rainfall 

event, and during times of frequent rainfall, often the water level has not returned to its initial 

level before another storm event causes the water level to rise again. Water levels changes for 

the 2020-2023 monitoring period are shown in Figure 9. 
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Figure 9 Hourly water level response at Quebec St. and 2nd Ave. North and hourly rainfall response at Creekside rain 

gauge  

The North well displays high drawdown durations and overall infiltration rates that are under-

performing compared to the design infiltration rate. Over 2020-2023, 154 events produced a 

water level change. This site was included in the previous monitoring report, but with only 7 

months of data at the time. The average drawdown rate over 2020-2021 was 8 mm/h (City of 

Vancouver, 2022), and currently the average drawdown rate is 8.7 mm/h, so very similar. The 

drawdown duration, drawdown rates and comparison between design infiltration rate are shown 

in Table 2.  
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Table 2 Quebec St. and 2nd Ave. North well water level analysis 

Storm Category 
Normal 

(under 24 
mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 48 

mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

106 33 15 154 

Drawdown Duration (h) 35.9 35.9 35.3 35.9 

Drawdown Rate (mm/h) 7.1 12.0 12.6 8.7 

Design Infiltration Rate 
(mm/h) 

10 

% change -29% 20% 26% -13% 

 

1.6.2.2 Quebec St. and 2nd Ave. South RTT 

Over the course of 2020-2023, 163 events produced a water level change with drawdown 

durations generally being greater than 25 hours. Unlike the North well, this well does fully drain 

and does not contain standing water for large portions of the year. Water levels changes for the 

2020-2023 monitoring period are shown in Figure 10. Overall, the drawdown rate is slightly 

under-performing compared to the design infiltration rate. This site was also included in the 

previous monitoring report, though only for 7 months. The drawdown rate for 2020-2021 was 10 

mm/h (City of Vancouver, 2022), whereas the drawdown rate for 2020-2023 is 9.4 mm/h, so 

very little changed across the two monitoring reports. Storm events, drawdown duration and 

rates and comparison to design infiltration rates are shown in Table 3. 

Both the north and south wells have drawdown times below their intended design rate. We 

suspect that there maybe be clogging in the geotextile that surrounds the monitoring wells that 

is slowing the infiltration down. Additionally, on occasion over 2020-2022, the wells show a 

water level change when no rainfall event has occurred. During site visits we observed 

construction dewatering entering the catch basins for this system. This could also explain the 

introduction of additional sediment that might be clogging the geotextile. These observations of 

raised water levels not associated with rainfall were not observed in 2023, which is when 

construction for that area was all above grade.  

 

 



Green Infrastructure Implementation 
Performance Monitoring Report 
 
 

21 
 

 

Figure 10 Hourly water level response at Quebec St. and 2nd Ave. South and hourly rainfall response at Creekside 
rain gauge  

Table 3 Quebec St. and 2nd Ave. South well water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

116 31 16 163 

Drawdown Duration (h) 25.0 33.6 38.2 27.9 

Drawdown Rate (mm/h) 8.0 13.6 11.9 9.4 

Design Infiltration Rate 
(mm/h) 

10 

% change -20% 36% 19% -6% 
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1.6.3 Richards St. Block H Bioretention 

The Richards Street project is an 8-block project located in downtown Vancouver between 

Dunsmuir St. and Pacific Blvd. As part of bike lane upgrades in the area, rainwater tree trenches 

were incorporated to collect runoff from the bikeway and roadway. This project features 100 

new trees planted in the median, planting at the base of trees, and a bioswale near the 

intersection with Pacific Blvd. The project consisted of 2 phases and was under construction 

from May 2020 to November 2021. All blocks had monitoring wells and water level loggers 

installed, however we suspect that infiltration occurs too quickly in this system to trigger a water 

level response in monitoring wells located by the system outlets. The end of Block H consists of 

the only bioretention system for this block, and so unfortunately we do not have drawdown data 

for the rainwater tree trench portions. However, soil moisture data for all Richards St blocks is 

included in Section 3.3.4.  

Block H bioretention manages an impervious area of 251 m2 and was designed with an 

infiltration rate of 5 mm/h. The water level has been monitored at this site from November 2021-

Present.  Block H was very responsive to rainfall events, producing a water level change for 91 

events.  The drawdown time is very quick and the drawdown rate is much higher than the 

design infiltration rate. Storm events, drawdown duration and times and comparison to design 

infiltration rates are shown in Table 4. 

 



Green Infrastructure Implementation 
Performance Monitoring Report 
 
 

23 
 

 

Figure 11 Hourly water level response at Richards St. Block H and hourly rainfall response at Creekside rain gauge 

Table 4 Richards St. Block H water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

59 22 10 91 

Drawdown Duration (h) 8.6 17.9 36.1 13.84 

Drawdown Rate (mm/h) 50.4 26.6 10.9 40.3 

Design Infiltration Rate 
(mm/h) 

5 

% change 908% 432% 118% 706% 
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1.6.4 Haro St. and Bidwell St. Dry Well 

As part of Transmission Main upgrades, roadworks improvements that included GRI were 

included along Haro Street. The entire project consists of several different typologies including 

dry well, an infiltration trench and bioretention systems.  

The dry well was constructed in June 2021, and water level monitoring using Novion loggers 

covers the period of February 2022 to present. The dry well receives runoff from a catchbasin 

for a drainage area of 368 m2. The dry well was constructed using a 1.5-m deep 600-mm 

diameter PVC chamber with perforations every 15 cm surrounded on all sides by 0.3 m of 

granular material. The active storage volume is 1.1 m3.  From geotechnical investigations, the 

soil type at 0-2 m below ground surface was coarse sand with trace to some silt and trace 

gravel with Ksat average of 504 mm/h. The dry well was designed with an infiltration rate of 47 

mm/h.  

 

Figure 12 Schematic of Haro St. dry well 

Water level monitoring at the dry well started in February 2022 and is ongoing. Novion water 

level sensors are deployed at this location, and results are shown in Figure 13.  
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Figure 13 Hourly water level response at Haro St. and Bidwell St. dry well and hourly rainfall response at West End 
rain gauge 

The water level in the dry well is very responsive to rain events. The water level does fill the dry 
well, but never reaches the top of the practice. The dry well contains standing water at the 
bottom for most of the year, which is to be expected since there is a portion at the bottom that is 
not perforated and the system is not free draining. During the summer months, the dry well does 
dry up completely (step change in May 2023 accounts for this by correcting the baseline, per 
Figure 13). Sediment monitoring has been occurring in the dry well since April 2022. Since the 
completion of construction in 2021 to May 2023, 10 cm of sediment has accumulated at the 
bottom, which accounts for 30% of the sump and less than 10% of the whole system. The dry 
well does have quick drawdown time, and a drawdown rate that is almost double the design 
infiltration rate. Storm events, drawdown duration and rates and comparison to design infiltration 
rates are shown in Table 5. 
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Table 5 Haro St. and Bidwell St. dry well water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

76 21 4 101 

Drawdown Duration (h) 11.3 12.6 29.7 12.3 

Drawdown Rate (mm/h) 98.5 77.8 43.0 92.0 

Design Infiltration Rate 
(mm/h) 

47 

% change 110% 65% -8% 96% 

 

1.6.5 Haro St. and Jervis St. Bioretention 

The first of two systems on Haro Street constructed between March and June 2021, is a 

bioretention system receiving road runoff from a 530 m2 residential area. This system features 

an inlet with a sediment pad, and an additional curb inlet at the downstream end to capture any 

bypass. Water level has been monitored between February 2022 to present using Novion 

loggers. The site had a design infiltration rate of 5 mm/h. This system has shown a response to 

99 storm events since monitoring began, with quick drawdown durations averaging under 20 

hours and drawdown rates greater than the design infiltration rate. Storm events, and water 

level analysis are shown in Table 6.  
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Figure 14 Hourly water level response at Haro St. and Jervis St. bioretention and hourly water level response at West 
End rain gauge 

Table 6 Haro St. and Jervis St. bioretention water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

76 20 3 99 

Drawdown Duration (h) 18.2 19.3 20.5 18.5 

Drawdown Rate (mm/h) 20.9 18.9 24.4 20.6 

Design Infiltration Rate 
(mm/h) 

5 

% change 317% 278% 388% 311% 
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1.6.6 Haro St. and Bute St. Bioretention 

The second of two systems on Haro Street constructed between March and June 2021, is a 

bioretention receiving road runoff from a 150 m2 residential area. The subsoils in this area were 

described as being coarse sand with some gravel. This system has an inlet and outlet 

catchbasin that are quite close together, which was unavoidable due to the presence of other 

infrastructure. A ponding depth of 15 cm between the inlet and outlet help to spread out the 

water before overflow occurs. Water level has been monitored between February 2022 to 

present using Novion loggers. The site was design with a design infiltration rate of 5 mm/h. Due 

to the very small water level response of less than 5 cm per event for the majority of events (see 

Figure 15), the drawdown duration and drawdown rate was not analyzed.  

 

 

Figure 15 Hourly water level response at Haro St. and Bute St. bioretention and hourly rainfall response at West End 

rain gauge 
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1.6.7 W 10th Ave. and Heather St. RTT 

A rainwater tree trench was constructed along West 10th Avenue in 2021. It manages a 

drainage area of 2,475 m2, and has an area of 88 m2 of structural soil for tree soil volume and 

water volume management. There are two monitoring wells, one near each inlet. There are two 

impermeable subsurface check dams, to encourage infiltration and force a flat area along this 

2.5% sloped system. The design infiltration rate is 50 mm/h, and via boreholes, the native soil 

was found to be silty sand.    

 

 

Figure 16 Schematic of W 10th Ave. and Heather St. RTT, with the West well on the left and the East well on the right 

The two monitoring wells at this location use Novion loggers, and have been in place since 

February 2022.  

1.6.7.1 W 10th Ave. and Heather St. RTT West Well 

The West well had water level responses for most storm events. The water level never exceeds 

the check dam, as shown in Figure 17. Although, this well has very quick drawdown times, and 

an average drawdown rate of 35 mm/h, it is still slightly underperforming compared to its design 

infiltration rate of 50 mm/h. Storm events, drawdown duration and drawdown rate summary is 

found in Table 7. 
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Figure 17 Hourly water level response and W 10th Ave. and Heather St. West RTT and hourly rainfall from Vancity 
rain gauge 

Table 7 W 10th Ave. and Heather St. West RTT water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

77 16 4 97 

Drawdown Duration (h) 4.3 8.2 8.6 5.2 

Drawdown Rate (mm/h) 36.2 34.8 31.5 35.8 

Design Infiltration Rate 
(mm/h) 

50 

% change -28% -30% -37% -28% 
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1.6.7.2 W 10th Ave. and Heather St. RTT East Well 

The East well is also very responsive to storm events, and water levels are much higher than in 

the West well. On one occasion, the water level exceeded the check dam at this location, but 

the water level has never reached the top of the practice (Figure 18). Similar to the west well, 

the drawdown times are high, but the drawdown rate is slightly underperforming compared to 

the design infiltration rate. Storm events, drawdown times and drawdown rate summary is found 

in Table 8.  

 

Figure 18 Hourly water level response at W 10th Ave. and Heather St. East RTT and hourly rainfall response at 
Vancity rain gauge 
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Table 8 W 10th Ave. and Heather St. East RTT water level analysis 

Storm Category 
Normal 

(under 24 
mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

38 16 4 58 

Drawdown Duration (h) 25.73 15.79 21.54 22.7 

Drawdown Rate (mm/h) 18.9 53.6 36.8 29.7 

Design Infiltration Rate 
(mm/h) 

50 

% change -62% 7% -26% -41% 

 

1.6.8 Harriet Laneway Infiltration Trench 

A laneway infiltration trench was constructed in summer 2022, and then extended to take on 

private property drainage in Fall 2023. Harriet Laneway has an impervious area of 924 m2 which 

is managed by an infiltration trench with a footprint of 60 m2.  From geotechnical investigations, 

two boreholes were completed at this site and saturated hydraulic conductivity tests were 

performed using a Guelph Permeameter.  Borehole 1 located at the south end of the practice 

had a soil type of silt, sandy with some trace gravel and clay at 1 m bgs. Guelph permeameter 

data collected at this location had a saturated hydraulic conductivity value of 3.4 mm/h. 

Borehole 2 located at the north end of the practice consisted of silt and sand with some to 

traces of clay and gravel (till-like) and had saturated hydraulic conductivity that ranged between 

0.030 and 0.034  mm/h. Another infiltration test performed when the trench was freshly dug 

found a saturated hydraulic conductivity of 0.14 mm/h. The system was designed with an 

infiltration rate of 1 mm/h. The soil conditions were also indicative of seasonally variable 

groundwater conditions.   

Water level monitoring using Novion loggers has occurred from September 2022 to present (see 

Figure 19). The results from Harriet Laneway show that there is quick drawdown whenever the 

driving head is high, and that there is a long tail and slower drawdown whenever the driving 

head is low (0.2 m or lower). This system did not see response to storm events that are smaller 

than 24 mm, likely as those were fully infiltrated before reaching the monitoring well.  This is a 

fully infiltrating system, and the only overflow is via surface flow to the next downstream 

catchbasin. Storm events, drawdown durations and drawdown rate summary is found in Table 

9.  
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Figure 19 Hourly water level response at Harriet Laneway and hourly rainfall response at Trout Lake rain gauge 

Table 9 Harriet Laneway infiltration trench water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

0 6 4 10 

Drawdown Duration (h) - 30.1 49.2 37.7 

Drawdown Rate (mm/h) - 4.1 11.2 6.9 

Design Infiltration Rate 
(mm/h) 

1 

% change - 310% 1020% 590% 
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1.6.9 Woodland Dr. and 2nd Ave. Bioretention 

A bioswale located on Woodland Drive between 1st and 2nd Ave. has a footprint of 140 m2 

managing runoff from a 2600 m2 of impervious area. It was constructed between March and 

September 2022. Infiltration testing was done with a Guelph permeameter prior to install, and 

the saturated hydraulic conductivity was less than 1 mm/h. The system was designed with an 

infiltration rate of 1 mm/h. From geotechnical investigations, the soil type was found to be silty 

sand with trace gravel at 1 m below ground surface (bgs). No water was observed in the test 

hole, however mottled gray soil indicated a possible shallow perched groundwater table during 

the winter months. 

The bioswale system contains three cells divided by granite blocks and log weir structures. The 

granite blocks are from recycled city curbs. The first cell receives runoff directly from the east 

side of Woodland Dr. (between 1st Ave. and the laneway), the second cell is an overflow to the 

second cell, and the third cell receives runoff via pipes from the west side of Woodland Dr. 

(between 1st Ave. and the laneway) and the laneway to the east of the bioswale. A HOBO water 

level logger installed by the City is in the first cell (North well), and a Novion logger is located in 

the third cell (in a smaller diameter monitoring well pipe, South well). The whole bioswale is 

connected at the subsurface, as a clear stone trench with an underdrain is connected under all 

three cells. Given the monitoring results below, we have begun a pilot where the underdrain 

outlet is restricted to a very small opening size (<25 mm), to see if we can see encourage 

further infiltration and reduce drainage to the sewer system, while ensuring we do not have 

overflows or over saturating the system.  

1.6.9.1 Woodland Dr. and 2nd Ave. North Well 

The North well experienced the most water level response in the heavy rainfall winter season as 

shown in Figure 20. This well experiences quick drawdown durations and drawdown rates well 

above the design infiltration rate.  Storm events, and water level responses are shown in Table 

10.  
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Figure 20 Hourly water level response at Woodland Dr. and 2nd Ave. North bioretention and hourly rainfall response 
at Trout Lake rain gauge 

Table 10 Woodland Dr. and 2nd Ave. North bioretention water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

32 12 4 48 

Drawdown Duration (h) 18.2 16.8 26.3 18.5 

Drawdown Rate (mm/h) 8.0 25.1 18.5 13.1 

Design Infiltration Rate 
(mm/h) 

1 

% change 700% 2410% 1750% 1210% 
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1.6.9.2 Woodland Dr. and 2nd Ave South Well 

The South well containing the Novion loggers was slightly less responsive to storm events than 

the North well. However, data for several storm events in January 2023 was removed from the 

analysis due to the venting tube in the logger becoming clogged causing erratic and 

unrepresentative water level responses. This well also experiences quick drawdown durations 

and drawdown rates greater than the design infiltration rate. Storm events and water level 

analysis are found in Table 11.  

 

Figure 21 Hourly water level response at Woodland Dr. and 2nd Ave. South bioretention and hourly rainfall response 
at Trout Lake rain gauge 
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Table 11 Woodland Dr. and 2nd Ave. South bioretention water level analysis 

Storm Category 
Normal (under 

24 mm) 

Large 
(between 24 
and 48 mm) 

Extreme 
(larger than 

48 mm) 

Total and 
average 

(weighted) 

Number of Storm 
Events 

26 8 4 38 

Drawdown Duration (h) 6.9 5.1 30.4 9.0 

Drawdown Rate (mm/h) 39.7 68.8 22.2 44.0 

Design Infiltration Rate 
(mm/h) 

1 

% change 3870% 6780% 2120% 4300% 

 

1.6.10 Summary of water level monitoring  

Average drawdown rates and design infiltration rates are summarized in Table 12 below. The 

bioswales and infiltration trenches had drawdown rates in excess of the design infiltration rate 

by a considerable difference, with measured drawdown rates 1-43 times higher than design 

infiltration rate. As noted above, a longer drawdown period was observed at the RTTs on 

Quebec St. and at W 10th Ave. The slow drawdown at the RTT may be due to media or 

geotextile layer clogging, though we cannot be certain of the cause. Regardless, the drawdown 

rates in RTTs are close to the design infiltration rate.  

The site with the longest monitoring period, Yukon St. and 63rd Ave. bioretention, shows 

continued high drawdown rates, including an increase in the average drawdown rate in 2021-

2023 compared to 2018-2021.  

The purpose of continuous monitoring of water levels in the GRI assets was to compare 

drawdown rates (the real rate at which water is leaving the system through exfiltration) to the 

design infiltration rates to determine (1) whether safety factors are correctly applied and (2) 

whether the drawdown rate decreases over time. A safety factor will be applied at design to a 

measured in-situ infiltration rate to come up with a design infiltration rate. A high safety factor 

ensures very conservative designs are implemented, meaning that these systems lose water 

much more quickly than anticipated. Guidance for design infiltration rates in Ontario previously 

recommended 2 to 9 (TRCA, CVC, 2010), with more recent updates advising safety factors of 2-

3 (STEP, 2020). Based on our monitoring results, we recommend reducing the safety factor to 

between 1 and 2, instead of higher safety factors of 2 to 9.  
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Table 12 Summary of water level analysis from all sites 

Site Typology 
Average 

Drawdown 
Time (h) 

Average 
Drawdown 

Rate (mm/h) 

Design 
Infiltration 

Rate (mm/h) 

Difference between 
Drawdown Rate and 
Design Infiltration 

Rate (%) 

Yukon St. and 
63rd Ave. 

Bioswale 1.3 497 39 1173 

Quebec St. and 
2nd Ave. 

     

 South Soil Cell RTT 27.9 9.4 10 -6 

 North Soil Cell RTT 35.9 8.7 10 -13 

Richards St.      

 Block H Bioretention 13.8 40.3 5 706 

Haro St. and 
Bidwell St. 

Dry Well 12.3 92 47 96 

Haro St. and 
Jervis St. 

Bioretention 18.5 20.6 5 311 

Haro St. and 
Bute St. 

Bioretention N/A N/A N/A N/A 

W 10th Ave. and  
Heather St. 

     

 East RTT 22.7 29.7 50 -41 

 West RTT 5.15 35.8 50 -28 

Harriet 
Laneway 

Infiltration 
Trench 

37.7 6.9 1 590 

Woodland Dr. 
and   2nd Ave. 

     

 North Bioretention 18.5 13.1 1 1210 

 South Bioretention 9 44 1 4300 

Average  16.5 72.5 
  

 

  



Green Infrastructure Implementation 
Performance Monitoring Report 
 
 

39 
 

1.7 Objective 4: Soil moisture monitoring  

We would like to know whether the soil moisture range in the observed practices is amenable to 

vegetation health. Soils used in GRI practices are typically sandy (>70% sand content), and as 

the wilting point for sand is usually 5-10%, we want to ensure that our GRI systems remain 

above 5% moisture content. We also know that overly saturated conditions are also detrimental 

for some plants, and saturation for sandy soils is 35-40% or greater. While saturation may occur 

for short periods during rain events, GRI systems should drain within 72 hours.  

1.7.1 Quebec St. and 1st Ave. Location C RTT 

Location C RTTs manages stormwater runoff from a drainage area of 415 m2. Location C has 

three soil sensors measuring volumetric water content, electrical conductivity and temperature 

that were installed during construction at depths of 20-cm, 40-cm and 60-cm. The 40-cm sensor 

displays erratic readings and is believed to have been damaged during construction. For this 

reason, data from the 40-cm sensor has been omitted from the analysis.  A data logger was 

connected post-construction to continuously log the data. Soil monitoring has been occurring 

since September 2018.  

The soil moisture in the RTT displays very little seasonal variation throughout the monitoring 

period. The soil moisture at the 60-cm depth varies between 21%-40%, and the 20-cm depth 

varies between 23-33%. Slight dips in volumentric water content (VWC) readings are noticeable 

in August and September of 2021 and 2022, which correlates to a period of less rainfall.  The 

placement of the sensors in the structural soil under the bike path may be able to explain how 

little seasonal variation there is, as moisture is not lost through soil evaporation.  Rainfall and 

VWC for the entire monitoring period along with several data gaps are shown in Figure 22. 
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Figure 22 Daily average volumetric water content at 20-cm and 60-cm depth at Quebec St. and 1st Ave. Location C 
RTT and daily rainfall at Creekside rain gauge 

1.7.2 Quebec St. and 1st Ave. Location D Bioswale 

Location D bioswale manages stormwater runoff from a drainage area of 630 m2.  Location D 

has a monitoring well with a water level logger that was installed in October 2018, with an 

additional in situ barometric logger installed in March 2020. The water level loggers has since 

died and the resutls are not included in this report. Two soil sensors installed during 

construction at depths of 20-cm and 40-cm measure volumetric water content, electrical 

conductivity and temperature. A data logger was connected post-construction to continuously 

log the data. Soil monitoring has been occurring since September 2018.  

Both soil sensors installed in the bioswale are functional and provide data on volumetric water 

content, electrical conductivity and temperature since October 2018, however there are some 

intermittent data gaps where sensors disconnected from the logger, and it is likely that the 20-

cm sensor is no longer functioning given the lack of rainfall response in 2023.  Seasonal 

variation in moisture levels is very apparent, with moisture levels being at the highest during the 

wet seasons when there is the greatest amount of rainfall, and the lowest during the hot dry 

summer months. The moisture levels at 20-cm depth range between 5-46% over the monitoring 

period and the moisture levels at 40-cm range between 5-50%.  The moisture levels at 40-cm 
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depth are generally greater than at the 20-cm depth.  The pronounced seasonal variation 

compared to the other sites is likely influenced by the GRI typology. Being in a bioswale, the 

soils are more exposed to evaporation and transpiration that can cause moisture loss. The 

rainfall and volumetric water content for the entire monitoring period is shown in Figure 23.  

 

Figure 23 Daily average volumetric water content at 20-cm and 40-cm depth at Quebec St. and 1st Ave. Location D 
bioswale and daily rainfall at Creekside rain gauge 

1.7.3 Expo Blvd. and Smithe St. RTT 

The triangle island located at the intersection of Smithe St. and Expo Blvd was identified as a 

suitable location for a GRI practice. It was constructed starting in late 2018, extending into 2019. 

The practice uses soil cells to treat the stormwater runoff and support tree health. This practice 

manages a drainage area of 351 m2. The design also features an underdrain that drains excess 

treated stormwater to the storm sewer system, and permeable pavers that allow for rainwater to 

infiltrate. The design assumes low or zero infiltration at this location. Two soil sensors that 

measure volumetric water content, electrical conductivity and temperature were installed at 

depths of 20-cm and 40-cm during construction. The soil sensors were connected to a data 

logger in September 2020.  
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Soil moisture monitoring at this site has been very variable throughout the monitoring period. 

The 20-cm sensor has been very reactive to rainfall events, especially during the wet weather 

seasons, but drops over the dry seasons. Overall, the 20-cm soil VWC ranges from 20%-60% 

over the course of the monitoring period. The 40-cm sensor displays a large drop in December 

2021, and remains below 20% VWC after that time, except for large rain events where it peaks 

sharply. This large decrease in VWC in December occurs only over a span of 10 minutes, 

leading us to believe that something may have happened to the sensor tip or the surrounding 

area leading to this change, and may not be representative of the soil moisture at this location. 

The 40-cm soil VWC ranges from 3-63% (see Figure 24).  

 

Figure 24 Daily average volumetric water content at 20-cm and 40-cm depth at Expo Blvd and Smithe St. and daily 
rainfall from Creekside rain gauge  

At site visits, the tree appears in good health. Weeds have been noticed to grow out from the 

joints of the permeable pavement, reaching heights of greater than 1 m in some cases, requiring 

additional summer maintenance. We suspect due to the location, there is not a lot of foot traffic 

over the permeable pavement to prevent this level of growth.  
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Photo of permeable pavement at Expo & 

Smithe, September 2020 

 

 

 

 

 

 

 

 

1.7.4 Richards St. RTT and Bioretention 

The Richards Street project is an eight block GI-led project located in downtown Vancouver 

between Dunsmuir St. and Pacific St. As part of bike lane upgrades being made in the area, 

rainwater tree trenches were incorporated into the design to collect runoff from the bikeway and 

roadway. The project also features permeable pavers that allow water to infiltrate through the 

surface. The project consists of 100 new street trees planted in the median – a mixture of 

Brandon Elms, American Hornbeams and River Birches, as well as a bioswale with Permavoid 

drainage units. Construction took place from May 2020-November 2021.  

