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Executive Summary  
 
A Demonstration Project was undertaken by WQM Associates Ltd for the 
Government of Alberta with the collaborative support of the City of Calgary, EPCOR 
(who provide water supply services to Edmonton) and the US Environmental 
Protection Agency. 
 
The objectives of the Demonstration Project were: 
 
1. To evaluate plumbosolvency control optimisation techniques within the context of 

the Province of Alberta.  
2. To demonstrate the possible relationships between plumbosolvency and a range 

of compliance sampling protocols. 
3. To provide a point of reference for water utilities in Alberta on the techniques they 

can use to optimise plumbosolvency control. 
4. To further inform the City of Calgary and EPCOR about the likely risks of lead in 

their drinking water supply systems and the potential benefits of orthophosphate 
dosing, if applicable. 

5. To assess the cost-benefits and potential environmental impact of 
orthophosphate dosing in Calgary and Edmonton, as appropriate. 

 
The project involved diagnostic assessment of the water supply systems that serve 
Calgary and Edmonton, plumbosolvency assessments by laboratory testing, XRD 
analysis of exhumed lead pipe samples from Calgary, sequential sampling after 30 
minutes and 6+ hours stagnation at 6 homes in each city, and computational 
modelling. 
 
The main conclusions were: 
 
1. The water supplies to Calgary and Edmonton are moderately plumbosolvent, 

despite their generally high qualities, consistent with the elevated lead 
concentrations that are often observed. 

2. There was no evidence of the less soluble Pb(IV) compounds and the corrosion 
scales are dominated by the more soluble Pb(II) compounds, particularly 
cerussite and hydroxycerussite. 

3. Sequential sampling after 30 minutes and 6+ hours stagnation gave highly 
variable results (approximately 10-fold difference) and helps to explain the wide 
variation in year-by-year survey results. 

4. The sampling protocols specified by Health Canada’s 2009 Guidance were 
shown to be inadequate and surveys that follow these protocols do not form a 
realistic basis for optimising corrosion control. 

5. Laboratory plumbosolvency testing indicated orthophosphate dosing responses 
that were consistent with the high quality of the water supplies to both cities and 
consistent with UK experience. An optimum dose of about 1.0 mg/l (as P) was 
determined. 

6. Single pipe modelling could only partly explain the results from sequential 
sampling and it appeared that physical scouring and secondary lead release 
effects may have been involved. 

7. City-wide compliance modelling predicted the results of lead surveys in both 
cities and was validated for Calgary. Modelling demonstrated the likely success 
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of orthophosphate dosing and provided further indications of the difficulties 
associated with the sampling protocols specified by Health Canada’s 2009 
Guidance. 

8. The single pipe model generated “look-up” tables that indicated the relationship 
between daily average lead concentrations and pipe-work characteristics. These 
can assist in risk assessment. 

9. Random daytime sampling of homes with a lead service line was shown to be a 
viable alternative to the survey protocols specified by Health Canada’s 2009 
Guidance. 

10. The most cost-effective approach for controlling lead in drinking water in Calgary 
was considered to be an accelerated programme of total lead pipe replacement. 

11. For Edmonton, orthophosphate dosing was shown to be more cost effective and 
would facilitate total lead pipe replacement over a longer period.  

12. The environmental impact of dosing orthophosphate to Edmonton was 
considered to be insignificant.  

13. Plastic lining was found to offer no particular benefit over total lead pipe 
replacement. 

14. The Government of Alberta should consider further the regulatory enforcement 
and grant-aid aspects of total lead pipe replacement, should consider the 
implementation of a Provincial guideline value for lead in drinking water of 10 µg/l 
as a maximum admissible concentration (without qualification), and should 
consider developing Provincial corrosion control guidelines as part of its existing 
framework for drinking water safety plans. 
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1. Introduction 
 
1.1 Background 
 
Problems with lead in drinking water have been documented since the 19th Century 
(Troesken, 2006). In more recent history, concerns date back to the early 1970s 
when elevated lead in blood was linked to elevated lead in drinking water in 
Glasgow, Scotland (Moore, 1977). Similar concerns began to arise in New England, 
US at around the same time. Environmental exposures to lead from paint, petrol and 
solder (for jointing pipes and food cans) were also recognised around this time 
(Royal Commission on Environmental Pollution, 1983). 
 
The main actions taken by the developed nations of the world in the mid-1980s were: 
 

 To terminate the use of lead pipes in new installations; 

 To prohibit lead fuel additives; 

 To prohibit the use of lead containing solders in drinking water and food-can 
applications; 

 To prohibit the use of lead additives in paint; 

 To limit the amount of lead permitted in brass components in contact with 
drinking water. 

 
Various survey protocols were developed for determining the extent of lead in 
drinking water problems that remained and corrective water treatment solutions were 
determined by research, including pH elevation and the use of corrosion inhibitors, 
supported by lead solubility models that were developed in the US (Schock, 1980), 
the UK (WRC, 1980) and the Netherlands (Van den Hoven, 1985). Regulations to 
control lead in drinking water were first promulgated in Europe in 1985 (European 
Commission, 1980) and in the US in 1991 via the Environmental Protection Agency’s 
Lead and Copper Rule (USEPA, 1991). In Canada, a guideline value for lead in 
drinking water was published in 1992 and is currently under review (Health Canada, 
1992). Supporting guidance in Canada was issued in 2009 on the internal corrosion 
control of water supplies (Health Canada, 2009).  
 
All of these guidelines and standards have been severely hampered by sampling 
difficulties. In the UK, the specification and precise interpretation of guidance was 
problematical for over twenty years (Hayes and Hydes, 2012) before more consistent 
and more effective control measures were achieved. In the wider Europe, the failure 
of Member States to agree a harmonised sampling protocol has derailed the 
implementation of the EU’s standards for lead in drinking water since 2003 to 
present and recommendations for a resolution (Hoekstra et al, 2008) have not yet 
been acted upon. In the US, concerns over the sampling protocol specified by the 
Lead and Copper Rule have been highlighted publically since 2010 by several 
International Water Association publications (IWA, 2010, 2012). In Canada, similar 
concerns were voiced at the Canadian National Drinking Water Conference in 
Kelowna (October, 2012) and related publications (Hayes and Croft, 2013; Hayes et 
al, 2013, 2014). 
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1.2  Anticipated benefits of a Demonstration Project 
 
Discussions during 2012 and 2013 with the Government  of Alberta concluded that a 
demonstration project in the Province, that illustrated the problems and potential 
solutions associated with the control of lead in drinking water would be beneficial. 
 
The benefits to the Government  of Alberta were anticipated to be: 
 

1. The testing techniques used in the UK (plumbosolvency testing) and the US 
(XRD) would be evaluated. 

2. The compliance modelling techniques that have been used successfully in the 
UK for the optimisation of plumbosolvency control would be evaluated. 

3. The risks from lead in drinking water in the two major cities in Alberta would 
be more fully appreciated. 

4. Small and medium sized water utilities in Alberta would have a local reference 
point for the various optimisation methods used. 

5. The development of the Government  of Alberta’s strategies for controlling 
lead in drinking water would be further informed. 

 
The benefits to the water utilities were anticipated to be: 
 

1. A deeper appreciation of the relationship between treated water quality and 
compliance with Health Canada’s guidance. 

2. A better understanding of the potential risks from lead in drinking water arising 
from individual lead service lines (ie: before point-of-use treatment). 

3. An evaluation of the dosing of orthophosphate corrosion inhibitor, particularly 
for Edmonton. 

4. The possibility of rationalising the future monitoring of lead in drinking water, 
additionally or as an alternative to Health Canada’s monitoring guidance 
(which was recognised as problematical). 

5. A fuller appreciation of the extent of the benefits from the partial replacement 
of lead service lines.  

 
 
1.3  Objectives 
 
The objectives of the demonstration project were: 
 

1. To evaluate plumbosolvency control optimisation techniques within the 
context of the Province of Alberta. 

2. To demonstrate the possible relationships between plumbosolvency and a 
range of compliance sampling protocols. 

3. To provide a point of reference for water utilities in Alberta on the techniques 
they can use to optimise plumbosolvency control. 

4. To further inform the City of Calgary and EPCOR about the likely risks of lead 
in their drinking water supply systems and the potential benefits of 
orthophosphate dosing, if applicable. 

5. To assess the cost-benefits and potential environmental impact of 
orthophosphate dosing in Calgary and Edmonton, as appropriate. 
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publisher or authors be liable for damages arising from its use. The views 
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2. Summary of Methods 
 
2.1 Overview 
 
In the planning of the Demonstration Project, three generic assessment protocols 
were envisaged that reflected the population served by the water supply system. 
These protocols and the template used are outlined in Appendix 1 and follow the 
general principles of the International Water Association’s Code of Practice for the 
Internal Corrosion Control of Water Supply Systems (IWA, 2012).  Each protocol 
comprises a broad diagnostic assessment, a plumbosolvency assessment and 
compliance modelling, the extent of assessment being determined by the size of the 
water supply system. The Demonstration Project focused on the cities of Calgary 
and Edmonton each having a population of around one million. The assessment 
protocol for large systems (Level 1 in Appendix 1) was applied as appropriate to 
each city with the advantage that a more exhaustive approach was feasible. In the 
following sections, the programme of work is summarised and the methods outlined. 
More detailed method statements will be found in each chapter, as appropriate. 
 
2.2  Diagnostic assessments 
 
For each city, the “source to tap” relationship was examined, including: 
 

 The type of water resources and extent of treatment; 

 The population served, number of service connections and number of lead 
service lines; 

 The current practices for controlling lead in drinking water; 

 Lead survey data for the past five years; 

 General water quality assessment, including disinfection regime; 

 Available information on relevant investigations. 
 
Whilst the major drivers that determine plumbosolvency are temperature, pH and 
alkalinity, natural organic matter (NOM) in the water can increase lead dissolution 
(Colling et al, 1992; Cardew, 2009) and needed to be considered. Loose iron 
corrosion deposits can aggrevate lead release and the extent of occurrence of “red 
water” discolouration also needed to be considered (Hulsman, 1991). Whereas lead 
can arise from brass components and galvanic corrosion in some circumstances, the 
principal source was considered to be lead service lines (IWA, 2010, 2012). It was 
considered necessary to review all survey data available, including lead data from 
homes without a lead service line, to assess if lead release problems extended 
beyond lead service lines. For both cities, lead survey data was available from 
several sampling methods. 
 
2.3  Plumbosovency assessments 
 
For Calgary, five homes with a lead service line and one home with a non-lead 
service line were sampled sequentially (12 x 1 litre samples) after both 30 minutes 
stagnation (30MS) and 6+ hours stagnation (6+HS). Similar sampling was 
undertaken in Edmonton at six homes with a lead service line. In all cases both 
particulate and dissolved lead were analysed. Differentiation was achieved by 
filtration through a 0.45 µm membrane. The aims were: 
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 To quantify the extent of lead release as a simple measure of the water’s 
plumbosolvency; 

 To investigate relationships between lead release and pipe-work 
configuration; 

 To determine the relative importance of particulate vs dissolved lead. 
 
For Calgary, lead service lines were exhumed from three of the homes that had been 
sampled, for XRD analysis by the US Environmental Protection Agency, to 
determine the nature of the lead corrosion deposits, in particular to differentiate 
Pb(II) and Pb(IV) compounds, the latter having a much lower solubility. This was 
justified by the relatively high free chlorine regime of the Calgary system, as Pb(IV) 
may form under such conditions. Final water samples from the two treatment plants 
that supply Calgary and the two treatment plants that supply Edmonton were 
shipped to the UK for laboratory plumbosolvency testing; this involved an 
assessment of the waters’ responses to orthophosphate dosing. 
 
2.4  Compliance modelling 
 
Deterministic modelling tools were developed in the UK and used successfully in the 
optimisation of orthophosphate dosing in numerous water supply systems (Hayes et 
al, 2006, 2008). A single pipe model can investigate lead dissolution at an individual 
home and was used to investigate the results of sequential sampling and to predict 
daily average lead concentrations as a function of pipe-work circumstances. The 
single pipe model can also be used within a probability framework that endeavours 
to mimic the very numerous permutations of pipe-work circumstances that occur 
across a city. The probability framework for each city was built up from available data 
or assumptions about lead pipe lengths and diameters, non-lead pipe lengths and 
diameter, and water consumptions. An important input to these models is the 
quantification of plumbosolvency, achieved by specifying the initial mass transfer 
rate of lead (M µg/m2/s) and its equilibrium concentration (E µg/l). M and E were 
determined from the laboratory plumbosolvency testing. A sampling model can then 
be used to predict the results of different sampling protocols. It is therefore possible 
to examine the relationship between a water’s plumbosolvency and compliance with 
regulatory guidelines. The following sampling protocols were examined: 
 

 Sequential 30MS sampling (4 x1 litres and average of the 4 litres); 

 Sequential 30MS sampling (12 x1 litres); 

 Sequential 6+HS sampling (12 x1 litres); 

 First draw 1 litre sampling after 6+HS (ie Tier 1 from Health Canada’s 2009 
guidance); 

 Sequential 2nd, 3rd and 4th litre sampling after 6+HS (ie Tier 2 from Health 
Canada’s 2009 guidance); 

 Random daytime (RDT) sampling;  
 
Additionally, as the models calculate lead emissions from pipe-work for every second 
of simulated flow, it is possible to predict the daily average lead concentration for any 
pipe-work circumstance. In the relevant sections that follow, the limitations of the 
models are identified, the simplifications that are used are discussed and the extent 
of validation is demonstrated. 
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3.  Diagnostic assessment for Calgary 
 
3.1 Description of the water supply system 
 
Surface water is abstracted from Bow River and Elbow River for the provision of 
water supplies to 1.2 million people. 
 
The City of Calgary’s waterworks system consists of the Bearspaw and Glenmore 
Water Treatment Plants, treated water storage reservoirs and a water distribution 
system serving the City of Calgary and the adjacent communities including the City 
of Airdrie, the Town of Chestermere, the Town of Strathmore and the Tsuu T’ina 
Nation.  The Bow River supplies the Bearspaw WTP and the Elbow River flows into 
the Glenmore Reservoir, which is the source of water for the Glenmore WTP.   
 
The Bearspaw plant primarily supplies water to the north sector of the city, while the 
Glenmore plant supplies the south.  However, the water supply from the two plants is 
interconnected through large diameter transmission mains.  

Both plants have adopted the same solution for problems with turbidity, using sand 
ballasted clarification.  Microsand acts as a seed for floc formation, simultaneously 
enhancing flocculation while adding ballast to encourage fast settlement, leading to a 
high turbidity removal efficiency, which typically exceeds 90 %. The sequence of 
processes is shown in Figure 1. 

Figure 1.  Process schematic for water treatment plants 

 

The river water is treated by pre-treatment, clarification, filtration, chlorine 
disinfection and storage.  The City of Calgary waterworks can daily deliver a total of 
950 MLD of water that has been treated in accordance with federal and provincial 
health-related standards and guidelines.  The Bearspaw WTP has a capacity of 550 
MLD and the Glenmore WTP has a capacity of 400 MLD.   
 
There are 4,800 km of underground pipes and water mains. A major part of the 
network is PVC (either newly installed or installed to replace older pipes).  There is 
also yellow jacketed ductile iron (YDI), protected with anodes and ductile iron of 
which over half is protected with anodes.  There is also cast iron, just under a third of 
which has never had a break.  There is also a very small amount of asbestos cement 
pipe in the network. There are a total of 308,746 active service connections of which 
861 are lead service lines (0.28 %) on the public side. The private side is less clear 
and a total of 1,000 lead service lines has been assumed (public and private 
together or private alone). 
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3.2  General water quality 
 
Data for three years was provided for the quality of drinking water leaving each 
treatment works and within the distribution network (Tables 1, 2 & 3). 

 
Table 1.  Glenmore Treatment Plant 

Sampling points: GM - Effluent North Feeder; GM - South Feeder Main 
GM - Effluent South Feeder Main 

 

Glenmore 2010 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 22 12.59 5.48 6.30 

EDTA Hardness (Calc) 
mg/L 
CaCO3 52 254.20 168.00 206.40 

Free Chlorine (W&T) mg/L 355 1.36 0.67 1.03 

Iron (Fe)(Extractable) ug/L 102 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 22 0.16 0.01 0.08 

Phosphorus - Total mg/L 12 0.00 0.00 0.00 

Sulphate (SO4)(IC) mg/L 22 75.85 43.39 61.68 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 52 172.30 111.10 141.85 

Temperature (Lab VWR) Degree C 12 19.10 0.80 8.35 

Total Chlorine (W&T) mg/L 355 1.45 0.76 1.12 

Total Organic Carbon (NPOC) mg/L 142 2.93 0.60 1.10 

Total Trihalomethanes (TTHM) ug/L 122 73.60 6.10 17.80 

True Color CU 130 2.52 0.00 0.96 

Turbidity (HACH Benchtop) NTU 355 0.09 0.04 0.06 

pH (Orion Benchtop) pH units 355 7.97 7.30 7.69 

 
 

Glenmore 2011 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 27 21.14 6.04 8.04 

EDTA Hardness (Calc) 
mg/L 
CaCO3 52 247.20 172.20 211.80 

Free Chlorine (W&T) mg/L 364 1.69 0.83 1.13 

Iron (Fe)(Extractable) ug/L 106 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 27 0.20 0.02 0.08 

Phosphorus - Total mg/L 12 0.01 0.00 0.00 

Sulphate (SO4)(IC) mg/L 27 109.14 41.18 65.02 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 52 178.80 84.80 146.45 

Temperature (Lab VWR) Degree C 12 21.40 0.70 4.45 

Total Chlorine (W&T) mg/L 364 1.94 0.90 1.24 

Total Organic Carbon (NPOC) mg/L 144 4.00 0.60 1.40 

Total Trihalomethanes (TTHM) ug/L 123 40.90 5.00 22.24 

True Color CU 133 3.35 0.00 0.58 

Turbidity (HACH Benchtop) NTU 365 0.11 0.04 0.06 

pH (Orion Benchtop) pH units 364 8.02 6.89 7.72 
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Glenmore 2012 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 28 16.41 7.07 8.33 

EDTA Hardness (Calc) 
mg/L 
CaCO3 52 259.60 176.40 207.70 

Free Chlorine (W&T) mg/L 364 1.42 0.85 1.09 

Iron (Fe)(Extractable) ug/L 81 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 28 0.19 0.01 0.08 

Phosphorus - Dissolved mg/L 44 0.01 0.00 0.00 

Phosphorus - Total mg/L 57 0.01 0.00 0.00 

Sulphate (SO4)(IC) mg/L 28 80.64 39.69 68.28 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 51 175.60 109.00 146.60 

Temperature (Lab VWR) Degree C 12 20.20 1.50 6.15 

Total Chlorine (W&T) mg/L 364 1.62 0.10 1.20 

Total Organic Carbon (NPOC) mg/L 162 2.30 0.60 1.40 

Total Trihalomethanes (TTHM) ug/L 96 40.80 7.30 19.10 

True Color CU 108 2.08 0.00 0.51 

Turbidity (HACH Benchtop) NTU 365 0.09 0.04 0.06 

pH (Orion Benchtop) pH units 365 7.96 7.16 7.65 

 

 
Table 2.  Bearspaw Treatment Plant: 

Sampling points: BP - Effluent South 1; BP - Effluent South 2; BP - Effluent North 
BP - Effluent North West 

 

Bearspaw 2010 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 21 3.59 2.28 2.78 

EDTA Hardness (Calc) 
mg/L 
CaCO3 52 184.60 134.80 164.60 

Free Chlorine (W&T) mg/L 364 1.26 0.69 0.97 

Iron (Fe)(Extractable) ug/L 104 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 21 0.16 0.06 0.08 