Soil moisture sensors were installed here to monitor plant health and to ensure moisture levels 

around electrical conduits remain above 10%. All the blocks at Richards St. with the exception 

of Block B and Block E have intact soil sensors providing data on volumetric water content, 

electrical conductivity and temperature. The Block B sensor is not included as it had highly 

variable readings and it was determined the data was unreliable. The sensor in Block B is 

installed directly into structural soil, and perhaps the prongs of the sensor may either be in an air 

pocket and not in proper contact with the soil or might have been damaged during the remaining 

construction of the block. 

All sites had free draining soils, except for Block H which had a tank product with wicking tiles, 

called permavoid, beneath the soil, which allows plants to access the water in the tank via 

wicking. Block H soil moisture was always above 20%, but then so were other free-draining 

blocks in structural soil, such as Blocks C, D and F. Block A demonstrates the greatest variation 

of all the blocks, with the VWC dropping during the summer months when there is less rainfall. 

We are unsure what characteristics lead to Block A having more moisture loss in the summer 

than the other blocks. The rest of the blocks remain above the 10% minimum. Monthly 

maximum, monthly minimum and monthly mean VWC can be seen in Figure 25 for all blocks 

over the course of their respective monitoring periods.  
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 Figure 25 Monthly maximum, monthly minimum, and monthly mean volumetric water content of Richards St. project, 
with full ranges shown in text, for A) Block A, C-N) Block C North, C-S) Block C-South, D) Block D, F) Block F, G) 

Block G, H) Block H and rainfall from Creekside rain gauge 

7-46% 30-45% 

22-40% 25-37% 

19-43% 
13-47% 

19-52% 
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1.7.5 Summary of soil moisture monitoring for plant health  

The effect of soil moisture on plant health is not easily discerned from the data collected at the 

bioswales and RTTs during the monitoring period. During the dry summer periods, a decrease 

in soil moisture was observed at all monitored sites, though the volumetric water content was 

not below 5% at any sites. Plant die-off associated with extended summer dry periods was not 

observed, however this is not a reliable evaluation metric as all sites are newly constructed and 

under an establishment period with supplemental watering provided.  Given this, continued 

monitoring of plant health and soil moisture over the long term and post-establishment period 

will be necessary to discern any trends. For example, Richards Street RTTs were constructed in 

2020-2021 and so limited soil moisture data is currently available. Future monitoring reports will 

contain results related to tree growth along Richards Street, which will contribute to our 

understanding of plant health in GRI systems.  

As can be seen throughout this section, there are several issues with reliability of sensors as 

they age within subsurface systems, and we cannot change or update the sensor without 

removing paved surfaces and a significant construction effort. It is difficult to know when a large 

drop is due to loss of soil moisture, or an issue with the sensor or the location of the sensor in 

soil.  

1.8 Objective 5&6: Volume managed and water quality  

We conducted synthetic runoff tests at two bioretention systems in 2021 and 2022. The first 

purpose of these tests was to determine the water volume managed by the GRI system. The 

second purpose was water quality, and contaminants were injected into the bioretention system 

to determine their mass removal.  

1.8.1 Study 1: Quebec St. and 1st Ave.; TSS, metals and nutrients 

In 2021 at Quebec St. & 1st Ave. Location E bioswale, we used a hydrant to inject approximately 

14,000 L of clean water into the bioswale. We were attempting to mimic a storm event of 48 

mm, and injected the equivalent of 52 mm across the 270 m2 catchment area. We also applied a 

total suspended solids (TSS) concentration equivalent to approximately 130 mg/L via injecting 

solids collected from the City’s street sweeping program. Only 2,900 L of water was measured 

leaving the underdrain, which corresponds to a volume reduction of 77%. The remaining water 

was either absorbed or exfiltrated. From a mass removal perspective, we saw a TSS load 

reduction of >99% (Kerr Wood Leidel, 2022). Approximately 1,600 g of solids were injected at 

the inlet, and only 6.75 g of solids were measured at the outlet. The full study methodology and 

results are shown in Appendix B. The results from the flow portion of study were used to 

calibrate hydrologic models for the performance of GRI assets internally.  

1.8.2 Study 2: Pine  St. and 8th Ave., 6PPD-quinone and emerging contaminants of    

concern 

In 2022, we conducted another synthetic runoff test to assess the volume managed portion of 

our active systems. We arranged a water truck to inject 14,172 L of clean water into our system, 

and we measured the rate of flow at the inlet and at the underdrain outlet with the bucket-timer 

method. This volume was equivalent to a 21 mm event across the 676 m2 catchment area for 

the Pine St. and 8th Ave. bioretention system. Figure 26 shows the hydrograph at the inlet and 
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underdrain outlet for this test. A total of 3,366 L were estimated to flow out of the underdrain 

outlet, meaning that 76% of water was retained in the bioretention system.  

 

 

Figure 26 Hydrograph at the inlet and outlet of Pine St. and 8th Ave. synthetic run-off test, July 2022 

We were also contacted by researchers at the University of British Columbia about testing GRI 

for emerging contaminants of concern. A mixture of rhodamine (tracer dye), 6PPD-quinone and 

bromide (a conservative tracer) were mixed with water and then injected at the inlet. Once pink 

water was seen at the underdrain outlet, we began to collect samples. One week following the 

injection test, a second injection of clean water from a water truck occurred, and samples were 

collected at the underdrain outlet. The researchers found an almost 98% mass removal of 

6PPD-quinone from this bioretention system during this test (Rodgers et al, 2023). Refer to the 

study by Rodgers et al (2023), located in the Environmental Sciences Letters and in Appendix 

C.  
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Optimization Monitoring Results 

1.9 Objective 7: Permeable pavement cleaning 

Several permeable interlocking concrete paver (PICP) assets were built beginning in 2008, and 

did not receive maintenance prior to 2021. To determine what maintenance activities would be 

required and at what frequency, we began by conducting infiltration testing combined with 

cleaning activities. First we conducted infiltration testing without cleaning, and found that all 

assets failed (test took longer than 30 minutes, or infiltration rate <100 mm/h). Then we 

conducted vacuum street sweeping and redid the tests, and the infiltration tests were not 

improved. Next we tried power washing, and found that the infiltration rates were vastly 

improved, and all assets had >1200 mm/h as their infiltration rate. We then monitored six PICP 

sites for a period of 5 months after they had received cleaning. All PICP assets monitored failed 

the infiltration test 1 year after maintenance cleaning. This indicates that the power washing 

frequency should be annual for PICP assets. Also, we found that some assets could not recover 

sufficiently after cleaning, such as Site #2 and Site #3 in Table 13, which failed only 7 months 

after its last cleaning.  Sites 1-4 were older assets (2008-2010 construction) that had not been 

maintained in the intervening time, and so the inability for the asset to recover permeability was 

to be expected. However Site #5 and Site #6 were newly constructed and were not expected to 

fail, and further failure in a year following cleaning was also unexpected.  

Table 13 PICP infiltration testing results 

     

Infiltration Rate (mm/h)  

Site # Site Description 
Built 
Year 

Practice 
Size 
(m2) 

Date of 
Power 

Washing 

After 
Power 

Washing 

Jun-
22 

Jul-
22 

Aug-
22 

Sep-
22 

Oct-
22 

# of 
Months to 
<100mm/h 

1 
Parking layby, 

Olympic Village 
2010 35.1 Aug-21 1200 152 <100 <100 <100 <100 11 

2 
Parking layby, 

Olympic Village 
2010 35.5 Dec-21 1200 <100 <100 <100 113 <100 6 

3 
Parking layby, 

Olympic Village 
2010 54.2 Dec-21 1200 <100 <100 <100 <100 <100 6 

4 
Parking layby, 

downtown 
2008 34.3 Dec-21 1200 132 <100 <100 <100 <100 7 

5 
Median, 

downtown 
2019 94.9 Sep-21 1200 122 <100 <100 <100 <100 10 

6 
Median, 

downtown 
2020 113.3 Sep-21 1200 138 450 203 138 <100 13 
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1.10 Objective 8: Condition assessments of bioretention systems  

Condition assessments for 147 bioretention assets were performed in 2022. The scoring system 

used is 1-5, where 1 indicates best condition, and 5 indicates very poor or failing, which is 

explained further in Table 14. There were several criteria that were deemed as auto-fails and 

any site that fit into one of these criteria were given an automatic score of 5. These auto-fail 

criteria include: missing or demolished, complete short-circuiting at the inlet, complete short-

circuiting at the outlet, no ponding depth or standing water after 24 hours.  As many of our 

bioretention assets are corner bulges that were retrofitted for traffic calming, and were not 

purposefully designed to be bioretention, the results have been divided up by GII Era (designed 

and implemented following GII Branch establishment in 2016), and Pre-GII Era (not designed by 

GII staff, prior to 2016) (see Figure 27). Most bioretention assets (124) are from Pre-GII Era, 

and 42 of them are had condition score 5, indicating failing condition in need of rehabilitation. 

We currently have a program to rehabilitate a portion of these assets annually. The majority of 

Pre-GII assets are in condition scores 2 and 3, meaning that they are functioning and require 

only routine maintenance. For assets designed and constructed since the forming of the GI 

branch (23 assets), the majority of these are in condition scores 1-3, also meaning only routine 

maintenance is required. Only one asset is in a failing category, and further investigation is 

being carried out to determine how to rehabilitate its performance.  

Table 14 Condition scores, actions and descriptions 

Condition 
Score 

Action Condition Description 

1 - Very               
Good 

No Action Required / 
Establishment 
Period 

New or nearly new asset (Asset Age <= 2 Year) 

2 - Good 
Continue Routine 
Maintenance 

Asset has no noticeable issues; but is no longer a new 
asset. No Action Required. Continue routine maintenance. 

3 - Moderate 

Continue Routine 
Maintenance + 
Priority Maintenance 
(or Partial 
Restorative 
Maintenance) 

Noticeable issues which may affect functionality in the 
near future. May require prioritized maintenance.  
Continue monitoring progression of issue during next 
inspection.  
If performance of asset is questionable, plan performance 
assessment of the system. 

4 - Poor 

Performance 
Assessment and 
Restorative 
Maintenance 

Noticeable issues which may have an immediate impact 
on the functionality of the asset. Needs immediate 
investigation to determine repairs needed. 
If performance of asset is questionable, plan performance 
assessment of the system. 

5 - Very 
Poor 

Replace / Rehab / 
Redesign 

Asset has failed and is not functional. Immediate action 
maybe required.  
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Figure 27 Bioretention condition scores (1-5) for assets constructed prior to the GI branch being formed (pre-GII era), 
and for assets designed and delivered by our branch (GII Era) 

 

 

  

GII Era Pre-GII Era

5 1 42

4 3

3 6 31

2 5 44

1 11 4

0

20

40

60

80

100

120

140



Green Infrastructure Implementation 
Performance Monitoring Report 
 
 

50 
 

Conclusion and Next Steps 
Using data from monitored sites, we can determine that GRI assets across the City of 

Vancouver are performing as expected to manage rainwater where it falls and reduce the 

amount of runoff going to our sewer system, all while increasing biodiversity in our 

neighbourhoods and contributing to greenery that stays healthy even during hot summer 

months. Below are the conclusions of this monitoring work, per monitoring objective.  

Performance Monitoring Objectives 

Objective 1: Evaluate surface ponding: should not be ponded for longer than 24 hours. 

Nearly half of all GRI assets are bioretention systems with ponding areas, and all of the 

bioretention assets were visually inspected for ponding after two large rain events. None of the 

bioretention assets had visual ponding 24 hours after a rainfall event.   

Objective 2: Evaluate subsurface storage: storage should empty in no more than 72 

hours. All monitored wells had short drawdown times, with an overall average of 16.5 hours. 

Two sites had longer drainage times on average of greater than 24 hours, but are located in 

areas with tight soils where we were expecting slower drawdown rates. We can conclude there 

is capacity for more subsurface storage.  

Objective 3: Evaluate whether design infiltration rates are matching drawdown rates. Six 

of the nine sites with water level monitoring displayed drawdown times equal to or greater than 

the design infiltration rate. Two of nine sites had lower than expected drawdown rates, but not 

by significant amounts (10-30% different), and the ninth did not have sufficient water level 

response for analysis. This is similar to findings from the previous monitoring report, where five 

of seven sites had drawdown rates greater than infiltration rates.   

Objective 4: Monitor soil moisture for plant health. Soil moisture was variable throughout the 

monitoring period at different GRI typologies. All sites had moisture contents > 5%, and most 

were over 20%. Overall, the moisture range was amenable to the health of the vegetation.  As 

soil moisture sensors cannot be removed or replaced once in situ, and the sensors do 

deteriorate over time, the data from these sensors is becoming less reliable. Spot checks of soil 

moisture may be needed. Also, more complete visual condition assessments of plants will allow 

a greater correlation to soil moisture and plant health in the future. 

Objective 5: Determine if retention/filtration target is being met. We conducted synthetic 

flow tests at two sites by adding the volume equivalent to the design retention volume to the 

systems. Each site was able to retain the full volume without overflowing, and this data is 

encouraging us to add caps to underdrains to encourage as much water as possible to exfiltrate 

from the GRI system instead of adding to sewer flow.   

Objective 6: Determine water quality treatment capacity of GRI. We conducted different 

water quality spike tests at two bioretention systems. We found that mass removals across 

these systems were very high, even with underdrain flow. In one test we found a 99% mass 

removal of total suspended solids, which is also a typical indicator for a range of pollutants that 

make up sediment, such as plastics and metals, or adhere to sediment like hydrocarbons. In 

another test we found a 98% mass removal of 6PPD-quinone, a tire wear chemical harmful to 

salmon. 
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Optimization Monitoring Objectives 

Objective 7: Determine permeability performance over time and necessary maintenance 

methods. We monitored permeability at six permeable interlocking concrete pavement sites 

following a cleaning that restored a system’s permeability. We found that permeable pavements 

clog within 1-2 years post-construction and within 6-12 months of cleaning that restores 

permeability.  

Objective 8: Determine condition scores for all GRI assets. Condition assessments were 

conducted for 147 bioretention assets, which is the first of its kind for GRI assets at the City of 

Vancouver. This provides a baseline of information to determine long term asset performance 

and causes for decline.   

Objective 9: Evaluate the impact of GRI on biodiversity in the City. We began monitoring 

the impact of GRI on biodiversity in 2022 by conducting bioblitzes in an area where GRI will be 

constructed. We plan to measure biodiversity following GRI construction at the St George 

Rainway, and for years following, via citizen science bioblitzes.  

Next Steps for the Monitoring Program 

The City of Vancouver Green Infrastructure Implementation Branch plans to continue monitor 

water level and drawdown in newly built assets to determine their functionality and continue 

monitoring at a few long-term sites to make conclusions about long-term performance. Soil 

moisture monitroing will gradually decrease over time, mainly due to the cost of the sensors and 

not being able to recover the sensors once they are no longer functional, as most are installed 

under concrete or pavers. Water quality and volume will continue to be assessed when 

opportunities arise, such as when there is a research partnership. However due to the difficulty 

of synthetic runoff tests and generating enough water to fully test the volume managed (often 

requiring multiple water trucks), this will continue to be conducted infrequently.   

We are looking forward to continuing visual inspections around rain events, condition 

assessments, permeability testing of porous pavements, and evaluating biodiversity via citizen 

science bioblitzes. These programs will continue to provide vital information for both 

understanding long-term performance and co-benefits, but also life cycle operations and 

maintenance costs.  

Design of GRI systems is being improved through learnings from monitoring, and we can even 

adapt GRI practices after their installation. For example at Woodland Dr. and 2nd Ave. 

bioretention, after observing how it performs during rainfall, we decided to restrict underdrain 

outflow to encourage further infiltration. We plan on adding capped underdrains or options to 

turn underdrains off/on in future GRI systems.  

We also have new types of assets to monitor: dry wells, oil-grit separators and wetlands. We 

monitored water level drawdown in one dry well in 2021-2023, and have built several new dry 

wells in 2023 which have just started monitoring. We are also collecting sediment buildup data 

on dry wells and on GRI pre-treatment technologies (e.g. oil-grit separator, sediment pads, 

catchbasin filter baskets, etc.). There is also one existing wetland and several under 

construction which will be monitored in the near future.   
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Network connected monitoring devices are of particular interest to the GI branch as they would 

reduce the burden of data collection and allow for continuous data collection and analysis. We 

have completed a trial using network-connected devices with a local company, and the City is 

exploring whether a network of sensors could be connected to LoRaWAN instead of cellular 

data. LoRaWAN, Low Power Wide Area Network, is gradually being installed across the City as 

part of the street lighting upgrades. 

The GI branch is currently pursuing relationships with research partners to assist in water 

quality assessments and exploring opportunities to collaborate with and/or initiate citizen 

science monitoring programs. University and college partnerships may also provide resources 

to expand the monitoring program. 
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City of Vancouver Bioretention 
Condition Assessment Handbook 
  



Bioretention Condition Assessment
Inspector Guidebook



Very Good/ No Issues
Everything is awesome.  Works perfectly, don’t 
change a thing!

Bioretention Condition Assessment 
Rating System

Very poor/ Extensive Issues
Pintrest level fail.  Extensive damage and is non-
functional. If the failure is a health and safety risk to 
the community, it should automatically be scored a 5. 

Fair/ Some issues
Still functions, but not to its design specifications, or 
site has noticeable issues that may impact function 
in the near future. Functionality between 25-75%. 
Requires routine maintenance and/or minor repairs. 

Poor/  Moderate issues
Functioning at 25% or less and requires rehabilitation.

Good/Minimal Issues
In great shape.  A few minor issues, but they aren’t 
impacting overall function, and could be solved with 
routine maintenance.  Functionality greater than 75%

We are using a 5 point scale for most of our condition assessment fields. To 
make our evaluations as consistent as possible, here is what each number 
means in the condition score. When thinking about functionalist, consider the 
three Rain City Strategy Goals:
•	 Improve and protect water quality
•	 Increase resilience through sustainable water management
•	 Enhance livability by improving natural and urban ecosystems

1

2

3

4

5



Bioretention Condition Assessment 
Process

Take a quick walk around the site, noticing where the different components are.  
Take a moment up front to assess site safety as well.

Select Bioretention Condition Assessment 2022 on Fulcrum App, and then select 
site you are inspecting.  The form will autofill certain data for you. 

Evaluate the different components of the bioretention asset

Contributing Drainage Area

Inlet

Pre-treatment

Planting Bed/Ponding Area

Monitoring well/ clean-outs

Outlet/overflow

Vegetation

Soil

Livability



If active construction is taking place in the CDA, are proper erosion and 
sediment controls set up to prevent clogging of GI asset?

Yes

ESC is set up 
to prevent any 
construction sediment 
from entering the 
asset

No

There is no ESC set up, 
the ESC is insufficient, 
or the ESC has failed 

Contributing Drainage Area

The contributing drainage area (CDA) is the area from which water drains into 
the bioretention asset.  Your visual inspection will evaluate:
•	 Effectiveness of erosion and sediment controls if the site is in an active 
construction zone.  
•	 Street grading



Contributing Drainage Area

Is street grading preventing water from entering the asset?

Note: use visual indicators to determine grade, such as gaps between the curb 
and road. The level can be used here as well, provided it is safe to do so.  

Yes

Road grade is below inlet, 
causing all rainwater to 
bypass

Somewhat

Road grade allows some 
water into asset but also 
causes bypass

No

Road is grading to let all 
rainwater flow into asset



Inlet

Inlets are where water enters into the bioretention asset, but does not include 
the pre-treatment. This is evaluated separately. There are three main types of 
inlets you will see:
•	 Curb cuts with metal grates
•	 Curb cuts without metal grates
•	 Sheet flow

Inspections will focus on the inlet structure as well as any erosion that may be 
impacting the flow of water into the asset. 

Structural inspections
When looking at the inlet structure look for signs of deterioration, spalling or 
damage.    This could include:
•	 Dents in the metal curb cover
•	 Broken concrete or asphalt
•	 Spalling (broken asphalt or concrete)
•	 Heaving (displacement or upward movement of concrete)
•	 Graffiti
•	 Rust or other discolouration



Inlet

Is there any structural deterioration, spalling or damage to the inlet structure?

1

None

2

Minimal damage not 
causing issues to 
function or risk to 
public

3

Damage present and 
in need of repair

4

Substantial damage 
causing some water 
flow blockages

5

Damage is blocking 
flows and/or causing 
risk to public



Inlet

Is there erosion visible at the inlet?

1

None

2

Minimal erosion, not 
impacting function

3

Some erosion, minimal 
impact to function

4

Moderate erosion, 
impacting most water 
flow

5

Heavy erosion 
blocking water flow



Pre-treatment 
River Rock

What is the condition of the river rock? 
Note: looking at the quantity and placement-  NOT the sediment.  Look to see 
if there is enough river rock, if it is too dense, and whether it is graded to allow 
water flow.
 

1

Very good

2

Good
Less than 25% of water bypassing 
pre-treatment.
River rock may have some 
displacement but overall function 
not impaired

3

Fair
-25-50 % of water bypass pre-
treatment due to any of:
    -Displacement
    -Too much river rock
    -Not enough river rock  

4

Poor
-More than 50% of water 
bypassing pre-treatment due to 
any of:
    -Displacement
    -Too much river rock
    -Not enough river rock  

5

Very poor
-All water is bypassing pre-
treatment 



Is the pre-treatment area graded to allow proper flow of water into asset?
 

Yes

No

If the answer is no, please provide photos and written details highlighting the 
grading error.  Try to ensure inspection reviewers understand what will be needed 
to repair the error:
•	 Minor errors, can be re-graded by hand by contractor
•	 Major errors, requires re-design of pre-treatment area

Pre-treatment 
River Rock



Pre-treatment 
Sediment Pad

What is the condition of the sediment pad? 
Note: check for damage and cracks to the concrete
 

1

Very good

2

Good
Minimal damage, impacts to 
overall function or public safety 
<25%

3

Fair
Some damage impacting 25-75% 
of function

4

Poor
Extensive damage impacting 
>75% function 

5

Damaged causing asset to 
malfunction and/or risk to 
community



Ponding Area
Ponding depth

Instructions for measuring ponding depth

1.	 Locate the lowest point in the ponding area
2.	Place the laser level at the overflow point in line with the lowest point in the 

ponding area.
3.	Hold the ruler or measuring tape in the low point of the ponding area, lined up 

with the laser level.  Take note of the measurement in cm.
4.	If vegetation is blocking the view of the laser, you can use the tape measure or 

a piece of string to follow the laser level line to the ruler.  

Measuring ponding depth near outlet with no vegetation blocking laser

Measuring ponding depth when vegetation is blocking laser



What is the ponding depth? 
Note: use ruler or tape measure in cm to find the ponding depth.  Measure from 
the lowest point of the asset to the height of the outlet
 

1

15 cm

2

11-14 cm

3

6-10 cm

4

1-5 cm

5

0 cm

Ponding Area
Ponding depth



Ponding Area
Perimeter curb

Is there any damage, cracking or spalling on the perimeter curb? 
Note: check for damage and cracks to the concrete.  
 

1

Very good

2

Good
Minimal damage, impacts to 
overall function or public safety 
<25%

3

Fair
Some damage impacting 25-75% 
of function

4

Poor
Extensive damage impacting 
>75% function 

5

Damaged causing asset to 
malfunction and/or risk to 
community



Ponding Area
Weirs

If site has weirs, Is there any damage, cracking or spalling?
Note: check for damage and cracks to the concrete.  Take particular note of 
areas that may impact water movement
 

1

Very good

2

Good
Minimal damage, impacts to 
overall function or public safety 
<25%

3

Fair
Some damage impacting 25-75% 
of function

4

Poor
Extensive damage impacting 
>75% function 

5

Damaged causing asset to 
malfunction and/or risk to 
community



Ponding Area
Erosion

Is erosion present in the ponding area?
Note: look at both the flow path and the side slopes. Please include photos and 
description that indicate exactly which areas of the asset are eroding and the 
extend of effort that will be required to repair.

1

None

2

Minimal
Erosion present but not impacting 
function

3

Some
Erosion is channeling some flows 
(<50%)

4

Moderate
Erosion is channeling the majority 
of flows

5

Extensive
Complete re-direction of flows, 
will require extensive re-grading 
to repair



Ponding Area
River rock

What is the condition of the river rock? 
Note: looking at the quantity and placement-  NOT the sediment.  Look to see 
if there is enough river rock, if it is too dense, and whether it is graded to allow 
water flow.
 

1

Very good

2

Good
River rock may have some 
displacement but overall function 
not impaired

3

Fair
-River rock has some 
displacement impacting water 
flow

4

Poor
- river rock is displaced  or 
improperly graded causing 
erosion, bypass
-River rock is too dense

5

Very poor
-All water is bypassing river rock



Monitoring Well and Clean-outs

Some assets, particularly 
newer ones, may have 
monitoring wells and/or clean-
out pipes.  If you find either on 
site, please open the lid and 
examine the condition. Use 
a flashlight to help you see 
inside of the monitoring well. 

Please assess the monitoring well for the following:

Are Trash, sediment and debris present in the monitoring well

Is there any damage to the inside or outside of the monitoring well, such as 
cracks or root intrusions?

1
None

2
Minimal
Not 
impeding 
overall 
function 
or safety 
(<25%)

3
Some
Impacting 
some 
function 
(25-75%)

4
Moderate
Damage 
impacting 
function 
(>75%)

5
Moderate
Damaged 
causing 
asset to 
malfunction 
and/or risk to 
community

Example of a monitoring well 
with minimal sediment and no 
damage.
Condition score: 1

Example of a monitoring well 
extensive build up of debris and 
is non-functional.
Condition score:  5



Outlet/ Overflow

There are three types of overflow you will see in bioretention systems:

Beehive outlets

Surface outlets

Catchbasins



Outlet/ Overflow
Catchbasins

Examine the exterior and interior of the catchbasin, including:
•	 The outside concrete structure for visible spalling and/or deterioration
•	 The metal grate cover of the CB for damage or deterioration
•	 The interior of the CB for trash, sediment and debris.  
•	 Damage to the interior structure of the CB such as cracking or spalling
•	 Whether water level in the CB is above or below the invert

Note: You may not need to lift the lid of the CB.  Try using your flashlight to look 
into the CB first, and only remove the lid if needed.  