Phosphorus - Total mg/L 11 0.00 0.00 0.00 

Sulphate (SO4)(IC) mg/L 21 54.65 36.59 46.08 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 52 132.50 99.00 122.00 

Temperature (Lab VWR) Degree C 12 17.70 1.40 7.50 

Total Chlorine (W&T) mg/L 364 1.35 0.78 1.04 

Total Organic Carbon (NPOC) mg/L 141 1.46 0.30 0.60 

Total Trihalomethanes (TTHM) ug/L 122 21.40 4.40 9.40 

True Color CU 118 2.01 0.00 0.28 

Turbidity (HACH Benchtop) NTU 365 0.09 0.04 0.05 

pH (Orion Benchtop) pH units 365 7.91 7.28 7.69 
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Bearspaw 2011 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 25 4.29 2.54 3.22 

EDTA Hardness (Calc) 
mg/L 
CaCO3 52 187.60 142.60 170.00 

Free Chlorine (W&T) mg/L 364 1.38 0.77 0.99 

Iron (Fe)(Extractable) ug/L 103 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 25 0.13 0.06 0.09 

Phosphorus - Total mg/L 12 0.00 0.00 0.00 

Sulphate (SO4)(IC) mg/L 25 82.61 34.08 50.74 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 52 137.90 85.20 120.15 

Temperature (Lab VWR) Degree C 12 15.30 0.60 5.15 

Total Chlorine (W&T) mg/L 364 1.48 0.82 1.06 

Total Organic Carbon (NPOC) mg/L 126 2.80 0.30 0.70 

Total Trihalomethanes (TTHM) ug/L 120 27.20 3.90 11.05 

True Color CU 128 1.83 0.00 0.36 

Turbidity (HACH Benchtop) NTU 364 0.10 0.03 0.05 

pH (Orion Benchtop) pH units 364 7.95 6.81 7.72 

 
 

Bearspaw 2012 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 27 4.41 2.64 3.23 

EDTA Hardness (Calc) 
mg/L 
CaCO3 51 189.00 137.40 165.20 

Free Chlorine (W&T) mg/L 365 1.35 0.84 1.05 

Iron (Fe)(Extractable) ug/L 81 <50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 27 0.13 0.07 0.08 

Phosphorus - Total mg/L 12 0.00 0.00 0.00 

Sulphate (SO4)(IC) mg/L 27 60.14 33.14 46.97 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 51 138.00 90.00 121.50 

Temperature (Lab VWR) Degree C 12 16.30 1.40 6.95 

Total Chlorine (W&T) mg/L 365 1.53 0.88 1.11 

Total Organic Carbon (NPOC) mg/L 118 1.50 0.30 0.70 

Total Trihalomethanes (TTHM) ug/L 97 32.50 6.10 12.50 

True Color CU 108 2.96 0.00 0.12 

Turbidity (HACH Benchtop) NTU 366 0.08 0.03 0.05 

pH (Orion Benchtop) pH units 373 7.97 7.06 7.81 

 
 
 
 

 

Table 3.  Distribution 
Sampling points: Fire Station #30 (8802527; Beddington Reservoir - WEST BASIN 

Fire Station #25 (8812065); Fire Station #10 (8800022) 
Fire Station #26 (8800031); South Glenmore Reservoir (8812607) 
Fire Station #28 (8800025); Glendale Reservoir (8815408) 
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Distribution 2010 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 114 12.53 2.29 3.35 

EDTA Hardness (Calc) 
mg/L 
CaCO3 114 249.40 131.40 178.60 

Free Chlorine (HACH) mg/L 418 1.10 0.31 0.79 

Iron (Fe)(Extractable) ug/L 416 158.50 <50 <50 

Nitrate (N in NO3)(IC) mg/L 114 0.17 0.01 0.08 

Sulphate (SO4)(IC) mg/L 114 75.81 35.89 50.44 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 114 172.90 94.70 125.70 

Total Organic Carbon (NPOC) mg/L 97 1.90 0.39 0.70 

Total Trihalomethanes (TTHM) ug/L 97 61.25 5.70 13.50 

Turbidity (HACH Benchtop) NTU 1 0.10 0.10 0.10 

pH (Orion Benchtop) pH units 115 7.93 7.35 7.69 

 
 

Distribution 2011 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 124 21.78 2.60 4.29 

EDTA Hardness (Calc) 
mg/L 
CaCO3 99 241.20 140.80 182.80 

Free Chlorine (HACH) mg/L 418 1.15 0.43 0.80 

Iron (Fe)(Extractable) ug/L 416 89.70 <50 <50 

Nitrate (N in NO3)(IC) mg/L 124 0.20 0.02 0.10 

Sulphate (SO4)(IC) mg/L 124 104.69 34.63 53.09 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 125 168.10 86.00 121.80 

Total Organic Carbon (NPOC) mg/L 96 2.80 0.40 0.90 

Total Trihalomethanes (TTHM) ug/L 97 51.00 1.80 17.11 

Turbidity (HACH Benchtop) NTU 1 0.06 0.06 0.06 

pH (Orion Benchtop) pH units 125 7.93 6.88 7.69 

 
 

Distribution 2012 units samples Max Min Median 

Chloride (Cl)(IC) mg/L 120 16.73 2.66 5.09 

EDTA Hardness (Calc) 
mg/L 
CaCO3 96 253.20 143.60 184.10 

Free Chlorine (HACH) mg/L 421 1.23 0.30 0.79 

Iron (Fe)(Extractable) ug/L 300 78.30 <50 <50 

Nitrate (N in NO3)(IC) mg/L 120 0.19 0.01 0.08 

Sulphate (SO4)(IC) mg/L 120 79.03 32.98 50.27 

T. Alkalinity - To pH 4.5 
mg/L 
CaCO3 128 174.10 82.00 127.50 

Total Organic Carbon (NPOC) mg/L 96 2.90 0.50 0.90 

Total Trihalomethanes (TTHM) ug/L 96 58.70 7.10 16.50 

pH (Orion Benchtop) pH units 128 8.12 7.20 7.69 
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3.3  Lead surveys 
 
A summary of the data provided for 2008 to 2012 is given below: 
 
2008 Lead Survey Data 
 

 587 first draw one litre samples were taken by consumers after over-night standing.  

 Premise pipes were not deliberately flushed prior to the water use embargo. 

 49 homes from 585 (8.4 %) were known to have a lead service line. The other 
service line materials were “don’t know” (389), copper (123), other (22) and brass (2). 

 35 samples (6.0 %) exceeded 15 µg/l. 

 The 90th percentile concentration was 12.2 µg/l. 
 
2009 Lead Survey Data 
 

 80 sets of samples comprised (i) a first draw one litre sample after overnight 
standing; (ii) a “well flushed” one litre sample after 5 minutes flushing; (iii) four 
sequential one litre samples taken after 30 minutes standing. 

 The procedures for sequential sampling require that sample bottles are filled slowly 
(this is relevant to data interpretation). 

 For 54 sets of samples the “Public Service Material” was lead (67.5 %), the others 
being copper or plastic. 

 9 of the 80 first draw one litre samples (11.3 %) taken after overnight standing 
exceeded 15 µg/l; the 90th percentile concentration was 17.4 µg/l. 

 The numbers of the sequential samples (after 30 minutes stagnation) exceeding 10 
µg/l from the 54 homes with a lead service line and the 90th percentile concentrations 
are shown below in Table 4: 

 
Table 4.  Summary of lead survey data for 2009 

 
 L1 L2 L3 L4 Ave L1-L4 

N > 10 µg/l 2 2 3 6 2 

%> 10 µg/l 3.7 3.7 5.6 11.1 3.7 

90
th

% µg/l 6.7 7.7 8.7 10.4 9.0 

 
2010 Lead Survey Data 
 

 84 sets of samples comprised (i) a first draw one litre sample after overnight 
standing; (ii) a “well flushed” one litre sample after 5 minutes flushing; (iii) four 
sequential one litre samples taken after 30 minutes standing. 

 For 59 sets of samples the “Public Service Material” was lead (70.2 %), the others 
being copper or plastic. 

 6 of the 84 first draw one litre samples (7.1 %) taken after overnight standing 
exceeded 15 µg/l; the 90th percentile concentration was 13.4 µg/l. 

 The numbers of the sequential samples (after 30 minutes stagnation) exceeding 10 
µg/l from the 59 homes with a lead service line and the 90th percentile concentrations 
are shown below in Table 5: 

 
Table 5.  Summary of lead survey data for 2010 

 
 L1 L2 L3 L4 Ave L1-L4 

N > 10 µg/l 4 7 9 15 9 

%> 10 µg/l 6.8 11.9 15.3 25.4 15.3 

90
th

% µg/l 9.5 10.4 11.3 13.1 10.5 
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2011 Lead Survey Data 
 

 46 sets of samples comprised (i) a first draw one litre sample after overnight 
standing; (ii) a “well flushed” one litre sample after 5 minutes flushing; (iii) four 
sequential one litre samples taken after 30 minutes standing. 

 For 28 sets of samples the “Public Service Material” was lead (60.9 %), the others 
being copper or plastic. 

 2 of the 46 first draw one litre samples (4.3 %) taken after overnight standing 
exceeded 15 µg/l; the 90th percentile concentration was 11.2 µg/l. 

 The numbers of the sequential samples (after 30 minutes stagnation) exceeding 10 
µg/l from the 28 homes with a lead service line and the 90th percentile concentrations 
are shown below in Table 6: 

 
Table 6.  Summary of lead survey data for 2011 

 
 L1 L2 L3 L4 Ave L1-L4 

N > 10 µg/l 2 2 3 6 4 

%> 10 µg/l 7.1 7.1 10.7 21.4 14.3 

90
th

% µg/l 8.4 8.7 9.2 14.5 10.4 

 
2012 Lead Survey Data 
 

 56 sets of samples comprised (i) a first draw one litre sample after overnight 
standing; (ii) a “well flushed” one litre sample after 5 minutes flushing; (iii) four 
sequential one litre samples taken after 30 minutes standing. 

 For 45 sets of samples the “Public Service Material” was lead (80.4 %), the others 
being copper or plastic. 

 7 of the 56 first draw one litre samples (12.5 %) taken after overnight standing 
exceeded 15 µg/l; the 90th percentile concentration was 15.2 µg/l. 

 The numbers of the sequential samples (after 30 minutes stagnation) exceeding 10 
µg/l from the 45 homes with a lead service line and the 90th percentile concentrations 
are shown below in Table 7: 

 
Table 7.  Summary of lead survey data for 2012 

 
 L1 L2 L3 L4 Ave L1-L4 

N > 10 µg/l 8 8 10 10 10 

%> 10 µg/l 17.8 17.8 22.2 22.2 22.2 

90
th

% µg/l 12.0 11.8 12.8 14.5 13.4 

 
 
Well Flushed Samples 2009-2012 
 
Prior to 30MS sampling, pipe-work was routinely flushed for 5 minutes and then sampled.  
For homes with a lead service line, the results from 186 samples ranged from <0.5 to 19.2 
µg/l with a median of 3.1 µg/l and a 90th percentile of 8.8 µg/l, suggesting a variable scouring 
effect. 
 
Temperature 
 
Relating to the lead surveys, the average temperatures recorded at homes with a lead 
service line were 15.6oC in 2009, 14.2oC in 2010, 15.2oC in 2011 and 16.1oC in 2012.  
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3.4  Corrosion control 
 
In reaction to high main break rates in the mid to late 80’s (over 1800 per year) 
Calgary embarked on an aggressive anode retrofit program (ANRF).  In line with this, 
over 100,000 soil resistivity readings were taken to determine the ‘corrosion 
potential’ of the soils where metallic pipes were located.  As can be seen in Figure 2, 
Calgary ramped up water-main replacement, then the ANRF program began and the 
number of main replacement projects decreased.  Ten times the length of pipe can 
be protected with ANRF compared to digging the pipe up and replacing it.   
 
This strategy has been highly successful and Calgary’s water-main break rate is now 
less than 300 per year, one of the best performing municipalities in Canada. 
 

Figure 2. Reducing water-main break rates in Calgary 
 

 
 
 
Baseline scale analysis of distribution pipe samples has been done in previous years 
(2008, 2009 and 2010), corresponding with the implementation of carbon dioxide 
dosing at the Water Treatment Plant for pH suppression.  Water stability and water 
quality monitoring has also been done by Water Quality Services to support this 
corrosion study and assess the potential changes from CO2 dosing implementation. 
Since there was no evidence of corrosion problems that breached regulatory limits, 
the City stopped the annual pipe corrosion scale testing, but distribution samples 
continue to be taken for metals and corrosion models, in order to detect future 
swings. 
 
The City of Calgary has not yet formed a longer-term plan for corrosion 
control/monitoring and this may be something that could be addressed as part of 
WTP Master Planning (allocating potential footprint for future facilities) and 
potentially the Water Infrastructure Investment Plan (WIIP) 2015-24. 
 
The current lead pipe removal plan involves: 
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1. Infills: with the increase of inner city development, infills are a major reason 
for lead service removal. 

2. Construction/line improvements: lead service lines are replaced as City 
infrastructure inevitably reaches its service lifespan. 

3. Tap water analysis which involves: 
a. Letters being sent to all lead services found in the City’s database minus 

past participants. (Based on the Health Canada Guidance the yearly 
sampling goal for a population the size of Calgary is 100 homes, with at 
least fifty percent of those homes having a lead service.)  

 
b. All participants receive  the results of their samples, and receive 

information on:  
- What to do now they have results (i.e. running the tap before using the 

water for consumption) 
- How to make use of the City’s filter rebate program 
- How to get their service replaced should they desire to do so. 

c. A Hydrovac program is in place to verify materials before making 

recommendations for replacement 

d. Some residents opt for complete replacement (including private side at the 
owner’s expense).  In some cases The City has replaced the City owned 
portion regardless of whether the private side was replaced. 

 
e. In 2010, Field Services and Construction Services (FS/CS) ran a test pilot 

on a new proprietary water service liner. Five homes agreed to participate 
in the pilot but only four installations were completed due to time 
constraints. The costs varied between $9,500 and $19,200 per installation, 
each of which required excavation at the main and the service valve. 
Problems were experienced at one installation due to the condition of the 
service line. This option has been considered for adding to the lead control 
program; however, it is not a preferred option. 

 
3.5  Conclusions 
 
High quality drinking water is supplied to Calgary and corrosion control has greatly 
reduced water-main breaks. The drinking water has a moderately high alkalinity and 
being slightly alkaline is not generally corrosive. However, there are indications that 
lead concentrations can be significant at homes with a lead service line. The number 
of such homes is only 0.28 % of the total on the public side and corrective action 
presently comprises the use of point-of-use treatment devices, flushing and lead pipe 
replacement. A few additional lead service lines on the private side are likely. Due to 
the lack of data on the private side of the service lines, it was not possible to assess 
lead emissions from non-lead service lines with any certainty. 
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4.  Diagnostic assessment for Edmonton 
 
4.1  Description of the water supply system 
 
EPCOR operates two water treatment plants in the City of Edmonton, Alberta and 
provides drinking water to 1,159,900 residents in the city and surrounding region 
(Edmonton: 812,200, Regional population served: 347,700). The source of the water 
is the North Saskatchewan River and both plants operate conventional treatment 
facilities (alum coagulation, flocculation, settling, chlorine addition, dual-media 
filtration, UV disinfection, ammonia addition and pH adjustment) which can also be 
run in direct filtration mode (alum coagulation, free chlorination, dual media filtration, 
UV, ammonia addition for chloramine formation, NaOH for pH adjustment) when 
turbidity is low (winter). 
 
The water plants are supported by 10 reservoirs and pumping stations, 4 booster 
stations and a vast network of transmission and distribution pipes. The existing water 
distribution and transmission system in Edmonton consists of approximately 3900 
km of distribution pipes which range in size from 50 mm to 300 mm in diameter and 
487 km of transmission mains, which range in size from 350 mm to 1530 mm in 
diameter. There are 250,540 active service connections (2012 average) of which 
3833 (1.53 %) were lead service lines in July 2013, on the public side. Many of these 
will have lead service lines on the private side. Additionally, EPCOR estimates a 
further 600 private lead service lines where the public part is non-lead. 
 
4.2  General water quality 
 
Data for the last three years was provided for the quality of drinking water leaving 
each treatment works and the distribution network (Tables 8 to 10). 
 

Table 8. Water quality data for 2012 
 

Location:  Rossdale entering WDS Year:  2012 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 366 8.0 7.4 7.8 

Turbidity NTU 366 0.11 0.04 0.07 

Colour TCU 402 2 1 1 

Temperature 
o
C Not avail.    

Alkalinity mg/l as CaCO3 372 157 89 118 

Hardness mg/l as CaCO3 366 290 143 163 

Iron mg/l as Fe 12 <0.002 <0.002 <0.002 

Total Organic C mg/l as C 64 3.3 1.2 1.9 

Chloride mg/l as Cl 54 8.4 2.4 3.5 

Sulphate mg/l as SO4 54 95 39.3 53.1 

Nitrate mg/l as N 54 0.18 <0.01 0.05 

Orthophosphate mg/l as P 12 <0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 <0.03 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 366 2.12 1.76 1.95 

TTHMs µg/l 366 34 6 17 
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Location:  EL Smith entering WDS Year:  2012 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 366 8.0 7.5 7.8 

Turbidity NTU 366 0.12 0.05 0.07 

Colour TCU 402 2 1 1 

Temperature 
o
C Not avail.    

Alkalinity mg/l as CaCO3 372 157 99 121 

Hardness mg/l as CaCO3 366 283 139 162 

Iron mg/l as Fe 12 0.007 <0.002 0.002 

Total Organic C mg/l as C 64 3.3 1.3 1.9 

Chloride mg/l as Cl 54 8.7 2.7 5.4 

Sulphate mg/l as SO4 54 111 40.9 55.6 

Nitrate mg/l as N 54 0.16 <0.01 0.05 

Orthophosphate mg/l as P 12 <0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 366 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 366 2.22 1.82 2.02 

TTHMs µg/l 366 40 6 16 

 
 

Location:  WDS Year:  2012 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 193 8.1 7.6 7.8 

Turbidity NTU 2789 63.1 0.02 0.28 

Colour TCU 72 2 <1 1 

Temperature 
o
C Not avail.    

Alkalinity mg/l as CaCO3 72 137 107 120 

Hardness mg/l as CaCO3 68 176 147 162 

Iron mg/l as Fe 4 0.08 <0.05 0.06 

Total Organic C mg/l as C 72 3.0 1.4 1.9 

Chloride mg/l as Cl 4 5.98 3.23 4.07 

Sulphate mg/l as SO4 4 71.5 43.3 53.1 

Nitrate mg/l as N 125 0.18 <0.01 0.06 

Orthophosphate mg/l as P Not avail.    