1
None

2
Minimal
Not 
impeding 
overall 
function 
or safety 
(<25%)

3
Some
Impacting 
some 
function 
(25-75%)

4
Moderate
Damage 
impacting 
function 
(>75%)

5
Moderate
Damaged 
causing 
asset to 
malfunction 
and/or risk to 
community

CB with minimal spalling on 
exterior
Condition score: 2

Moderate damage to concrete 
around CB, could be sign of 
water leakage.
Condition score: 3

CB is filled with debris and 
non-functional.  Could cause 
backups that create community 
risk. 
Condition score: 5



Outlet/ Overflow
Catchbasins

The invert is a pipe within the catchbasin allowing water to safely exit the CB.  
Please note whether water in the CB is above or below the invert.  

Is water above or below this pipe?



Overflow
Beehive Outlet

Examine the exterior and interior of the beehive outlet including:
•	 Grate cover for damage or breakage allowing larger pieces of debris to enter
•	 The interior of the CB for trash, sediment and debris.  
•	 Damage to the interior structure of the CB such as cracking or spalling
•	 Whether water level in the CB is above or below the invert

Note: You may not need to lift the lid.  Try using your flashlight to look into the 
CB first, and only remove the lid if needed.  

1
None

2
Minimal
Not 
impeding 
overall 
function 
or safety 
(<25%)

3
Some
Impacting 
some 
function 
(25-75%)

4
Moderate
Damage 
impacting 
function 
(>75%)

5
Moderate
Damaged 
causing 
asset to 
malfunction 
and/or risk to 
community



Overflow
Surface Outlet

Some systems overflow via surface flow back onto the road or another 
landscaped area.  

Use the level to confirm the outlet is graded downwards towards the outlet, 
allowing water to safety exit through the overflow.

Check for visible erosion at the outlet as well as any debris or blockages that 
may be preventing water from safely exiting the system.

1
None

2
Minimal
Not 
impeding 
overall 
function 
or safety 
(<25%)

3
Some
Impacting 
some 
function 
(25-75%)

4
Moderate
Damage 
impacting 
function 
(>75%)

5
Moderate
Damaged 
causing 
asset to 
malfunction 
and/or risk to 
community



Vegetation
Health

How healthy is the vegetation present?

1
100% of 
vegetation 
is healthy

5
Extensive, 
no 
vegetation 
is healthy

2
Minimal
<75% is 
healthy, the 
remainder 
is dead or 
declining

3
Some
25-75% is 
healthy, the 
remainder 
dead or 
declining

4
Moderate
>25% is 
healthy, the 
remainder 
is dead and 
declining

Signs of poor plant health

Discolouration of leaves (brown, 
yellow, powdery white) 

Drooping leaves

Holes or spots in leaves Bare stems, gap areas

Note: Juncus grasses tend to flop and fall when they get too tall.  This is not a 
sign they are unhealthy, but could impact the flow of water!



Vegetation
Invasive Species

What percentage of the planting bed is invasive species?

1
0%

5
Extensive
100% plant 
coverage is 
invasive

2
Minimal
>25 % plant 
coverage is 
invasive

3
Some
25-75% 
plant 
coverage is 
invasive

4
Moderate
<75% plant 
coverage is 
invasive

Invasives of concern

Morning Glory

English Ivy

English Holly

Himalayan Blackberry Spurge Laurel/ Daphne

Common Periwinkle

Calystegia sepium
Also known as Bindweed

Hedera helix

Ilex aquifolium

Rubus armeniacus Daphne laureola

Vinca minor



Vegetation
Species diversity

How diverse are the plant species in the asset?

1
Very good
10 species or 
more

5
Very poor
0-1 plant 
species 
present

2
Good
6-9 plant 
species 
present

3
Fair
4-5 plant 
species 
present

4
Poor
2-3 plant 
species 
present

Tips for differentiating plants

Leaves - every plant type has a unique leaf.  Look at the size, shape and colour to 
differentiate species.  

Flowers - looking to see what plants have flowers, and how they differ can help 
you distinguish separate plant species

Height and shape- differences in height and shape of plants can also help you 
determine whether they are different species.  

Common GI plants

Juncus Carex Spiraea Lavender

Douglas Iris Liriope Astilbe Black-eyed Susans



Soil
Testing

Soil Testing
We will be using a soil probe, as well as a ribbon test to determine soil type and 
health.  

Start with the soil probe, inserting into a bare area of soil to a 
depth of 30 cm.

Determine depth of top soil
Measure the depth of top soil in the probe. Note: top soil will be 
the darker soil towards the top of the probe. 

Soil Colour
Choose the best match for the colour of the soil below the top 
soil.

Black Dark brown Red Medium 
brown

Yellow/
light brown

Greenish 
grey

Soil Moisture

Take some soil from the probe (the stuff below the top soil) in your hand and 
crumble it. Record:
•	 Whether it crumbles easily or is difficult to break apart (is it compacted)
•	 Is there any moisture in the soil?

Soil Type
Spray the soil with a bit of water and try to form the soil into a ribbon.  The 
length of the ribbon that forms without breaking will tell you the type of soil. 
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Executive Summary 
Kerr Wood Leidal Associates Ltd. was engaged by the City to perform water quality monitoring of a mature 
bioswale with established vegetation, located along Quebec Street. The studied bioswale was constructed in 
2018 and designed to receive runoff from adjacent paved surfaces. The objective of the project was to perform 
two controlled injection tests – one with tap water and one with synthetic stormwater – for better understanding 
how green rainwater infrastructure (GRI) like bioswales can contribute to improved stormwater management in 
the City. The objective of the water injection pre-test was to investigate the water flows and volumes needed to 
achieve flow in the bioswale’s underdrain. Outcomes of the water injection pre-test were then used for 
optimizing the injection test with synthetic stormwater. The objective of the synthetic stormwater injection test 
was to investigate the typical pollution load reduction of a bioswale in the City.  

In the water injection pre-test, dechlorinated tap water was applied to the bioswale, and rhodamine dye was 
used to track when applied water would appear in the underdrain of the swale. In the synthetic stormwater 
injection test, a mix of dechlorinated tap water and road-deposited sediments collected from street sweeping 
was injected into the bioswale. Water quality analyses verified that the synthetic stormwater contained nutrients, 
metals, and bacteria, in addition to solids. During the synthetic stormwater injection test, inlet flows were 
manually checked with a bucket while flows in the outlet underdrain were logged using automatic monitoring 
equipment. Discrete outlet water samples were collected every 10 min during the synthetic stormwater injection 
test and analyzed for a range of water quality parameters. Key results from the two injection tests are as follows: 

 The infiltration lag time is approximately 2 h when the bioswale is not saturated with water. The infiltration 
lag time appeared to be reduced during the synthetic stormwater injection test when soils were assumed to 
be more saturated prior to the start of the injection testing. 

 The peak flow rate was reduced from approximately 0.7 L/s to 0.24 L/s, which corresponds to a 66% 
reduction.  

 The applied volume of water was reduced from approximately 14,000 L (12,600 L injected, 150 L direct 
rainfall, 1,300 L runoff) to 2,900 L, which corresponds to a 77% reduction. 

 The injected TSS concentration throughout the stormwater injection test was estimated to 130 mg/L, and the 
highest TSS concentration measured in the outlet was 13.5 mg/L, which corresponds to a 90% reduction.    

 At the end of the synthetic stormwater injection test, approximately 1,600 g of solids had been applied to the 
bioswale, and from flow and water quality measurements in the underdrain, the outlet load was estimated to 
6.75 g TSS. The estimated removal efficiency of TSS loads during the injection test is >99%.   

 During the pre-test, the bioswale released nutrients and metals with outlet water. Higher outlet 
concentrations of these compounds were found during the pre-test than during the synthetic stormwater 
injection test, suggesting that nutrients and metals, assumed to be attached to particles in the synthetic 
stormwater, were removed during the injection test, but dissolved species of these compounds were 
leached in the pre-test. Other studies have also observed leaching of dissolved pollutants, specifically 
nitrogen and phosphorous species, from bioretention.  

 Outlet water quality measured during the injection test was improved, with fewer exceedances of AMF 
thresholds compared to monitoring data collected in 2018. However, the limited data (mostly TSS) make it 
difficult to draw any conclusions on whether maturation of the bioswale, i.e., establishment of plants, has led 
to improved pollutant reduction capacity and improved outlet water quality.  

 Water quality data collected during the injection tests and in the 2018/2019 monitoring program suggest that 
GRI practices such as bioswale and stormwater tree trenches are not effective at attaining water quality 
guidelines for copper. 
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The stormwater injection tests proved to be time-efficient procedures for studying a bioswale in detail and 
generating time series of data to evaluate its efficiency to reduce runoff flows and volumes as well as applied 
pollutant loads. The outcomes of the injection tests reported here are only an indication of how well a bioswale 
may function under certain conditions. It is recommended to evaluate the efficiency of frequently implemented 
GRI practices in the City, to make sure they are well designed for the intended purpose, whether it be flow rate 
reduction or pollution removal. Injection tests can be used for evaluating both hydraulics and pollutant removal 
in GRI practices.  

The injection tests indicated that nutrients, both nitrogen and phosphorous species, can leach from the 
bioswale. If the City is concerned about leached nutrient levels, it is recommended to perform additional 
research, desktop research may suffice, on available soil amendments and bioretention designs to reduce 
nutrient leaching. To further reduce copper levels in stormwater, the City may want to look into additional pre- or 
post-treatment practices as well as pollution prevention measures.  
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1. Introduction 
The City of Vancouver (‘the City’) has a target to capture and treat 90% of Vancouver’s average annual 
rainfall by using green rainwater infrastructure (GRI) and design guidelines on public and private 
property. Green infrastructure is an approach to rainwater management that uses both engineered 
practices and natural landscape features to mitigate the impacts of increased runoff and pollution as 
close to the source as possible. GRI uses soils, plants, and trees in built infrastructure, such as rain 
gardens, swales, and tree trenches, to capture, store, and remove pollutants from runoff, resulting in 
reduced runoff rates and volumes, and improved water quality.  

Kerr Wood Leidal Associates Ltd. (KWL) was engaged by the City to perform water quality monitoring of 
a mature bioswale with established vegetation, located along Quebec Street in the Southeast False 
Creek neighbourhood. Bioswales are linear bioretention practices designed as shallow depressions that 
feature vegetation and engineered soils. Bioretention practices are commonly designed for runoff to 
temporarily pool, allowing evaporation to reduce runoff volumes and volatilization and sedimentation to 
reduce pollutants. Runoff is then infiltrated into a soil layer, where further pollutant reduction is achieved 
through chemical and biological processes. Runoff volumes are reduced through plant uptake, 
evaporation, and infiltration into the underlying soil. 

The studied bioswale was constructed in 2018 and designed to receive runoff from adjacent paved 
surfaces. The bioswale is designed with an underdrain that discharges treated runoff into the 
stormwater sewer system. In late 2018 and early 2019, before vegetation was established, flow and 
water quality monitoring of the bioswale was performed by the City. The monitoring is described in the 
report 2020 Green Infrastructure Asset Effectiveness Monitoring Program – Final Report1 prepared by 
KWL and issued on 2021-12-10.  

The current monitoring of the bioswale was performed to further the understanding of the practice’s 
performance over time, as it has matured, and plants and trees are established. The original scope of 
the project was to collect time-weighted, composite water quality samples from three storm events at 
three GRI practices: 2 bioswales and 1 stormwater tree trench. Because of numerous challenges with 
the timing and feasibility of sample collection, the scope of work was changed to perform two controlled 
injection tests at only one bioswale. Monitoring of the other practices was abandoned because the 
stormwater tree trench showed signs of clogging and flow monitoring at the other bioswale is made 
difficult due to sewer backups. Injection testing using “synthetic stormwater”, i.e., a mix of tap water and 
road-deposited sediments, allows for a controlled procedure where known volumes of water and 
pollutant loads are added to the bioswale. In addition, weather conditions become irrelevant for sample 
collection and the procedure is, therefore, easier to schedule than sampling during storm events.   

The objective of the project was to perform two controlled injection tests – one with tap water and one 
with synthetic stormwater – for better understanding how GRI can contribute to improved stormwater 
management in the City. The project aims to advance knowledge on what type of runoff events can be 
managed using bioswales and expected reduction of pollutants, as well as potential benefits and 
implications for receiving water health. 

 

 
1 2020 Green Infrastructure Asset Effectiveness Monitoring Program – Final Report. Prepared by KWL for the City of Vancouver. December 
10, 2021.  
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2. Injection Tests 

2.1 Bioswale #2 
The injection tests were performed on one of the bioswales along Quebec Street, in previous work 
referred to as Bioswale #2. The approximate UTM coordinates for Bioswale #2 are Easting 492564, 
Northing 5457601 (Zone 10U). The practice receives runoff from adjacent sections of the sidewalk, 
bicycle lane, and road (Quebec Street).  

The design of the bioswale is described in detail in the Masters thesis Green Infrastructure in the City of 
Vancouver: Performance Monitoring of Stormwater Tree Trenches and Bioswales completed by 
Osvaldo Miguel Vega in the Civil Engineering Program at the University of British Columbia (Vega 
2019)2. Key design features are summarized: 

 Approximate impervious area that has direct hydraulic 
connection to the bioswale: 270 m2; 

 Approximate area of bioswale: 25.5 m2; 

 Approximate depth of bioswale soil media: 0.5 m2; 

 Soil blend used: Veratec® bioretention blend, which is a 
proprietary bioretention mix engineered to improve 
pollutant reduction of metals, nutrients, and 
hydrocarbons. 

As-built drawings of the bioswale are found in Appendix A.  

Bioswale #2 has a perforated 100 mm PVC underdrain that 
is laid at 0% gradient across the length of the swale. The 
perforated underdrain connects to a solid 150 mm PVC pipe, 
laid at 1% gradient, that discharges to the stormwater sewer. 
A monitoring manhole installed between the practice and the 
stormwater sewer discharge point allows for monitoring of 
outlet flows and water quality. A 0.6 m × 0.08 m opening has 
been cut in the top of the 150 mm PVC pipe to facilitate flow 
monitoring and sample collection. The monitoring manhole, 
with flow monitoring equipment installed by the City, is shown 
in Photo 2-1.  

 
2 Vega, Osvaldo Miguel. (2019). Green Infrastructure in the City of Vancouver: Performance Monitoring of Stormwater Tree Trenches and 
Bioswales. Department of Civil Engineering, Faculty of Applied Science, University of British Columbia, Vancouver, BC.  Available at: 
https://open.library.ubc.ca/cIRcle/collections/ubctheses/24/items/1.0378388 (accessed 2021-03-16).  

 

Photo 2-1: Monitoring Manhole at 
Bioswale #2 on Quebec Street  
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2.2 Flow Monitoring 
To estimate influent and effluent hydrographs (i.e., a plot of flow 
rate in relation to time), volume, and flow reduction in the 
bioswale, the inflow and outflow need to be known. Known flows 
and volumes of water were applied during the injection test, 
while the outgoing flows in the underdrain were monitored using 
automated monitoring equipment.  

Bioswale #2 has a functional monitoring manhole, but existing 
flow monitoring equipment was not operating and needed to be 
reconfigured or replaced.  

The original setup at the monitoring manhole used an Onset 
Hobo Energy datalogger to record voltage output from a Senix 
Toughsonic ultrasonic level transducer. For the duration of the 
injection test, KWL installed a 45-degree V-notch weir to the 
monitoring manhole, which increased the level response and 
thus the resolution of the flow calculation (Photo 2-2). The 
existing Senix Toughsonic transducer was re-programmed and 
reused; the existing datalogger was not functional so a Telog 
datalogger was used instead. Ultrasonic level data was recorded 
at one-minute intervals. 

After injection testing was complete, ultrasonic level data was 
retrieved from the datalogger. To calculate flow, the ultrasonic level was zeroed relative to the point 
(bottom) of the weir. Then, flow was calculated from that level using the 45-degree weir equation.  

2.3 Precipitation Monitoring 
For precipitation data to characterize antecedent conditions, the City rain gauge installed at the 
Creekside Community Recreation Centre (also known as the Creekside Rain Gauge), located within 
300 m from the Bioswale #2, was accessed through FlowWorks (FlowWorks, Inc., Seattle, WA, USA). 
The resolution of the data is in 5-minute intervals.  

2.4 Injection Test Procedures 
Two different injection tests were performed: a water injection pre-test and a synthetic stormwater 
injection test. The objective of the water injection pre-test was to investigate the water flows and 
volumes needed to achieve flow in the bioswale’s underdrain. Outcomes of the water injection pre-test 
were used for optimizing the injection test with synthetic stormwater. The objective of the synthetic 
stormwater injection test was to investigate the typical pollution load reduction of a bioswale in the City.  

Water Injection Pre-Test  

Antecedent Conditions  

The water injection pre-test was performed on 2021-10-19 during dry weather. In the week prior to the 
water injection pre-test, approximately 145 mm precipitation was registered at the Creekside Rain 
Gauge. No precipitation was registered between 2021-10-17 at 16:50 until the start of the water 
injection pre-test at approximately 09:00 on 2021-10-19, hence the antecedent dry period was 
approximately 40 h.  

 

Photo 2-2: 45-degree V-notch Weir 
Installed to Facilitate Level Logging 
in the Underdrain of Bioswale #2  
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Procedure 

In the water injection pre-test, only dechlorinated tap water was applied to the bioswale. A nearby fire 
hydrant was used as a tap water source, connected to a fire hose with a ball valve to adjust flows. Water 
was applied close to the centre of the bioswale. The tap water was allowed to flow through a mesh bag 
with sodium thiosulphate to remove residual chlorine and minimize any potential harm to the 
environment before being infiltrated into the bioswale’s soil media. To avoid purchasing inflow 
monitoring equipment with limited use (e.g., flow meters), simple timed bucket filling measurements 
were performed to verify flows/volumes applied to the bioswale. Rhodamine dye was used to track when 
applied water would appear in the underdrain.  

The key procedures and observations, as well as approximate timeline of the water injection test are 
summarized as follows: 

1. 0 min: The test was started by applying tap water to the bioswale at a flow of 0.55 L/s.  

2. 5 min: Approximately 5 min after the water injection started and flows were stabilized, rhodamine 
was added to the bioswale, where water was starting to pond.  

3. 30 min: Flow appeared in the underdrain but there were no signs of dye.  

4. 1 h 30 min: More dye was added to the bioswale, and water flow was increased from 0.55 L/s to 1.1 
L/s.  

5. 2 h: First hint of dye was observed in the underdrain.  

It was observed that water ponded on the surface of the soil media before infiltration through the soil 
media began. The ponding area extended approximately 1–2 m from where the fire hose was 
discharging water into the bioswale. This likely means that only a portion of the bioswale’s soil media 
volume was contributing to water infiltration and pollutant removal during the injection tests.  

Synthetic Stormwater Injection Test 

Antecedent Conditions 

The synthetic stormwater injection test was performed on 2021-10-20 during wet weather. 5.75 mm of 
precipitation was recorded at the Creekside Rain Gauge between the water injection pre-test on 2021-
10-19 and the start of the synthetic stormwater injection test, and an additional 5.75 mm precipitation 
was recorded between the start and the end of the synthetic stormwater injection test. 

5.75 mm of rainfall equals to approximately 150 L, or 0.15 m3, of direct rainfall into the bioswale. Around 
270 m2 of impervious surface has direct hydraulic connection to the bioswale and may have contributed 
runoff to the bioswale during the infiltration test. Assuming a runoff coefficient of 0.83 for asphalt 
surfaces3, the potential runoff volume infiltrated into the bioswale during the infiltration test was 
estimated to be 1,300 L, or 1.3 m3.   

  

 
3 Runoff coefficients for different surfaces are found in the City of Vancouver Engineering Design Manual (2019): 
https://vancouver.ca/files/cov/engineering-design-manual.PDF p. 125 
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Preparation of Synthetic Stormwater  

Synthetic stormwater, a mix of dechlorinated tap water and road-deposited sediments collected from 
street sweeping was used in the injection test. The required mass of street sweeping material for the 
test was estimated from expected TSS concentrations in road runoff from urban areas. Street sweeping 
material was collected by the City’s routine street sweeping program, dried at room temperature, and 
sieved through 300 and 600 µm mesh sizes; material greater than 600 µm was discarded. The sieved 
material was then dried at about 90°C for an additional 60 minutes to further reduce the moisture 
content.  

The synthetic stormwater was prepared in several batches by mixing a known mass of the dried 
sediment with a known volume of water prior to being dosed to the bioswale. Each batch was prepared 
by mixing 200 g of dried sediment in 20 L of tap water to produce a synthetic stormwater concentrate, 
which was then added to dechlorinated tap water.  

A portion of the road-deposited sediment was analyzed for its content of nitrogen, phosphorous, organic 
matter, total metals, as well as pH. However, data are only indicative as the samples had not been 
stored properly until analysis and recommended holding times were exceeded, e.g., for nitrogen 
species.  

Procedure 

The synthetic stormwater injection test procedure consisted of four main actions: 

1. Flow monitoring; 
2. Injection of dechlorinated tap water; 
3. Dosing of synthetic stormwater; and 
4. Collection of inlet and outlet water samples.  

Logging of water level data at the monitoring manhole was started before the first injection of 
dechlorinated tap water, to make sure flows were registered during the injection test. Level logging was 
ended approximately 40 min after the tap water injection was ended. At that time, the outlet flow had 
ceased (logged flow < 0.0001 L/s).  

Dechlorinated tap water was injected at a flow of 1.1 L/s a short while before dosing of the synthetic 
stormwater concentrate began. The tap water flow fluctuated during the test procedure and was 
regularly checked and adjusted; the average injected flow was approximately 0.7 L/s. 

Each 20 L batch of synthetic stormwater concentrate was applied to the bioswale over a period of 30 
min and a total of 8 batches were applied during the injection test. Tap water injection was ended when 
all synthetic stormwater was assumed to have infiltrated, approximately 45 min after the last batch of 
synthetic stormwater concentrate was applied and approximately 5 h after the start of the tap water 
injection. Inlet (synthetic stormwater) and outlet (from the underdrain) water samples were collected on 
several occasions during the injection procedure, further described in Section 2.5. The approximate 
timeline of the test, with tap water injection start and end, dosing of the synthetic stormwater 
concentrate, and collection of inlet and outlet samples, is shown in Figure 2-1.  

At the end of the injection test, approximately 12,600 L (12.6 m3) of dechlorinated tap water and 
approximately 1,600 g of dried sediment, corresponding to 130 mg TSS/L, had been applied to the 
bioswale over almost 5 h. In addition to tap water, approximately 1,400 L (1.4 m3) of direct rainfall and 
road runoff were also infiltrated into the bioswale during the test.  

Detailed field notes with timing of all injection test actions are found in Appendix B.  
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Figure 2-1: Approximate Timeline of Synthetic Stormwater Injection Test Actions  

2.5 Water Quality Monitoring 

Sample Collection 

Inlet Water Quality Samples  

A sample was collected from the fire hose to investigate the baseline quality of the tap water used in the 
injection tests. In addition, three replicates were collected from the synthetic stormwater concentrate 
used in the injection test, referred to as ‘inlet samples’. The samples were collected from different 
batches of the mixed synthetic stormwater concentrate, as shown in Table 2-1 as well as Figure 2-1.  

Outlet Water Quality Samples 

One outlet grab sample was collected from the underdrain during the pre-test performed on 2021-10-19, 
to investigate outlet water quality when clean water, i.e., no sediment, is infiltrated through the bioswale. 
The sample was collected approximately 3 h after the start of the tap water injection. The pump of an 
ISCO 3700 automatic sampler was used to pump water from the monitoring manhole into sample 
collection bottles. The tubing was rinsed with sample water before sample collection began.  

In total, 28 discrete outlet samples were collected every 10 min during the synthetic stormwater injection 
test. Analysis of water quality in discrete samples allows for generation of pollutographs (i.e., a plot of 
pollutant concentration variation over time) for analyzed parameters as well as calculation of pollutant 
loads. The first outlet sample was collected 30 min after the start of the first synthetic stormwater 
injection and the last sample was collected approximately 30 min after the last stormwater injection 
ended and 15 min after the tap water injection was stopped. The approximate timeline of the injection 
test and collected outlet samples are shown in Figure 2-1. Samples were collected by pumping water 
from the monitoring manhole into sample collection bottles.  
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Parameters 

Water quality was determined for both in situ and laboratory parameters. These included: 

 In situ: pH, dissolved oxygen (mg/L, DO), turbidity (NTU), conductivity (µS/cm), and water 
temperature (°C); 

 Nutrients:  

o Total nitrogen, Total Kjeldahl Nitrogen (TKN), nitrate, nitrite (all in mg/L); and 
o Total phoshorous (mg/L); 

 Total Suspended Solids (mg/L, TSS); 

 E.coli (MPN/100 mL); 

 Hardness (mg/L); and 

 Total metals (µg/L). 

The full suite of parameters was not analyzed in all collected samples; analyses performed on each 
sample are found Table 2-1.  

Table 2-1: Water Quality Parameters Analyzed in Samples Collected During the Water Injection 
Pre-test and the Synthetic Stormwater Injection Tests 

Sample Collected Parameter Analyzed 

Inlet 

Tap Water Full suite of laboratory parameters: 

 Nutrients; 
 TSS; 
 E.coli 
 Hardness; 
 Total metals. 