Free chlorine mg/l Cl2 4 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 1977 2.13 <0.03 1.70 

TTHMs µg/l 167 45.4 9.0 21.7 
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Table 9. Water quality data for 2011 
 

Location:  Rossdale entering WDS Year:  2011 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 363 7.9 7.4 7.7 

Turbidity NTU 363 0.10 0.03 0.06 

Colour TCU 415 2 <1 1 

Temperature 
o
C 12 21.3 <0.1 7.6 

Alkalinity mg/l as CaCO3 369 144 75 118 

Hardness mg/l as CaCO3 363 250 127 169 

Iron mg/l as Fe 12 <0.002 <0.002 <0.002 

Total Organic C mg/l as C 64 3.4 1.0 1.9 

Chloride mg/l as Cl 52 9.9 2.4 3.6 

Sulphate mg/l as SO4 52 192 45.4 68.0 

Nitrate mg/l as N 47 0.40 <0.01 0.07 

Orthophosphate mg/l as P 11 <0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 12 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 363 2.12 1.73 1.95 

TTHMs µg/l 363 35.9 5.4 16.8 

 
 

Location:  EL Smith entering WDS Year:  2011 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 364 8.0 7.4 7.7 

Turbidity NTU 364 0.14 0.04 0.06 

Colour TCU 416 2 <1 1 

Temperature 
o
C 12 19.8 <0.1 6.9 

Alkalinity mg/l as CaCO3 370 144 82 123 

Hardness mg/l as CaCO3 364 238 128 169 

Iron mg/l as Fe 12 <0.002 <0.002 <0.002 

Total Organic C mg/l as C 64 3.3 1.0 1.9 

Chloride mg/l as Cl 52 15.5 3.9 6.3 

Sulphate mg/l as SO4 52 194 47.5 71.4 

Nitrate mg/l as N 47 0.37 <0.01 0.06 

Orthophosphate mg/l as P 11 0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 364 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 364 2.30 1.81 2.03 

TTHMs µg/l 365 42.6 2.9 15.8 
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Location:  WDS Year:  2011 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 192 8.1 7.5 7.8 

Turbidity NTU 1776 3.58 0.05 0.13 

Colour TCU 71 2 <1 1 

Temperature 
o
C Not avail.    

Alkalinity mg/l as CaCO3 71 139 88 121 

Hardness mg/l as CaCO3 71 191 139 169 

Iron mg/l as Fe 2 0.12 <0.05 0.09 

Total Organic C mg/l as C 71 3.2 1.0 1.9 

Chloride mg/l as Cl 2 8.51 3.34 5.93 

Sulphate mg/l as SO4 2 64.2 49.9 57.1 

Nitrate mg/l as N 122 0.61 <0.01 0.07 

Orthophosphate mg/l as P Not avail.    

Free chlorine mg/l Cl2 2 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 1850 2.09 0.67 1.66 

TTHMs µg/l 231 61.8 3.7 19.7 

 

 
Table 10. Water quality data for 2010 

 
Location:  Rossdale entering WDS Year:  2010 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 364 7.9 7.5 7.7 

Turbidity NTU 364 0.86 0.04 0.07 

Colour TCU 415 2 <1 1 

Temperature 
o
C 12 21.4 <0.1 7.5 

Alkalinity mg/l as CaCO3 376 148 88 118 

Hardness mg/l as CaCO3 364 199 148 167 

Iron mg/l as Fe 12 <0.002 <0.002 <0.002 

Total Organic C mg/l as C 63 3.7 0.7 1.7 

Chloride mg/l as Cl 53 5.5 2.4 3.0 

Sulphate mg/l as SO4 53 109 45.1 61.6 

Nitrate mg/l as N 41 0.10 <0.01 0.04 

Orthophosphate mg/l as P 11 0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 12 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 364 2.15 1.82 1.96 

TTHMs µg/l 360 45.0 2.8 14.2 

 



 

23 
 

Location:  EL Smith entering WDS Year:  2010 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 365 8.0 7.6 7.8 

Turbidity NTU 365 0.10 0.04 0.06 

Colour TCU 416 2 <1 1 

Temperature 
o
C 12 20.5 <0.1 7.1 

Alkalinity mg/l as CaCO3 377 152 103 121 

Hardness mg/l as CaCO3 365 196 150 168 

Iron mg/l as Fe 12 <0.002 <0.002 <0.002 

Total Organic C mg/l as C 63 3.1 0.8 1.7 

Chloride mg/l as Cl 53 9.4 3.9 6.3 

Sulphate mg/l as SO4 53 109 45.2 63.8 

Nitrate mg/l as N 41 0.10 <0.01 0.04 

Orthophosphate mg/l as P 11 0.02 <0.02 <0.02 

Free chlorine mg/l Cl2 365 <0.03 <0.03 <0.03 

Total chlorine mg/l Cl2 365 2.20 1.81 2.00 

TTHMs µg/l 361 34.2 2.3 13.3 

 
 

Location:  WDS Year:  2010 

 

Parameter Units Number of 
samples 

Max Min Mean 

pH Units 190 8.1 7.5 7.8 

Turbidity NTU 2442 8.2 0.03 0.22 

Colour TCU 69 1 <1 <1 

Temperature 
o
C Not avail.    

Alkalinity mg/l as CaCO3 68 138 107 120 

Hardness mg/l as CaCO3 68 125 104 115 

Iron mg/l as Fe 68 0.028 <0.002 0.007 

Total Organic C mg/l as C 68 3.2 0.9 0.04 

Chloride mg/l as Cl Not avail.    

Sulphate mg/l as SO4 Not avail.    

Nitrate mg/l as N 121 0.11 <0.01 0.04 

Orthophosphate mg/l as P Not avail.    

Free chlorine mg/l Cl2 Not avail.    

Total chlorine mg/l Cl2 2439 2.12 0.48 1.69 

TTHMs µg/l 150 38.0 1.3 16.9 

 
 

4.3  Lead surveys 
 
Samples from staff houses 
 
First draw one litre samples are taken after over-night standing. The pipe-work is not 
deliberately flushed prior to the standing period. Following this sampling, the pipe-
work is flushed for 15 seconds after the water runs cold and a flushed one litre 
sample is then also taken. The staff houses are sampled throughout the year 
(approx. 50 samples each year). None of the houses have a lead service line, except 
possibly one house sampled in 2008. 
 
Lead has normally been observed at concentrations below or close to the limit of 
detection. At least in these homes, there is no evidence of significant lead 
contamination arising from premise plumbing, since the one occurrence of elevated 



 

24 
 

lead in 2008. This is an important observation in the context of possible lead 
leaching from brass and galvanic corrosion effects, which can therefore be 
considered as insignificant. 
 
2008 Lead Survey Data 
 
First draw four litre samples (2 x 2L sample containers) were taken after 5 minutes 
flushing and 30 to 35 minutes standing. The homes targeted were those where a 
lead service line was thought might be present, but observations on the service line 
material were not recorded. A total of 2583 “standard samples” were taken in 2008 of 
which 31.1 % exceeded 10 µg/l with a 90th percentile concentration of 24.0 µg/l.  
 
2009 Lead Survey Data 
 
First draw four litre samples (2 x 2L sample containers) were taken after 5 minutes 
flushing and 30 to 35 minutes standing. The homes sampled, that are summarised 
below, were categorised as having a lead service line, but observations on the 
service line material were not recorded on the spreadsheets provided. A total of 
1251 “standard samples” were taken in 2009 of which 29.8 % exceeded 10 µg/l with 
a 90th percentile concentration of 20.9 µg/l.  
 
2010 Lead Survey Data 
 
First draw four litre samples (2 x 2L sample containers) were taken after 5 minutes 
flushing and 30 to 35 minutes standing. The homes sampled, that are summarised 
below, were categorised as having a lead service line, but observations on the 
service line material were not recorded on the spreadsheets provided. A total of 88 
“standard samples” were taken in 2010 of which 21.6 % exceeded 10 µg/l with a 90th 
percentile concentration of 19.0 µg/l.  
 
2011 Lead Survey Data 
 
First draw four litre samples (2 x 2L sample containers) were taken after 5 minutes 
flushing and 30 to 35 minutes standing. The homes sampled, that are summarised 
below, were categorised as having a lead service line and observations that a lead 
service line was present were recorded. A total of 27 “standard samples” were taken 
in 2011 of which 63.0 % exceeded 10 µg/l with a 90th percentile concentration of 36.9 
µg/l.  
 
2012 Lead Survey Data 
 
First draw four litre samples (2 x 2L sample containers) were taken after 5 minutes 
flushing and 30 to 35 minutes standing. The homes sampled, that are summarised 
below, were categorised as having a lead service line and observations that a lead 
service line was present were recorded. A total of 30 “standard samples” were taken 
in 2012 of which 86.7 % exceeded 10 µg/l with a 90th percentile concentration of 38.1 
µg/l.  
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Profile samples 
 
In addition to the “standard samples” numerous 4 x 1L profiles were obtained for a 
variety of operational circumstances, such as investigating lead pipe replacements. 
 
4.4  Corrosion control 
 
EPCOR does not add corrosion inhibitors such as ortho-phosphates, 
polyphosphates or silicates to the water. Lead levels in the North Saskatchewan 
River, in the treated water and within the outlying reservoirs and distribution system 
are generally less than detection (< 0.0002 mg/L). Any lead observed at the tap is 
presumed to be due to leaching from service lines and premise plumbing through 
processes of corrosion and/or erosion.  Currently, the pH of the treated water is 
adjusted to approx. 7.6 to 7.8 to maintain the Calcium Carbonate Precipitation 
Potential (CCPP) close to neutral. Prior to 2000, EPCOR Utilities Inc. in Edmonton 
conducted softening using slaked lime.  At that time the Langelier index was used as 
a corrosivity index by plant operations.  After suspension of softening the CCPP was 
used as the index. A comparison of water quality before and after softening is given 
in Table 11.  

Table 11. Water quality before and after softening (median values) 

        Parameter unit 1999 2001 Change 

     Alkalinity (total) mg/L CaCO3 65 116 +78 % 

     Hardness (total) mg/L CaCO3 119 166 +39 % 

     Conductivity uS/cm 271 356 +31 % 

     Total Dissolved Solids mg/L 156 208 +33 % 

     Aluminum mg/L 0.28 0.04 -86 % 

     pH pH units 8.3 7.8 -6 % 

     Sodium mg/L 4.4 9.3 +111 % 

     Sulphate mg/L 59.3 63.4 +7 % 

     NB: Compare Years 1999 and 2001 (2000 was the changeover year with 
softening to April); 

 In addition, alkalinity varies due to run off conditions in spring and summer as the 
dosage is based on raw water turbidity.   
 
Lead to copper renewals locations are either identified by customers or by EPCOR’s 
Distribution Maintenance staff during routine maintenance activities. Starting in 2008, 
EPCOR Water initiated a formal lead to copper replacement program. This special 
program is for those customers who are concerned about lead service pipes and are 
willing to invest in their health and wellbeing by replacing the portion of the lead 
service pipe located on their property at their cost. EPCOR Water matches these 
customers’ values of health by renewing their lead services on the City’s side of their 
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property at no charge to the customer. Capital funding for this initiative is provided by 
this Water Service Connections Program. EPCOR’s strategy for corrosion control is 
to maintain the pH of the treated water at level where the CCPP is approximately 
neutral (between -3 and +1) to provide a balance between corrosion and hardness 
deposition.  For lead service line replacement: 
 

 EPCOR will pro-actively replace the utility section of lead service lines where 
the customer section has been replaced or is otherwise regarded as non-lead. 
EPCOR will perform reactive partial replacements when necessary (e.g. 
emergency replacement when a service fails, or cast-iron renewals), but will 
avoid other partial service line replacements in recognition of a 2011 USEPA 
review of partial service line replacements (USEPA, 2011).  

 EPCOR will maintain a priority list for lead service line replacement. The priority 
is based on measured lead concentration at the tap and the presence of high 
risk individuals in the homes (children five years of age or younger, expectant 
mothers).  

 EPCOR will offer to conduct follow-up sampling and testing at the tap following 
partial or complete lead service line replacements. 

 Replacements will be carried out by the EPCOR Water Distribution and 
Transmission construction crews. The number of pro-active replacements 
achieved in the year will depend on the resources available. The target number 
of LSL replacements (proactive and reactive) for 2012 was 120.  

 EPCOR will provide notification letters to customers living in homes when LSLs 
are replaced either reactively or proactively. These letters advise customers to 
continue to take precautions until follow-up testing demonstrates that the lead 
concentration at the tap is less than 10 ug/L.  

 
The replacement pipe is copper and is jointed to the corporate stop valve. Table 12 
summarizes lead service line replacement activity since the start of the program in 
2008.  2012 saw the largest number of replacements since inception of the program.  
Overall, around 680 lead services have been replaced:  271 were replaced 
proactively as part of the program, 244 were replaced reactively (due to leaks and 
other emergency repairs, as part of planned water main renewal programs or  were 
abandoned).  There were approximately 3950 Edmonton homes that still have lead 
service pipes on the public side, according to records as of end of 2012. 
 

Table 12.  Lead pipe replacement 
 

Year Proactive  Reactive  Total 

2008 25 53 78 

2009 39 50 89 

2010 114 30 144 

2011 26 37 63 

2012 63 103 166 

2013 34 109 143 

Total 301 382 683 
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EPCOR is avoiding partial service pipe replacements, where the utility piece is 
replaced but the owner’s piece remains lead.  Studies have shown that partial 
replacements are not effective for reducing lead at the tap and may even result in a 
temporary increase in lead concentration (Boyd et al, 2004; Breach et al, 1991;  
Britton and Richards, 1981).The priority for replacement is based on the 
concentration of lead measured at the tap and the presence of high risk individuals in 
the home (children less than five years old and expectant mothers). Part of the 
present control strategy is to encourage the use of point-of-use devices at homes 
that still have a lead service line. In an investigation, good removals of lead were 
observed for the various point-of-use devices in use (reverse osmosis, in-line filters, 
jug filters) but such devices are not routinely sampled. 
 
4.5  Conclusions 
   
High quality drinking water is supplied to Edmonton and corrosion control has 
focussed on adjusting the pH to approximately 7.6 to 7.8 to maintain the Calcium 
Carbonate Precipitation Potential (CCPP) close to neutral. The drinking water has a 
moderately high alkalinity and being slightly alkaline is not generally corrosive. 
Fluctuations of 0.2 or 0.3 pH units around the average of 7.8 are not considered to 
be particularly significant, in corrosion terms, bearing in mind the moderately high 
alkalinity of the distributed water. However, there are indications that lead 
concentrations can be significant at homes with a lead service line. The lead survey 
results have varied significantly over the period 2008 to 2012. The number of homes 
with a lead service line is between 1.5 and 1.8 % of the total. Corrective action 
presently comprises the use of point-of-use treatment devices, flushing and lead pipe 
replacement. 
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5.  Laboratory plumbosolvency testing 
 
5.1  Sampling 
 

Food-grade white plastic containers were used (12.5 litre volume). Containers had 
screw caps that could be secured tightly. Test water was first used to rinse each 
container. The container was then fully filled and then capped. Each container was 
labelled to indicate the sampling point, the date and time of sampling, and a sample 
number was ascribed for each batch of samples obtained. 
 
In all cases the samples were taken of the final (disinfected) treated water at the 
treatment works just prior to entry into distribution. For Edmonton, 250 litres of test 
water were taken from E L Smith WTP and 250 litres of test water were taken from 
Rossdale WTP. For Calgary, 150 litres of test water were taken from Glenmore WTP 
and 100 litres of test water were taken from Bearspaw WTP. 
 
The sample containers were shrink-wrapped on pallets and air-freighted to the UK 
for testing. Samples were received within 4 days of sampling, in good condition. 
 
 

5.2  Rapid plumbosolvency testing procedure 
 
The testing method has been used extensively in the UK and is based on the work of 
Colling et al (1987) It involves pumping approximately 50 litres of sample water 
through duplicate (in parallel) 15 cm lengths of new 12 mm internal diameter lead 
piping, at a flow rate (approximately 0.5 ml/min) to provide 30 minutes contact 
(30MC) between the test water and the piping.  Each section of lead piping, sealed 
with rubber bungs, is immersed in a water bath and maintained at a constant 25oC 
for a test period of typically 20 days.  
 
During the test period, the flow through each section of lead piping is checked three 
times a week, at the same time that test water pH is checked and when a small 
sample of the test water leaving the lead pipe section is taken for total lead analysis. 
At these times, pH adjustments are made if necessary using small additions of acid 
or alkali. At the end of the test period, the test water is allowed to stagnate for 16 
hours within the lead pipe section, prior to a further sample being obtained for lead 
analysis.  
 
A 32-channel peristaltic pump was used, enabling 15 duplicate test samples and a 
duplicate control sample (eg: a stable local groundwater derived tap-water) to be 
tested simultaneously. This allows various experimental designs to be used in 
investigating the plumbosolvency characteristics of test waters, examples being: 
 

(i) 15 different test waters as part of a regional survey, or 
 

(ii) three test waters, each at a particular pH, for five levels of ortho-phosphate 
addition, or 

 
(iii) a single test water over three pH conditions for five levels of ortho-

phosphate addition. 
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The latter more exhaustive experimental design for a single test water has been 
used commonly in the UK (Hayes, 2008) for investigating the treatment responses of 
water supply schemes. The lead pipe sections used in this testing were 
manufactured by the same foundry, their 5 metre length mouldings being cut into 15 
cm lengths prior to delivery, thereby avoiding pipe bending (anecdotal evidence had 
earlier suggested that pipe bending had caused variation in water lead emission 
characteristics).  
 
Some variation in the lead emissions can often be apparent over the test period, 
particularly for test waters without ortho-phosphate, and for comparative purposes 
the data was summarised as follows: 
 

(i) lead results from the first week of testing were ignored as this is commonly 
the period when the test water is found to equilibrate with the lead piping; 

(ii) the median lead concentration of the subsequent lead emissions from each 
section of lead piping were then determined – a comparison of the median 
lead concentrations from each related pair of lead pipe sections is the 
principal means of checking reproducibility of the test procedure; 

(iii) the average lead emission after 16 hours stagnation from the duplicate pair 
of lead pipe sections was also determined. 

 
The test procedure has the following performance characteristics: 
 

(i) the test temperature should remain constant within +/- 0.1oC 
(ii) the flow rate should be stable within +/- 10 % 
(iii) an average contact time of 30 minutes should be achieved within +/- 1 

minute 
(iv) pH should be maintained within +/- 0.2 of target  
(v) the analytical limit of detection for lead of 3 µg/l can readily differentiate a 

wide range of test waters, in which median emissions might range from 
this detection limit up to several thousand µg/l. 

 
The only significant problem that may be experienced in testing can occur with iron-
rich, organically coloured upland surface waters, when plating out of iron precipitates 
can cause occasional blockage of the peristaltic tubing. Work by Colling et al (1992) 
indicated that the lead emissions in equilibrium with sections of new lead pipe were 
similar to sections of old exhumed lead pipe, except that in the latter case the time 
taken for equilibrium to become established was much longer (many months as 
opposed to a few days with new lead pipe). They also found that lead emission 
concentrations approximately halved if the test temperature was reduced from 25 to 
12 oC (Croll, 2000).  
 
5.3  Experimental design for plumbosolvency testing 
 

The water in Edmonton has an average pH of 7.8 and ranges from 7.1 to 8.0 in 
Calgary and therefore a normalised testing pH of 7.8 was used for all test samples. 
The following orthophosphate doses were investigated (Table 13): 
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Table 13.  Experimental conditions 

 
Water Treatment Plant Orthophosphate dose (mg/L as P) 

Edmonton: E L Smith 0.0 0.5 1.0 1.5 2.0 

Edmonton: Rossdale 0.0 0.5 1.0 1.5 2.0 

Calgary: Glenmore 0.0 - 1.0 1.5 - 

Calgary: Bearspaw 0.0 - 1.0 - - 

 

5.4  Results 
 

The detailed results are provided in Appendix 2. The maintenance of target test pH 
and flow rates were generally satisfactory. The duplicate sets of lead results 
compared well in most cases, with slight variance between channels 5 & 6 and 
channels 27 & 28. The test waters without orthophosphate addition all exhibited a 
fairly steady sequence of lead results over the test period, as did most (but not all) 
test waters that had orthophosphate addition. Whereas every effort was made to 
prepare the lead pipe sections in the same manner (cleaning with teepol and a soft 
brush, rinsing and acetone drying) slight differences between the lead pipe sections 
are always possible, and slight differences in lead emission behaviour are commonly 
observed, compounded by slight differences in flow and water contact time. 
 