Inlet Sample #1 Full suite of laboratory parameters 

Inlet Sample #2 Full suite of laboratory parameters 

Inlet Sample #3 Full suite of laboratory parameters 

Outlet 

Outlet Clean Water1  Nutrients; 
 TSS; 
 Hardness; 
 Total metals. 

Outlet Samples #1 through #28 TSS 

Outlet Samples #12, 18, and 24 Full suite of laboratory parameters 
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Sample Collected Parameter Analyzed 

Outlet Samples #7 and 9 In situ parameters: 

 pH; 
 Water temperature; 
 Dissolved oxygen; 
 Conductivity; 
 Turbidity. 

1. The Outlet Clean Water sample was collected during the water injection pre-test on 2021-10-19. All 
other samples were collected during the synthetic stormwater injection test on 2021-10-20. 

For analysis of laboratory parameters, samples were submitted to CARO Analytical Services, a CALA-
accredited lab. 

In situ parameters were analyzed using a ProDSS Multiparameter Digital Water Quality Meter.  

2.6 Bioswale Assessment Approach 

Comparison with Previously Collected Data and Water Quality Guidelines 
Water quality data from the synthetic stormwater injection test were compared to data collected during 
previous studies at the same site and reported in the 2020 Green Infrastructure Asset Effectiveness 
Monitoring Program – Final Report.  

Outlet water quality was also evaluated against regional (Metro Vancouver Monitoring and Adaptive 
Management Framework for Stormwater4), provincial (British Columbia Approved and Working Water 
Quality Guidelines: Aquatic Life, Wildlife & Agriculture5), and federal guidelines (CCME Water Quality 
Guidelines of the Protection of Aquatic Life6). Guidelines values applicable to the studied parameters 
are summarized in Table 2-2. 

Flows and Pollutant Loads  
Known flows (approximately 0.7 L/s) and volumes (approximately 12,600 L or 12.6 m3) of water were 
applied to the bioswale during the synthetic stormwater injection tests, and outflow data (L/s) were 
collected using automated monitoring equipment. Collected flow data were used to generate inflow and 
outflow hydrographs and determine the reduction of volumes and flows. Flow data were also used, 
together with TSS concentrations measured in the 28 outlet water samples, to estimate the outlet TSS 
load (g).  

  

 
4 Metro Vancouver (2014): Monitoring and Adaptive Management Framework for Stormwater. 
http://www.metrovancouver.org/services/liquid-
waste/LiquidWastePublications/Monitoring_Adaptive_Management_Framework_for_Stormwater.pdf  
5 Government of British Columbia (2022): Ambient Water Quality Guidelines. https://www2.gov.bc.ca/gov/content/environment/air-land-
water/water/water-quality/water-quality-guidelines  
6 Canadian Council of Ministers of the Environment (2022): Canadian Water Quality Guidelines for the Protection of Aquatic Life. 
https://ccme.ca/en/summary-table  
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To estimate the TSS removal efficiency for the injection test, logged flows (L/s) were first converted to 
L/min. An outlet volume was estimated for every outlet water sample by adding together the flows 
(L/min) recorded 5 min before and 5 min after each outlet sample was collected (outlet samples were 
collected every 10 min). The estimated outlet volumes (L) were then multiplied with the TSS 
concentration (mg/L) in corresponding outlet sample to generate a TSS load (g). The TSS load in each 
outlet sample was then added together to a total outlet load for the synthetic stormwater injection test. 
The injected load of TSS was known (approximately 1,600 g).   

The TSS removal efficiency (RE) was calculated for the synthetic stormwater injection test using: 

𝑅𝐸 (%) = 100 ×  
𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑎𝑑 (𝑔) − 𝑂𝑢𝑡𝑙𝑒𝑡 𝐿𝑜𝑎𝑑(𝑔)

𝐼𝑛𝑗𝑒𝑐𝑡𝑒𝑑 𝐿𝑜𝑎𝑑 (𝑔)
 

Loads of other pollutants were estimated in a similar way in the outlet samples, only fewer samples 
were collected. Inlet loads were estimated from parameter concentrations in tap water and the total 
volume of applied tap water, as well as the average parameter concentrations measured in the three 
inlet samples and the total volume of applied synthetic stormwater. The tap water loads, and synthetic 
stormwater loads were then added to achieve a total applied load of nitrogen, phosphorous, and specific 
metals.   

The loads of TSS and other pollutants contributed with road runoff during the injection tests are 
assumed to be negligible compared to injected loads and not included in the load estimations. 
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Table 2-2: Classification of Water Quality Results According to the Metro Vancouver Monitoring and Adaptive Management Framework for 
Stormwater, British Columbia Approved Water Quality Guidelines for Aquatic Life and Canadian Environmental Quality Guidelines for Aquatic 
Life 

Parameter (Unit) 

AMF Classification1 BC Freshwater WQG2 Canadian Freshwater WQG3 

Good Satisfactory 
Need 

Attention 
Short Term Long Term Short Term Long Term 

Physical Parameters 

pH 6.5-9.0 6.0-6.5 or 9.0-9.5 <6 or >9.5 6.5-9.0 N/A 6.5-9.0 

Dissolved Oxygen 
(mg/L) ≥11 6.5-11 ≤6.5 

Lowest 
Instantaneous 
Minimum: 9 

Lowest Chronic: 11 
Lowest acceptable concentration: 

for warm water biota = 6.0 
for cold water biota = 9.5 

Conductivity (µS/cm) <50 50-200 >200 N/A N/A 

Turbidity (NTU) 

≤5 5-25 >25 
Change from background of 8 NTU at any 
one time for a duration of 24 h in all waters 

during clear flows or in clear waters 

Maximum increase of 8 NTUs 
from background levels for a 

short-term exposure (e.g., 24-h 
period) 

Water Temperature (°C, 
wet season) 

7-12 5-7 or 12-14 <5 or >14 ±1 change from ambient background 

Thermal additions to receiving 
waters should be such that the 

maximum weekly average 
temperature is not exceeded 

Total Suspended Solids 
(mg/L) 

N/A4 N/A N/A 
Change from background of 25 mg/L at 
any one time for a duration of 24 h in all 

waters during clear flows or in clear waters 

Maximum increase of 25 mg/L 
from background levels for any 
short-term exposure (e.g., 24-h 

period) 
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Parameter (Unit) 

AMF Classification1 BC Freshwater WQG2 Canadian Freshwater WQG3 

Good Satisfactory 
Need 

Attention 
Short Term Long Term Short Term Long Term 

Nutrients 

Nitrate (mg/L) <2 2-5 >5 32.8 3 550 13 

Nitrite (mg/L) N/A 0.06 0.02 N/A 0.060 

Total Phosphorous 
(µg/L) 

N/A Not applicable (for lakes) N/A 

Metals (total concentration unless otherwise stated) 

Cadmium (µg/L) <0.06 0.06-0.34 >0.34 
Calculated: 0.141 5 

(dissolved) 
Calculated: 0.076 5 

(dissolved) 
0.51 0.05 

Copper (µg/L) <3 3-11 >11 
Calculated: 0.9 5 

(dissolved) 
Calculated: 0.2 5 

(dissolved) 
N/A 2 

Iron (µg/L) <800 800-5,000 >5,000 1,000 N/A N/A 300 

Lead (µg/L) <5 5-30 >30 Calculated: 14 5  Calculated: 3.86 5 N/A 1 

Zinc (µg/L) <6 6-40 >40 33 7.5 
Calculated: 21 
5,6 (dissolved) 

Calculated: 18 
5,6 (dissolved) 

1. Metro Vancouver (2014) Monitoring and Adaptive Management Framework for Stormwater 
2. British Columbia Approved Water Quality Guidelines (2019) for the Protection of Freshwater Aquatic Life 

3. Canadian Council of Ministers of the Environment (2021) Water Quality Guidelines for the Protection of Freshwater Aquatic Life 
4. N/A – not available 
5. Calculated assuming hardness = 25 mg/L CaCO3, pH = 5.5, temperature 12°C, and DOC = 3 mg/L. 
6. The Canadian Water Quality Guideline is for the dissolved concentration of the metal. When guideline users only have total metal concentrations for their site, it is recommended that they 
first compare their total metal concentration to dissolved metal guideline, and where there is an exceedance, re-sample the waterbody for the dissolved metal.  
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3. Results 

3.1 Bioswale Hydraulics 
The main hydraulic-related outcomes of the injection tests are summarized in Table 3-1 and described 
further below.  

Table 3-1: Injection Test Summary Hydraulics 

Variable Value 

Infiltration Lag Time  

From 2018/2019 studies (h) 2 

From water injection pre-test (h) 2 

Inflow 

Flow of injected water (L/s) 0.7 

Duration of injection flow (h) 5 

Injected synthetic stormwater volume (L) 12,600 

Direct rainfall volume (L) 150 

Infiltrated road runoff volume (L) 1,290 

Total water volume applied to bioswale during test (L) 14,400 

Outflow 

Maximum outflow (L/s) 0.24 

Total outlet water volume (L) 2,900 

Reductions 

Outlet / Inlet flow ratio (-) 0.34 

Outlet / Inlet volume ratio (-) 0.20 

Infiltration Lag Time 

The infiltration lag time is the time needed for influent water to reach the underdrain of the bioswale. In 
the water injection pre-test, added rhodamine dye started to appear in the underdrain approximately 2 h 
after the first dye injection. At that time, approximately 5000 L (5 m3) of water had been injected into the 
bioswale. The weather was dry for approximately 40 h (data from Creekside Rain Gauge) prior to water 
injection; hence it was assumed that the bioswale was not saturated with water when the test started. 
The infiltration lag time was not studied during the synthetic stormwater injection test.  

Detailed analysis of rainfall and flow data collected in 2018/2019 also showed that the lag time was 
approximately 2 h. The analysis showed that saturated soil conditions led to shorter lag times, and dry 
soils could accept more stormwater before producing any outflow.  

Lag time may potentially differ from 2 h if substantially different conditions prevail, such as length of the 
antecedent dry period and rainfall intensity.  
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Inlet and Outlet Flows and Volumes  
The water flows applied during the synthetic stormwater injection test (manually measured) are graphed 
in Figure 3-1. Approximately 12,600 L (12.6 m3) of tap water was applied to the bioswale during the test. 
An additional 150 (0.15 m3) of rainfall was estimated to have infiltrated as well as a potential runoff 
volume of 12,900 L (1.29 m3). The total volume infiltrated into the bioswale during the injection test is 
estimated to 14,000 L (14 m3). 

Outlet flow data collected between the start of the dechlorinated tap water injection (2021-10-20 09:35) 
and the end of the water level logging (2021-10-20 15:10) are graphed in Figure 3-1. Some 
observations include: 

 A clear increase in flow is seen approximately 20 min (09:55) after the start of the water injection 
(09:35).  

 The flow continues to steadily increase for approximately 1 h 20 min (11:15), after which the flow 
increase appears to slow down. At that time, approximately 4,200 L (4.2 m3) of synthetic stormwater 
has been injected into the bioswale, not including rainfall and runoff from adjacent impervious areas.  

 The flow continues to increase, but at a lower rate, until it reaches its peak at 0.24 L/s (13:50), 3 h 
after the flow started to increase and 3 h and 20 min after the water injection started. The peak flow 
is reached before the water injection has ended. 

 When the water injection is stopped (14:30), the outlet flow decreases drastically and reaches 
negligible levels in less than 15 min. 

 Between the start (09:35) and the end (15:10) of the water level logging, the total volume of water 
passed through the underdrain is estimated to 2,890 L.  

 
Figure 3-1: Hydrograph of Injected (●) and Outlet (▬) Flows (L/s) During the Synthetic 
Stormwater Injection Test  
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The sharp increase in flow after 20 min of water injection (Figure 3-1) suggests that the infiltration lag 
time was shorter during the synthetic stormwater injection test compared to the pre-test, when water 
was observed in the underdrain after 30 min. The shortened lag time is likely a result of more saturated 
soils at the beginning of the synthetic stormwater injection test because of the shorter antecedent dry 
period; 40 h dry period prior to the pre-test vs. 20 h dry period prior to the synthetic stormwater injection 
test. 

It is not known why the flow rate peaks and starts declining before the water injection is ended. A 
potential explanation is that water starts to soak into a larger volume of the soil media, which leads to 
lower outlet flows.  

The estimated inlet to outlet flows and volumes reveal that during the synthetic stormwater injection test, 
applied water volumes (including injected synthetic stormwater, rainfall, and runoff) were reduced by 
approximately 77%, from 14,000 L (14 m3) to less than 3,000 L (3 m3). Further, the peak flow rate was 
reduced by approximately 66% in the bioswale, from 0.7 to 0.24 L/s. The flow reduction may potentially 
be higher than 66% as the contribution from rainfall and runoff was not considered in the estimations 
and the inlet flow may therefore be underestimated.  

3.2 Water Quality 

Road-Deposited Sediments 
Analyzed concentrations of nutrients and metals in the road-deposited sediment (Table 3-2) are only 
indicative as standard procedures for sample storage were not followed. For comparison, 
concentrations of metals found in other studies of street-sweeping sediment are included in Table 3-2. 
Nutrients were not investigated in referenced studies. 

Table 3-2: Concentrations (mg/kg dry weight) of Nutrients and Total Metals in Road-Deposited 
Sediment (Average of Duplicate Samples), and Concentrations Reported in the Literature 

Parameter 
Concentration 

[mg/kg] 
This Study 

Concentration 
[mg/kg] 

Virginia, US 1 

Concentration 
[mg/kg] 

Gothenburg, 
Sweden 2 

Concentration 
[mg/kg] 

Katowice, Poland 
3 

Organic Matter (%) 3.79 N/A 4 N/A N/A 

pH 7.0 N/A N/A N/A 

Nitrite (as N) <0.500 N/A N/A N/A 

Nitrate (as N) 2.86 N/A N/A N/A 

Total Phosphorus 465 N/A N/A N/A 

Total Cadmium  0.613 0.83 0.15 0.35 

Total Copper  83.2 0.89 16.7 240 

Total Iron  16,600 50,000 N/A N/A 

Total Lead  421 7.3 4.9 430 

Total Zinc  177 30 30 2,000 
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Parameter 
Concentration 

[mg/kg] 
This Study 

Concentration 
[mg/kg] 

Virginia, US 1 

Concentration 
[mg/kg] 

Gothenburg, 
Sweden 2 

Concentration 
[mg/kg] 

Katowice, Poland 
3 

1. Virginia Transportation Research Council (2018). Characterization of Residuals Collected From Street Sweeping 
Operations. https://rosap.ntl.bts.gov/view/dot/35101. Street sweeping residuals were collected from 79 locations throughout 
Virginia, with varying land use and average daily traffic between 1-400 and >10,000. Reported concentrations are averaged 
over all collected samples.  
2. Järlskog, I., Hvitt Strömvall, A., Magnusson, K. et al (2021) Traffic-related microplastic particles, metals, and organic 
pollutants in an urban area under reconstruction Science of the Total Environment, 774 
http://dx.doi.org/10.1016/j.scitotenv.2021.145503. Street sweeping samples were collected from a downtown core area 
undergoing construction, with average daily traffic around 5,500. Reported concentrations are averaged over 7 samples.  
3. Adamiec, E., Jarosz-Krzemińska, E. & Wieszała, R. Heavy metals from non-exhaust vehicle emissions in urban and 
motorway road dusts. Environ Monit Assess 188, 369 (2016). https://doi.org/10.1007/s10661-016-5377-1. Road dust was 
collected from urban roads in Katowice, Poland.  

4. N/A – not reported. 

As seen in Table 3-2, considerably larger loads of phosphorous were found in the road-deposited 
sediment than nitrogen species. Also, the metal concentrations varied considerably, with iron being the 
most abundant metal at 16.6 g/kg. Compared to the referenced studies, road-deposited sediment 
collected in Vancouver generally showed higher concentrations of metals than found in Virginia and 
Sweden, but lower than concentrations found in urban road dust in Poland. Road dust quality is 
generally dependent on the particle size – smaller particle sizes contain comparably higher metal 
content than coarser particles – and road type – road dust from urban roads is usually more 
contaminated with metals than dust from low traffic areas and highways.  

Inlet Water Quality 
Selected water quality data for tap water and replicates of the prepared synthetic stormwater 
concentrate (Inlet 1-3; 200 g street sweeping material in 20 L water) are found in Table 3-3.  

Data in Table 3-3 suggest that tap water was a negligible source of solids, bacteria, and the metals 
cadmium, lead, and zinc during the injection tests. Copper and iron were detected in tap water and may 
originate from leaching from pipes and other water infrastructure.  

It should be noted that water quality of Inlet samples 1–3 was measured on the concentrated sediment-
water mix; the mix was then diluted with tap water during the injection test. For example, TSS 
concentrations in Inlet samples 1–3 varied between 788 and 2,400 mg/L, whereas the TSS 
concentration in injected water was estimated to 130 mg/L (1,600 g sediment added to 12,600 L water).  

Water quality data for Inlet samples 1–3 show that the street sweeping material leached nutrients, 
metals, and bacteria. The inlet samples generally show high nutrient levels; much of the leached 
nitrogen is composed of TKN (organically bound nitrogen and ammonia), whereas nitrate is only a small 
portion. The difference in nitrate concentrations between tap water and Inlet samples is smaller than for 
other nutrients. Water quality varied in the three Inlet samples, likely because it was difficult to collect 
homogeneous samples of the prepared sediment-water slurry as coarser particles settled very easily 
and were not well distributed at the time of sampling.  
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Table 3-3: Water Quality of Tap Water and Prepared Synthetic Stormwater Injected into the 
Bioswale 

Sample ID Tap Water Inlet 1 Inlet 2 Inlet 3 

Date and Time Sampled 2021-10-20 
13:15 

2021-10-20 
10:45 

2021-10-20 
12:00 

2021-10-20 
13:00 

Nutrients (mg/L) 

Nitrite (as N) <0.0050 <0.0050 <0.0050 <0.0050 

Nitrate (as N) 0.095 0.148 0.212 0.167 

Nitrate + Nitrite (as N) 0.095 0.148 0.212 0.167 

Total Kjeldahl Nitrogen (TKN) 0.063 2.86 6.71 4.94 

Total Nitrogen 0.158 3.0 6.92 5.11 

Total Phosphorus 0.0068 0.648 2.27 0.794 

Total Metals (µg/L) 

Cadmium  <0.010 0.355 0.597 0.357 

Copper  0.85 81.8 139 86.6 

Iron  10 4,350 7,140 4,650 

Lead  <0.20 220 410 171 

Zinc  <4 238 413 233 

Other Parameters 

Total hardness (mg/L, as 
CaCO3) 19.1 44.9 74.7 45.3 

Total Suspended Solids (mg/L) <2.0 788 2,410 2,380 

E. coli (MPN/100 mL) <1.8 79 79 350 

1. Green cells indicate that water quality complies with the AMF ‘Good’ threshold, orange cells indicate that water quality exceeds 
the AMF ‘Satisfactory’ threshold and red cells indicate that water quality data exceeds the AMF ‘Need Attention’ threshold. No 
colour means that there is no AMF threshold for the parameter. 
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Outlet Water Quality 

In situ Measurements 

In situ measurements of outlet water quality during the synthetic stormwater tests are presented in 
Table 3-4. pH was low in the first outlet sample (Outlet A) but was a suspected measurement error and 
for the second sample other equipment was used, which showed higher and close to neutral pH.  

Table 3-4: In Situ Water Quality of Samples Collected from the Bioswale Underdrain During the 
Synthetic Stormwater Injection Test 

Parameter Outlet A Outlet B 

Date and Time Sampled 2021-10-20 11:16 2021-10-20 11:36 

Water temperature (°C) 12.0 11.8 

Dissolved oxygen (mg/L)  10.2 No data 

Conductivity (µS/cm) 131 107 

pH 5.3 7.7 

Turbidity (NTU) 4.8 4.9 

Green cells indicate that water quality complies with the AMF ‘Good’ threshold, orange 
cells indicate that water quality exceeds the AMF ‘Satisfactory’ threshold and red cells 
indicate that water quality data exceeds the AMF ‘Need Attention’ threshold. 

Nutrients and Metals in Outlet Water Samples 

Selected water quality data for the Outlet Clean Water sample collected from the underdrain during the 
pre-test are found in Table 3-5. Data for Outlet samples 6, 12, 18, and 25, collected at different times 
during the synthetic stormwater injection test, are also found in Table 3-5. Remaining outlet samples are 
not presented in Table 3-5, as they were only analyzed for TSS concentrations. Analyses of solids is 
presented in Section 0.  

Data in Table 3-5 indicate that the bioswale is releasing nutrients, metals, and bacteria into stormwater 
when clean water is flushed through the soil. Other studies have also noted that soil-based bioretention 
can leach pollutants from the soil media, specifically dissolved compounds7. Numerous studies have 
seen that bioretention practices may leach nitrogen, mainly in the dissolved forms such as ammonia 
(NH4+) and nitrate (NO3-). Nitrogen is released from bioretention soils due to mineralization of organic 
matter in soil media, decomposition of dead plants, and accumulation of organic matter transported with 
stormwater8. In addition, phosphorus removal in bioretention systems has proven inconsistent, with 
some systems removing phosphorous while others are leaching. Leaching of phosphorous is often 
observed when compost is used as a soil amendment and the soil media contains high organic matter 
content9.  

  

 
7 LeFevre et al. Review of Dissolved Pollutants in Urban Storm Water and Their Removal and Fate in Bioretention Cells, Journal of 
Environmental Engineering, 2015, 141(1). 
8 Osman et al. A Review of Nitrogen Removal for Urban Stormwater Runoff in Bioretention System, Sustainability, 2019, 11(19), 
5415; https://doi.org/10.3390/su11195415 
9 The Water Research Foundation (2020): International Stormwater BMP Database 2020 Summary Statistics. 
https://www.waterrf.org/resource/international-stormwater-bmp-database-2020-summary-statistics  
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The outlet samples collected during the synthetic stormwater injection tests show lower concentrations 
of all analyzed parameters, except iron, compared to the Outlet Clean Water sample (Table 3-5). In 
addition, concentrations in the outlet samples decline as the injection test proceeds; Outlet sample 24 
shows the lowest parameter concentrations of all collected outlet samples. It is not known why this trend 
in water quality is observed. One potential explanation could be that the injection of water has led to 
leaching of dissolved pollutants from the bioswale soil, and the available load of leachable pollutants 
has decreased over time as the injection tests have proceeded, or that flows increased during the 
procedure which led to diluted pollutant concentrations.   

Table 3-5: Water Quality of Samples Collected from the Bioswale Underdrain During the Water 
Injection Pre-Test (Outlet Clean Water) and the Synthetic Stormwater Injection Test (Outlet 
Samples 6, 12, 18, and 24) 

Sample ID 
Outlet Clean 

Water 
Outlet 6 Outlet 12 Outlet 18 Outlet 24 

Date and Time Sampled 2021-10-19 
12:17 

2021-10-20 
11:06 

2021-10-20 
12:06 

2021-10-20 
13:06 

2021-10-20 
14:06 

Nutrients (mg/L) 

Nitrite (as N) 0.124 N/A 0.0512 0.0301 0.0211 

Nitrate (as N) 2.92 N/A 0.812 0.746 0.669 

Nitrate + Nitrite (as N) 3.04 N/A 0.864 0.776 0.69 

Total Kjeldahl Nitrogen 
(TKN) 2.47 N/A 2.46 1.59 1.06 

Total Nitrogen 5.52 3.5 3.32 2.37 1.75 

Total Phosphorus 2.5 N/A 1.23 0.978 0.858 

Total Metals (µg/L) 

Cadmium  0.051 N/A 0.028 0.020 0.014 

Copper  10.3 N/A 9.22 5.44 3.79 

Iron  225 N/A 231 166 143 

Lead  <0.20 N/A <0.20 <0.20 <0.20 

Zinc  14.7 N/A 9.3 4.1 <4 

Other Parameters 

Total hardness (mg/L, as 
CaCO3) 40.6 N/A 29.7 28 25.4 

Total Suspended Solids 
(mg/L) 4.0 5.0 2.8 <2.5 <2.5 

E. coli (MPN/100 mL) N/A 3,500 33 49 79 

1. Green cells indicate that water quality complies with the AMF ‘Good’ threshold, orange cells indicate that water quality exceeds 
the AMF ‘Satisfactory’ threshold and red cells indicate that water quality data exceeds the AMF ‘Need Attention’ threshold. No 
colour means that there is no AMF threshold for the parameter. 
2. Due to a communication mistake with the lab, not all water quality parameters were analyzed in Outlet 6. 
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Pollutant Loads and Removal Efficiencies 

Solids 

Solids, expressed as mg TSS/L, were measured in all 28 outlet samples, and assessed in detail, 
including pollutograph, inlet and outlet loads, and estimated pollutant removal efficiency.  

 
Figure 3-2: Pollutograph Showing Outlet Flows (▬, L/s) and TSS Concentrations (▌, mg/L) 
During the Synthetic Stormwater Injection Test. TSS Concentrations Below Detection Limit (2.5 
mg/L) have been Replaced with ½ Detection Limit.  

Figure 3-2 shows that the outlet TSS concentration reached its peak at an early stage of the injection 
test. The outlet TSS concentration decreased considerably within short time, likely because of 
increasing flows diluting the TSS concentration, and approximately 2 h 30 min after the first injection of 
synthetic stormwater (12:16), outlet TSS was reduced to concentrations below detection limit (<2.5 
mg/L, replaced with ½ detection limit in Figure 3-2), except for an increase in TSS in the final Outlet 
Sample 28. The TSS concentration in outlet sample 28 may have been affected by bottom sediments in 
the outlet pipe as water level was very low at the time of sampling.  

The injected TSS concentration was estimated to 130 mg/L, which is almost 10 times higher than the 
highest TSS concentration measured in the outlet (13.5 mg/L), equivalent to a concentration reduction 
of 90%.   

At the end of the synthetic stormwater injection test, approximately 1,600 g of solids had been applied to 
the bioswale. The outlet TSS load was calculated using logged outlet flows (converted to volume) and 
measured TSS concentrations the 28 outlet water samples, and estimated to 6.75 g. The estimated 
removal efficiency of TSS loads during the injection test is >99%.   



 

 

3-9 

City of Vancouver
Green Infrastructure Asset Effectiveness Monitoring Program

Quebec Street Bioswale Stormwater Injection Tests – Final Report
April 28, 2022

042.158-300 

Nutrients and Metals 

Loads of nutrients and metals were estimated from the average parameter concentrations measured in 
the three inlet samples of concentrated synthetic stormwater (Table 3-3), and the total volume of applied 
(concentrated) synthetic stormwater (160 L). For comparison, pollutant loads were also calculated by 
multiplying the nutrient and metal concentrations in the road-deposited sediment with the total applied 
mass (1,600 g) of sediment. As seen in Table 3-6, loads estimated from parameter concentrations in the 
sediment are consistently higher – metal loads are one magnitude higher – than loads estimated from 
the synthetic stormwater samples. The discrepancies are likely due to thesmall number of samples of 
the synthetic stormwater not accurately characterizing concentrations, exceeded holding time for 
sediment samples, as well as the occurrence of particulate/dissolved pollutant species in the synthetic 
stormwater. A portion of the pollutants in the road-deposited sediment are assumed to remain attached 
particles and not dissolve into the synthetic stormwater; pollutants attached to settled particles are 
generally not captured in the chemical analysis of synthetic stormwater.  

The removal efficiencies in Table 3-6 are based on parameter loads in the synthetic stormwater and the 
outlet samples. Loads in the sediment were not used because it is assumed that a portion of the 
pollutants in the road-deposited sediment are attached particles and behave like solids (TSS) rather 
than mobile compounds in the bioswale. As parameter concentrations were measured only in three 
batches of the concentrated synthetic stormwater, and only in four outlet samples, the estimated inlet 
and outlet loads and removal efficiencies of nutrients and metals in the bioswale are uncertain. Loads 
were not calculated for E. coli as data were limited and varied considerably between samples.  

Table 3-6: Estimated Inlet and Outlet Loads (g) and Removal Efficiencies (%) of Total Nitrogen, 
Phosphorous, and Metals during the Synthetic Stormwater Test  

Load 

N
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P
h

o
sp

h
o

ru
s
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L
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d
 

Z
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Tap Water Load (g) 1 2.0 8.6*10-2 6.3*10-5 1.1*10-2 0.13 1.3*10-3 2.5*10-2 

Synthetic Stormwater 
Load (g) 2 

0.80 0.20 7.0*10-5 1.6*10-2 0.86 4.3*10-2 4.7*10-2 

Sediment Load (g) 3 >5*10-3 (4) 0.74 9.8*10-4 0.13 26 0.67 0.28 

Total Injected Load (g) 2.8 0.28 1.3*10-4 2.7*10-2 0.99 4.4*10-2 7.2*10-2 

Outlet Load (g) 2 7.9 3.5 7.2*10-5 2.0*10-2 0.55 2.9*10-3 1.9*10-2 

Removal Efficiency (%) -180 -1100 46 26 44 99 73 
1. Tap water loads of cadmium, lead, and zinc were estimated by replacing <DL with ½ DL.  
2. Calculated from parameter concentrations in inlet samples of concentrated synthetic stormwater and total water volume.  
3. Calculated from parameter concentrations in road-deposited sediment and total sediment mass.  
4. Nitrate load only.  
5. Lead concentrations were <DL in all outlet samples; outlet loads of lead were estimated by replacing <DL with ½ DL. 

As seen in Table 3-6, tap water contributed a considerably portion of the injected load of nutrients and 
metals; although parameter concentrations were low in tap water, almost 13,000 L of tap water was 
applied during the injection test, compared to 160 L of synthetic stormwater concentrate. For all 
parameters except nitrogen, however, loads contributed by the synthetic stormwater are larger than 
those contributed by tap water.  
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The estimated removal efficiencies indicate that nitrogen and phosphorous are released from the 
bioswale during the injection test. These data verify the assumption that soil-based bioretention may 
leach dissolved nutrient species such as ammonia, nitrate, and phosphate. According to the estimated 
removal efficiencies, metals are removed to a varying degree in the bioswale; from 26% removal of 
copper to 99% removal of lead. These results are likely related to metal speciation and variation in the 
sorption of metals to particles as metals have varying tendencies to sorb to solids. Among the most 
common stormwater metals, lead has largest tendency to sorb to solids whereas cadmium has the 
lowest sorption potential. In the injection test, it appears that copper has the lowest sorption to particles 
as the estimated removal efficiency is the lowest.  

Comparison to Previously Collected Water Quality Data 

Compared to previous monitoring data, collected on 2018-12-13, injection test outlet water quality from 
Bioswale #2 is better, with lower concentrations of nutrient species and metals. Water quality measured 
in 2018 showed more exceedances of the AMF thresholds, with nitrate, cadmium, and copper 
concentrations exceeding the ‘need attention’ level.  

The Outlet Clean Water sample exceeded the AMF ‘satisfactory’ thresholds for nitrate, copper, and zinc. 
E.coli levels were very high at 3,500 MPN/100 mL and exceeding the AMF ‘need attention’ level at the 
start of the injection test. Although concentrations of all measured water quality parameters decreased 
over time, copper and E.coli concentrations were above the AMF ‘satisfactory’ threshold in Outlet 
sample 24. Water quality data collected during the 2018/2019 monitoring program also showed copper 
concentrations exceeding the AMF ‘satisfactory’ and ‘need attention’ thresholds in outlet samples from 
the two bioswales and the stormwater tree trench. Noted exceedances of provincial and federal water 
quality guidelines (Table 2-2) include: all outlet samples exceed the provincial long-term guideline for 
nitrite; all samples exceed the federal long-term copper guideline; Outlet Clean Water and Outlet sample 
#6 exceed the provincial long-term guideline for zinc. These data indicate that GRI may not be effective 
at attaining applicable water quality guidelines for copper, which was also indicated by copper’s lower 
injection test removal efficiency compared to other metals (Table 3-5).  

It is difficult to draw any conclusions on whether the maturation of Bioswale #2 has led to improved 
pollutant reduction capacity and improved outlet water quality, as only one rainfall-runoff event was 
captured at the bioswale in the 2018/2019 monitoring program and the injection tests produced limited 
data on pollutants except TSS.  

3.3 Comparison to Similar GRI Practices 
Bioretention such as bioswales can be designed with different objectives in mind, for example TSS 
reduction or peak flow mitigation, for different climates, and for different soil conditions. Because of the 
many design possibilities of bioretention, together with site specific conditions, their performance can 
vary widely.  

Previous bioretention studies have reported 24–99% peak flow rate reduction and 20–98% volume 
reduction. Reduction of flow rate and volumes may vary between events depending on conditions in the 
bioretention at the start of the event – reductions are generally higher when the basin is dry at the start 
of an event – and rainfall characteristics such as intensity and duration. In the injection test, the volume 
was reduced by 77% and peak flow rate by 66%; however, reductions during rainfall-runoff events that 
are, e.g., less/more intense, shorter/longer duration, or shorter/longer antecedent dry period, may be 
different and are currently not known.  
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Data summarized from over 50 studies and reported in the in the International Stormwater BMP 
Database 2020 Summary Statistics10 suggest that bioretention is one of the best performing stormwater 
BMPs (best management practices) for solids reduction, with effluent TSS concentration ranging from 4 
to 10 mg/L in the investigated studies. A comparison of TSS influent/effluent concentrations indicated 
significant reduction, generally above 70%. Similarly, studies reviewed in the Low Impact Development 
Stormwater Planning and Design Guide11, published by the Toronto and Region Conservation Authority 
(TRCA) in 2010, showed TSS concentrations reduced by >60% in bioretention. Further, more recent 
studies of 10 bioretention practices in Ontario showed that TSS loads were reduced by 73 to 99%12. 
Manganka et al. (2015)13 found that the reduction of TSS loads improved from 62% when dry periods 
between runoff events were less than 6 days, to 81% for longer dry periods. Reviewed studies show 
that a high reduction of TSS loads can be expected in bioretention. A TSS reduction of 99% suggest 
that Bioswale #2 is among the more efficient bioretention practices for removing solids from stormwater.  

 

 

 
10 The Water Research Foundation (2020): International Stormwater BMP Database 2020 Summary Statistics. 
https://www.waterrf.org/resource/international-stormwater-bmp-database-2020-summary-statistics 
11 Toronto and Region Conservation Authority (2010): Low Impact Development Stormwater Planning and Design Guide. 
https://sustainabletechnologies.ca/home/urban-runoff-green-infrastructure/low-impact-development/low-impact-development-stormwater-
planning-and-design-guide-2017-update/  
12 Sustainable Technologies Evaluation Program (STEP): Comparative Performance Assessment of Bioretention in Ontario, Technical Brief 
(2019). https://sustainabletechnologies.ca/app/uploads/2019/10/STEP_Bioretention-Synthesis_Tech-Brief-New-Template-2019-Oct-10.-
2019.pdf  
13 Manganka et al. Performance characterisation of a stormwater treatment bioretention basin. Journal of Environmental Management, 
2015, 150, 173-178. https://doi.org/10.1016/j.jenvman.2014.11.007 



 

 

4-1 

City of Vancouver
Green Infrastructure Asset Effectiveness Monitoring Program

Quebec Street Bioswale Stormwater Injection Tests – Final Report
April 28, 2022

042.158-300 

4. Summary  
Key results from the injection tests are as follows: 

 The infiltration lag time is approximately 2 h when the bioswale is not saturated with water. The 
infiltration lag time appeared to be reduced during the synthetic stormwater injection test, when soils 
were assumed to be more saturated prior to the start of the injection testing. 

 The peak flow rate was reduced from approximately 0.7 L/s to 0.24 L/s, which corresponds to a 
66% reduction.  

 The applied volume of water was reduced from approximately 14 m3 (12.6 m3 injected, 0.15 m3 
direct rainfall, 1.3 m3 runoff) to 2.9 m3, which corresponds to a 77% reduction. 

 Street sweeping material used for the synthetic stormwater contributed not only TSS to the injected 
water, but also metals, bacteria, and nutrients. Tap water also contained low levels of nutrients, 
copper, and iron. 

 The injected TSS concentration throughout the stormwater injection test was estimated to 130 mg/L, 
and the highest TSS concentration measured in the outlet was 13.5 mg/L, which corresponds to a 
90% reduction.    

 At the end of the synthetic stormwater injection test, approximately 1,600 g of solids had been 
applied to the bioswale, and from flow and water quality measurements in the underdrain, the outlet 
load was estimated to 6.75 g TSS. The estimated removal efficiency of TSS loads during the 
injection test is >99%.   

 During the pre-test (injection of water), the bioswale released nutrients and metals with outlet water. 
Higher outlet concentrations of these compounds were found during the pre-test than during the 
synthetic stormwater injection test, suggesting that nutrients and metals, assumed to be attached to 
particles in the synthetic stormwater, were removed during the injection test, while dissolved 
species of these compounds were leached during the pre-test. Estimated injection test removal 
efficiencies of nitrogen and phosphorous were negative, suggesting release of these compounds, 
while all metals were removed to some degree. Other studies have also observed leaching of 
dissolved pollutants, specifically nitrogen and phosphorous species, from bioretention.  

 Outlet water quality measured during the injection test was improved, with fewer exceedances of 
AMF thresholds compared to monitoring data collected in 2018. However, the limited data (mostly 
TSS) make it difficult to draw any conclusions on whether the maturation of Bioswale #2 has led to 
improved pollutant reduction capacity and improved outlet water quality.  

 Water quality data collected during the injection tests and in the 2018/2019 monitoring program 
suggest that GRI practices such as bioswale and stormwater tree trenches are not effective at 
attaining water quality guidelines for copper.
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5. Recommendations 
The stormwater injection tests proved to be time efficient procedures for studying a bioswale in detail 
and generating time series of data to evaluate its efficiency to reduce runoff flows and volumes as well 
as applied pollutant loads. The outcomes of the injection tests reported here are only an indication of 
how well a bioswale may function under certain conditions. It is not known how the bioswale functions 
during different rainfall-runoff events, e.g., higher rainfall intensity, or whether a stormwater tree trench 
would be as effective as the bioswale in reducing TSS. It is recommended to evaluate the efficiency of 
frequently implemented GRI practices in the City, to make sure they are well designed for the intended 
purpose, whether it be flow rate reduction or pollution removal. Injection tests can be used for evaluating 
both hydraulics and pollutant removal in GRI practices.  

Other recommendations and lessons learned from the performed injection tests include: 

 Frequent sampling to adequately capture the concentrations of relevant water quality parameters in 
the outlet. The frequency of sample collection should be determined by the desired accuracy of 
pollutant concentration and load estimations and the total time of the injection test procedure. 

 Pre-determine the content of pollutants and other characteristics, e.g., organic matter content, of the 
material used to “pollute” the synthetic stormwater, in this case road-deposited sediments, to get a 
better understanding of injected pollutants and loads. 

 Aim for a large fraction of fine material in the synthetic stormwater as coarser particles settle out 
rapidly. In this study, the road-deposited sediments were sieved through a 600 µm mesh size, which 
resulted in rapid settling of particles and heterogeneous samples of the synthetic stormwater.  

 Constant mixing of the synthetic stormwater is required to avoid particles settling out. Procedures 
for automated mixing should be investigated.  

The injection tests indicated that nutrients, both nitrogen and phosphorous species, as well as some 
metals can leach from the bioswale. If the City is concerned about leached nutrient levels, it is 
recommended to perform additional research, desktop research may suffice, on available soil 
amendments and bioretention designs to reduce nutrient leaching. 

The injection tests and monitoring studies performed in 2018/2019 suggest that although GRI practices 
improve stormwater quality, water quality guidelines for copper as still exceeded. To further reduce 
copper levels in stormwater, the City may want to look into additional pre- or post-treatment practices as 
well as pollution prevention measures.  
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Appendix A 

As-Built Drawings Bioswale #2  
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KWL Field Notes Synthetic Stormwater 
Injection Test 2021-10-20 
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Appendix B – KWL Field Notes Synthetic Stormwater Injection Test 2021-10-20 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

9:15 -20 min -30 min Start of water level (flow) 
logging in underdrain 

  

9:35 0 min -10 min Start of tap water injection Flow 1.1 L/s  

9:40 5 min -5 min Flow check, underdrain No flow over weir at this time  

9:45 – 10:15 10 min 0 min Start synthetic stormwater 
dosing, batch 1 

Synthetic stormwater prepared by 
mixing 200 g dry sediment to 20 L tap 
water 
Empty bucket with synthetic stormwater 
into bioswale over 30 min 

 

9:45 10 min 0 min Flow check, injected water 1.1 L/s  
(11 L bucket filled in 10 s) 

 

10:00 25 min 15 min Flow check, underdrain Flow observed over weir  

10:15 – 10:45 40 min 30 min Start synthetic stormwater 
dosing, batch 2 

Total of 400 g sediment added  

10:16 41 min 31 min  First outlet sample collected 30 min 
after first batch of synthetic stormwater 
was injected 

Outlet sample #1  
Analyze for: TSS 

10:26 51 min 41 min   Outlet sample #2  
Analyze for: TSS 



 

 B-2 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

10:36 1 h 1 min 51 min   Outlet sample #3  
Analyze for: TSS 

10:45 – 11:15 1 h 10 min 1 h Start synthetic stormwater 
dosing, batch 3 

Total of 600 g sediment added  

10:45 1 h 10 min 1 h Flow check, injected water 0.77 L/s  

10:46 1 h 11 min 1 h 1 min   Outlet sample #4  
Analyze for: TSS 

10:56 1 h 21 min 1 h 11 min   Outlet sample #5  
Analyze for: TSS 

11:00 1 h 25 min 1 h 15 min   Inlet sample #1  
Analyze for: Full suite of 
laboratory parameters 

11:06 1 h 31 min 1 h 21 min   Outlet sample #6 
Analyze for: TSS, total N, 
E.coli 

11:15 – 11:45 1 h 40 min 1 h 30 min Start synthetic stormwater 
dosing, batch 4 

Total of 800 g sediment added  

11:15 1 h 40 min 1 h 30 min Flow check, injected water 0.69 L/s  

11:16 1 h 41 min 1 h 31 min  In situ data measured in outlet sample: 

 Water temperature: 12.0 °C 
 Dissolved oxygen (DO): 94.5%; 10.18 

mg/L  

Outlet sample #7 
Analyze for: TSS, in situ 
parameters 



 

 B-3 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

 Conductivity: 131.2 µS/cm 
 pH: 5.29 
 Redox potential: 197 mV  
 Turbidity: 4.8 NTU 

11:26 1 h 51 min 1 h 41 min   Outlet sample #8  
Analyze for: TSS 

11:36 2 h 1 min 1 h 51 min  In situ data measured in outlet sample: 

 Water temperature: 11.8 °C  
 (DO: no data)  
 Conductivity: 106.7 µS/cm 
 pH: 5.76 
 Redox potential: 232 mV 
 Turbidity: 4.89 NTU 

Outlet sample #9 
Analyze for: TSS, in situ 
parameters 

11:45 2 h 10 min 2 h Start synthetic stormwater 
dosing, batch 5 

Total of 1,000 g sediment added  

11:45 2 h 10 min 2 h Flow check, injected water 0.48 L/s  

11:46 2 h 11 min 2 h 1 min   Outlet sample #10 
Analyze for: TSS 

11:47 2 h 12 min 2 h 2 min Flow check, injected water 0.74 L/s  

11:56 2 h 21 min 2 h 11 min   Outlet sample #11  
Analyze for: TSS 

11:58 2 h 23 min 2 h 13 min   Inlet sample #2  



 

 B-4 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

Analyze for: Full suite of 
laboratory parameters 

12:04 2 h 29 min 2 h 10 min Flow check, injected water 0.79 L/s  

12:06 2 h 31 min 2 h 21 min   Outlet sample #12  
Analyze for: Full suite of 
laboratory parameters 

12:15 – 12:45 2 h 40 min 2 h 30 min Start synthetic stormwater 
dosing, batch 6 

Total of 1,200 g sediment added  

12:16 2 h 41 min 2 h 31 min   Outlet sample #13 
Analyze for: TSS 

12:26 2 h 51 min 2 h 41 min   Outlet sample #14  
Analyze for: TSS 

12:36 3 h 1 min 2 h 51 min   Outlet sample #15  
Analyze for: TSS 

12:45 – 13:15 3 h 10 min 3 h Start synthetic stormwater 
dosing, batch 7 

Total of 1,400 g sediment added  

12:46 3 h 11 min 3 h 1 min   Outlet sample #16 
Analyze for: TSS 

12:56 3 h 21 min 3 h 11 min   Outlet sample #17 
Analyze for: TSS 

13:00 3 h 25 min 3 h 15 min   Inlet sample #3 



 

 B-5 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

Analyze for: Full suite of 
laboratory parameters 

13:06 3 h 31 min 3 h 21 min   Outlet sample #18 
Analyze for: Full suite of 
laboratory parameters 

13:15 – 13:45 3 h 40 min 3 h 30 min Start synthetic stormwater 
dosing, final batch 8 

Total of 1,600 g sediment added  

13:15 3 h 40 min 3 h 30 min Flow check, injected water 0.71 L/s  

13:16 3 h 41 min 3 h 31 min   Outlet sample #19 
Analyze for: TSS 

13:26 3 h 51 min 3 h 41 min   Outlet sample #20 
Analyze for: TSS 

13:36 4 h 1 min 3 h 51 min   Outlet sample #21 
Analyze for: TSS 

13:45 4 h 10 min 4 h End of final synthetic 
stormwater dosing 

Tap water injection continues until 
14.30 

 

13:46 4 h 11 min 4 h 1 min   Outlet sample #22 
Analyze for: TSS 

13:47 4 h 12 min 4 h 2 min  Added last bits of sediment in cell 
 

 

13:56 4 h 21 min 4 h 11 min   Outlet sample #23 



 

 B-6 

Time 

Time since 
start of 
water 

injection 

Time since start 
of synthetic 
stormwater 

injection 

Action Comment Collected Sample(s) 

Analyze for: TSS 

14:00 4 h 25 min 4 h 15 min Flow check, injected water 0.65 L/s  

14:06 4 h 31 min 4 h 21 min   Outlet sample #24 
Analyze for: Full suite of 
laboratory parameters 

14:16 4 h 41 min 4 h 31 min   Outlet sample #25 
Analyze for: TSS 

14:26 4 h 51 min 4 h 41 min   Outlet sample #26 
Analyze for: TSS 

14:30 4 h 55 min 4 h 45 min End of tap water injection Total water injection time: 4 h 55 min, 
or ~ 5 h, at a flow of approx.. 0.7 L/s 
Total injected water volume: = 12,600 
L, or ~ 13 m3 

 

14:36 5 h 1 min 4 h 51 min   Outlet sample #27 
Analyze for: TSS 

14:46 5 h 11 min 5 h 1 min   Outlet sample #28 
Analyze for: TSS 

15:10 5 h 35 min 5 h 25 min End of water level (flow) 
logging in underdrain 
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

Burnaby, BC  V5C 6G9

Authorized By:

#110 4011 Viking Way Richmond, BC  V6V 2K9  |  #102 3677 Highway 97N Kelowna, BC  V1X 5C3  |  17225 109 Avenue  Edmonton, AB  T5S 1H7  |   

#108 4475 Wayburne Drive Burnaby, BC  V5G 4X4

1-888-311-8846 |  www.caro.ca

200 - 4185A Still Creek Dr

Team Lead, Client Service

Nicole Yipp

CERTIFICATE OF ANALYSIS

Introduction:

CARO Analytical Services is a testing laboratory full of smart, engaged scientists driven to make the world a safer and 

healthier place. Through our clients' projects we become an essential element for a better world. We employ methods 

conducted in accordance with recognized professional standards using accepted testing methodologies and quality 

control efforts. CARO is accredited by the Canadian Association for Laboratories Accreditation (CALA) to ISO/IEC 

17025:2017 for specific tests listed in the scope of accreditation approved by CALA. 

Big Picture Sidekicks

You know that the sample you collected after 

snowshoeing to site, digging 5 meters, and 

racing to get it on a plane so you can submit it 

to the lab for time sensitive results needed to 

make important and expensive decisions 

(whew) is VERY important. We know that too.

We've Got Chemistry

It�s simple. We figure the more you 

enjoy working with our fun and 

engaged team members; the more 

likely you are to give us continued 

opportunities to support you.

Ahead of the Curve

T h r o u g h  r e s e a r c h ,  r e g u l a t i o n 

knowledge, and instrumentation, we 

are your analytical centre for the 

technica l  knowledge you need, 

BEFORE you need it, so you can stay 

up to date and in the know.