Duplication of the 16 hour stagnation results for waters without orthophosphate 
addition was considered reasonable for E L Smith WTP, Rossdale WTP and 
Glenmore WTP, but less so for Bearspaw WTP; as a small amount of test water was 
available, the 16 hour stagnation results for Bearspaw WTW were repeated after a 
36 hour flow period at 30 minutes contact. The repeat result for channel 27 was 292 
µg/l and for channel 28 was 173 µg/l. In the summary that follows in Table 14, the 
median of the four results has been used. 
 

Table 14.  Summary of test results (30MC = 30 minutes contact) 
 

Water treatment plant Orthophosphate 
addition 

(mg/l as P) 

Median 
30MC Pb 

(µg/l) 

Median 
30MC Pb 

(µg/l) 

Average 
median 

30MC Pb 
(µg/l) 

Average 16 
hour 

stagnation 
Pb (µg/l) 

  1
ST

  2
ND

   

E L Smith 0.0 38 38 38 180 

 0.5 19.5 18 18.8 24 

 1.0 26 9 17.5 23.5 

 1.5 5.5 6 5.8 15.5 

 2.0 5.5 4 4.7 11.5 

      

Rossdale 0.0 34.5 32.5 33.5 185 

 0.5 11 9.5 10.2 25 

 1.0 7.5 5 6.2 14 

 1.5 4 6.5 5.2 12 

 2.0 4.5 5 4.7 11.5 

      

Glenmore 0.0 45.5 43.5 44.5 155 

 1.0 7 8.5 7.7 20.5 

 1.5 7 7.5 7.2 21.5 

      

Bearspaw 0.0 69 40 54.5 232 
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 1.0 9 7 8 17 

5.5  Discussion 
 

It is first necessary to put the results obtained into perspective. The results from the 
testing of 158 waters in the UK are summarised in Table 15 from which the 
comparatively low plumbosolvency of the supplies in Calgary and Edmonton can be 
gauged. 
 

Table 15. Summary of test results from the UK (Hayes, 2008) 
 

Type Alkalinity N Average 
Median 

30MC Pb 
(µg/l) 

Range in 
median 

30MC Pb 
(µg/l) 

Average 16 
hour 

stagnation 
Pb (µg/l) 

Range in 
16 hour 

stagnation 
Pb (µg/l) 

Ground High 47 66 23-167 254 65-860 

Surface High 10 97 62-151 442 222-750 

Surface Low 101 172 42-694 855 109-3350 
High alkalinity equates to > 50 mg/l (as CaCO3). The results relate to an average pH test condition of 7.7 to 7.8 

 

In the UK testing of high alkalinity surface waters (where orthophosphate dosing was 
investigated), the orthophosphate dose required to achieve <10 µg/l after 30 minutes 
contact at 25oC was 0.9 to 1.2 mg/l (as P) in 26.7% of cases and 1.4 to 2.0 mg/l (as 
P) in 73.3 % of cases (Hayes, 2008). Inspection of Table 14 indicates an apparent 
optimum orthophosphate dose of 1.0 mg/l (as P) for Rossdale WTP, Glenmore WTP 
and Bearspaw WTP and between 1.0 and 1.5 mg/l (as P) for E L Smith WTP, 
generally a little less than comparable UK waters; this is partly explained by the 
higher organic content of some of the UK waters. 
 

5.6  Conclusions 
 

1. The plumbosolvency of the four test waters was fairly similar and can be 
classified as “moderate”. 

2. Orthophosphate dose responses were obtained, consistent with high alkalinity 
waters in the UK. 

3. The apparent optimum orthophosphate doses (1 to 1.5 mg/l as P) are 
consistent with the doses being applied to many UK waters. 
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6. Sequential sampling at selected homes 
 
6.1  Methodology  
 
A sampling protocol was agreed, as given in Appendix 3. This required 6 homes with 
a lead service line in Calgary and 6 homes with a lead service line in Edmonton to be 
sequentially sampled (12 x 1 litres) after both 30 minutes stagnation (30MS) and 
after 6 or more hours stagnation (6+HS). The aim was to investigate the extent and 
pattern of lead emissions associated with the pipe-work configurations of each 
home. Tables 16 and 17 provide a summary of these pipe-work configurations. In 
practice, 11 homes had a lead service line and 1 did not. 
 

Table 16.  Pipe-work configurations at homes that were sequentially sampled  
in Calgary  

 
Home ref. Public 

LSL 
Length 
(m) 

Public 
LSL 
Diameter 
(mm) 

Private 
LSL 
Length 
(m) 

Private 
LSL 
Diameter 
(mm) 

Non-Pb 
Pipe 
Materials 

Non-Pb 
Internal 
Pipe 
Lengths 
(m) 

Non-Pb 
Internal 
Pipe 
Diameters 
(mm) 

Calgary        

A-122 12.0 15 10.3 15 Galv. iron 0.3 15 

     Plastic 9.5 15 

     Plastic 3.0 12.5 

        

B-1619 3.3 15 11.2 15 Plastic 13.0 15 

     Galv. iron 2.0 15 

     Plastic 2.0 12.5 

        

C-420 12.3 15 7.1 15 Copper 17.0 12.5 

     Copper 0.5 15 

        

D-811 12.3 15 8.0 15 Copper 1.0 12.5 

     Galv. iron 6.7 15 

     Copper 2.0 12.5 

        

E-1218 3.9 15 15.2 15 Copper 2.5 12.5 

        

F-401 * 0.0 - 0.0 - Copper 0.5 15 

     Plastic 9.5 15 

     Plastic 4.0 12.5 
(*) The service line at F-401 comprised 11.4 m of 15 mm plastic and 9.2 m of 15mm copper 

LSL = lead service line 
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Table 17.  Pipe-work configurations at homes that were sequentially sampled  

in Edmonton  
 
Home ref. Public 

LSL 
Length 
(m) 

Public 
LSL 
Diameter 
(mm) 

Private 
LSL 
Length 
(m) 

Private 
LSL 
Diameter 
(mm) 

Non-Pb 
Pipe 
Materials 

Non-Pb 
Internal 
Pipe 
Lengths 
(m) 

Non-Pb 
Internal 
Pipe 
Diameters 
(mm) 

Edmonton        

A-6648 7.3 18 7.1 18 Copper 7.1 18 

        

B-17864 1.5 18 25.5 18 Copper 5.4 18 

        

C-16679 5.2 18 22.1 18 Copper 7.2 12.5 

        

D-9342 1.5 18 32.3 18 Copper 8.6 18 

        

E-18343 * 0.0 - 28.7 18 Gal. iron 5.9 18 

     Plastic 1.5 12.5 

        

F-5990 13.4 18 7.4 18 Copper 4.6 12.5 
* The public service line was 1.2 m of 18 mm copper 

LSL = lead service line 

 
 
6.2  Summary of sequential sampling results 
 
The detailed results from Calgary and Edmonton are given in Appendices 4 and 5, 
respectively, are summarised in Table 18 and show considerable variation, even 
when the masses of lead over the 12 litre sequence are normalised by reference to 
the internal surface area of the lead service lines. 
 

Table 18. Summarised results from sequential sampling 
 

Home ref. 
 
 

30MS 
Peak 
Pb 

(µg/l) 

6HS 
Peak 
Pb 

(µg/l) 

Peak 
Exhibited 
Over litre 

range 

Volume 
Pb pipe 

 
(L) 

Volume 
Non-Pb 

Pipe 
(L) 

30MS 
Mass 

Pb 
in 12 L 

(µg) 

30MS 
Mass 

Pb 
in 12 L 
(µg/m2) 

6HS 
Mass 

Pb 
in 12 L 

(µg) 

6HS 
Mass 

Pb 
in 12 L 
(µg/m2) 

Calgary          

A-122 24.7 48.2 L4-7 4.0 2.1 189 175 289 269 

B-1619 30.6 58.0 L4-6 2.6 2.9 173 253 258 377 

C-420 31.8 62.7 L6-8 3.4 2.2 215 236 292 319 

D-811 14.9 19.7 L1-6 3.6 1.6 123 128 187 195 

E-1218 23.8 46.9 L3-5 3.4 0.3 119 132 153 170 

F-401 1.3 3.0 L1-5 0.0 5.9 9.5 N/A 19.5 N/A 

          

Edmonton          

A-6648 39.1 96.5 L2-6 2.8 1.4 262 321 521 638 

B-17864 39.6 82.4 L2-10 6.9 1.4 364 238 618 404 

C-16679 15.8 37.0 L2-9 6.9 0.9 150 97 261 169 

D-9342 9.7 21.7 L2-5 8.6 2.2 107 56 143 75 

E-18343 5.7 9.1 # 7.3 1.7 58 31 89 47 

F-5990 13.9 22.4 L2-6 5.3 0.6 134 114 184 156 

# no clear peak observed 

 
It can be noted that: 
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1. Not all of the observed peaks tally with the volumes of the non-lead and lead 

pipes. 

2. Generally, peaks after 30MS were the same as after 6+HS. 

3. Excluding F-401, there was 7-fold variation in peak Pb concentrations after 

30MS and 10-fold variation in peak Pb concentrations after 6+HS. 

4. Excluding F-401, there was 8-fold variation in the normalised total 12-litre 

mass of Pb after 30MS and 13-fold variation in the normalised total 12-litre 

mass of Pb after 6+HS. 

5. A-122 had a new water meter fitted in May 2013, yet lead emissions were 

intermediate in the series and any recent disturbance of lead corrosion 

deposits did not result in atypically high lead emissions. 

Examples of the results are illustrated in Figure 3 for Calgary A-122 and Figure 4 for 

Edmonton A-6648, both for total lead, and show different emission patterns and 

concentrations. 

Figure 3.  Results of sequential sampling at Calgary A-122 

 
 
 

 

Figure 4.  Results of sequential sampling at Edmonton A-6648 
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6.3  Conclusions 
 

1. The lead emissions across the 11 homes with a lead service line varied 
considerably.  

2. Recent pipe-work alterations were evident at only home and do not therefore 
explain the observed variance in lead emissions. 

3. The dissolved lead fraction of the total lead was mostly in the range 80 to    
90 % (see Appendices 4 and 5) and the average particulate lead fraction was 
mostly 5 µg/l or less, such that physical scouring effects do not, by 
themselves, adequately explain the observed variance in lead emissions. 

4. The pattern of lead emissions, whereby lead emissions gradually tapered off 
in later samples, was indicative of laminar flow influences (to be discussed 
later). 

5. The very significant variance in lead emissions that was observed has 
profound regulatory and technical significance, such that stagnation-based 
sampling surveys from homes within a changing sampling pool, will be highly 
variable and ill-equipped to reliably identify the need for corrective action nor 
whether or not intervention measures have been successful or otherwise. 

 
Note:  Further conclusions are made in Chapter 9 in which the results of modelling 
the 11 homes (above) are summarised. 
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7. XRD analysis 
 
X-ray diffraction (XRD) analysis was undertaken by the US Environmental Protection 
Agency at their water research laboratory in Cincinnati (OH). Three exhumed lead 
pipe samples were examined. After exhumation, several metres were removed, 
drained but kept moist by sealing the pipe ends, and then dispatched by courier. 
Pipe samples were cut along the pipe length to facilitate analysis. The different lead 
compounds within the corrosion scale were determined from their XRD signals 
relative to known standards for up to three layers of the scale. Estimates of the 
relative mineral abundances (basically mol_%) using the Reference Intensity Ratio 
method are summarised in Table 19. 
 

Table 19.  Summary of relative mineral abundances (%) 
 

Sample 
from 

Mineral Chemical 
composition 

L1 L2 L3 

B-1619 Cerussite PbCO3 5 4 13 

 Hydrocerussite Pb(CO3)2(OH)2 74 82 1 

 Plumbonacrite Pb5(CO3)3(OH)2O 7 12 1 

 Litharge PbO 12 - 84 

 Lead Pb 2 2 1 

      

D-811 Cerussite PbCO3 29 1 - 

 Hydrocerussite Pb(CO3)2(OH)2 39 96 - 

 Lead Pb 4 3 - 

 Quartz SiO2 28 - - 

      

E-1218 Cerussite PbCO3 25 7 - 

 Hydrocerussite Pb(CO3)2(OH)2 32 92 - 

 Lead Pb 1 1 - 

 Quartz SiO2 31 - - 

 Calcite CaCO3 11 - - 
L1 was the upper layer; L2 was the middle or lower layer; L3 was the lower layer 

 
There was not an obvious thick outer coating layer on any of the three samples that 
would likely interfere with either more pH adjustment or orthophosphate addition 
plumbosolvency control strategies.  There was no evidence of PbO2 formation on 
any sample.  The prevalence of cerussite (PbCO3) tends to reflect pH conditions at 
the pipe scale surface. 
  
The scales were also interesting because little or no attack was evident on the lead 
pipe itself, and there was little intermeshing of the lower scale layer with the pipe.  It 
is difficult to translate to physical scale stability when the scale is wet, but the ease of 
separation of the scale from the pipe when drying suggested that there should be 
some concern when the pipes are jostled in any way during repair or partial 
replacement, as there is a potential to expose the pipe surface and inner scale 
layers, and thus elevate lead release for some period of time.  
 
A more detailed report is available from the City of Calgary. 
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8. Deterministic computational modelling  
 
8.1  General description 

The deterministic models, which are described in more detail elsewhere (Van der 
Leer et al, 2002), enable the most relevant features of a water supply zone to be 
incorporated in the prediction of zonal compliance with lead standards, as a function 
of both plumbosolvency (corrosivity of the water to lead) and the zone’s physical 
characteristics. A zonal model simulates the emissions of lead at individual simulated 
houses, through time, across an entire water supply zone or area of supply. It uses a 
single pipe model to determine the lead emission profile at each simulated house, 
the characteristics of each simulated house being the outcome of the random 
ascription of variables, which follows the Monte Carlo method for establishing a 
probabilistic frame-work. The single pipe model simulates the dissolution of lead into 
the water flowing through or stagnating in a coupled lead pipe and non-lead pipe, 
over a 24-hour period. The coupled pipes are broken down into a series of 
“elements” and when assuming simple plug flow, each element is treated as a stirred 
tank, flow being simulated by passing the contents of each stirred tank to the next at 
a time interval of one second. Alternatively, laminar flow can be simulated by the 
single pipe model. The rate of lead dissolution can be determined by reference to an 
exponential curve that declines towards equilibrium. This is a convenient 
simplification of the lead diffusion model developed by Kuch and Wagner (1983) for 
reducing computational run times. The curves can be described numerically by the 
initial mass transfer rate of lead into the water, M (µg/m2/s) and by the equilibrium 
concentration of the lead, E (µg/l). The water is more plumbosolvent for higher 
values of M and E. 
 
In earlier work, the plug flow model was used in conjunction with the exponential 
curve that describes lead dissolution and stagnation time. Excellent validation was 
obtained in numerous case studies in which the predicted results for random daytime 
(RDT) sampling closely matched that observed from actual sampling (Hayes et al, 
2006 & 2008). In this project, the basis for lead surveys has been first draw sampling 
after over-night stagnation and sequential sampling after flushing and 30 minutes 
stagnation (30MS). The results of the 12-litre sequential surveys undertaken by the 
City of Calgary and EPCOR suggest laminar flow influences and for this reason the 
laminar flow model was used in the compliance modelling of sequential samples. For 
Calgary, better results for sequential 30MS samples were obtained by coupling the 
laminar flow model to the diffusion model, but run rimes were found to be very high 
with this model combination when simulating 6 hour stagnation (6HS) samples. To 
simulate 6HS samples, the laminar flow model was coupled with the exponential 
curve. For Edmonton, better results for 4 litre 30MS samples were obtained by 
coupling the laminar flow model to the exponential curve; this combination was also 
used for predicting 6HS samples. The plug flow model in conjunction with the 
exponential curve was considered more appropriate for predicting both random 
daytime (RDT) samples and daily average concentrations (DAC). It is assumed that 
the only sources of lead in drinking water are lead service lines and any internal lead 
pipes within premises and that lead contamination is due solely to the process of 
dissolution. The model does not simulate lead releases from brass or galvanic 
corrosion, nor particulate lead releases; however, correction factors can be applied if 



 

38 
 

necessary. Correction factors can either be based on simple numerical adjustment or 
derived from observed results from homes without a lead service line. 
 
8.2  Sampling models 
 
The simulated lead emissions in a water supply system can then be investigated by 
a sampling model which can simulate several sampling methods and investigate 
compliance with regulatory standards: 
 
Average concentrations of lead at all or a random selection of simulated houses. 
This is relevant to the manner in which the former WHO Guideline and EU standards 
are expressed and if the Health Canada Guideline (1992) was expressed as an 
average concentration in the future. 
 
Random daytime sampling of consumers’ faucets across a water supply system. In 
order to simulate a RDT survey, the specified number of simulated houses are 
selected at random and then a sampling time is selected at random between the 
hours of 09-00 and 17-00. The RDT sample is simulated by a stirred tank of one litre 
capacity as the outlet from the pipe. At the time of simulated sampling, the pattern of 
water use that has been applied to the simulated house is used to determine the 
immediately previous water – pipe contact position. This method can give an 
indication of the extent of exposure to lead problems in a system and can be used in 
risk assessment. 
 
6 hours and 30 minutes stagnation sampling. The percentage of simulated houses 
with lead pipes in the zonal model’s probabilistic framework is set at the percentage 
of samples that are normally taken in a survey from houses with lead service lines. A 
specified (eg: 100) number of simulated houses are then selected at random for 
each simulated survey. In consequence, every survey will be made up from a 
different set of simulated houses. By simulating an adequate number of surveys (eg: 
10), the average simulated survey condition will approximate to the average survey 
condition of actual surveys. This simulation technique provides an insight into the 
extent of variation that might equally apply to actual surveys, bearing in mind that the 
Utility’s sampling pool will change over time. An example of modelling output is given 
in Appendix 6. 
 
To simulate a survey sample, it is assumed that the pipe-work is fully flushed before 
stagnation, in line with common practice in the US, and that the concentration of lead 
is zero. The first litre drawn after 6 hours’ stagnation is then simulated at the 
imaginary faucet. Further one litre samples can then be simulated in sequence. 
Predicted lead concentrations after 6 hours stagnation are close to the selected 
equilibrium concentrations for lead, reflecting the dissolution curves generated by the 
models. For this reason, predicted lead concentrations after stagnation periods 
greater than 6 hours are little different to those predicted at 6 hours stagnation.  
 
The results from a simulated survey are then assessed by calculating the 90th 
percentile concentration and comparing this to the Action Level of 15 µg/l, of 
relevance to Health Canada’s 2009 Guidance for Tier 1 sampling; the percentage 
number of results exceeding 15 µg/l is also calculated. The simulation of 30MS 
samples is the same as for 6 hours stagnation sampling, except that the stagnation 
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time is 30 minutes and the standard used is 10 µg/l, in line with the Health Canada’s 
2009 Guidance. The simulation of stagnation samples can also predict the lead 
concentrations in sequential one-litre samples that follow the first litre, enabling the 
Canadian Tier 1, Tier 2 and 30MS sampling protocols to be simulated. 
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9. Single pipe modelling 
 
9.1  Introduction 
 
Three single pipe modelling combinations were available: (i) plug flow with the 
exponential model; (ii) laminar flow with the exponential model; and (ii) laminar flow 
with a diffusion model. The mathematical basis of these mass-transfer models, 
between the internal pipe surface and the water in the pipe, is provided by Van der 
Leer et al (2002). Plug flow is a simplified representation of the turbulent flow 
expected at faucets under normal home use (0.1 l/s), based on the Reynolds 
number, as illustrated in Table 20 (from Hayes and Croft, 2013). 
 