ATTENTION Patrick Lilley

PO NUMBER

PROJECT 42.158

RECEIVED / TEMP 2021-10-20 17:00 / 10.2°C

REPORTED 2021-10-28 13:13

PROJECT INFO Bioswale #2 COC NUMBER B097650

WORK ORDER 21J2703

If you have any questions or concerns, please contact me at nyipp@caro.ca

Work Order Comments:
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Baseline (21J2703-01) | Matrix: Water | Sampled: 2021-10-19 12:17

Anions

mg/L3.04Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L0.124Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L40.6Hardness, Total (as CaCO3) N/A0.500N/A

mg/L2.92Nitrate (as N) N/A0.0500N/A

mg/L5.52Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L2.47Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L2.50Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L4.0Solids, Total Suspended 2021-10-262.0600

Total Metals

mg/L0.211Aluminum, total 2021-10-270.005050

mg/L0.00032Antimony, total 2021-10-270.00020N/A

mg/L0.00362Arsenic, total 2021-10-270.000501

mg/L0.0086Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L< 0.00010Bismuth, total 2021-10-270.00010N/A

mg/L0.253Boron, total 2021-10-270.050050

mg/L0.000051Cadmium, total 2021-10-270.0000100.2

mg/L12.7Calcium, total 2021-10-270.20N/A

mg/L0.00092Chromium, total 2021-10-270.000504

mg/L0.00057Cobalt, total 2021-10-270.000105

mg/L0.0103Copper, total 2021-10-270.000402

mg/L0.225Iron, total 2021-10-270.01010

mg/L< 0.00020Lead, total 2021-10-270.000201

mg/L0.00037Lithium, total 2021-10-270.00010N/A

mg/L2.17Magnesium, total 2021-10-270.010N/A

mg/L0.0221Manganese, total 2021-10-270.000205

mg/L0.00121Molybdenum, total 2021-10-270.000101

mg/L0.00375Nickel, total 2021-10-270.000402

mg/L2.50Phosphorus, total 2021-10-270.050N/A

mg/L5.29Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L2.8Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L2.96Sodium, total 2021-10-270.10N/A

mg/L0.0366Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L< 0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Baseline (21J2703-01) | Matrix: Water | Sampled: 2021-10-19 12:17, Continued

Total Metals, Continued

mg/L0.00033Tin, total 2021-10-270.00020N/A

mg/L< 0.0050Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000043Uranium, total 2021-10-270.000020N/A

mg/L0.0053Vanadium, total 2021-10-270.0010N/A

mg/L0.0147Zinc, total 2021-10-270.00403

mg/L0.00024Zirconium, total 2021-10-270.00010N/A

Inlet 1 (21J2703-02) | Matrix: Water | Sampled: 2021-10-20 10:45

Anions

mg/L0.148Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L< 0.0050Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L44.9Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.148Nitrate (as N) N/A0.00500N/A

mg/L3.00Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L2.86Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L0.648Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L788Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L3.94Aluminum, total 2021-10-270.005050

mg/L0.00137Antimony, total 2021-10-270.00020N/A

mg/L0.00169Arsenic, total 2021-10-270.000501

mg/L0.0731Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L0.00049Bismuth, total 2021-10-270.00010N/A

mg/L0.110Boron, total 2021-10-270.050050

mg/L0.000355Cadmium, total 2021-10-270.0000100.2

mg/L14.7Calcium, total 2021-10-270.20N/A

mg/L0.00702Chromium, total 2021-10-270.000504

mg/L0.00226Cobalt, total 2021-10-270.000105

mg/L0.0818Copper, total 2021-10-270.000402

mg/L4.35Iron, total 2021-10-270.01010

mg/L0.220Lead, total 2021-10-270.000201

mg/L0.00154Lithium, total 2021-10-270.00010N/A

mg/L1.99Magnesium, total 2021-10-270.010N/A

mg/L0.135Manganese, total 2021-10-270.000205

mg/L0.00063Molybdenum, total 2021-10-270.000101

mg/L0.00598Nickel, total 2021-10-270.000402
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Inlet 1 (21J2703-02) | Matrix: Water | Sampled: 2021-10-20 10:45, Continued

Total Metals, Continued

mg/L0.614Phosphorus, total 2021-10-270.050N/A

mg/L1.38Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L7.2Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L2.97Sodium, total 2021-10-270.10N/A

mg/L0.0618Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L0.00204Tin, total 2021-10-270.00020N/A

mg/L0.0920Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000162Uranium, total 2021-10-270.000020N/A

mg/L0.0077Vanadium, total 2021-10-270.0010N/A

mg/L0.238Zinc, total 2021-10-270.00403

mg/L0.00054Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL79E. coli (MPN) 2021-10-212N/A

Inlet 2 (21J2703-03) | Matrix: Water | Sampled: 2021-10-20 12:00

Anions

mg/L0.212Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L< 0.0050Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L74.7Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.212Nitrate (as N) N/A0.00500N/A

mg/L6.92Nitrogen, Total N/A0.250N/A

General Parameters

mg/L6.71Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L2.27Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L2410Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L6.28Aluminum, total 2021-10-270.005050

mg/L0.00255Antimony, total 2021-10-270.00020N/A

mg/L0.00269Arsenic, total 2021-10-270.000501

mg/L0.105Barium, total 2021-10-270.0050N/A

mg/L0.00014Beryllium, total 2021-10-270.00010N/A
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Inlet 2 (21J2703-03) | Matrix: Water | Sampled: 2021-10-20 12:00, Continued

Total Metals, Continued

mg/L0.00049Bismuth, total 2021-10-270.00010N/A

mg/L0.0770Boron, total 2021-10-270.050050

mg/L0.000597Cadmium, total 2021-10-270.0000100.2

mg/L24.7Calcium, total 2021-10-270.20N/A

mg/L0.0129Chromium, total 2021-10-270.000504

mg/L0.00393Cobalt, total 2021-10-270.000105

mg/L0.139Copper, total 2021-10-270.000402

mg/L7.14Iron, total 2021-10-270.01010

mg/L0.410Lead, total 2021-10-270.000201

mg/L0.00262Lithium, total 2021-10-270.00010N/A

mg/L3.13Magnesium, total 2021-10-270.010N/A

mg/L0.235Manganese, total 2021-10-270.000205

mg/L0.00073Molybdenum, total 2021-10-270.000101

mg/L0.0112Nickel, total 2021-10-270.000402

mg/L1.11Phosphorus, total 2021-10-270.050N/A

mg/L1.67Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L9.8Silicon, total 2021-10-271.0N/A

mg/L0.000057Silver, total 2021-10-270.0000501

mg/L3.29Sodium, total 2021-10-270.10N/A

mg/L0.108Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L0.000037Thallium, total 2021-10-270.000020N/A

mg/L0.00016Thorium, total 2021-10-270.00010N/A

mg/L0.00200Tin, total 2021-10-270.00020N/A

mg/L0.150Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000277Uranium, total 2021-10-270.000020N/A

mg/L0.0131Vanadium, total 2021-10-270.0010N/A

mg/L0.413Zinc, total 2021-10-270.00403

mg/L0.00065Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL79E. coli (MPN) 2021-10-212N/A

Inlet 3 (21J2703-04) | Matrix: Water | Sampled: 2021-10-20 13:00

Anions

mg/L0.167Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L< 0.0050Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Inlet 3 (21J2703-04) | Matrix: Water | Sampled: 2021-10-20 13:00, Continued

Calculated Parameters, Continued

mg/L45.3Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.167Nitrate (as N) N/A0.00500N/A

mg/L5.11Nitrogen, Total N/A0.100N/A

General Parameters

mg/L4.94Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L0.794Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L2380Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L4.10Aluminum, total 2021-10-270.005050

mg/L0.00157Antimony, total 2021-10-270.00020N/A

mg/L0.00168Arsenic, total 2021-10-270.000501

mg/L0.0644Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L0.00036Bismuth, total 2021-10-270.00010N/A

mg/L0.0602Boron, total 2021-10-270.050050

mg/L0.000357Cadmium, total 2021-10-270.0000100.2

mg/L14.6Calcium, total 2021-10-270.20N/A

mg/L0.00824Chromium, total 2021-10-270.000504

mg/L0.00240Cobalt, total 2021-10-270.000105

mg/L0.0866Copper, total 2021-10-270.000402

mg/L4.65Iron, total 2021-10-270.01010

mg/L0.171Lead, total 2021-10-270.000201

mg/L0.00169Lithium, total 2021-10-270.00010N/A

mg/L2.14Magnesium, total 2021-10-270.010N/A

mg/L0.145Manganese, total 2021-10-270.000205

mg/L0.00057Molybdenum, total 2021-10-270.000101

mg/L0.00662Nickel, total 2021-10-270.000402

mg/L0.653Phosphorus, total 2021-10-270.050N/A

mg/L1.39Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L7.1Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L2.93Sodium, total 2021-10-270.10N/A

mg/L0.0619Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L0.000022Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L0.00179Tin, total 2021-10-270.00020N/A

mg/L0.114Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000179Uranium, total 2021-10-270.000020N/A
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Inlet 3 (21J2703-04) | Matrix: Water | Sampled: 2021-10-20 13:00, Continued

Total Metals, Continued

mg/L0.0086Vanadium, total 2021-10-270.0010N/A

mg/L0.233Zinc, total 2021-10-270.00403

mg/L0.00048Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL350E. coli (MPN) 2021-10-212N/A

Outlet 1 (21J2703-05) | Matrix: Water | Sampled: 2021-10-20 10:16

General Parameters

mg/L13.5Solids, Total Suspended 2021-10-272.0600

Outlet 2 (21J2703-06) | Matrix: Water | Sampled: 2021-10-20 10:26

General Parameters

mg/L5.5Solids, Total Suspended 2021-10-272.0600

Outlet 3 (21J2703-07) | Matrix: Water | Sampled: 2021-10-20 10:36

General Parameters

mg/L5.2Solids, Total Suspended 2021-10-272.0600

Outlet 4 (21J2703-08) | Matrix: Water | Sampled: 2021-10-20 10:46

General Parameters

mg/L4.0Solids, Total Suspended 2021-10-272.0600

Outlet 5 (21J2703-09) | Matrix: Water | Sampled: 2021-10-20 10:56

General Parameters

mg/L5.5Solids, Total Suspended 2021-10-272.0600

Outlet 6 (21J2703-10) | Matrix: Water | Sampled: 2021-10-20 11:06

General Parameters

mg/L5.0Solids, Total Suspended 2021-10-272.0600

Microbiological Parameters

MPN/100 mL3,500E. coli (MPN) 2021-10-212N/A

Outlet 7 (21J2703-11) | Matrix: Water | Sampled: 2021-10-20 11:16
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 7 (21J2703-11) | Matrix: Water | Sampled: 2021-10-20 11:16, Continued

General Parameters

mg/L4.5Solids, Total Suspended 2021-10-272.0600

Outlet 8 (21J2703-12) | Matrix: Water | Sampled: 2021-10-20 11:26

General Parameters

mg/L3.5Solids, Total Suspended 2021-10-272.0600

Outlet 9 (21J2703-13) | Matrix: Water | Sampled: 2021-10-20 11:36

General Parameters

mg/L3.2Solids, Total Suspended 2021-10-272.0600

Outlet 10 (21J2703-14) | Matrix: Water | Sampled: 2021-10-20 11:46

General Parameters

mg/L2.5Solids, Total Suspended 2021-10-272.0600

Outlet 11 (21J2703-15) | Matrix: Water | Sampled: 2021-10-20 11:56

General Parameters

mg/L2.5Solids, Total Suspended 2021-10-272.0600

Outlet 12 (21J2703-16) | Matrix: Water | Sampled: 2021-10-20 12:06

Anions

mg/L0.864Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L0.0512Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L29.7Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.812Nitrate (as N) N/A0.00500N/A

mg/L3.32Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L2.46Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L1.23Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L2.8Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L0.192Aluminum, total 2021-10-270.005050

mg/L0.00025Antimony, total 2021-10-270.00020N/A

mg/L0.00178Arsenic, total 2021-10-270.000501

mg/L0.0066Barium, total 2021-10-270.0050N/A
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 12 (21J2703-16) | Matrix: Water | Sampled: 2021-10-20 12:06, Continued

Total Metals, Continued

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L< 0.00010Bismuth, total 2021-10-270.00010N/A

mg/L0.0516Boron, total 2021-10-270.050050

mg/L0.000028Cadmium, total 2021-10-270.0000100.2

mg/L9.46Calcium, total 2021-10-270.20N/A

mg/L0.00085Chromium, total 2021-10-270.000504

mg/L0.00058Cobalt, total 2021-10-270.000105

mg/L0.00922Copper, total 2021-10-270.000402

mg/L0.231Iron, total 2021-10-270.01010

mg/L< 0.00020Lead, total 2021-10-270.000201

mg/L0.00043Lithium, total 2021-10-270.00010N/A

mg/L1.47Magnesium, total 2021-10-270.010N/A

mg/L0.0388Manganese, total 2021-10-270.000205

mg/L0.00082Molybdenum, total 2021-10-270.000101

mg/L0.00338Nickel, total 2021-10-270.000402

mg/L1.11Phosphorus, total 2021-10-270.050N/A

mg/L3.75Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L2.1Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L1.69Sodium, total 2021-10-270.10N/A

mg/L0.0273Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L< 0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L< 0.00020Tin, total 2021-10-270.00020N/A

mg/L< 0.0050Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000042Uranium, total 2021-10-270.000020N/A

mg/L0.0043Vanadium, total 2021-10-270.0010N/A

mg/L0.0093Zinc, total 2021-10-270.00403

mg/L0.00034Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL33E. coli (MPN) 2021-10-212N/A

Outlet 13 (21J2703-17) | Matrix: Water | Sampled: 2021-10-20 12:16

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 14 (21J2703-18) | Matrix: Water | Sampled: 2021-10-20 12:26
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 14 (21J2703-18) | Matrix: Water | Sampled: 2021-10-20 12:26, Continued

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 15 (21J2703-19) | Matrix: Water | Sampled: 2021-10-20 12:36

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 16 (21J2703-20) | Matrix: Water | Sampled: 2021-10-20 12:46

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 17 (21J2703-21) | Matrix: Water | Sampled: 2021-10-20 12:56

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 18 (21J2703-22) | Matrix: Water | Sampled: 2021-10-20 13:06

Anions

mg/L0.776Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L0.0301Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L28.0Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.746Nitrate (as N) N/A0.00500N/A

mg/L2.37Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L1.59Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L0.978Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L0.126Aluminum, total 2021-10-270.005050

mg/L< 0.00020Antimony, total 2021-10-270.00020N/A

mg/L0.00156Arsenic, total 2021-10-270.000501

mg/L0.0054Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L< 0.00010Bismuth, total 2021-10-270.00010N/A

mg/L< 0.0500Boron, total 2021-10-270.050050

mg/L0.000020Cadmium, total 2021-10-270.0000100.2

mg/L8.78Calcium, total 2021-10-270.20N/A
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 18 (21J2703-22) | Matrix: Water | Sampled: 2021-10-20 13:06, Continued

Total Metals, Continued

mg/L0.00058Chromium, total 2021-10-270.000504

mg/L0.00037Cobalt, total 2021-10-270.000105

mg/L0.00544Copper, total 2021-10-270.000402

mg/L0.166Iron, total 2021-10-270.01010

mg/L< 0.00020Lead, total 2021-10-270.000201

mg/L0.00037Lithium, total 2021-10-270.00010N/A

mg/L1.48Magnesium, total 2021-10-270.010N/A

mg/L0.0182Manganese, total 2021-10-270.000205

mg/L0.00060Molybdenum, total 2021-10-270.000101

mg/L0.00202Nickel, total 2021-10-270.000402

mg/L0.929Phosphorus, total 2021-10-270.050N/A

mg/L3.89Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L2.0Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L1.78Sodium, total 2021-10-270.10N/A

mg/L0.0245Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L< 0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L< 0.00020Tin, total 2021-10-270.00020N/A

mg/L< 0.0050Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000028Uranium, total 2021-10-270.000020N/A

mg/L0.0037Vanadium, total 2021-10-270.0010N/A

mg/L0.0041Zinc, total 2021-10-270.00403

mg/L0.00024Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL49E. coli (MPN) 2021-10-212N/A

Outlet 19 (21J2703-23) | Matrix: Water | Sampled: 2021-10-20 13:16

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 20 (21J2703-24) | Matrix: Water | Sampled: 2021-10-20 13:26

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600
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REPORTED 2021-10-28 13:13

TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 21 (21J2703-25) | Matrix: Water | Sampled: 2021-10-20 13:36

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 22 (21J2703-26) | Matrix: Water | Sampled: 2021-10-20 13:46

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 23 (21J2703-27) | Matrix: Water | Sampled: 2021-10-20 13:56

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 24 (21J2703-28) | Matrix: Water | Sampled: 2021-10-20 14:06

Anions

mg/L0.690Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L0.0211Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L25.4Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.669Nitrate (as N) N/A0.00500N/A

mg/L1.75Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L1.06Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L0.858Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L0.0963Aluminum, total 2021-10-270.005050

mg/L< 0.00020Antimony, total 2021-10-270.00020N/A

mg/L0.00127Arsenic, total 2021-10-270.000501

mg/L< 0.0050Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L< 0.00010Bismuth, total 2021-10-270.00010N/A

mg/L< 0.0500Boron, total 2021-10-270.050050

mg/L0.000014Cadmium, total 2021-10-270.0000100.2

mg/L7.90Calcium, total 2021-10-270.20N/A

mg/L< 0.00050Chromium, total 2021-10-270.000504

mg/L0.00028Cobalt, total 2021-10-270.000105

mg/L0.00379Copper, total 2021-10-270.000402

mg/L0.143Iron, total 2021-10-270.01010

mg/L< 0.00020Lead, total 2021-10-270.000201
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TEST RESULTS

PROJECT 42.158

WORK ORDER 21J2703

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Outlet 24 (21J2703-28) | Matrix: Water | Sampled: 2021-10-20 14:06, Continued

Total Metals, Continued

mg/L0.00030Lithium, total 2021-10-270.00010N/A

mg/L1.37Magnesium, total 2021-10-270.010N/A

mg/L0.0124Manganese, total 2021-10-270.000205

mg/L0.00049Molybdenum, total 2021-10-270.000101

mg/L0.00142Nickel, total 2021-10-270.000402

mg/L0.752Phosphorus, total 2021-10-270.050N/A

mg/L3.54Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L1.9Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L1.74Sodium, total 2021-10-270.10N/A

mg/L0.0222Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L< 0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L< 0.00020Tin, total 2021-10-270.00020N/A

mg/L< 0.0050Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000021Uranium, total 2021-10-270.000020N/A

mg/L0.0034Vanadium, total 2021-10-270.0010N/A

mg/L< 0.0040Zinc, total 2021-10-270.00403

mg/L0.00016Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL79E. coli (MPN) 2021-10-212N/A

Outlet 25 (21J2703-29) | Matrix: Water | Sampled: 2021-10-20 14:16

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 26 (21J2703-30) | Matrix: Water | Sampled: 2021-10-20 14:26

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600

Outlet 27 (21J2703-31) | Matrix: Water | Sampled: 2021-10-20 14:36

General Parameters

mg/L< 2.5Solids, Total Suspended 2021-10-272.0600
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Outlet 28 (21J2703-32) | Matrix: Water | Sampled: 2021-10-20 14:46

General Parameters

mg/L4.2Solids, Total Suspended 2021-10-272.0600

Tap Water (21J2703-33) | Matrix: Water | Sampled: 2021-10-20 13:15

Anions

mg/L0.0950Nitrate+Nitrite (as N) 2021-10-280.0050N/A

mg/L< 0.0050Nitrite (as N) 2021-10-250.0050 HT1N/A

Calculated Parameters

mg/L19.1Hardness, Total (as CaCO3) N/A0.500N/A

mg/L0.0950Nitrate (as N) N/A0.00500N/A

mg/L0.158Nitrogen, Total N/A0.0500N/A

General Parameters

mg/L0.063Nitrogen, Total Kjeldahl 2021-10-240.050N/A

mg/L0.0068Phosphorus, Total (as P) 2021-10-270.0050N/A

mg/L< 2.0Solids, Total Suspended 2021-10-272.0600

Total Metals

mg/L0.0593Aluminum, total 2021-10-270.005050

mg/L< 0.00020Antimony, total 2021-10-270.00020N/A

mg/L< 0.00050Arsenic, total 2021-10-270.000501

mg/L< 0.0050Barium, total 2021-10-270.0050N/A

mg/L< 0.00010Beryllium, total 2021-10-270.00010N/A

mg/L< 0.00010Bismuth, total 2021-10-270.00010N/A

mg/L< 0.0500Boron, total 2021-10-270.050050

mg/L< 0.000010Cadmium, total 2021-10-270.0000100.2

mg/L7.33Calcium, total 2021-10-270.20N/A

mg/L< 0.00050Chromium, total 2021-10-270.000504

mg/L< 0.00010Cobalt, total 2021-10-270.000105

mg/L0.00085Copper, total 2021-10-270.000402

mg/L0.010Iron, total 2021-10-270.01010

mg/L< 0.00020Lead, total 2021-10-270.000201

mg/L< 0.00010Lithium, total 2021-10-270.00010N/A

mg/L0.200Magnesium, total 2021-10-270.010N/A

mg/L0.00348Manganese, total 2021-10-270.000205

mg/L0.00014Molybdenum, total 2021-10-270.000101

mg/L0.00094Nickel, total 2021-10-270.000402

mg/L< 0.050Phosphorus, total 2021-10-270.050N/A

mg/L0.15Potassium, total 2021-10-270.10N/A

mg/L< 0.00050Selenium, total 2021-10-270.000501

mg/L1.5Silicon, total 2021-10-271.0N/A

mg/L< 0.000050Silver, total 2021-10-270.0000501

mg/L1.57Sodium, total 2021-10-270.10N/A
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Tap Water (21J2703-33) | Matrix: Water | Sampled: 2021-10-20 13:15, Continued

Total Metals, Continued

mg/L0.0149Strontium, total 2021-10-270.0010N/A

mg/L< 3.0Sulfur, total 2021-10-273.0N/A

mg/L< 0.00050Tellurium, total 2021-10-270.00050N/A

mg/L< 0.000020Thallium, total 2021-10-270.000020N/A

mg/L< 0.00010Thorium, total 2021-10-270.00010N/A

mg/L< 0.00020Tin, total 2021-10-270.00020N/A

mg/L< 0.0050Titanium, total 2021-10-270.0050N/A

mg/L< 0.0010Tungsten, total 2021-10-270.0010N/A

mg/L0.000029Uranium, total 2021-10-270.000020N/A

mg/L< 0.0010Vanadium, total 2021-10-270.0010N/A

mg/L< 0.0040Zinc, total 2021-10-270.00403

mg/L< 0.00010Zirconium, total 2021-10-270.00010N/A

Microbiological Parameters

MPN/100 mL<1.8E. coli (MPN) 2021-10-212N/A

Sample Qualifiers:

HT1 The sample was prepared and/or analyzed past the recommended holding time.
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Technique LocationAnalysis Description Method Ref. Accredited

E. coli in Water SM 9221 (2017) Multiple-Tube Fermentation Sublet

Hardness in Water SM 2340 B* (2017) Calculation: 2.497 [total Ca] + 4.118 [total Mg] (Est) N/Aü

Nitrate+Nitrite in Water SM 4500-NO3- F 

(2017)

Automated Colorimetry (Cadmium Reduction) Kelownaü

Nitrite in Water SM 4500-NO2 B (2017) Colorimetry Richmondü

Nitrogen, Total Kjeldahl in Water SM 4500-Norg D* 

(2017)

Block Digestion and Flow Injection Analysis Kelownaü

Phosphorus, Total in Water SM 4500-P B.5* (2011) 

/ SM 4500-P F (2017)

Persulfate Digestion / Automated Colorimetry (Ascorbic Acid) Kelownaü

Solids, Total Suspended in 

Water

SM 2540 D* (2017) Gravimetry (Dried at 103-105C) Richmondü

Total Metals in Water EPA 200.2 / EPA 6020B HNO3+HCl Hot Block Digestion / Inductively Coupled 

Plasma-Mass Spectroscopy (ICP-MS)

Richmondü

Note: An asterisk in the Method Reference indicates that the CARO method has been modified from the reference method

Glossary of Terms:

RL   Reporting Limit (default)

Less than the specified Reporting Limit (RL) - the actual RL may be higher than the default RL due to various factors<

Less than the specified Reporting Limit (RL) - the actual RL may be higher than the default RL due to various factors<1

Milligrams per litremg/L

Most Probable Number per 100 millilitresMPN/100 mL

EPA United States Environmental Protection Agency Test Methods

SM Standard Methods for the Examination of Water and Wastewater, American Public Health Association

Guidelines Referenced in this Report:

Metro Vancouver Sewer Use Bylaw (excludes BOD)

Note: In some cases, the values displayed on the report represent the lowest guideline and are to be verified by the end user
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The results in this report apply to the samples analyzed in accordance with the Chain of Custody document. This 

analytical report must be reproduced in its entirety. CARO is not responsible for any loss or damage resulting directly or 

indirectly from error or omission in the conduct of testing. Liability is limited to the cost of analysis. Samples will be 

disposed of 30 days after the test report has been issued or once samples expire, whichever comes first. Longer hold is 

possible if agreed to in writing. 

Results in Bold indicate values that are above CARO's method reporting limits.  Any results that are above regulatory 

limits are highlighted red.  Please note that results will only be highlighted red if the regulatory limits are included on the 

CARO report.  Any Bold and/or highlighted results do not take into account method uncertainty.  If you would like method 

uncertainty or regulatory limits to be included on your report, please contact your Account Manager:nyipp@caro.ca

Please note any regulatory guidelines applied to this report are added as a convenience to the client, at their request, to 

help provide some initial context to analytical results obtained. Although CARO makes every effort to ensure accuracy of 

the associated regulatory guideline(s) applied, the guidelines applied cannot be assumed to be correct due to a variety 

of factors and as such CARO Analytical Services assumes no liability or responsibility for the use of those guidelines to 

make any decisions.  The original source of the regulation should be verified and a review of the guideline (s) should be 

validated as correct in order to make any decisions arising from the comparison of the analytical data obtained to the 

relevant regulatory guideline for one �s particular circumstances.  Further, CARO Analytical Services assumes no liability 

or responsibility for any loss attributed from the use of these guidelines in any way.

General Comments:
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APPENDIX 2: QUALITY CONTROL RESULTS

PROJECT 42.158

WORK ORDER 21J2703

The following section displays the quality control (QC) data that is associated with your sample data. Groups of samples are prepared 

in �batches� and analyzed in conjunction with QC samples that ensure your data is of the highest quality. Common QC types include:

� Method Blank (Blk): A blank sample that undergoes sample processing identical to that carried out for the test samples. Method 

blank results are used to assess contamination from the laboratory environment and reagents.

� Duplicate (Dup): An additional or second portion of a randomly selected sample in the analytical run carried through the entire 

analytical process. Duplicates provide a measure of the analytical method's precision (reproducibility).

� Blank Spike (BS): A sample of known concentration which undergoes processing identical to that carried out for test samples, a l so 

referred to as a laboratory control sample (LCS). Blank spikes provide a measure of the analytical method's accuracy.

� Matrix Spike (MS): A second aliquot of sample is fortified with with a known concentration of target analytes and carried through 

the entire analytical process. Matrix spikes evaluate potential matrix effects that may affect the analyte recovery.

� Reference Material (SRM): A homogenous material of similar matrix to the samples, certified for the parameter(s) listed. 

Reference Materials ensure that the analytical process is adequate to achieve acceptable recoveries of the parameter(s) tested.

Each QC type is analyzed at a 5-10% frequency, i.e. one blank/duplicate/spike for every 10-20 samples. For all types of QC, the 

specified recovery (% Rec) and relative percent difference (RPD) limits are derived from long-term method performance averages 

and/or prescribed by the reference method.

 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

Anions,  Batch B1J2665

Blank (B1J2665-BLK1)  Prepared: 2021-10-25, Analyzed: 2021-10-25

mg/LNitrite (as N) < 0.0050 0.0050

LCS (B1J2665-BS1)  Prepared: 2021-10-25, Analyzed: 2021-10-25

90-110104mg/LNitrite (as N) 0.0522 0.0050 0.0500

Duplicate (B1J2665-DUP1)  Prepared: 2021-10-25, Analyzed: 2021-10-25Source: 21J2703-02

mg/LNitrite (as N) < 0.0050< 0.0050 100.0050

Matrix Spike (B1J2665-MS1)  Prepared: 2021-10-25, Analyzed: 2021-10-25Source: 21J2703-33

SPK80-12055mg/LNitrite (as N) < 0.00500.0275 0.0050 0.0500

Anions,  Batch B1J2858

Blank (B1J2858-BLK1)  Prepared: 2021-10-28, Analyzed: 2021-10-28

mg/LNitrate+Nitrite (as N) < 0.0050 0.0050

Blank (B1J2858-BLK2)  Prepared: 2021-10-28, Analyzed: 2021-10-28

mg/LNitrate+Nitrite (as N) < 0.0050 0.0050

LCS (B1J2858-BS1)  Prepared: 2021-10-28, Analyzed: 2021-10-28

91-108103mg/LNitrate+Nitrite (as N) 0.516 0.0050 0.500

LCS (B1J2858-BS2)  Prepared: 2021-10-28, Analyzed: 2021-10-28

91-108106mg/LNitrate+Nitrite (as N) 0.529 0.0050 0.500

General Parameters,  Batch B1J2446

Blank (B1J2446-BLK1)  Prepared: 2021-10-22, Analyzed: 2021-10-24

mg/LNitrogen, Total Kjeldahl < 0.050 0.050

Blank (B1J2446-BLK2)  Prepared: 2021-10-22, Analyzed: 2021-10-24

mg/LNitrogen, Total Kjeldahl < 0.050 0.050

LCS (B1J2446-BS1)  Prepared: 2021-10-22, Analyzed: 2021-10-24

85-11599mg/LNitrogen, Total Kjeldahl 0.986 0.050 1.00
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

General Parameters,  Batch B1J2446, Continued

LCS (B1J2446-BS2)  Prepared: 2021-10-22, Analyzed: 2021-10-24

85-11599mg/LNitrogen, Total Kjeldahl 0.991 0.050 1.00

General Parameters,  Batch B1J2736

Blank (B1J2736-BLK1)  Prepared: 2021-10-26, Analyzed: 2021-10-26

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2736-BLK2)  Prepared: 2021-10-26, Analyzed: 2021-10-26

mg/LSolids, Total Suspended < 2.0 2.0

LCS (B1J2736-BS1)  Prepared: 2021-10-26, Analyzed: 2021-10-26

83-107101mg/LSolids, Total Suspended 101 10.0 100

LCS (B1J2736-BS2)  Prepared: 2021-10-26, Analyzed: 2021-10-26

83-107101mg/LSolids, Total Suspended 101 10.0 100

General Parameters,  Batch B1J2839

Blank (B1J2839-BLK1)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LPhosphorus, Total (as P) < 0.0050 0.0050

Blank (B1J2839-BLK2)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LPhosphorus, Total (as P) < 0.0050 0.0050

LCS (B1J2839-BS1)  Prepared: 2021-10-27, Analyzed: 2021-10-27

85-115107mg/LPhosphorus, Total (as P) 0.107 0.0050 0.100

General Parameters,  Batch B1J2857

Blank (B1J2857-BLK1)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2857-BLK2)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2857-BLK3)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2857-BLK4)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2857-BLK5)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

Blank (B1J2857-BLK6)  Prepared: 2021-10-27, Analyzed: 2021-10-27

mg/LSolids, Total Suspended < 2.0 2.0

LCS (B1J2857-BS1)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10796mg/LSolids, Total Suspended 96.0 10.0 100

LCS (B1J2857-BS2)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10796mg/LSolids, Total Suspended 96.0 10.0 100

LCS (B1J2857-BS3)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10796mg/LSolids, Total Suspended 96.0 10.0 100
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

General Parameters,  Batch B1J2857, Continued

LCS (B1J2857-BS4)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10796mg/LSolids, Total Suspended 96.0 10.0 100

LCS (B1J2857-BS5)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10797mg/LSolids, Total Suspended 97.0 10.0 100

LCS (B1J2857-BS6)  Prepared: 2021-10-27, Analyzed: 2021-10-27

83-10798mg/LSolids, Total Suspended 98.0 10.0 100

Duplicate (B1J2857-DUP1)  Prepared: 2021-10-27, Analyzed: 2021-10-27Source: 21J2703-02

5mg/LSolids, Total Suspended 788831 202.0

Total Metals,  Batch B1J2749

Blank (B1J2749-BLK1)  Prepared: 2021-10-26, Analyzed: 2021-10-27

mg/LAluminum, total < 0.0050 0.0050

mg/L< 0.00020Antimony, total 0.00020

mg/L< 0.00050Arsenic, total 0.00050

mg/L< 0.0050Barium, total 0.0050

mg/L< 0.00010Beryllium, total 0.00010

mg/L< 0.00010Bismuth, total 0.00010

mg/L< 0.0500Boron, total 0.0500

mg/L< 0.000010Cadmium, total 0.000010

mg/L< 0.20Calcium, total 0.20

mg/L< 0.00050Chromium, total 0.00050

mg/L< 0.00010Cobalt, total 0.00010

mg/L< 0.00040Copper, total 0.00040

mg/L< 0.010Iron, total 0.010

mg/L< 0.00020Lead, total 0.00020

mg/L< 0.00010Lithium, total 0.00010

mg/L< 0.010Magnesium, total 0.010

mg/L< 0.00020Manganese, total 0.00020

mg/L< 0.00010Molybdenum, total 0.00010

mg/L< 0.00040Nickel, total 0.00040

mg/L< 0.050Phosphorus, total 0.050

mg/L< 0.10Potassium, total 0.10

mg/L< 0.00050Selenium, total 0.00050

mg/L< 1.0Silicon, total 1.0

mg/L< 0.000050Silver, total 0.000050

mg/L< 0.10Sodium, total 0.10

mg/L< 0.0010Strontium, total 0.0010

mg/L< 3.0Sulfur, total 3.0

mg/L< 0.00050Tellurium, total 0.00050

mg/L< 0.000020Thallium, total 0.000020

mg/L< 0.00010Thorium, total 0.00010

mg/L< 0.00020Tin, total 0.00020

mg/L< 0.0050Titanium, total 0.0050

mg/L< 0.0010Tungsten, total 0.0010

mg/L< 0.000020Uranium, total 0.000020

mg/L< 0.0010Vanadium, total 0.0010

mg/L< 0.0040Zinc, total 0.0040

mg/L< 0.00010Zirconium, total 0.00010

LCS (B1J2749-BS1)  Prepared: 2021-10-26, Analyzed: 2021-10-27

80-120111mg/LAluminum, total 0.0221 0.0050 0.0200

mg/L 80-120990.0199Antimony, total 0.00020 0.0200

mg/L 80-120970.0193Arsenic, total 0.00050 0.0200
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

Total Metals,  Batch B1J2749, Continued

LCS (B1J2749-BS1), Continued  Prepared: 2021-10-26, Analyzed: 2021-10-27

mg/L 80-120940.0188Barium, total 0.0050 0.0200

mg/L 80-120830.0167Beryllium, total 0.00010 0.0200

mg/L 80-120990.0199Bismuth, total 0.00010 0.0200

mg/L 80-120103< 0.0500Boron, total 0.0500 0.0200

mg/L 80-120940.0188Cadmium, total 0.000010 0.0200

mg/L 80-120901.80Calcium, total 0.20 2.00

mg/L 80-120910.0182Chromium, total 0.00050 0.0200

mg/L 80-120890.0178Cobalt, total 0.00010 0.0200

mg/L 80-120870.0174Copper, total 0.00040 0.0200

mg/L 80-120931.85Iron, total 0.010 2.00

mg/L 80-1201040.0208Lead, total 0.00020 0.0200

mg/L 80-120820.0164Lithium, total 0.00010 0.0200

mg/L 80-1201001.99Magnesium, total 0.010 2.00

mg/L 80-120830.0167Manganese, total 0.00020 0.0200

mg/L 80-120910.0183Molybdenum, total 0.00010 0.0200

mg/L 80-120940.0189Nickel, total 0.00040 0.0200

mg/L 80-120901.81Phosphorus, total 0.050 2.00

mg/L 80-120931.86Potassium, total 0.10 2.00

mg/L 80-1201100.0221Selenium, total 0.00050 0.0200

mg/L 80-1201042.1Silicon, total 1.0 2.00

mg/L 80-120920.0185Silver, total 0.000050 0.0200

mg/L 80-120971.95Sodium, total 0.10 2.00

mg/L 80-120820.0165Strontium, total 0.0010 0.0200

mg/L 80-1201055.2Sulfur, total 3.0 5.00

mg/L 80-1201010.0202Tellurium, total 0.00050 0.0200

mg/L 80-120960.0192Thallium, total 0.000020 0.0200

mg/L 80-120950.0190Thorium, total 0.00010 0.0200

mg/L 80-120980.0197Tin, total 0.00020 0.0200

mg/L 80-120800.0159Titanium, total 0.0050 0.0200

mg/L 80-1201000.0200Tungsten, total 0.0010 0.0200

mg/L 80-120970.0194Uranium, total 0.000020 0.0200

mg/L 80-120940.0189Vanadium, total 0.0010 0.0200

mg/L 80-1201020.0204Zinc, total 0.0040 0.0200

mg/L 80-120950.0190Zirconium, total 0.00010 0.0200

Reference (B1J2749-SRM1)  Prepared: 2021-10-26, Analyzed: 2021-10-27

70-13091mg/LAluminum, total 0.271 0.0050 0.299

mg/L 70-130990.0512Antimony, total 0.00020 0.0517

mg/L 70-1301040.124Arsenic, total 0.00050 0.119

mg/L 70-130850.677Barium, total 0.0050 0.801

mg/L 70-130910.0453Beryllium, total 0.00010 0.0501

mg/L 70-130833.41Boron, total 0.0500 4.11

mg/L 70-130990.0496Cadmium, total 0.000010 0.0503

mg/L 70-130879.27Calcium, total 0.20 10.7

mg/L 70-130960.240Chromium, total 0.00050 0.250

mg/L 70-130950.0364Cobalt, total 0.00010 0.0384

mg/L 70-130870.424Copper, total 0.00040 0.487

mg/L 70-130940.475Iron, total 0.010 0.504

mg/L 70-1301080.299Lead, total 0.00020 0.278

mg/L 70-130930.371Lithium, total 0.00010 0.398

mg/L 70-1301083.89Magnesium, total 0.010 3.59

mg/L 70-130870.0964Manganese, total 0.00020 0.111

mg/L 70-130980.192Molybdenum, total 0.00010 0.196

mg/L 70-130980.242Nickel, total 0.00040 0.248

mg/L 70-1301040.222Phosphorus, total 0.050 0.213

mg/L 70-1301026.02Potassium, total 0.10 5.89
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

Total Metals,  Batch B1J2749, Continued

Reference (B1J2749-SRM1), Continued  Prepared: 2021-10-26, Analyzed: 2021-10-27

mg/L 70-1301100.132Selenium, total 0.00050 0.120

mg/L 70-130998.58Sodium, total 0.10 8.71

mg/L 70-130860.340Strontium, total 0.0010 0.393

mg/L 70-1301010.0799Thallium, total 0.000020 0.0787

mg/L 70-1301010.0346Uranium, total 0.000020 0.0344

mg/L 70-130940.369Vanadium, total 0.0010 0.391

mg/L 70-1301052.63Zinc, total 0.0040 2.50

QC Qualifiers:

SPK The recovery of this analyte was outside of established control limits.
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REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

Burnaby, BC  V5C 6G9

Authorized By:

#110 4011 Viking Way Richmond, BC  V6V 2K9  |  #102 3677 Highway 97N Kelowna, BC  V1X 5C3  |  17225 109 Avenue  Edmonton, AB  T5S 1H7  |   

#108 4475 Wayburne Drive Burnaby, BC  V5G 4X4

1-888-311-8846 |  www.caro.ca

200 - 4185A Still Creek Dr

Client Service Team Lead

Nicole Yipp

CERTIFICATE OF ANALYSIS

Introduction:

CARO Analytical Services is a testing laboratory full of smart, engaged scientists driven to make the world a safer and 

healthier place. Through our clients' projects we become an essential element for a better world. We employ methods 

conducted in accordance with recognized professional standards using accepted testing methodologies and quality 

control efforts. CARO is accredited by the Canadian Association for Laboratories Accreditation (CALA) to ISO/IEC 

17025:2017 for specific tests listed in the scope of accreditation approved by CALA. 

Big Picture Sidekicks

You know that the sample you collected after 

snowshoeing to site, digging 5 meters, and 

racing to get it on a plane so you can submit it 

to the lab for time sensitive results needed to 

make important and expensive decisions 

(whew) is VERY important. We know that too.

We've Got Chemistry

It�s simple. We figure the more you 

enjoy working with our fun and 

engaged team members; the more 

likely you are to give us continued 

opportunities to support you.

Ahead of the Curve

T h r o u g h  r e s e a r c h ,  r e g u l a t i o n 

knowledge, and instrumentation, we 

are your analytical centre for the 

technica l  knowledge you need, 

BEFORE you need it, so you can stay 

up to date and in the know.

ATTENTION Patrick Lilley

PO NUMBER

PROJECT 42.158

RECEIVED / TEMP 2022-03-02 16:00 / 17.9°C

REPORTED 2022-03-10 15:17

PROJECT INFO GI Asset Monitoring

WORK ORDER 22C0421

If you have any questions or concerns, please contact me at nyipp@caro.ca

Work Order Comments:
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TEST RESULTS

PROJECT 42.158

WORK ORDER 22C0421

 Analyte   Result Guideline    RL Units Analyzed Qualifier

Street sweeping sand 1 (22C0421-01) | Matrix: Soil | Sampled: 2021-10-03

Calculated Parameters

%0.139Nitrogen, Total N/A0.0100N/A

General Parameters

% dry3.79Organic Matter (LOI) 2022-03-080.10N/A

% wet< 1.0Moisture 2022-03-081.0 HT1N/A

mg/kg dry2.98Nitrate, Water-Soluble (as N) 2022-03-050.050N/A

mg/kg dry< 0.500Nitrite, Water-Soluble (as N) 2022-03-050.050N/A

% dry0.139Nitrogen, Total Kjeldahl 2022-03-090.0004 HT1N/A

pH units7.09pH (1:2 H2O Solution) 2022-03-100.10N/A

mg/kg dry465Phosphorus, Total (as P) 2022-03-100.4 HT1N/A

Strong Acid Leachable Metals

mg/kg dry5650Aluminum 2022-03-1040N/A

mg/kg dry5.64Antimony 2022-03-100.10N/A

mg/kg dry2.33Arsenic 2022-03-100.30N/A

mg/kg dry43.1Barium 2022-03-101.0N/A

mg/kg dry0.11Beryllium 2022-03-100.10N/A

mg/kg dry3.0Boron 2022-03-102.0N/A

mg/kg dry0.345Cadmium 2022-03-100.040N/A

mg/kg dry26.1Chromium 2022-03-101.0N/A

mg/kg dry4.37Cobalt 2022-03-100.10N/A

mg/kg dry89.0Copper 2022-03-100.40N/A

mg/kg dry16200Iron 2022-03-1020N/A

mg/kg dry480Lead 2022-03-100.20N/A

mg/kg dry3.89Lithium 2022-03-100.10N/A

mg/kg dry210Manganese 2022-03-100.40N/A

mg/kg dry< 0.040Mercury 2022-03-100.040N/A

mg/kg dry1.00Molybdenum 2022-03-100.10N/A

mg/kg dry13.0Nickel 2022-03-100.60N/A

mg/kg dry< 0.20Selenium 2022-03-100.20N/A

mg/kg dry< 0.10Silver 2022-03-100.10N/A

mg/kg dry58.1Strontium 2022-03-100.20N/A

mg/kg dry< 0.10Thallium 2022-03-100.10N/A

mg/kg dry7.09Tin 2022-03-100.20N/A

mg/kg dry0.27Tungsten 2022-03-100.20N/A

mg/kg dry0.205Uranium 2022-03-100.050N/A

mg/kg dry37.3Vanadium 2022-03-101.0N/A

mg/kg dry177Zinc 2022-03-102.0N/A

Street sweeping sand 2 (22C0421-02) | Matrix: Soil | Sampled: 2021-10-03

Calculated Parameters

%0.113Nitrogen, Total N/A0.0100N/A
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 Analyte   Result Guideline    RL Units Analyzed Qualifier

Street sweeping sand 2 (22C0421-02) | Matrix: Soil | Sampled: 2021-10-03, Continued

General Parameters

% dry2.27Carbon, Total Organic 2022-03-080.050 HT1N/A

% wet< 1.0Moisture 2022-03-081.0N/A

mg/kg dry2.73Nitrate, Water-Soluble (as N) 2022-03-050.050N/A

mg/kg dry< 0.500Nitrite, Water-Soluble (as N) 2022-03-050.050N/A

% dry0.113Nitrogen, Total Kjeldahl 2022-03-090.0004 HT1N/A

pH units6.48pH (1:2 H2O Solution) 2022-03-100.10 HT2N/A

Strong Acid Leachable Metals

mg/kg dry5450Aluminum 2022-03-1040N/A

mg/kg dry2.01Antimony 2022-03-100.10N/A

mg/kg dry2.37Arsenic 2022-03-100.30N/A

mg/kg dry38.8Barium 2022-03-101.0N/A

mg/kg dry< 0.10Beryllium 2022-03-100.10N/A

mg/kg dry2.9Boron 2022-03-102.0N/A

mg/kg dry0.881Cadmium 2022-03-100.040N/A

mg/kg dry27.9Chromium 2022-03-101.0N/A

mg/kg dry4.21Cobalt 2022-03-100.10N/A

mg/kg dry77.4Copper 2022-03-100.40N/A

mg/kg dry16900Iron 2022-03-1020N/A

mg/kg dry361Lead 2022-03-100.20N/A

mg/kg dry3.70Lithium 2022-03-100.10N/A

mg/kg dry212Manganese 2022-03-100.40N/A

mg/kg dry< 0.040Mercury 2022-03-100.040N/A

mg/kg dry1.16Molybdenum 2022-03-100.10N/A

mg/kg dry13.6Nickel 2022-03-100.60N/A

mg/kg dry422Phosphorus 2022-03-1010N/A

mg/kg dry< 0.20Selenium 2022-03-100.20N/A

mg/kg dry< 0.10Silver 2022-03-100.10N/A

mg/kg dry55.1Strontium 2022-03-100.20N/A

mg/kg dry< 0.10Thallium 2022-03-100.10N/A

mg/kg dry3.58Tin 2022-03-100.20N/A

mg/kg dry0.29Tungsten 2022-03-100.20N/A

mg/kg dry0.204Uranium 2022-03-100.050N/A

mg/kg dry37.6Vanadium 2022-03-101.0N/A

mg/kg dry177Zinc 2022-03-102.0N/A

Sample Qualifiers:

HT1 The sample was prepared and/or analyzed past the recommended holding time.

HT2 The 15 minute recommended holding time (from sampling to analysis) has been exceeded - field analysis is 

recommended.

Page 3 of 9Rev 2020-06-23 Caring About Results, Obviously.
Page 3 of 9



REPORTED TO Kerr Wood Leidal Associates Ltd. (Burnaby)

REPORTED 2022-03-10 15:17

APPENDIX 1: SUPPORTING INFORMATION

PROJECT 42.158

WORK ORDER 22C0421

Technique LocationAnalysis Description Method Ref. Accredited

Anions in Soil Carter 15.2.2 / SM 4110 

B (2017)

Fixed Ratio H2O Ext (1:5) / Ion Chromatography Kelowna

Carbon, Total Organic in Soil Carter 21.2 Catalytic Combustion and Infrared Detection Kelownaü

Moisture in Soil ASTM D2974-87* Gravimetry (Dried at 105C) N/A

Nitrogen, Total Kjeldahl in Soil SM 4500-Norg D* 

(2017)

Block Digestion and Flow Injection Analysis Kelownaü

Organic Matter in Soil AASHTO T267-86 Gravimetry Richmond

pH in Soil Carter 16.2 / SM 

4500-H+ B (2017)

1:2 Soil/Water Slurry / Electrometry Richmondü

Phosphorus, Total in Soil SM 4500-P B.5* (2011) 

/ SM 4500-P F (2017)

Persulfate Digestion / Automated Colorimetry 

(Ascorbic Acid)

Kelowna

SALM in Soil BCMOE SALM V.2 / 

EPA 6020B

HNO3+HCl Hot Block Digestion / Inductively 

Coupled Plasma-Mass Spectroscopy (ICP-MS)

Richmondü

Note: An asterisk in the Method Reference indicates that the CARO method has been modified from the reference method

Glossary of Terms:

RL   Reporting Limit (default)

Percent%

Percent (dry weight basis)% dry

Percent (as received basis)% wet

Less than the specified Reporting Limit (RL) - the actual RL may be higher than the default RL due to various factors<

Milligrams per kilogram (dry weight basis)mg/kg dry

pH < 7 = acidic, ph > 7 = basicpH units

AASHTO American Association of State Highway and Transportation Officials, Methods of Sampling and Testing

ASTM ASTM International Test Methods

Carter Soil Sampling and Methods of Analysis, 2nd Edition (2007), Carter/Gregorich

EPA United States Environmental Protection Agency Test Methods

SM Standard Methods for the Examination of Water and Wastewater, American Public Health Association

Guidelines Referenced in this Report:

Metro Vancouver Sewer Use Bylaw (excludes BOD)

Note: In some cases, the values displayed on the report represent the lowest guideline and are to be verified by the end user
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The results in this report apply to the samples analyzed in accordance with the Chain of Custody document. This 

analytical report must be reproduced in its entirety. CARO is not responsible for any loss or damage resulting directly or 

indirectly from error or omission in the conduct of testing. Liability is limited to the cost of analysis. Samples will be 

disposed of 30 days after the test report has been issued or once samples expire, whichever comes first. Longer hold is 

possible if agreed to in writing. 

Results in Bold indicate values that are above CARO's method reporting limits.  Any results that are above regulatory 

limits are highlighted red.  Please note that results will only be highlighted red if the regulatory limits are included on the 

CARO report.  Any Bold and/or highlighted results do not take into account method uncertainty.  If you would like method 

uncertainty or regulatory limits to be included on your report, please contact your Account Manager:nyipp@caro.ca

Please note any regulatory guidelines applied to this report are added as a convenience to the client, at their request, to 

help provide some initial context to analytical results obtained. Although CARO makes every effort to ensure accuracy of 

the associated regulatory guideline(s) applied, the guidelines applied cannot be assumed to be correct due to a variety 

of factors and as such CARO Analytical Services assumes no liability or responsibility for the use of those guidelines to 

make any decisions.  The original source of the regulation should be verified and a review of the guideline (s) should be 

validated as correct in order to make any decisions arising from the comparison of the analytical data obtained to the 

relevant regulatory guideline for one �s particular circumstances.  Further, CARO Analytical Services assumes no liability 

or responsibility for any loss attributed from the use of these guidelines in any way.

General Comments:
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The following section displays the quality control (QC) data that is associated with your sample data. Groups of samples are prepared 

in �batches� and analyzed in conjunction with QC samples that ensure your data is of the highest quality. Common QC types include:

� Method Blank (Blk): A blank sample that undergoes sample processing identical to that carried out for the test samples. Method 

blank results are used to assess contamination from the laboratory environment and reagents.

� Duplicate (Dup): An additional or second portion of a randomly selected sample in the analytical run carried through the entire 

analytical process. Duplicates provide a measure of the analytical method's precision (reproducibility).

� Blank Spike (BS): A sample of known concentration which undergoes processing identical to that carried out for test samples, also 

referred to as a laboratory control sample (LCS). Blank spikes provide a measure of the analytical method's accuracy.

� Matrix Spike (MS): A second aliquot of sample is fortified with a known concentration of target analytes and carried through the 

entire analytical process. Matrix spikes evaluate potential matrix effects that may affect the analyte recovery.

� Reference Material (SRM): A homogenous material of similar matrix to the samples, certified for the parameter(s) listed. 

Reference Materials ensure that the analytical process is adequate to achieve acceptable recoveries of the parameter(s) tested.

Each QC type is analyzed at a 5-10% frequency, i.e. one blank/duplicate/spike for every 10-20 samples. For all types of QC, the 

specified recovery (% Rec) and relative percent difference (RPD) limits are derived from long-term method performance averages 

and/or prescribed by the reference method.