Table 20. Flow type as a function of flow rate and pipe diameter 
 

Diameter 
(mm) 

Flow 
(litres/sec) 

Flow 
(UK gall/min) 

Flow 
(US gall/min) 

Re Flow type 

12 0.10 1.32 1.58 10,610 Turbulent 

12 0.02 0.26 0.22 2,120 Transitional 

18 0.10 1.32 1.58 7,070 Turbulent 

18 0.02 0.26 0.22 1,415 Laminar 
Flow is considered turbulent if Re > 4000 and laminar if Re < 2000.    

 Re is calculated from: Re = Flow (m
3
/sec) x Diameter (m) x 10

6
 / Area (m

2
) 

 
The exponential curves are a simplified representation of the stagnation curves 
generated by the diffusion model developed by Kuch and Wagner (1983). At low 
stagnation times, the exponential curve rises more slowly towards equilibrium but 
achieves equilibrium more quickly. In contrast the curves from the diffusion model 
initially rise more quickly but then move towards equilibrium more slowly. These 
curves are illustrated in Figure 5. 
 

Figure 5. Stagnation curves: exponential and diffusion models 

 
 
In earlier work the plug flow and exponential models have been used in the 
prediction of random daytime (RDT) sampling results, with very good validation of 
predicted results by the results of actual sampling (Hayes et al, 2006 & 2008). The 
water use frequencies during a day vary but will commonly be around ⅛, ¼ and ½ 
hours. At the low stagnation times associated with these frequencies, the differences 

Pb 
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0 
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between the exponential and diffusion models will be slight; the difference becomes 
more significant for longer stagnation times. 
In the prediction of daily average lead concentrations, from predicted concentrations 
for every second of flow, the plug flow and exponential model combination should be 
adequate. Laminar flow appears to be more relevant to sequential sampling after a 
stagnation period, based on observed results in this and other studies (Del Toral and 
Schock, 2013; Rhode Island Health, 2011), likely explained by the lower flow rates 
necessitated by the careful segregation of each sequential sample. Laminar flow 
reduces the peak lead concentration and “flattens” the concentration profile of the 
lead concentrations in the sequential samples. In the sections that follow, laminar 
flow coupled to either the exponential or diffusion models has been used in the 
analysis of the sequential sampling surveys undertaken by the City of Calgary and 
by EPCOR in Edmonton, with plug flow for comparison. Approximate stagnation 
curves have also been generated for a 20 metre lead pipe of different diameters to 
demonstrate the behavioural characteristics of the models. Risk assessment tables 
for Calgary and Edmonton have been generated on the basis of predicted daily 
average concentrations. 
 
9.2  Behavioural characteristics of the models 

Stagnation curves were generated for a 20 metre lead pipe of varying diameter by 
setting up a water use pattern that generated 12, 6, 3, 1.5 and 0.5 hour stagnation 
periods. A volume of 100 litres was distributed at 0.1 l/s, equivalent to 1000 seconds 
of flow or about 17 minutes, so that each of the five flow events took just over 3 
minutes; in consequence each stagnation period was just over 3 minutes shorter, for 
example 0.5 hours stagnation was closer to 27 minutes. The results are shown in 
Appendix 7 and indicated that: 
 

1. Lead concentrations were lower at each stagnation time as the diameter 

increased – this is explained by the increased ratio of volume to surface area. 

2. The exponential model mostly achieved the equilibrium concentration (set as 

150 µg/l) within 6 hours, for both plug and laminar flows. 

3. The diffusion model took longer to approach equilibrium at 6 hours (as 

illustrated by Figure 5) and achieved between 83 and 98 % equilibrium, 

dependent on diameter. 

4. The diffusion model predicted slightly lower lead concentrations (about 90 %) 

than that predicted by the exponential model 

For each condition investigated, 12 x 1-litre samples were simulated. The results are 
also shown in Appendices 4 and 5 and indicated that: 
 

1. At 30MS, the plug-exponential, laminar-exponential and laminar-diffusion 

model combinations predicted fairly similar average lead concentrations in the 

first 4 litres. 

2. However, after 30MS the total masses in the 12 litres were generally higher 

with the laminar-diffusion combination. Although peak lead concentrations 

were lower, the tapering down of lead concentrations was more gradual than 

the other model combinations. 
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3. At 6HS, the laminar-exponential and laminar-diffusion models predicted 

similar average concentrations in the first 4 litres, but were slightly lower than 

plug-exponential at 12, 15 and 18 mm diameters. 

4. At 12, 15 and 18 mm diameters, the total masses in the 12 litres after 6HS 

were similar for the laminar-exponential and laminar-diffusion models but 

slightly less than predicted by the plug-exponential combination. 

5. As expected, plug flow resulted in a much more distinct peak in lead 

concentrations compared to both laminar flow combinations. 

6. The total masses in the 12 litres after 6HS were between 3 and 4 times 

greater than after 30MS, depending on diameter. 

7. The differences in the shapes of the concentration profiles have relevance to 

matching observed results and influence the choice of model combinations. 

 
9.3  Matching the single pipe models to the results of stagnation sampling and 

reconciling 30MS with 6(+)HS sampling results 

The results of the sequential sampling exercises and modelling using different model 
combinations are detailed in Appendices 4 A to 4 F for Calgary and Appendices 5 A 
to 5 F for Edmonton. The ratio of the masses of dissolved Pb after 6HS (or more 
than 6) in the 12 litres was between 1.14 and 2.06 in comparison to the masses after 
30MS, lower than expected. It would appear that the equilibrium concentrations 
determined by laboratory testing are significantly higher than those needed to 
reconcile the 30MS and 6 or 6+HS results. It seems likely that the stagnation time 
needed to reach equilibrium is much longer in relation to the in-situ lead pipes that 
were sampled compared to the new lead pipe sections used in laboratory testing.  
 
Studies by Lytle and Schock (2000) and by Van den Hoven (1985) also suggest that 
equilibrium is reached after about 24 hours, whereas the stagnation curves 
generated by Kuch and Wagner (1983) approached equilibrium in between 6 and 16 
hours, dependent on the pH and alkalinity of the water. The models developed by 
Van der Leer et al (2002), as used in this project, reach or approach equilibrium in 6 
hours for 12, 15 and 18 mm diameters and are therefore predicting higher lead 
concentrations than if a longer time was taken to reach equilibrium, as appears to be 
the case. To compensate, the concentrations expected to be achieved after 6HS and 
after the stagnation time of the 6+HS sequential samples (in effect adjusted 
equilibrium concentrations) were determined by interpolation with reference to the 
expected 30MS concentration and the equilibrium concentration determined by 
laboratory testing.  
 
The procedure is illustrated in Figure 6 and interpolates between the expected 30MS 
concentration, that relates to the initial mass transfer rate (M), and the equilibrium 
value that was determined from laboratory testing, both after appropriate 
temperature adjustment, in line with the relationship between plumbosolvency and 
temperature shown in Figure 7 (from Croll, 2000). In this procedure, the expected 
30MS concentration varies as a function of pipe diameter; it was assumed that the 
30MS concentration for a 15 mm Pb pipe would be 80 % of that for a 12 mm pipe, 
and that the 30MS concentration for an 18 mm Pb pipe would be 70% of that for a 12 
mm pipe, consistent with the stagnation curve data shown in Appendix 7. The 
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interpolated values for an adjusted E were related to the actual 6+ hours stagnation 
time and to 6 hours. Approximately, the values of E were halved by this procedure. 
Further information on the derivation of M and E is given in Chapter 10.1. 
 

Figure 6. Interpolation to determine adjusted equilibrium values 

 
Figure 7.  Relationship between plumbosolvency and temperature   

 (from laboratory testing) 
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9.4  Detailed results and simulations for Calgary 

In Appendices 4 A to 4 F, the detailed results from sampling are compared to the 
various model outputs and are summarised below. 
 
A-122 (Appendix 4A) 
 

 The peak in Pb was observed between L3 and L8 and was replicated fairly 

well by both laminar flow models. 

 The average particulate Pb concentration across the 12 litres was 2.4 µg/l 

after 30MS and 3.3 µg/l after 6HS. 

 The values of M 0.059 and E 114 derived from a temperature adjustment 

factor of 0.59 and the results of laboratory plumbosolvency testing. The 

adjusted value for E by interpolation was 81 µg/l for 10.5 HS. 

 The laminar-diffusion model gave the best match with the observed results for 

dissolved lead, considering both 30MS and 10.5HS, when M = 0.059 and E = 

81. 

 For M = 0.059 and E = 81, the laminar-diffusion model explained 62 % of the 

dissolved Pb after 30MS and after 10.5 HS over-estimated by 7 %. 

 The simulated 30MS results were only slightly reduced by lowering E from 

114 to 81, whereas the reduction in simulated 10.5HS results was much 

greater. 

 Lowering E to 55 (from 81) to reflect a 6HS reduced the 12 litre mass after 

30MS by 11 % and illustrates the sensitivity of results to stagnation time. 

B-1669 (Appendix 4B) 
 

 The peak in Pb was observed between L4 and L6 and was almost replicated 

by both laminar flow models, which predicted L3 to L5. 

 The average particulate Pb across the 12 litres was 8.3 µg/l after 30MS and 

10.7 µg/l after 6HS. These higher particulate lead concentrations are 

explained by the average elevated iron concentrations (99 to 111 µg/l). 

 The values of M 0.07 and E 135 derived from a temperature adjustment factor 

of 0.7 and the results of laboratory plumbosolvency testing. The adjusted 

value for E by interpolation was 75 µg/l for 7.5 HS. 

 The laminar-diffusion model gave the best match with the observed results for 

dissolved lead, considering both 30MS and 7.5HS, when M = 0.07 and E = 

75. 

 For M = 0.07 and E = 75, the laminar-diffusion model explained 95 % of the 

dissolved Pb after 30MS and over-estimated the dissolved Pb after 7.5HS by 

25%. 

 The simulated 30MS results were only slightly reduced by lowering E from 

135 to 75, whereas the reduction in simulated 7.5HS results was much 

greater. 
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 The difference between E = 75 to reflect 7.5HS and E = 65 to reflect 6HS was 

12 %  

C-420 (Appendix 4C) 
 

 The peak in Pb was observed between L6 and L8 and was not replicated by 

either plug flow or the laminar flow models. 

 The average particulate Pb across the 12 litres was 5.3 µg/l after 30MS and 

4.9 µg/l after 9.25HS. 

 The values of M and E were derived from a temperature adjustment factor of 

0.8 (30MS) and 0.7 (9.25HS) and the results of laboratory plumbosolvency 

testing. The adjusted values for E by interpolation were 102 µg/l for 30MS and 

88 µg/l for 9.25HS. 

 The laminar-diffusion model gave the best match with the observed results for 

dissolved lead, considering both 30MS and 9.25HS. 

 For M = 0.08 and E = 102, the laminar-diffusion model explained 76 % of the 

dissolved Pb after 30MS 

  For M = 0.07 and E = 88, the laminar-diffusion model over-estimated the 

dissolved Pb after 9.25HS by 9 %. 

 The simulated 30MS results were only slightly reduced by lowering E from 

155 to 102, whereas the reduction in simulated 9.25HS results was much 

greater. 

 Lowering E to 65 to simulate 6HS explained 82 % of the dissolved Pb and 

again highlighted the dependency of the results on stagnation time. 

D-811(Appendix 4D) 
 

 Results for the 11th and 12th litres after 30MS were not available and were 

estimated. 

 The peak in Pb was observed between L1 and L6 and was replicated fairly 

well by both laminar flow models. 

 The average particulate Pb across the 12 litres was 1.4 µg/l after 30MS and 

3.6 µg/l after 7.5HS. 

 The values of M 0.07 and E 135 derived from a temperature adjustment factor 

of 0.7 and the results of laboratory plumbosolvency testing. The adjusted 

value for E by interpolation was 75 µg/l. 

 The laminar-diffusion model gave the best match with the observed results for 

dissolved lead, considering both 30MS and 6HS. For M = 0.07 and E = 75, 

the laminar-diffusion model explained the dissolved Pb after 30MS by 83 % 

but over-estimated the dissolved Pb after 7.5HS by 63 %. 

 The simulated 30MS results were only slightly reduced by lowering E from 

135 to 75, whereas the reduction in simulated 7.5HS results was much 

greater. The lower value for E of 65 to reflect 6HS predicted dissolved Pb 

results that were 88 % lower than those with E = 75 to reflect 7.5HS. 
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E-1218 (Appendix 4E) 
 

 The peak in dissolved Pb was observed between L3 and L5 and was fairly 

well replicated by the laminar flow model. 

 The average particulate Pb across the 12 litres was 2.2 µg/l after 30MS and 

3.0 µg/l after 9.25HS. 

 The values of M 0.06 and E 116 derived from a temperature adjustment factor 

of 0.6 and the results of laboratory plumbosolvency testing. The adjusted 

value for E by interpolation was 75 µg/l for 9.25HS. 

 The laminar-diffusion model gave a fairly good match with the observed 

results for dissolved lead when E was 75 µg/l, when considering 30MS, but 

the match was poor for 9.25HS. 

 For M = 0.06 and E = 75, the laminar-diffusion model over-estimated the 

dissolved Pb after 30MS by 14 % and by 101 % after 9.25HS. 

 The simulated 30MS results were only slightly reduced by lowering E from 

116 to 75, whereas the reduction in simulated 9.25HS results was much 

greater. The predicted results from the lower value for E of 56 µg/l to reflect 

6HS were 76 % of those predicted for 9.25HS when E = 75. 

F-401(Appendix 4F) 
 
It was re-assuring that the sequential sample results from F-401 were generally very 
low, as there was no lead service line. The results peaked at 1.3 µg/l after 30MS and 
3.0 µg/l after 9.5HS, indicating very low level contamination from the non-lead pipe-
work. 
 
9.5  General observations on the sequential sampling results from Calgary 

A feature of the lead concentration profiles, at some but not all houses, was the 
unexpectedly high Pb concentration in the first litre before the emergence of the Pb 
peak associated with the lead service line. This might have been due to a scouring 
effect induced by flushing, although much of the lead was in the dissolved form. It 
might also have been due to secondary Pb that had built up in the premise pipes 
down-stream of the lead service line, or from a brass fitting (eg: faucet). 
 
Well flushed samples taken from the five houses with a lead service line varied 
between 6.3 and 12.3 µg/l and this can only be explained by a scouring effect (the 
Pb was not differentiated into particulate and dissolved for these separate samples). 
The well-flushed samples taken from homes with a lead service line over the period 
2009 to 2012 had a 90th percentile Pb concentration of 8.8 µg/l and a median Pb 
concentration of 3.1 µg/l, implying a variable scouring effect. 
 
The shapes of the lead concentration profiles was better explained by the laminar 
flow models. Generally, the laminar-diffusion model matched the shape of the 
profiles better than laminar-exponential. Taking the average of the five houses with a 
lead service line, the laminar-diffusion model (with interpolated values for E) 
explained 86 % of the 30MS results but over-estimated the 6+HS results by 41 %, 
indicating the difficulty in reconciling the 6+HS results with the 30MS results. This is 
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perhaps not surprising, bearing in mind the very large differences in lead emissions 
across the houses (Table 18), which are difficult to explain, as well as the closeness 
of the 6+HS results with the 30MS results (dissolved Pb ratio 1.14 to 1.77). These 
very different lead emission profiles are significant in regulatory and operational 
terms. 
 
A comparison of the results of routine 30MS samples, taken at the homes that were 
sampled sequentially at a similar time of the year, revealed a good degree of 
reproducibility. This should encourage the use of sequential sampling, particularly 
after 30MS, to bench-mark any treatment changes, but it would be essential to 
monitor the same houses repeatedly, not sample houses from a changing sample 
pool. Sequential 30MS sampling is favourable logistically, can use trained water 
utility staff to ensure good quality control, and has no apparent disadvantage 
compared to 6+HS sampling. 
 
9.6  Detailed results and simulations for Edmonton 
 
A-6648 (Appendix 5A) 
 

 Peak Pb concentrations were observed in L2-6 and were fairly well predicted 

by the models. 

 The plug flow – exponential model best matched the observed 7.5HS results 

when E = 128. 

 The laminar flow – diffusion model could only explain 43 % of the dissolved 

Pb results at 7.5HS when E = 66. 

 None of the models matched the observed 30MS results, explaining only 

about 30 % of Pb emitted over the 12 litres. 

B-17864 (Appendix 5B) 
 

 Peak Pb concentrations were observed in L2-10 and were fairly well predicted 

by the models. 

 The laminar – exponential model best matched the observed 7HS results 

when E = 128. 

 The laminar flow – diffusion model could only explain 60 % of the dissolved 

Pb results at 7HS when E = 65. 

 None of the models matched the observed 30MS results, explaining only 

about 40 % of Pb emitted over the 12 litres. 

C-16679 (Appendix 5C) 
 

 Peak Pb concentrations were observed in L2-9 and were fairly well predicted 

by the models. 

 The laminar flow – diffusion model closely matched the dissolved Pb results at 

30MS when E = 80. 

  The match with the 9.5HS results was poor. 
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D-9342 (Appendix 5D) 
 

 At 30MS there was very little peak in the observed Pb concentrations; at 8HS 

a peak from L2-5 was discernible. 

 The laminar flow diffusion model closely matched the dissolved Pb results at 

30MS when E = 70,  but the match at 8HS was poor. 

E-18343 (Appendix 5E) 
 

 Considering the long length of lead service line, the observed Pb results were 

very low, and it may be worthwhile checking the private side of the service 

line. 

 The laminar flow – diffusion model, with the interpolated value of E = 60 to 

represent 6.5HS, over-estimated the 30MS results by a factor of 2 and over-

estimated the 6.5HS results by a factor of 3. 

F-5990 (Appendix 5F) 
 

 The observed peaks in Pb concentrations from L2-6 were well matched by the 

models. 

 The laminar flow – diffusion model matched the observed 30MS results (89 % 

explained) but over-estimated the 6.5HS results.  

 
9.7  General observations on the sequential sampling results from Edmonton 
 
The range in observed Pb results after both 30MS and 6+HS varied considerably for 
homes with a fairly similar lead service line length, all of which were 18 mm 
diameter, notwithstanding the uncertainty at E-18343 about the presence of lead 
piping. It is therefore not surprising that the single pipe models had mixed success in 
matching the observed results. EPCOR has observed wide variation in the results 
from their 30MS – 4 litre sampling program from homes with lead service lines; some 
houses test at <1 µg/l whilst others exceed 30 µg/l. Such differences have even been 
observed on the same street without any obvious explanation. 
 
Whereas the laminar flow models matched the observed shape in the profile of the 
observed results reasonably well, they did not match the total masses observed very 
well, particularly at 6+HS. The relative closeness between the 30MS and 6+HS 
results from sequential sampling has not been fully reconciled and research into this 
phenomenon is possibly warranted. The attempted reconciliation by interpolating 
values for E was only partially successful, less so for the houses sampled in 
Edmonton than Calgary.  
 
With reference to Figure 6, it would have been possible to extend the time required 
to achieve equilibrium, say to 24 or 30 hours, assuming that the value of E gained 
from laboratory testing with new lead pipe sections was reasonable. Extending the 
time required to achieve equilibrium would have lowered the interpolated values at 
between 6.5HS and 9.5HS, as used in the sampling in Edmonton. This would have 
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worsened the match with the observed results at A-6648 and B-17864, but only have 
slightly improved the match at the others. 
 