 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

General Parameters,  Batch B2C0518

Blank (B2C0518-BLK1)  Prepared: 2022-03-04, Analyzed: 2022-03-05

mg/kg dryNitrate, Water-Soluble (as N) < 0.050 0.050

mg/kg dry< 0.050Nitrite, Water-Soluble (as N) 0.050

LCS (B2C0518-BS1)  Prepared: 2022-03-04, Analyzed: 2022-03-05

90-110101mg/kg dryNitrate, Water-Soluble (as N) 4.06 0.050 4.00

mg/kg dry 85-1151042.08Nitrite, Water-Soluble (as N) 0.050 2.00

Duplicate (B2C0518-DUP1)  Prepared: 2022-03-04, Analyzed: 2022-03-05Source: 22C0421-01

11mg/kg dryNitrate, Water-Soluble (as N) 2.982.68 250.050

mg/kg dry< 0.500 < 0.500Nitrite, Water-Soluble (as N) 150.050

General Parameters,  Batch B2C0596

Blank (B2C0596-BLK1)  Prepared: 2022-03-08, Analyzed: 2022-03-08

% dryOrganic Matter (LOI) < 0.10 0.10

Reference (B2C0596-SRM1)  Prepared: 2022-03-08, Analyzed: 2022-03-08

75-125122% dryOrganic Matter (LOI) 6.38 0.10 5.23

General Parameters,  Batch B2C0686

Blank (B2C0686-BLK1)  Prepared: 2022-03-10, Analyzed: 2022-03-10

% dryCarbon, Total Organic < 0.050 0.050

Duplicate (B2C0686-DUP1)  Prepared: 2022-03-10, Analyzed: 2022-03-10Source: 22C0421-02

8% dryCarbon, Total Organic 2.272.47 200.050

Reference (B2C0686-SRM1)  Prepared: 2022-03-10, Analyzed: 2022-03-10

80-12094% dryCarbon, Total Organic 0.606 0.050 0.645

General Parameters,  Batch B2C0900

Reference (B2C0900-SRM1)  Prepared: 2022-03-08, Analyzed: 2022-03-08

80-12099% wetMoisture 7.1 1.0 6.5
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

General Parameters,  Batch B2C1014

Blank (B2C1014-BLK1)  Prepared: 2022-03-09, Analyzed: 2022-03-09

% wetNitrogen, Total Kjeldahl < 0.010 0.010

Reference (B2C1014-SRM1)  Prepared: 2022-03-09, Analyzed: 2022-03-09

58.8-15098% wetNitrogen, Total Kjeldahl 0.277 0.010 0.281

General Parameters,  Batch B2C1088

General Parameters,  Batch B2C1130

Blank (B2C1130-BLK1)  Prepared: 2022-03-10, Analyzed: 2022-03-10

mg/kg wetPhosphorus, Total (as P) < 0.4 0.4

Duplicate (B2C1130-DUP1)  Prepared: 2022-03-10, Analyzed: 2022-03-10Source: 22C0421-01

5mg/kg dryPhosphorus, Total (as P) 465443 240.4

Reference (B2C1130-SRM1)  Prepared: 2022-03-10, Analyzed: 2022-03-10

27.5-15498mg/kg wetPhosphorus, Total (as P) 1790 10.8 1830

Strong Acid Leachable Metals,  Batch B2C1058

Blank (B2C1058-BLK1)  Prepared: 2022-03-09, Analyzed: 2022-03-10

mg/kg dryAluminum < 40 40

mg/kg dry< 0.10Antimony 0.10

mg/kg dry< 0.30Arsenic 0.30

mg/kg dry< 1.0Barium 1.0

mg/kg dry< 0.10Beryllium 0.10

mg/kg dry< 2.0Boron 2.0

mg/kg dry< 0.040Cadmium 0.040

mg/kg dry< 1.0Chromium 1.0

mg/kg dry< 0.10Cobalt 0.10

mg/kg dry< 0.40Copper 0.40

mg/kg dry< 20Iron 20

mg/kg dry< 0.20Lead 0.20

mg/kg dry< 0.10Lithium 0.10

mg/kg dry< 0.40Manganese 0.40

mg/kg dry< 0.040Mercury 0.040

mg/kg dry< 0.10Molybdenum 0.10

mg/kg dry< 0.60Nickel 0.60

mg/kg dry< 10Phosphorus 10

mg/kg dry< 0.20Selenium 0.20

mg/kg dry< 0.10Silver 0.10

mg/kg dry< 0.20Strontium 0.20

mg/kg dry< 0.10Thallium 0.10

mg/kg dry< 0.20Tin 0.20

mg/kg dry< 0.20Tungsten 0.20

mg/kg dry< 0.050Uranium 0.050

mg/kg dry< 1.0Vanadium 1.0

mg/kg dry< 2.0Zinc 2.0

LCS (B2C1058-BS1)  Prepared: 2022-03-09, Analyzed: 2022-03-10

80-12098mg/kg dryAntimony 1.96 0.10 2.00

mg/kg dry 80-120841.68Arsenic 0.30 2.00

mg/kg dry 80-1201002.0Barium 1.0 2.00

mg/kg dry 80-120931.87Beryllium 0.10 2.00

mg/kg dry 80-12095< 2.0Boron 2.0 2.00
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 Analyte Result RL Units
Spike 

Level

Source 

Result
% REC

REC 

Limit
% RPD

RPD 

Limit
Qualifier

Strong Acid Leachable Metals,  Batch B2C1058, Continued

LCS (B2C1058-BS1), Continued  Prepared: 2022-03-09, Analyzed: 2022-03-10

mg/kg dry 80-120931.85Cadmium 0.040 2.00

mg/kg dry 80-120841.7Chromium 1.0 2.00

mg/kg dry 80-120891.78Cobalt 0.10 2.00

mg/kg dry 80-1201012.03Copper 0.40 2.00

mg/kg dry 80-12086172Iron 20 200

mg/kg dry 80-120981.96Lead 0.20 2.00

mg/kg dry 80-120961.92Lithium 0.10 2.00

mg/kg dry 80-120921.85Manganese 0.40 2.00

mg/kg dry 80-120940.094Mercury 0.040 0.101

mg/kg dry 80-1201022.03Molybdenum 0.10 2.00

mg/kg dry 80-120921.85Nickel 0.60 2.00

mg/kg dry 80-12082164Phosphorus 10 200

mg/kg dry 80-120911.83Selenium 0.20 2.00

mg/kg dry 80-120971.93Silver 0.10 2.00

mg/kg dry 80-120891.79Strontium 0.20 2.00

mg/kg dry 80-120971.94Thallium 0.10 2.00

mg/kg dry 80-120961.92Tin 0.20 2.00

mg/kg dry 80-120931.87Tungsten 0.20 2.00

mg/kg dry 80-120931.85Uranium 0.050 2.00

mg/kg dry 80-1201112.2Vanadium 1.0 2.00

mg/kg dry 80-1201042.1Zinc 2.0 2.00

Reference (B2C1058-SRM1)  Prepared: 2022-03-09, Analyzed: 2022-03-10

70-13091mg/kg dryAluminum 10500 40 11500

mg/kg dry 70-130860.62Antimony 0.10 0.724

mg/kg dry 70-1309275.7Arsenic 0.30 82.1

mg/kg dry 70-13010040.0Barium 1.0 40.0

mg/kg dry 70-1301070.39Beryllium 0.10 0.369

mg/kg dry 70-1309157.2Chromium 1.0 63.1

mg/kg dry 70-130959.84Cobalt 0.10 10.4

mg/kg dry 70-13010220.3Copper 0.40 19.8

mg/kg dry 70-1308617400Iron 20 20200

mg/kg dry 70-13010017.3Lead 0.20 17.3

mg/kg dry 70-13095299Manganese 0.40 315

mg/kg dry 70-130950.105Mercury 0.040 0.110

mg/kg dry 70-1301030.64Molybdenum 0.10 0.619

mg/kg dry 70-1309931.5Nickel 0.60 31.7

mg/kg dry 70-13081340Phosphorus 10 420

mg/kg dry 70-130941.65Silver 0.10 1.75

mg/kg dry 70-13010120.6Strontium 0.20 20.3

mg/kg dry 70-1301031.22Uranium 0.050 1.18

mg/kg dry 70-13010133.7Vanadium 1.0 33.5

mg/kg dry 70-13010240.9Zinc 2.0 40.2
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ABSTRACT: Road runoff to streams and rivers exposes aquatic
organisms to complex mixtures of chemical contaminants. In
particular, the tire-derived chemical 6PPD-quinone (N-(1,3-
dimethylbutyl)-N′-phenyl-p-phenylenediamine-quinone) is acutely
toxic to several species of salmonids, which are critical to fisheries,
ecosystems, and Indigenous cultures. We therefore urgently
require interventions that can reduce loadings of 6PPD-quinone
to salmonid habitats. Herein, we conducted a spike and recovery
experiment on a full-scale, mature bioretention cell to assess the
efficacy of stormwater green infrastructure technologies in
reducing 6PPD-quinone loadings to receiving waters. We then
interpreted and extended the results of our experiment using an
improved version of the “Bioretention Blues” contaminant
transport and fate model. Overall, our results showed that stormwater bioretention systems can effectively mitigate >∼90% of
6PPD-quinone loadings to streams under most “typical” storm conditions (i.e., < 2-year return period). We therefore recommend
that stormwater managers and other environmental stewards redirect stormwater away from receiving waters and into engineered
green infrastructure systems such as bioretention cells.
KEYWORDS: bioretention, stormwater, 6PPD-quinone, trace organic contaminants, fate models, green infrastructure, salmonids

■ INTRODUCTION
Road runoff to creeks, streams, and rivers exposes aquatic
organisms to complex mixtures of chemical contaminants.
Salmonids are anadromous or freshwater fish species that are
frequently found in waters that receive road runoff. Wild or
farmed salmonids are found in temperate waters around the
globe and make up ∼18% of global fisheries and aquaculture
trade.1 Salmonids are particularly important along the Pacific
coast of North America, where they are keystone species of
critical importance to many ecosystems2 and Indigenous
cultures.3,4

This cultural, ecological, and economic importance means
that in many areas managing threats to salmonid populations is
important to maintaining socio-ecologically healthy aquatic
environments. In streams in the U.S. Pacific Northwest,
exposure to road runoff has been linked to the prespawn
mortality of 40−90% of returning coho salmon (Oncorhynchus
kisutch).5 For coho salmon, the primary toxicant in road runoff
was recently discovered to be the compound 6PPD-quinone
(N-(1,3-dimethylbutyl)-N′-phenyl-p-phenylenediamine-qui-
none), which is produced as a transformation product when
atmospheric ozone reacts with 6PPD, an antiozonant tire

additive.6 6PPD-quinone has been found at toxicologically
relevant levels in many urban streams across North
America,7−9 and in road dust in Japan,10 and further research
has shown that a number of other salmonid species are
impacted at environmentally relevant concentrations of 6PPD-
quinone.11−13 6PPD-quinone toxicity is an area of evolving
research, with results indicating that juvenile salmon are also
very sensitive to 6PPD-quinone exposure,14 that toxicity is not
consistent among aquatic organisms, and that the modes of
toxicity are not fully understood.15

We therefore urgently require interventions that can reduce
loadings of 6PPD-quinone to salmonid habitats, particularly in
urban areas along the Pacific coast of North America where
sensitive populations and high loadings coincide. Regulators
are currently assessing alternatives to 6PPD in car tires, but the
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development and adoption of alternatives, including the
replacement of the current in-use stock of tires, will likely
take many years.16 For instance, the California (USA)
Department of Toxic Substances Control has proposed listing
motor vehicle tires containing 6PPD as a “priority product”,
which would require labeling and alternatives assessments by
manufacturers, but would not ban its use. The Washington
State (USA) Department of Ecology investigated alternatives
to 6PPD, but concluded that it was difficult to determine if any
alternative would be safer than 6PPD.17

Previous research suggests that bioretention systems or “rain
gardens”,18,19 a type of “green infrastructure”, or “low impact
development”20,21 technology, could be effective at reducing
6PPD-quinone loadings to urban streams. First, the phys-
icochemical properties of 6PPD-quinone indicate that it could
be partially captured by soil sorption.22 Further, in studies
conducted before 6PPD-quinone was discovered as the
primary causal toxicant in stormwater runoff, McIntyre et
al.23 and Spromberg et al.24 found that stormwater filtered
through laboratory-scale bioretention columns protected coho
salmon from the acutely lethal effects of stormwater runoff.
However, in a field-scale bioretention system preferential flow
paths, differing loading patterns, and other factors can
substantially impact bioretention system performance.25,26

Herein, we conducted a 6PPD-quinone spike and recovery
test on a full-scale bioretention cell in Vancouver, Canada. We
interpreted and extended our analysis using the Bioretention
Blues model of organic contaminant fate in bioretention
systems.22 The goals of our study were to (A) Experimentally
assess the effectiveness of mature bioretention systems for
reducing the discharge of 6PPD-quinone, (B) model the
performance of bioretention systems for removing 6PPD-
quinone under different hydrological conditions, and (C)
model dominant processes in 6PPD-quinone fate in bio-
retention systems and determine gaps in our understanding of
those processes.

■ METHODS
Study Site. The studied bioretention system is located on

the northeast corner of Pine and eighth Streets in Vancouver,
Canada. It was constructed in summer 2021 and planted in fall
2021. The system area is 22 m2, the contributing drainage area
is 694 m2, ponding depth is 15 cm, media depth is 45 cm with
a layer of mulch on the surface, and the unlined bottom
contains an underdrain wrapped in clear crush gravel and
geotextile. Figures S1 and S2 show engineering drawings of the
system, and SI section S1.1 gives additional site details.
Experimental Protocol. Our spike and recovery experi-

ment was designed to represent the largest rainfall event that
did not cause the system to overflow. We followed the
experimental framework of Gu et al.27 with some modifica-
tions. First, we conducted a “spike” test where chemicals
(including 6PPD-quinone, bromide and rhodamine-WT) were
added to the system while water was pumped from a water
truck on July 28th, 2022. To assess whether 6PPD-quinone
would be remobilized by rain events with small antecedent dry
periods, we conducted a “flushing” test, where ∼13m3 of water
but no chemicals were added (Figure 1C) on August third,
2022. We took effluent samples from the system’s underdrain
at a frequency of ∼5−20 min for a total of 28 effluent and
triplicate spike mixture samples during the spike test and 17
effluent samples during the flushing test. Further details are
available in SI S1.2. Measured concentrations for 6PPD-

quinone, rhodamine-WT, and bromide, measured flow rates
and other water quality parameters (temperature, pH, and
conductivity), the version of the Bioretention Blues model
used here, and all input model parametrization files (including
an EPA-SWMM model of the catchment) can be found in our
data repository28 and from the cofirst author’s GitHub page.29

Sample Extraction and Analysis. We quantified 6PPD-
quinone by extracting the water samples using off-line solid-
phase extraction (SPE), and analyzed 1 mL of well-mixed
extract using an Agilent 1200 series high-performance liquid
chromatography (HPLC) system and a 6410 triple quadrupole
mass spectrometer (Agilent Technologies, CA, USA). Full
details on the sample extraction and analysis are discussed in
the SI (Section S1.3 and Table S1). We measured the
concentrations of the bromide and rhodamine-WT tracers
using ion chromatography (Dionex Aquion, Thermo Scientific,
Ontario, Canada) and UV/vis spectroscopy (Unicam UV 300,
Thermo Spectronic, USA), respectively.
Quality Assurance and Quality Control. We collected

six field blanks, four background samples from the water truck,
and two field duplicate samples. We created three additional
duplicates by subsampling the volumes collected in the field.
When analyzing our results, we replaced values below the
MDL with half the MDL. We defined the method detection
limit (MDL) as the mean field blank level plus either the 99 or
the 98% confidence interval from the field blanks (Table S2).
Model Development, Parametrization, and Calibra-

tion. We developed an updated version of the Bioretention
Blues22 model (Figure 1C) to help interpret the spike and
recovery experiment and to extend our results to conditions
and design configurations beyond those observed during the
experiment (see SI S1.4 for full details).
We parametrized the updated Bioretention Blues model to

represent the bioretention system at Pine and eighth St. in
Vancouver, Canada. We calibrated the model hydrology using
the Kling-Gupta efficiency (KGE)30 between the measured
and modeled outflows, and contaminant behavior using the
conservative bromide and the sorptive rhodamine-WT tracers
(full details in SI S1.4). We did not calibrate any parameters
for 6PPD-quinone. We estimated the partition coefficients for
6PPD-quinone using BIOVIA COSMOtherm (version
21.0),31−34 the estimated values for log KOC of 3.14 and the
octanol−water partition coefficient (log KOW) of 4.12 are both
close to experimental values of 3.2−3.5, for log KOC in road
dust,10 and 4.3 for log KOW.

35 We linearly interpolated the
concentrations and flow rates between observations to
generate a higher temporal resolution data set to use as inputs
to the model (see additional parametrization details in SI
S1.4).
Model Application. First, we modeled the spike and

recovery experiment, using the fit between the measured and
modeled values to evaluate the model, and the model outputs
to help interpret the experimental results. Then, we used the
model to extend our analysis and evaluate how a “typical”
bioretention cell,18 represented by our system, would perform
in reducing loadings of 6PPD-quinone to receiving bodies. We
simulated single event time-series for 28 design storms across
the intensity-duration-frequency (IDF) curves used by the City
of Vancouver, and for a continuous simulation across a
synthetic “average” water year used by the City of Vancouver
that contains less intense events (see SI Section S1.5 for full
details, Table S3 shows the rainfall intensities for the IDF
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events and our data repository28 contains the complete time-
series used as inputs to the model).
We defined the “performance” of the system as its ability to

reduce mass loadings and effluent concentrations of 6PPD-
quinone. We assessed the “direct effluent” as the proportion of
the influent mass that was released to the sewer network,
through the underdrain or by overflowing. We defined the
flow-weighted mean effluent concentration (MEC, ng L−1) as
the direct effluent mass of 6PPD-quinone divided by the total
water volume entering the sewer network. We also calculated
the acute risk quotient (RQ)36 using the LC50 for adult coho
salmon of 95 ng L−1.9 We note that an LC50 of 41 ng L−1 was
recently reported by Lo et al.14 for juvenile Coho salmon, using
this value would increase all of the reported RQs by 2.3 times.
We used the RQ to calculate an average (RQav) based on the
MEC. An RQav > 0.5 indicates a “high” risk, 0.1 ≤ RQav ≤ 0.5
the potential for acute risk, and 0.05 ≤ RQav ≤ 0.1 the
potential for acute risk to endangered species.36

■ RESULTS AND DISCUSSION
Our results indicate that bioretention systems can effectively
reduce 6PPD-quinone loadings in urban runoff. Despite the
short hydraulic residence time (peak effluent concentrations
were observed ∼3−11 min after injection), our experimental
results showed substantial mass and concentration reductions
to the effluent for 6PPD-quinone. The observed flow rates
(Figure 1a) indicated that water infiltrated rapidly into the
studied system and then exfiltrated to the surrounding soil.
The bromide tracer (Figure 1b, orange) peaked within ∼5

min and was flushed from the system in under an hour,
exhibiting a right-skewed distribution. By contrast, the sorptive
rhodamine-WT tracer peaked after ∼3 min (Figure 1b, blue),
but then had a long tail of continued detectable concentrations.
This indicates that rhodamine-WT sorbed to the soil during
the initial spike and then desorbed back into the flowing water.
For 6PPD-quinone (Figure 1c), the experimental results
indicated a mass reduction of ∼95% to the underdrain. The
peak effluent concentration of ∼150 ng L−1 was substantially
lower than the influent spike mixture concentration of ∼4300
ng L−1, partially because the spike mixture was immediately
diluted with injection water. Notably, there was a 7 min period
where the concentration of 6PPD-quinone was above the LC50
of coho salmon (95 ng/L), but the concentration fell below the
MDL (14−16 ng L−1) within half an hour after spiking.
Model Evaluation and Results. The fit between

measured and modeled data indicated that the Bioretention
Blues model reproduced the processes involved in contaminant
transport and fate in the bioretention cell during the spike and
recovery experiment (Figure 1, see SI Section S2.1). The
model showed adequate performance (defined as KGE values
≥0.5, 1 indicates an ideal fit)22,37 for the calibrated flows
(Figure 1a) and for the tracer compounds bromide and
rhodamine-WT (Figure 1b). For 6PPD-quinone, the KGE
modified to ignore bias in variances was 0.64 (Figure 1c, see SI
Section S2.2).
Encouragingly, our results indicated that once captured

6PPD-quinone is unlikely to leach out of the bioretention
system, at least over short interevent time scales. First, during
our initial experiment we only saw detectable levels of 6PPD-
quinone immediately following the spike injection. By contrast,
concentrations of rhodamine-WT remained elevated through-
out the experiment. This difference in fate was captured by our
model, which predicted substantial remobilization of rhod-

amine-WT with the influx of clean water but predicted that
6PPD-quinone would mostly remain sorbed to the soil.
Supporting this contention, during the flushing experiment,
where we introduced ∼13m3 of clean water approximately 1
week after the initial spike experiment, we did not observe
detectable effluent concentrations of 6PPD-quinone. For this
event, the model predicted that ∼2% of the influent mass
would be remobilized to either the underdrain or to the
surrounding soil. Although this lack of detection could have
been caused by transformation or plant uptake of the 6PPD-
quinone (given the uncertainty in the model parameters for
those processes), it still showed that remobilization and
leaching of 6PPD-quinone from fresh influent was not a
substantial mass transport process, even given a very short
interval (of <1 week) between large events. Overall, across the
modeled period the model estimated that ∼75% of the influent
6PPD-quinone was retained by the soil, with <5% released
through the underdrain and ∼20% exfiltrated to the
surrounding soil (Figure 1d), with 2.5% predicted trans-

Figure 1. Overview of the results from the 6PPD-quinone (6PPD-Q)
spike test. (A) Hydrology of the spike and recovery and flushing
experiment, showing the measured influent and effluent flow rates, the
modeled effluent flow rate (dashed line), and the timing of the spike
injection. (B, C) Modeled (dashed lines) and measured (dots)
effluent underdrain concentrations of the (B) calibrated tracer
compounds and (C) uncalibrated 6PPD-quinone for the initial
spike and recovery test period. (D) Modeled fate of 6PPD-quinone
across the entire spike and flush test time period. Solid arrows
represent mass transfers between compartments or into and out of the
system, as a percentage of the influent mass (shown entering the
ponding zone with units in μg); double-headed arrows indicate two-
way processes with the larger arrowhead showing the dominant
direction of exchange (e.g., 76% transfer from mobile water to media).
Dashed lines represent primary transformation. Mm shows the
percentage of influent mass retained by the soil.
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formation in the soil compartment. SI Section S2.3 discusses
limitations of our model and results.
Performance of Bioretention for 6PPD-Quinone. We

ran the calibrated model for 28 events across the City of
Vancouver intensity-duration-frequency (IDF) curves, assum-
ing a constant 1000 ng L−1 influent concentration to represent
a “worst-case” scenario, such as a system receiving effluent
from a large highway (see SI section S1.5 for more details).
Under these conditions, we predict that the as-built
bioretention system would reduce mass-loadings of 6PPD-
quinone to receiving systems by >90% for all events with a
recurrence period of ≤2 years (Figure 2a). In an “average”
water year, we predicted a reduction in annual mass loadings of
>95%, with 26% of the influent mass predicted to transform
(Figure 2b), although we note that little is known about how
quickly 6PPD-quinone is transformed in soil. Some uptake by
plants may occur,38 although this is likely minor in a fast-
draining bioretention system such as this one.22 The system’s
RQav ranged from 0.38 for the 2 year, 10 min event to 1.9 for
the 200 year, 1 h event. For larger events, there were

substantial periods with an RQ > 1, indicating sustained
effluent concentrations well above the LC50 for coho salmon.
The study system had a high exfiltration rate due to the high

calibrated permeability (∼125 mm h−1) of the surrounding
soil. To broaden the applicability of our results, we simulated
the performance of a “low permeability” scenario consisting of
an identical system situated in a soil with an infiltration rate of
3.3 mm h−1, representing clayey or silty soils.39 In this scenario,
the system performed similarly to the as-built high
permeability system, with more mass released to the sewer
(e.g., 11% vs <1% for the studied system across the average
water year), but a lower RQav of 0.24−1.6 across the 28 events
due to the larger volume of underdrain flow diluting the
effluent concentrations (Figure 2d). We note that since the
Bioretention Blues model relies on system-specific calibrated
parameters the uncertainty surrounding this simulated system
is larger than for the as-built system.
For both the as-built and the low-permeability scenarios, this

relatively high RQav (well above the US Environmental
Protection Agency (EPA) threshold of >0.5 for a “high”
risk) across all events was particularly driven by overflow of the

Figure 2. (A, D) Fate of 6PPD-quinone through the (A) studied and (D) low-Kn bioretention cell across the storm events defined by the City of
Vancouver intensity-frequency-duration (IDF) curves. The contour colors (interpolated between the 28 simulated events) show the proportion of
the influent mass that was advected through the bioretention cell to the sewer system, with brown colors representing less than 50% released and
blue more than 50% released. The mean and range of the effluent concentrations (MEC) and the average risk quotients (RQav) are shown on the
IDF figure. (B, E, C, F) Fate of 6PPD-quinone across (B, E) a synthetic “average” water year and (C, F) the City of Vancouver 100 year 1 h design
storm event, respectively; E and F represent the low-Kn scenario. Solid arrows represent mass transfers between compartments or into and out of
the system, as a percentage of the influent mass (shown entering the ponding zone with units in mg or ng); double-headed arrows indicate two-way
processes with the larger arrowhead showing the dominant direction of exchange. Dashed lines represent primary transformation. Mm shows the
percentage of influent mass retained by the soil.
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system during larger events (Figure 2c); water that overflowed
the system received only minimal treatment due to settling and
diffusion, leading to high combined effluent concentrations.
On entering a stream, concentrations would be reduced
through dilution. However, depending on the size of the
stream, localized high concentrations would still be possible.
Tire-derived chemicals such as 6PPD-quinone are believed to
be rapidly mobilized by the first flush of a rainfall event,40

meaning that the excellent performance for both the as-built
and low permeability scenarios for smaller events and across an
“average” water year could substantially reduce the risks to
salmon. Larger events still present a risk, however, as in many
catchments 6PPD-quinone is believed to exhibit an additional
“middle flush”40 of elevated concentrations of 6PPD-Q
throughout the hydrograph.7 Design or management inter-
ventions could therefore improve the ability of bioretention
systems to protect salmon from 6PPD-quinone during extreme
events.
Environmental Implications. Overall, our results showed

that mature, field-scale bioretention systems can effectively
capture 6PPD-quinone in stormwater. Although finding safer
alternatives to 6PPD will provide the most complete protection
for salmonids and other potentially sensitive aquatic organisms,
the efficacy of bioretention systems means that in the short
term, stormwater managers can protect sensitive populations
by redirecting runoff away from streams and toward
engineered systems such as bioretention. Our modeling results
indicate that under most “typical” storm conditions (e.g., <2
year return period) bioretention will greatly reduce the mass
and concentration of 6PPD-quinone being directly released.
Even during larger events, almost 50% of 6PPD-quinone may
be captured, with the lower performance for the largest events
driven mainly by overflow from the ponding zone. Although
knowledge gaps remain regarding the transformation rates of
6PPD-quinone in soil, and the potential for transport through
interflow and shallow groundwater flow, our results indicate
that 6PPD-quinone is not likely to be remobilized from soil.
Therefore, redirection to riparian zones or other vegetated
areas may provide protection as well. By directing road runoff
toward bioretention systems, stormwater managers and other
environmental stewards can help protect salmonids and any
other sensitive aquatic organisms from toxic road runoff and
support socio-ecologically healthy aquatic environments.
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Data Availability Statement
The data used in this paper, along with an archived version of
the Bioretention Blues model code, is available from our data
repository.28 Current and future versions of the model are also
available with an interactive tutorial from one of the lead
authors’ GitHub pages.29
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