Whereas there is no clear explanation for the closeness between 30MS and 6+HS 
results, the utilities would be better focusing on 30MS, as EPCOR is already doing, 
as the logistics are much more favourable and quality control can be better 
guaranteed by using utility personnel. This conclusion contradicts the stated 
preference of Health Canada’s 2009 Guidance.  
 
The wide range in lead emissions observed at the six houses in Edmonton, as well 
as the five with a lead service line in Calgary, provides some explanation for the wide 
variation in the results of “compliance” monitoring in which the houses sampled will 
inevitably vary from survey to survey. In both Calgary and Edmonton, the homes 
were selected mostly on the basis of finding customers who were willing to 
cooperate; the service pipe lengths are considered by the City of Calgary and 
EPCOR to have been skewed to the higher side of the average. However, any such 
skew does not explain the extent of variation between the eleven homes.  
At the houses in Edmonton with the highest lead emissions (A-6648 and B-17864), 
the volume of copper premise plumbing was only 1.8 and 1.4 litres, respectively, and 
it is difficult to imagine how secondary lead release from sorbed lead within the 
copper pipes could explain much of the high Pb masses observed.  
 
Scouring effects from flushing could explain some of the elevated Pb masses 
observed, but the dissolved Pb component was between 80 and 90% at these two 
houses, assuming that this component can be characterised by the 0.45 µm 
membranes that were used by the laboratory. It is worth noting here that the colloidal 
particle size range can be as low as 0.1 µm.  
 
Recent physical disturbance could be a contributory factor in the high Pb masses 
observed at A-6648 and B-17864, but none was reported by EPCOR.  
 
Lead leaching from brass fittings may have also contributed to the observed lead 
results but the monitoring of staff houses in Edmonton suggests otherwise. 
 
 
9.8  Risk assessment tables for Calgary 

The plug flow – exponential model was used to construct a risk assessment matrix in 
which the length of lead pipe (Pb-len), its diameter (Pb-diam) and the amount of 
water consumed in a day were assessed for the summer (M 0.059 E 114) and 
annual average plumbosolvency conditions (M 0.044 E 85). The results in Table 21 
derived from the intermediate standard A type water use pattern that assumes day-
time residency and ¼ hour use frequency.  The other two A type patterns (½ and ⅛ 
hour frequencies) give results within 5% of the ¼ hour use frequency. 
 
It is obvious from the preceeding sections that the single pipe models are unable to 
predict lead emissions at a single house in all cases, even when pipe-work details 
are known, due to a range of potential interferences, none of which can be easily 
quantified.  
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The risk matrix given in Table 21 must therefore only be used to prioritise concerns 
and possible mitigation measures. It also provides an estimate of average lead 
concentrations for comparing to Health Canada’s guideline value for lead (if it was 
implemented as an average concentration), which cannot be measured other than by 
the very onerous split-flow composite sampling technique that was developed by 
Van den Hoven et al (1999). 
 

Table 21. Risk assessment matrix for Calgary based on predicted daily average 
concentrations (DAC). 

 
Pb-len 

(m) 
Pb-diam 

(mm) 
Daily 

volume (L) 
M 0.044 

E 85 
% flow 
>10 µg/l 

M 0.044 
E 85 
DAC 
µg/l 

M 0.059 
E 114 

% flow 
>10 µg/l 

M 0.059 
E 114 
DAC 
µg/l 

10 12 150 19.3 6.8 38.3 9.1 

10 15 150 25.0 8.8 52.8 11.5 

10 18 150 40.8 10.5 53.1 13.8 

20 12 150 56.7 13.1 71.1 17.3 

20 15 150 49.3 16.3 91.8 21.5 

20 18 150 73.3 19.2 95.6 25.4 

30 12 150 82.3 18.4 93.3 24.7 

30 15 150 86.5 22.4 99.7 30.1 

30 18 150 94.9 26.3 99.9 35.2 

10 12 450 1.3 2.4 6.2 3.2 

10 15 450 1.5 3.0 9.5 4.1 

10 18 450 1.8 3.7 11.2 5.0 

20 12 450 13.9 4.7 29.1 6.3 

20 15 450 15.0 6.0 39.9 8.0 

20 18 450 17.3 7.2 46.3 9.7 

30 12 450 33.2 6.9 45.6 9.3 

30 15 450 22.4 8.8 62.5 11.7 

30 18 450 36.2 10.5 67.4 14.1 

10 12 750 0.4 1.4 2.2 1.9 

10 15 750 0.5 1.9 3.6 2.5 

10 18 750 1.1 2.3 2.6 3.0 

20 12 750 4.5 2.9 15.4 3.9 

20 15 750 1.5 3.7 22.1 4.9 

20 18 750 5.3 4.5 22.1 6.0 

30 12 750 14.1 4.3 27.9 5.7 

30 15 750 7.8 5.4 37.7 7.3 

30 18 750 11.1 6.6 36.3 8.8 

 
High risk – Risk – Moderate risk – Low risk 

The categories colour-highlighted are arbitrary. 
 
 
 

9.9  Risk assessment tables for Edmonton 
The plug flow – exponential model was used to construct a risk assessment matrix in 
which the length of lead pipe (Pb-len), its diameter (Pb-diam) and the amount of 
water consumed in a day were assessed for the summer (M 0.048 E 123) and 
annual average plumbosolvency conditions (M 0.032 E 80.3). The results in Table 22 
derived from the intermediate standard A type water use pattern that assumes day-
time residency and ¼ hour use frequency.  The other two A type patterns (½ and ⅛ 
hour frequencies) give results within 5% of the ¼ hour use frequency. 
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Table 22. Risk assessment matrix for Edmonton based on predicted daily average 
concentrations (DAC). 

 
Pb-len 

(m) 
Pb-diam 

(mm) 
Daily 

volume (L) 
M 0.032 
E 80.3 
% flow 
>10 µg/l 

M 0.032 
E 80.3 
DAC 
µg/l 

M 0.048 
E 123 

% flow 
>10 µg/l 

M 0.048 
E 123 
DAC 
µg/l 

10 12 150 9.0 5.1 25.1 7.7 

10 15 150 17.3 6.5 38.8 9.8 

10 18 150 22.0 7.8 45.8 11.8 

20 12 150 39.5 9.9 63.1 14.8 

20 15 150 45.7 12.3 78.5 18.5 

20 18 150 52.8 14.6 82.1 22.0 

30 12 150 47.7 14.2 88.3 21.3 

30 15 150 67.7 17.4 96.8 26.3 

30 18 150 87.9 20.5 97.6 31.0 

10 12 450 0.6 1.8 1.7 2.7 

10 15 450 1.2 2.3 1.9 3.5 

10 18 450 1.4 2.8 4.7 4.2 

20 12 450 1.6 3.6 20.7 5.3 

20 15 450 6.0 4.5 24.2 6.8 

20 18 450 10.7 5.5 19.6 8.2 

30 12 450 7.8 5.3 39.3 7.9 

30 15 450 15.3 6.6 47.1 10.0 

30 18 450 25.3 8.0 40.5 12.0 

10 12 750 0.3 1.1 0.5 1.6 

10 15 750 0.5 1.4 1.0 2.1 

10 18 750 0.6 1.7 1.4 2.6 

20 12 750 1.0 2.2 8.7 3.3 

20 15 750 1.4 2.8 8.9 4.2 

20 18 750 2.0 3.4 6.9 5.1 

30 12 750 1.4 3.2 21.0 4.9 

30 15 750 4.4 4.1 22.8 6.2 

30 18 750 9.3 5.0 15.3 7.5 

 
High risk – Risk – Moderate risk – Low risk 

The categories colour-highlighted are arbitrary. 
 

9.10 Conclusions 

The main outcomes of this component of the project were: 
 

1. The very big difference in lead emissions in 30MS and 6+HS sequential 

samples between 11 homes with a lead service line. These differences can 

only be partly explained by lead dissolution modelling. Scouring effects due to 

flushing and secondary lead dissolution from premise pipes appear to be 

involved. 

 

2. The modelling procedures necessitated temperature adjustment of the 

plumbosolvency factors used, specific to each house sampled. 
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3. Lead emissions after 6+HS were only between 1.14 and 2.06 times greater 

than emissions after 30MS, across the eleven homes in Calgary and 

Edmonton. 

 
4. A modelling procedure was developed in an attempt to reconcile the lead 

emissions after 30MS and 6+HS, involving interpolation from an extended 

stagnation curve. This was only partly successful but did highlight the likely 

dependency of 6+HS on the stagnation time involved. Generally, the longer 

the stagnation period, the greater the lead emissions. This introduces another 

variable into Health Canada’s Guidance for Tier 1 monitoring. 

 

5. The sampling and modelling exercises in this Demonstration Project suggest 

that there is no benefit to be gained from 6+HS sampling over 30MS 

sampling. 

 

6. Generally, the concentration profiles of the sequential sampling results were 

indicative of laminar flow effects which reduce the peak lead concentration 

and “flatten” the concentration profile. This means that the flow rate used in 

sampling can affect the results. Not all concentration profiles from sequential 

sampling were explained by the volumetrics of the pipe-work and may indicate 

difficulties in the inspection procedures when access to pipe-work is difficult, 

particularly with under-ground service pipes. 

 

7. The inherent variability of stagnation based sampling methods makes them 

unsuitable for system-wide survey purposes when the sampling pool changes. 

 

8. However, there was some evidence that sequential 30MS sampling at a home 

is reproducible if sampling is undertaken at a similar time of the year when 

water temperatures are similar, indicating that the sampling method could be 

used for bench-marking treatment changes (eg: addition of orthophosphate) 

involving routine monitoring at the same homes. Such reproducibility has 

been observed in UK case studies (Hayes et al, 2006. IWA, 2010) 

 

9. Risk assessment tables, based on predicted daily average lead 

concentrations, indicate higher risks associated with longer lead pipes, larger 

diameters and lower water consumptions. These tables provide an initial basis 

for evaluating risks at a home in relation to Health Canada’s  guideline for 

lead in drinking water (if 10 µg/l was taken as an average concentration over 

an extended period), but additional lead sources must be also be considered. 

 
10. The predicted daily average concentrations shown in Tables 20 and 21 

provide a simple basis for assessing likely long-term benefits from partial lead 

service line replacement, not-with-standing possible shorter term increases in 

lead emissions. 
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10.Compliance modelling 
 
10.1 Calibration  
 

Plumbosolvency factors M and E 
 
For Calgary, the plumbosolvency factors were derived from the results of laboratory 
plumbosolvency data, as follows: 

 The average of the median 30 minutes contact Pb results for Glenmore and 
Bearspaw, when taken together, is 49.5 µg/l which equates to a value for M of 
0.100 at 25 oC (this numerical relationship was determined from earlier 
computational experimentation, reported by Hayes (2002) 

 A factor of 0.59 was then applied to reflect the average temperature of the 
City’s lead survey results of 15.3 oC, giving a value for M of 0.059 (µg/m2/sec) 

 The average of the 16 hours stagnation Pb results for Glenmore and 
Bearspaw, when taken together, is 193.5 µg/l which equates to a value for E 
of 193.5 at 25 oC 

 A factor of 0.59 was then applied to reflect the average temperature of the 
City’s lead survey results of 15.3 oC, giving a value for E of 114 (µg/l). 

 
The adjusted values of M and E (0.059 and 114) were used in the calibration of the 
compliance model for Calgary. 
 
For Edmonton, the plumbosolvency factors were derived from the results of 
laboratory plumbosolvency data, as follows: 
 

 The average of the median 30 minutes contact Pb results for E L Smith and 
Rossdale, when taken together, is 35.8 µg/l which equates to a value for M of 
0.072 at 25 oC 

 A factor of 0.67 was then applied to reflect the typical temperature of the 
City’s lead survey results of 16.5 oC, giving a value for M of 0.048 (µg/m2/sec) 

 The average of the 16 hours stagnation Pb results for E L Smith and 
Rossdale, when taken together, is 182.5 µg/l which equates to a value for E of 
182.5 at 25 oC 

 A factor of 0.67 was then applied to reflect the typical temperature of the 
City’s lead survey results of 16.5 oC, giving a value for E of 123 (µg/l). 

 
The adjusted values of M and E (0.048 and 123) were used in the calibration of the 
compliance model for Edmonton. 
 
Lead service line lengths 
 
Both the City of Calgary and EPCOR only had information on the lengths of the 
public part of lead service lines and no information on the private part. It was 
therefore necessary to make assumptions. Three length distributions were 
evaluated, as tabulated below in Table 23. 
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Table 23. Lead service line length assumptions 
 

Percentages Assumption 1 
Lengths (m) 

Assumption 2 
Lengths (m) 

Assumption 3 
Lengths (m) 

5 5 4 3 

10 10 8 6 

25 15 12 9 

30 20 16 12 

25 25 20 15 

5 30 24 18 

Average length (m) 18.75 15.00 11.25 

 

The intermediate assumption (number 2) was used in the calibration of the models 
for both Calgary and Edmonton. For comparison, the average lengths of lead service 
lines were found to be 12 metres in 112 pre-1970 houses in Montreal and 20 metres 
in 62 “war-time” houses in the same City (Cartier et al, 2012). The distribution was 
applied as a best fit curve generated from the discrete components of the distribution 
to provide greater variation.  
 
Lead service line internal diameters 
 
For Calgary, the distribution of diameters followed the information provided by the 
City, as shown in Table 24. 
 

Table 24. Lead service line diameters in Calgary 
 

Percentages Internal diameter (mm) 

3.25 25 

4.07 20 

72.82 15 

19.86 12 

  

For Edmonton, the distribution of diameters followed the information provided by 
EPCOR, as shown in Table 25. 

 
 

Table 25. Lead service line diameters in Edmonton 
 

Percentages Internal diameter (mm) 

1 25 

99 18 

 

Premise non-lead pipe lengths 
 
The City of Calgary and EPCOR had no information on the lengths of premise non-
lead pipes. It was therefore necessary to make assumptions. Three length 
distributions were evaluated, as tabulated below in Table 26. 
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Table 26. Premise pipe length assumptions 
 

Percentages Assumption 1 
Lengths (m) 

Assumption 2 
Lengths (m) 

Assumption 3 
Lengths (m) 

5 5 4 3 

15 10 8 6 

30 15 12 9 

30 20 16 12 

15 25 20 15 

5 30 24 18 

    

Average length (m) 17.50 14.00 10.25 

 

The intermediate assumption (number 2) was used in the calibration of the models 
for both Calgary and Edmonton. For comparison, the average lengths of premise 
pipes were found to be 14 metres in 88 pre-1970 houses in Montreal and 7 metres in 
58 “war-time” houses in the same City (Cartier et al, 2012). The distribution was 
applied as a best fit curve generated from the discrete components of the distribution 
to provide greater variation. 
 
 Premise pipe internal diameters 
 
The City of Calgary and EPCOR had no information on the diameters of premise 
non-lead pipes. It was therefore necessary to make assumptions, as shown in Table 
27. 
 

Table 27. Premise pipe diameters 
 

Percentages Internal diameter (mm) 

10 18 

45 15 

45 12.5 

  

Daily consumption 
 
This data is not used in the simulation of stagnation samples but it is used when 
simulating random daytime samples (RDT) and when simulating daily average 
concentrations (DAC). The distribution shown in Table 28 was based on the 
information provided by the City of Calgary. 
 
 

Table 28. Daily consumptions in Calgary 
 

Percentages Consumption per 
dwelling (litres) 

1.7 50 

2.3 100 

4.1 150 

4.9 200 

6.0 250 

6.3 300 

6.7 350 

7.3 400 

7.0 450 
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7.1 500 

6.3 550 

5.8 600 

5.5 650 

4.5 700 

4.1 750 

3.3 800 

17.0* 850 

  
* Problems were encountered when using consumption figures greater than 850 litres. The 
percentages for consumptions greater than 850 litres have been added to the percentage given 
for 850 litres. The effect on results will be small. 

 

The distribution shown in Table 29 was based on the information provided by 
EPCOR for Edmonton. 
 

Table 29. Daily consumptions in Edmonton 
 

Percentages Consumption per 
dwelling (litres) 

3.0 50 

2.1 100 

4.1 150 

5.2 200 

5.5 250 

7.4 300 

7.7 350 

6.2 400 

7.5 # 450 

6.1 500 

5.5 550 

5.4 600 

3.7 650 

4.3 700 

3.3 750 

2.6 800 

20.4 850 

  
* Problems were encountered when using consumption figures greater than 850 litres. The 
percentages for consumptions greater than 850 litres have been added to the percentage given 
for 850 litres. The effect on results will be small. # Adjustment of 0.2 made to ensure that 
percentages total 100 %. 

 
 

Water use patterns 
 
Water use patterns are not used in the simulation of stagnation samples but are 
used when simulating random daytime samples (RDT) and when simulating daily 
average concentrations (DAC). Pattern A represents occupancy throughout a day 
whereas pattern B represents non-occupancy during “office hours”. Pattern A is 
applied with ½, ¼ and ⅛ hour water use frequencies. Pattern B is applied with  ¼ 
and ⅛ hour water use frequencies. The base patterns are illustrated in Figure 8. 
Each pattern/frequency is applied equally (ie: 20 % each). 
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Figure 8. Water use patterns 
 

 
 

Premise plumbing lead contributions 
 
In some cases, the simulation of lead dissolution from lead service lines is 
insufficient to explain observed lead concentrations. Such circumstances include: 
 

 galvanic corrosion of legacy leaded solder at copper pipe joints – in this 
respect the chloride to sulphate ratio in both Calgary and Edmonton is low; 

 galvanic corrosion at a copper-lead service line joint after partial lead service 
pipe replacement; 

 lead leaching from brass components, the most relevant likely being the water 
meter and faucet, and brass pipes in rare cases; 

 particulate lead arising from interactions with loose iron deposits; and 

 particulate lead arising from physical disturbance, such as recent premise 
plumbing alterations, a change of water meter, road vibration or pipe scouring 
at higher flow rates. 

 
If necessary, premise plumbing lead contributions can be super-imposed onto the 
lead concentrations predicted from dissolution by applying a distribution of lead 
concentrations to the water contained in the non-lead pipes at the beginning of a 
sequential sampling event after stagnation. Two distributions were evaluated for 
Calgary as shown in Table 30, the first (distribution 1) being derived from the 
observed lead concentration profile of the City’s “well flushed” sample results over 
the period 2009 to 2012. The “well flushed” sample results had a median value of 3.1 
µg/l and a 90th percentile value of 8.8 µg/l. 
 
 

Table 30. Lead contributions from premise plumbing 
 

Percentages Distribution 1 
Pb contribution (µg/l) 

Distribution 2 
Pb contribution (µg/l) 

1 19.0 38.0 

1 13.3 26.6 

1 12.4 24.8 

2 11.1 22.2 

2 10.6 21.2 

3 9.4 18.8 

3 8.4 16.8 
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5 7.5 15.0 

7 6.5 13.0 

11 5.5 11.0 

8 4.4 8.8 

12 3.5 7.0 

16 2.5 5.0 

10 1.5 3.0 

5 0.5 1.0 

13 0.25 0.5 

  

These two distributions failed to achieve any reasonable fit between predicted and 
observed 30MS results for Edmonton. Instead, a much simpler distribution was 
derived by calibration trials. The best fit for Edmonton was achieved by using a 
distribution comprising 15% 50 µg/l and 85% 0 µg/l. 
 

10.2 Summary of the results of the City of Calgary’s 30 minutes stagnation 
 sampling 

 
The results for 2009 to 2012 are summarised in Tables 31 and 32 for samples taken 
from homes with a lead service line. The variation between years was significant, 
particularly for the percentage of samples exceeding 10 µg/l. 
 

Table 31. 30MS sample results from Calgary: 90th percentile concentrations (µg/l) 
 

N Year L1 L2 L3 L4 4L 
average 

54 2009 6.7 7.7 8.7 10.4 8.1 

59 2010 9.5 10.4 11.3 13.1 10.5 

28 2011 8.4 8.7 9.2 14.5 10.4 

45 2012 12.0 11.8 12.8 14.5 13.4 

       

 Averages 9.2 9.7 10.5 13.1 10.6 
 

Table 32. 30MS sample results from Calgary: percentage exceeding 10 µg/l 
 

N Year L1 L2 L3 L4 4L 
average 

54 2009 3.7 3.7 5.6 11.1 3.7 

59 2010 6.8 11.9 15.3 25.4 15.3 

28 2011 7.1 7.1 10.7 21.4 14.3 

45 2012 17.8 17.8 22.2 22.2 22.2 

       

 Averages 8.9 10.1 13.5 20.0 13.9 

 
10.3 Results of EPCOR’s 30 minutes stagnation sampling for Edmonton 
 
For standard sampling, EPCOR takes 2 x 2-litre samples after flushing and 30 
minutes stagnation. Sub-samples are then bulked to give an average lead 
concentration for the 4 litres. The results are summarised in Table 33 for 2008 to 
2012 for the standard samples taken from homes believed to have a lead service 
line. 
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Table 33.  4 Litre average 30MS results for Edmonton 

 

Year Number of 
samples 

90th percentile 
concentration 

(µg/l) 

Percentage of 
samples 

exceeding 10 µg/l 

2008 2583 24.0 31.1 

2009 1251 20.9 29.8 

2010 88 19.0 21.6 

2011 27 36.9 63.0 

2012 30 38.1 86.7 

    

Weighted average 3979 23.1 31.1 

    

Calgary 4L 
average 

186 10.6 13.9 

& range  8.1-13.4 3.7-22.2 
 
 

It can be concluded that: 
 

1. The data in both Calgary and Edmonton is highly variable between years. 
2. Based on comparable averaged results, the concentrations of lead (as judged 

by 90th percentiles and the percentage of samples exceeding 10 µg/l) are 
much higher in Edmonton and have an associated greater level of non-
compliance with Health Canada’s 2009 Guidance. 

3. Weighting the average for the Edmonton data was justified by the 
considerable differences in sample numbers per year. 

 
 
10.4. Results of zonal compliance modelling for Calgary based on 30MS 
         samples 
 
Comparison with the City’s sampling results and reproducibility 
 
The results that are summarised in Tables 34 and 35 were obtained using the 
laminar flow – diffusion model, with pipe lengths applied by continuous distributions 
derived from the discrete distributions in Tables 23 and 26, and without any lead 
contributions from premise plumbing (ie: the distributions shown in Table 30 were not 
used). The 5 simulations are compared to the average sampling results obtained by 
the City. Each simulation comprised 10 surveys each of 100 samples. 
 
 
 
 
 
 
 
 



 

60 
 

Table 34. Comparing simulated to observed results: 90th percentile concentrations 
(µg/l) 

 

  L1 L2 L3 L4 4L 
sample 

Observed Average 9.2 9.7 10.5 13.1 10.6* 

(4 years) (Range) (8.4-12.0) (7.7-11.8) (8.7-12.8) (10.4-
14.5) 

(8.1-13.4) 

       

Simulated Average 1.4 11.9 15.3 14.9 10.2 

(5 
simulations) 

(Range) (1.3-1.6) (11.6-
12.4) 

(15.2-
15.5) 

(14.7-
15.2) 

(10.0-
10.3) 

* calculated 

 

Table 35. Comparing simulated to observed results: percentage exceeding 10 (µg/l) 
 

  L1 L2 L3 L4 4L 
sample 

Observed Average 8.9 10.1 13.5 20.0 13.9* 

(4 years) (Range) (3.7-17.8) (3.7-17.8) (5.6-22.2) (11.1-
25.4) 

(3.7-22.2) 

       

Simulated Average 0.0 17.1 48.3 53.4 12.1 

(5 
simulations) 

(Range) (0.0-0.0) (15.5-
17.8) 

(47.2-
49.1) 

(52.2-
54.9) 

(11.1-
13.0) 

* calculated 

 

It can be concluded that: 
 

1. The 4 litre average results predicted by the model closely matched the 
calculated 4 litre average results from the City – on this basis the calibration of 
the model was satisfactory. 

2. However, the predicted and observed profile for each of the four litres differed 
individually.  The possible inclusion of lead from premise plumbing, to smooth 
the L1 to L4 profile, is discussed later. 

3. The simulations were adequately reproducible. 
 
 
The effect of adding lead contributions from premise plumbing 
 
Using the laminar flow – diffusion model, the effect of adding lead contributions from 
premise plumbing was investigated. The results are shown in Tables 36 and 37 and 
relate to the use of the lead pipe length distribution which corresponds to an average 
length of 15 metres (Table 23). 
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Table 36. Simulated zonal results: 90th percentile concentrations (µg/l) 
 

Distribution from 
Table 30 

L1 L2 L3 L4 4L sample 

None 1.6 12.4 15.3 15.2 10.3 

1 8.3 13.0 16.0 15.1 12.0 

2 16.4 15.1 16.0 15.4 14.4 

Observed (average) 9.2 9.7 10.5 13.1 10.6 
 

 
Table 37. Simulated zonal results: percentage exceeding 10 µg/l 

 

Distribution from 
Table 30 

L1 L2 L3 L4 4L sample 

None 0.0 17.6 49.1 54.2 13.0 

1 5.9 23.6 53.9 59.3 26.4 

2 34.9 38.8 62.2 61.2 48.0 

Observed (average) 8.9 10.1 13.5 20.0 13.9 
 

It can be concluded that: 
 

1. The simulation with no lead addition from premise plumbing closely matches 
the averaged result from surveys in the City for the 4L simulated sample. 

2. When distribution 1 is used to add lead to premise pipes, the profile of L1 to 
L4 matches the profile observed from the City’s surveys but the predicted 4L 
sample is noticeably higher. 

3. Distribution 2 results in substantially higher predicted lead concentrations. 
 
The use of distribution 1 to add lead to premise pipes has been further investigated 
in conjunction with the lead pipe length distribution that corresponds to an average 
lead pipe length of 11.25 metres (Table 23). The results are given in Tables 38 and 
39. 

Table 38. Simulated zonal results: 90th percentile concentrations (µg/l) 
 

Lead pipe distribution 
average length (m) 

Distribution 
from Table 29 

L1 L2 L3 L4 4L 
sample 

15.00 None 1.6 12.4 15.3 15.2 10.3 

11.25 1 8.4 12.1 13.7 12.3 10.5 

Observed (average) - 9.2 9.7 10.5 13.1 10.6 
 

Table 39. Simulated zonal results: percentage exceeding 10 µg/l 
 

Lead pipe distribution 
average length (m) 

Distribution 
from Table 29 

L1 L2 L3 L4 4L 
sample 

15.00 None 0.0 17.6 49.1 54.2 13.0 

11.25 1 6.0 22.1 39.1 31.5 14.4 

Observed (average) - 8.9 10.1 13.5 20.0 13.9 
 

It can be concluded that: 
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1. Reducing the average length of the lead pipes and adding lead to the premise 
pipes gave a slightly better match with the City’s survey results. 

2. The profile of L1 to L4 was improved. 
 
Validation 
 
The best matches between the simulated and observed 30MS sample results were 
obtained using: [1] the lead pipe length distribution with an average lead pipe length 
of 15 metres and no lead addition to premise pipes, and [2] the lead pipe length 
distribution with an average lead pipe length of 11.25 metres and lead addition to 
premise pipes using distribution 1 from Table 30. These simulated results and those 
observed by the City are shown in Tables 38 and 39. These simulations were then 
run for a 6-hour stagnation period, which corresponds to the City’s over-night 
stagnation first draw sampling, with results as shown in Table 40. 
 

Table 40. Simulations of 6 hour stagnation samples (first litre) 
 

Lead pipe distribution 
average length (m) 

Distribution 
from Table 30 

90th percentile 
Pb (µg/l) 

Percentage 
>15µg/l 

15.00 None 14.7 11.2 

11.25 1 19.5 15.7 

Observed average - 14.3 8.8 

Observed (range) - (11.2-17.4) (4.3-12.5) 
* the simulations assumed that 70% houses had a lead service line 

 

It can be concluded that: 
 

1. The simulation with the lead pipe length distribution with an average lead pipe 
length of 15 metres, in combination with no lead addition to premise pipes, 
gave the best match to the observed results from the City. 

2. The zonal compliance model has been validated for this condition. 
 
 
The effect of reducing plumbosolvency 
 
For describing the plumbosolvency of the City’s water supplies, the zonal compliance 
model was calibrated with values for M of 0.059 and E of 114 (see section 10.1) 
assuming an average water temperature of 15.3 oC of relevance to the lead surveys 
undertaken by the City. The median water temperature at the water treatment plants 
is around 7 oC. Allowing for slight warming within premises, an annual average water 
temperature of 10oC has been assumed at points of use. On this basis, the values 
for M of 0.044 and E of 85 would better describe the annual average position 
(adjustment factor of 0.44 from 25 oC). 
 
Although orthophosphate dosing is unlikely to be an economic proposition in 
Calgary, dosing was investigated by reducing the values for M and E to: 
 

 0.018 and 34.2 to simulate a 70 % reduction in plumbosolvency (with 
reference to M 0.059 and E 114), and 
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 0.012 and 22.8 to simulate a 80 % reduction in plumbosolvency (with 
reference to M 0.059 and E 114). 

 
All simulations used the laminar flow – diffusion model combination and used the 
lead pipe length distribution that equated to an average length of 15 meters and no 
lead additions were made to premise pipes. The results are summarised in Table 41 
and relate to predicted 4-litre 30MS samples. 
 

Table 41. The effect of reducing plumbosolvency 
 

Number of 
simulations 

M E % 4L samples 
>10 µg/L 

90
th

 percentile Pb in 
4L samples (µg/l) 

5 0.059 114 12.1 (11.1-13.0) 10.2 (10.0-10.3) 

3 0.044 85 1.3 (0.9-1.9) 7.6 (7.4-7.9) 

3 0.018 34.2 0.0 (0.0-0.0) 3.1 (3.1-3.2) 

3 0.012 22.8 0.0 (0.0-0.0) 2.1 (2.0-2.1) 
The results shown are averages with the ranges in brackets 

 

From the laboratory plumbosolvency testing, values for M of 0.009 and E of 11.1 
derive from the 1.0 mg/l (P) orthophosphate dose, assuming a 0.59 temperature 
factor.  
 
It can be concluded that: 
 

1. Lead concentrations are lower in the City over a full annual period than is 
being determined by the current sampling programs, which are undertaken 
when water temperatures are generally higher. 

2. Orthophosphate dosing (although unlikely to be an economic proposition) 
would be expected to significantly reduce lead concentrations in the City at 
the homes with a lead service line. 

3. The optimum orthophosphate dose would not exceed 1.0 mg/l (P) and might 
be slightly lower. 

 
10.5. Results of the City of Calgary’s over-night stagnation sampling 
 
Results from 2008 cannot be matched to zonal compliance modelling because the 
service line material was not determined in the majority of cases. The results from 
2009 to 2012 did record service line material and are summarised in Table 42. 
 

Table 42. Results from over-night stagnation sampling (first litre) 
 

Year Number of 
samples 

% homes 
with a lead 
service line 

Number of 
samples 
>15 µg/l 

Percentage of 
samples 
>15 µg/l 

90
th

 
percentile Pb 

(µg/l) 

2009 80 67.5 9 11.3 17.4 

2010 84 70.2 6 7.1 13.4 

2011 46 60.9 2 4.3 11.2 

2012 56 80.4 7 12.5 15.2 

Average  69.8  8.8 14.3 

 

It can be concluded that compliance with Health Canada’s Tier 1 guideline was 
variable.  
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10.6.  Results of zonal compliance modelling for Calgary based on 6HS 
samples 
 
The exponential model reaches the equilibrium concentration in just over 6 hours 
whereas the diffusion model reaches a little over 90 % of the equilibrium 
concentration over the same period. Over-night standing in the City’s sampling is 
likely to be for a longer period, most likely 8 or even 10 hours, and it is assumed that 
equilibrium will be mostly reached, depending on pipe diameters (larger diameter 
pipes take longer to reach equilibrium). 
 
As the laminar flow – diffusion model gave better results for 30MS sampling, this 
model combination was initially retained for simulating 6-hour stagnation (6HS) 
samples, but computer run times were very long. Laminar flow with the exponential 
model gave comparable results so was used to investigate plumbosolvency 
reductions. The simulations summarised in Table 43 used the lead pipe length 
distribution with an average lead pipe length of 15 meters and no lead addition to 
premise pipes. In all cases, it was assumed that 70 % of the simulated samples had 
a lead service line, consistent with the City’s surveys. 
 

Table 43. Simulation of first litre 6HS samples for a range of plumbosolvency 
conditions 

 
Models used M E Percentage of 

samples 
>15 µg/l 

90
th

 percentile 
Pb 

(µg/l) 

Laminar flow – diffusion * 0.059 114 10.5 (9.5-11.2) 14.7 (13.8-15.7) 

Laminar flow – exponential * 0.059 114 11.8(9.8-13.4) 16.6 (14.7-17.6) 

Laminar flow – exponential 0.044 85 9.1 12.9 

Laminar flow – diffusion 0.018 34.2 0.5 5.1 

Laminar flow – exponential 0.018 34.2 0.3 4.6 

Laminar flow – exponential 0.012 22.8 0.0 3.6 

Laminar flow – exponential 0.010 15.0 0.0 2.1 
* triplicates 

It can be concluded that: 
 

1. The summer plumbosolvency condition was marginally non-compliant with 
Health Canada’s Tier 1 action level , consistent with some (but not all) of the 
City’s surveys. 

2. The predicted annual average plumbosolvency condition was marginally 
compliant. 

3. Orthophosphate dosing to reduce plumbosolvency by 70 % would significantly 
improve Tier 1 compliance. 

 
Health Canada’s Tier 2 guidance has been investigated by predicting the results of a 
second, third and fourth litre sample in sequence and by predicting a 4 litre sample. 
The results are shown in Tables 44 and 45 for the laminar flow – exponential models 
for a range of plumbosolvency conditions. 
 
 

Table 44. Tier 2 compliance: 90th percentile concentrations (µg/l) 
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M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L sample 

0.059 114 14.7 77.8 79.0 60.7 52.5 

0.059 114 17.5 79.0 78.9 56.9 53.1 

0.059 114 17.6 78.4 81.3 60.5 53.5 

0.044 85 12.9 59.4 58.0 43.2 38.1 

0.018 34.2 4.6 23.6 23.8 18.3 15.5 

0.012 22.8 3.6 15.8 15.9 12.1 10.4 

0.010 15.0 2.1 10.2 10.6 7.5 7.0 

 
 

Table 45. Tier 2 compliance: percentage exceeding 15 µg/l 
 

M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L sample 

0.059 114 9.8 56.3 67.6 61.2 66.7 

0.059 114 13.4 59.7 68.4 61.0 68.2 

0.059 114 12.3 57.4 66.7 61.5 66.7 

0.044 85 9.1 55.3 64.3 53.4 62.4 

0.018 34.2 0.3 37.0 38.2 16.1 11.1 

0.012 22.8 0.0 13.8 14.2 4.2 0.0 

0.010 15.0 0.0 0.0 0.0 0.0 0.0 

 
 

It can be concluded that: 
 

1. For the M 0.059 E 114 condition, there was good reproducibility. 
2. The annual average plumbosolvency condition (M 0.044 – E 85) complies 

with Tier 1 but not Tier 2. 
3. The 70% reduction to M 0.018 – E 34.2 also fails to comply with Tier 2. 
4. The 80% reduction to M 0.012 – E 22.8 was marginally compliant with Tier 2. 
5. A further reduction to M 0.010 – E 15 was needed to secure full Tier 1 and 

Tier 2 compliance. 
 
 
10.7. Predicted results for daily average lead concentrations (DAC) for Calgary 
 
The plug flow – exponential model combination was considered appropriate and had 
the advantage of faster run times. The model used the daily consumption data in 
Table 28 along with the water use patterns described in section 10.1. In these 
simulations, which were triplicated, all houses in the simulated zone were assumed 
to have a lead service line and daily average lead concentrations have been 
computed for all houses and compared to a lead standard of 10 µg/l, as shown in 
Table 46. Additionally, 10 random DAC surveys of 100 samples were simulated and 
the averaged results and the range of individual survey results are also shown in 
Table 46. 

 
 
 
 
 

Table 46. Daily average lead concentrations (DAC) 
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M E % DAC > 10 µg/l 
All houses: 

N = 1000 

% DAC > 10 µg/l 
Random surveys: 

average 

0.059 114 14.6 (13.7-15.1) 16.9 (11-22) 

0.044 85 7.8 (7.5-8.1) 13.7 (10-18) 

0.018 34.2 0.9 (0.8-1.0) 1.6 (0-2) 

0.012 22.8 0.2 (0.1-0.2) 0.2 (0-2) 
 

It can be concluded that: 
 

1. For homes with a lead service line, 14.6 % were predicted to exceed 10 µg/l 
on the basis of DAC. 

2. The values for M of 0.044 and E of 85 provide a better insight into the full 
annual period. 

3. The benefits of reducing plumbosolvency by orthophosphate dosing can also 
be investigated on the basis of DAC and show comparable improvements to 
other sampling methods, except that based on Tier 2 compliance. 

4. The fairly low exceedance levels are a product of a relatively low 
plumbosolvency combined with fairly high water consumptions. 

5. Random surveys were more variable than the simulations based on all 
houses. 

 
 

10.8. Predicted results for random daytime sampling (RDT) for Calgary 
 
Random daytime sampling was simulated by the plug flow – exponential model 
combination. 100 samples were taken only from simulated houses with a lead survey 
line. 10 surveys were simulated and the results in Table 47 indicate the average 
percentage exceeding 10 µg/l with the range within the 10 surveys in brackets. 
 

Table 47. Predicted random daytime sampling from homes with a lead service line 
 

M E % RDT > 10 µg/l 

0.059 114 26.6 (18-34) 

0.044 85 18.7 (13-25) 

0.018 34.2 1.6 (0-4) 

0.012 22.8 0.2 (0-1) 
 

The City only has 861 lead service lines out of 308,746 active connections, which is 
0.28 %. 
 
RDT sampling was investigated further using this percentage for two 
plumbosolvency conditions using the plug flow – exponential model combination. 
The results are given in Table 48 in which zero lead was assumed in the absence of 
a lead service line. 
 

 
 
 

Table 48. Predicted random daytime sampling across the City 
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M E % RDT > 10 µg/l 

0.059 114 0.2 (0-1) 

0.044 85 0.0 (0-0) 
 

It can be concluded that: 
 

1. There is significant survey to survey variation, in common with the other 
methods. 

2. RDT sampling at homes with a lead service line can differentiate 
plumbosolvency conditions and could offer an alternative quicker and less 
onerous approach than 30MS sampling. 

3. RDT sampling across the whole City would likely be too insensitive to 
differentiate plumbosolvency conditions. 

4. Validation of predicted RDT sampling results was not possible but both the 
City of Calgary and EPCOR are giving consideration to RDT surveys; if 
undertaken, such surveys would form a basis for validation in the future. 

 
10.9. Results of zonal compliance modelling for Edmonton based on 30MS 
         samples 
 
Lead contributions from premise plumbing 
 
In the simulation of 30MS and 6HS samples for Calgary, it was concluded that the 
best fit with observed data was obtained without the inclusion of lead from premise 
plumbing (Tables 35-36). In the simulation of 30MS samples for Edmonton, the 
same lead pipe lengths and non-lead pipe lengths and diameters were used. Lead 
pipe diameters for Edmonton were generally larger. The water quality entering 
Edmonton is much the same as that entering Calgary and the waters have a fairly 
similar plumbosolvency as determined by testing, yet the 30MS results for lead are 
significantly different. Whilst the use of chloramines in Edmonton and free chlorine in 
Calgary, as disinfectant residuals in distribution, could provide an explanation, no 
Pb(IV) was found in the lead pipe samples taken from Calgary (section 7). 
 
As summarised in Table 49, if the simulation of 30MS samples for Edmonton 
excludes any allowance for lead contributions from premise plumbing then the 
results are at significant variance from observed data. The implication is that lead 
contributions from premise plumbing are more significant in Edmonton than Calgary. 
A good match between predicted and observed data can be achieved by adding lead 
contributions from premise plumbing to the simulations where 15 % of simulated 
houses have an addition of 50 µg/l with zero contribution to the remaining 85 %. The 
extent of the contribution to the non-lead premise pipe is dependent on both the 
concentration added and the volume of the non-lead pipes; for example: 50 µg/l 
added to 2 litres is an addition of 100 µg mass and can be compared to the mass 
determined after 30MS sequential sampling (12 litres) which varied from 58 to 364 
µg (see Chapter 6.2). 
 

 
 

Table 49. Comparing Calgary to Edmonton 
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City M E Pb from 

premise 
plumbing 

90
th

 percentile 
concentration 

(µg/l) 

Percentage 
exceeding  

10 µg/l 

Calgary - simulated 0.059 114 No 10.2  
(10.0-10.3) 

12.1 
(11.1-13.0) 

Calgary - observed - - - 10.6 
9.2-13.1) 

13.9 
(8.9-20.0) 

Edmonton - observed - - - 23.1 
(19.0-38.1) 

31.1 
(21.6-86.7) 

Edmonton - simulated 0.048 123 Yes 23.1 
(22.2-24.5) 

30.8 
(28.5-34.3) 

Edmonton - simulated 0.048 123 No 10.9 
(10.8-11.0) 

20.1 
(19.2-21.0) 

 

It can be concluded that: 
 

1. Lead concentrations in routine 30MS 4-litre samples in Edmonton are 
approximately twice as high as in Calgary, despite fairly similar water quality 
and fairly similar plumbosolvency. 

2. The most logical explanation is that lead contributions from premise plumbing 
are more significant in Edmonton. 

3. If a simple adjustment is made for lead contributions from premise plumbing, 
the simulated results for 4-litre 30MS samples closely matched observed 
data. 

4. The zonal compliance model has therefore been calibrated sufficient for 
investigatory purposes. Validation from any future RDT sampling would 
strengthen the results presented. 

 
Zonal compliance for a range of plumbosolvency conditions 
 
The plumbosolvency condition that relates better to annual average temperature 
conditions has been defined by using the same factor of 0.44 that was used for 
Calgary in adjusting the plumbosolvency test data from 25 oC; for Edmonton M is 
0.032 and E is 80.3 and significant reductions in lead are predicted compared to the 
summer condition of M 0.048 and E 123 (Table 50). The reductions to M 0.0144 E 
36.9 and M 0.0096 E 24.6 relate to 70 % and 80 % reductions from the summer 
condition, respectively, to investigate orthophosphate dosing. From laboratory 
plumbosolvency testing a 1.0 mg/l (P) orthophosphate dose at Rossdale and a 1.5 
mg/l P) orthophosphate dose at E L Smith, when taken together, would likely achieve 
a value for M of about 0.01 and a value for E of about 10 and that an 80 % reduction 
is likely to be possible at these orthophosphate concentrations, consistent with UK 
experience. 
 

Table 50. Predicted compliance based on 4 litre samples after 30MS 
 

M E 90
th

 percentile 
concentration (µg/l) 

Percentage 
exceeding 10 µg/l 

0.048 123.0 23.1 (22.2-24.5) 30.8 (28.5-34.3) 

0.032 80.3 15.8 (14.4-17.0) 14.7 (13.7-15.4) 

0.0144 36.9 7.2 (6.9-7.4) 3.8 (3.1-4.4) 

0.0096 24.6 4.7 (4.2-4.9) 0.0 (0.0-0.0) 

It can be concluded that: 
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1. The lead concentrations in Edmonton are significantly less on an annual 

average basis than the summer condition when sampling is practiced. 
2. A 1.0 mg/l (P) dose of orthophosphate at Rossdale and a 1.5 mg/l (P) dose at 

E L Smith (and possibly less) should achieve an 80 % reduction in lead 
concentrations, consistent with UK experience. 

 
10.10. Predicted zonal compliance for Edmonton based on 6HS samples 
 
The range of plumbosolvency conditions investigated in section 10.9 were 
investigated further for 6HS samples, representing Tier 1 and 2 from Health 
Canada’s 2009 guidance. The results are summarised in Tables 51 and 52. The 
premise plumbing lead contribution at the summer condition was reduced in step 
with the lower plumbosolvency conditions. 
 
 
 

Table 51. Tier 1 & 2 compliance: 90th percentile concentrations (µg/l) 
 

M E Premise Pb 
reduction 

factor 

L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.048 123.0 1 32.3 81.5 88.6 78.7 67.3 

0.032 80.3 0.67 16.9 53.3 57.5 50.1 43.3 

0.0144 36.9 0.3 7.0 23.6 26.4 22.8 20.4 

0.0096 24.6 0.2 4.8 15.9 17.6 15.9 13.2 

 
Table 52. Tier 1 & 2 compliance: percentage exceeding 15 µg/l 

 
M E Premise Pb 

reduction 
factor 

L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.048 123.0 1 15.5 43.2 48.5 48.5 48.6 

0.032 80.3 0.67 11.6 41.3 49.2 47.7 43.3 

0.0144 36.9 0.3 4.6 27.1 38.4 29.0 21.2 

0.0096 24.6 0.2 0.0 14.1 23.1 13.4 2.5 

 
It can be concluded that: 
 

1. The annual average condition is marginally compliant with Tier 1 but is non-
compliant with Tier 2. 

2. A 70 % reduction in plumbosolvency (from the summer condition) readily 
achieves Tier 1 compliance but not Tier 2. 

3. An 80 % reduction in plumbosolvency (from the summer condition) readily 
achieves Tier 1 compliance and is marginally compliant with Tier 2. 

 
10.11. Predicted results for daily average lead concentrations (DAC) for  
 Edmonton 
 
The simulations were undertaken using the plug flow – exponential model 
combination in the same manner as for Calgary except the consumption data in 
Table 29 were used. All simulated houses were assumed to have a lead service line. 



 

70 
 

The results are shown in Table 53. Additionally, 10 random DAC surveys of 100 
samples were simulated and the averaged results and the range of individual survey 
results are also shown in Table 53. 
 

Table 53. Daily average lead concentrations (DAC) 
 

M E % DAC > 10 µg/l 
All houses: 

N = 1000 

% DAC > 10 µg/l 
Random surveys: 

average 

0.048 123.0 17.4 21.4 (10-32) 

0.032 80.3 5.6 5.8 (1-8) 

0.0144 36.9 0.0 0.7 (0-3) 

0.0096 24.6 0.0 0.0 (0-0) 

 

It can be concluded that: 
 

1. For all homes with a lead service line, 17.4 % were predicted to exceed 10 
µg/l on the basis of DAC. 

2. The values for M of 0.044 and E of 85 provide a better insight into the full 
annual period. 

3. The benefits of reducing plumbosolvency by orthophosphate dosing can also 
be investigated on the basis of DAC and show comparable improvements to 
other sampling methods other than Tier 2 compliance based on 6HS. 

4. The fairly low exceedance levels are a product of a relatively low 
plumbosolvency combined with fairly high water consumptions. 

5. The average from 10 random DAC surveys were broadly consistent with the 
results based on all homes. 

 
 
10.12. Predicted results for random daytime sampling (RDT) for Edmonton 
 
Random daytime sampling was simulated by the plug flow – exponential model 
combination. 100 samples were taken only from simulated houses with a lead survey 
line. 10 surveys were simulated and the results in Table 54 indicate the average 
percentage exceeding 10 µg/l with the range within the 10 surveys in brackets. 
 

Table 54. Predicted random daytime sampling from homes with a lead service line 
(RDT) 

 
M E % RDT > 10 µg/l 

0.048 123.0 26.7 (18-37) 

0.032 80.3 17.6 (14-22) 

0.0144 36.9 1.1 (0-3) 

0.0096 24.6 0.0 (0-0) 

 

Edmonton has 3833 lead service lines out of 250,540 active connections, which is 
1.53%. RDT sampling was investigated further using this percentage for three 
plumbosolvency conditions using the plug flow – exponential model combination. 
The results are given in Table 55 in which zero lead was assumed in the absence of 
a lead service line. 
 

Table 55. Predicted random daytime sampling across Edmonton 
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M E % RDT > 10 µg/l 

0.048 123.0 0.5 (0-2) 

0.032 80.3 0.1 (0-1) 

0.0144 36.9 0.0 (0-0) 

 
 

It can be concluded that: 
 

1. There is significant survey to survey variation, in common with the other 
methods. 

2. RDT sampling at homes with a lead service line can differentiate 
plumbosolvency conditions and could offer an alternative quicker and less 
onerous approach than 30MS sampling. 

3. RDT sampling across the whole City would likely be too insensitive to 
differentiate plumbosolvency conditions. 

 
 
10.13 Effect of lowering E in 6HS compliance modelling 
 
Following the single pipe modelling exercises in which lower values of E were 
investigated in attempting to reconcile 30MS with 6+HS results, further 6HS 
compliance modelling was undertaken for both Calgary and Edmonton, using 
laminar flow and the exponential model. The results are shown in Tables 56 to 59. 
 
Calgary (70 % homes with a lead service line) 
 

Table 56. Tier 1 & 2 compliance: 90th percentile concentrations (µg/l) 
 

M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.059 114 19.5 77.2 77.1 57.2 51.7 

0.059 78 12.3 55.7 56.6 41.2 38.2 

0.059 55 9.4 41.1 40.4 29.3 27.5 
where E = 78 reflects 10HS and E = 55 reflects 6HS 

 

Table 57. Tier 1 & 2 compliance: percentage exceeding 15 µg/l 
 

M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.059 114 13.1 59.7 67.6 59.5 67.8 

0.059 78 7.9 56.0 64.8 52.1 60.7 

0.059 55 4.6 50.0 60.8 41.2 46.8 
where E = 78 reflects 10HS and E = 55 reflects 6HS 

 

Edmonton (50 % homes with a lead service line plus Pb contribution from premise 
pipes) 
 
 
 

Table 58. Tier 1 & 2 compliance: 90th percentile concentrations (µg/l) 
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M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.048 123 26.5 78.4 87.2 78.5 68.2 

0.048 84 34.1 62.6 67.6 58.9 56.2 

0.048 55 14.5 44.4 46.5 40.3 38.3 
where E = 84 reflects 10HS and E = 55 reflects 6HS 

 

Table 59. Tier 1 & 2 compliance: percentage exceeding 15 µg/l 
 

M E L1 
Tier 1 

L2 
Tier 2 

L3 
Tier 2 

L4 
Tier 2 

4L 
sample 

0.048 123 14.1 42.1 48.6 49.1 48.7 

0.048 84 14.1 41.9 49.6 48.2 49.5 

0.048 55 8.1 38.0 46.2 42.0 44.9 
where E = 84 reflects 10HS and E = 55 reflects 6HS 

 

 
It can be concluded that: 
 

1. The reduction in E resulted in significantly improved compliance with Tier 1 
and to a lesser extent with Tier 2. 

2. There were significant differences between 10HS and 6HS. 
3. Reductions in the percentages exceeding 15 µg/l were less significant than 

reductions in the 90th percentile concentrations. 
 
The conditions in Tables 56 to 59 were then repeated for 30MS (Tables 60 to 63). 
 
Calgary (100 % homes with a lead service line) 
 

Table 60. 30ms compliance: 90th percentile concentrations (µg/l) 
 

M E L1 
 

L2 
 

L3 
 

L4 
 

4L 
sample 

0.059 114 5.0 19.6 19.1 14.8 12.4 

0.059 78 4.9 18.5 18.3 14.2 11.8 

0.059 55 4.8 17.5 16.7 13.2 10.8 
 
 

Table 61. 30MS compliance: percentage exceeding 10 µg/l 
 

M E L1 
 

L2 
 

L3 
 

L4 
 

4L 
sample 

0.059 114 2.3 61.1 71.0 35.7 33.6 

0.059 78 1.1 58.4 63.8 30.3 26.5 

0.059 55 0.7 54.7 62.5 27.1 18.5 
 

 
Edmonton (100 % homes with a lead service line plus Pb contribution from premise 
pipes) 

Table 62. 30MS compliance: 90th percentile concentrations (µg/l) 
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M E L1 
 

L2 
 

L3 
 

L4 
 

4L 
sample 

0.048 123 41.1 24.2 18.3 15.6 23.2 

0.048 84 46.7 26.9 18.5 15.5 25.1 

0.048 55 44.9 27.1 18.3 14.1 23.6 
 

Table 63. 30MS compliance: percentage exceeding 10 µg/l 

 

M E L1 
 

L2 
 

L3 
 

L4 
 

4L 
sample 

0.048 123 14.0 52.7 75.9 50.4 30.5 

0.048 84 14.5 49.2 74.1 46.9 25.9 

0.048 55 16.3 49.4 70.2 41.0 25.6 
 

It can be concluded that: 
 

1. For Calgary, as E reduced, 4L compliance improved proportionally, but not as 
much as at 6HS. 

2. For Edmonton, reducing E had less effect, due to the inclusion of the same Pb 
contribution to premise plumbing. 

3. Generally, the impact of reducing E had less significance at 30MS. 
 
 
10.14  Conclusions 
 
1. The calibration of the compliance models for Calgary’s 30MS survey results was 

validated by reference to over-night standing predictions and observed results. 
Validation in this way was not possible for Edmonton as EPCOR does not 
undertake sampling after over-night standing. 
 

2. In relation to Health Canada’s 2009 Guidance: (i) Tier1 sampling was found to be 
much less stringent than Tier 2; (ii) compliance based on 30MS sampling was 
found to be less stringent than compliance based on Tier 1 and 2 sampling; (iii) 
both Tier 1&2 and 30MS sampling protocols give highly variable results. 
 

3. 70 to 80 % reductions in plumbosolvency by orthophosphate dosing would likely 
result in compliance based on Tier 1 and 30MS sampling protocols but not Tier 2. 
 

4. The plumbosolvency reductions predicted for orthophosphate dosing were 
consistent with those observed in practice in the UK from similar orthophosphate 
doses of around 1 mg/l (as P). 
 

5. Reducing the equilibrium concentration E had only a limited effect on 30MS but a 
more significant affect on 6+HS results. 
 

6. Predicted RDT sampling results from homes with a lead service line easily 
differentiated between pre- and post orthophosphate dosing conditions and it 
appears that RDT sampling could offer a more efficient monitoring method. 
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11. Environmental and economic assessments 
 

11.1 Calgary 
 

Water supplies to the 1.2 million people of Calgary come from two water treatment 
plants: 
 

 Bearspaw WTP which has a treatment capacity of 550 Mld; and  

 Glenmore WTP which has a treatment capacity of 400 Mld 
 
These WTPs supply both the City and adjacent communities. 
 
The City of Calgary has 308,746 active service connections and the average daily 
consumption per dwelling is 519 litres per day, equivalent to 160 Mld. There are 
currently 861 lead service lines in use, based on the data for the public side of the 
service line. It is likely that some homes still have the private part of the service line 
in lead whilst the public side is non-lead (such as copper). This will be the case 
where there has been partial lead service line replacement. 
 
For the purpose of this assessment, it was assumed that there are 1000 lead service 
lines in Calgary that warrant attention. The average cost of replacing the public side 
is $7,500, based on EPCOR data and the cost of replacing the private side could be 
as high as $9,000. For the purpose of economic assessment, a cost of $15,000 per 
total lead service line replacement has been assumed.  
 
Total replacement at $15,000 per dwelling would therefore cost $15 million. Whilst 
this would remove the principal source of lead contamination, there would still remain 
the possibility of secondary lead sources from the following: 
 

 Lead that had deposited on premise plumbing after dissolution from a lead 
service line – this would be expected to dissipate over time; 

 Lead from legacy leaded solder – this should have already dissipated and the 
chloride to sulphate ratio is generally low, so that galvanic corrosion effects 
are less likely; 

 Lead leaching from brass – meters and faucets would likely be the main 
sources. 

 
The costs associated with the plastic lining of lead service pipes are similar to total 
lead pipe replacement and lining appears not to be cost-competitive, as well as 
being unpredictable in its success. 
 
General corrosion control, mostly aimed at suppressing iron corrosion, is already 
practiced by pH management using water stability indices as a guide. Any dosing of 
a corrosion inhibitor would therefore need to be justified separately, such as for 
plumbosolvency control. 
 
Bulk supplies of 75% w/w orthophosphoric acid (H3PO4) will cost around £595 per 
tonne equivalent to $958 per tonne. A dose of 1 mg/l (P) would therefore cost 0.4 
c/m3 with assumed operational overheads of 25% to give a unit treatment cost of 0.5 
c/m3. To dose 160 Mld would cost $0.29 million per annum, whereas to treat the full 
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capacity of the two WTPs would cost $1.73 million per annum. Dosing plants at each 
WTP would cost around $0.5 million, including bulk storage facilities, pump sets, 
controls and on-line phosphate monitors, giving a total equipment cost of about $1 
million (excluding any buildings). 
 
Presently, consumers at homes with a lead service line are encouraged to use a 
point of use treatment device to minimise lead in their drinking water. However, the 
City does not sample to check the efficacy of such devices. Random sampling at 
homes with a lead service line, both before and after point of use treatment, would 
be a more cost effective approach to monitoring than the current over-night and 30 
minutes stagnation sampling that follows Health Canada’s 2009 Guidance (which is 
fundamentally questioned by the results from this Demonstration Project). 
 
It appears from the above that orthophosphate dosing could only be justified if 
secondary sources of lead were found to be significant. A random sampling survey 
across the City could be considered to determine if problems with lead contamination 
extend beyond lead service lines and to what extent.  
 
Assuming that lead service lines are the main problem, the most cost effective 
approach will be to accelerate total lead pipe replacement as a permanent solution. 
The issues of who pays, grant-aid and powers of enforcement need to be considered 
by the Government of Alberta. These approaches to minimising lead in drinking 
water have no environmental impact beyond the short-term disturbance from 
localised engineering works. 
 
11.2 Edmonton 
 
Water supplies to the 1.0 million people of Edmonton and adjacent districts come 
from two water treatment plants: 
 

 Rossdale WTP which has an average output of 142 Mld; and  

 E L Smith WTP which has an average output of 216 Mld 
 
The City of Edmonton has 250,540 active service connections and the average daily 
consumption per dwelling is 516 litres per day, equivalent to 129 Mld. There are 
currently 3833 lead service lines in use, based on the data for the public side of the 
service line. It is likely that some homes still have the private part of the service line 
in lead whilst the public side is non-lead (such as copper). This will be the case 
where there has been partial lead service line replacement. EPCOR estimates 600 
such cases. 
 
For the purpose of this assessment, it will be assumed that there are 4500 lead 
service lines in Edmonton that warrant attention. Total replacement at $15,000 per 
dwelling would cost $67.5 million. Whilst this would remove the principal source of 
lead contamination, there would still remain the possibility of secondary lead  
sources from the following: 
 

 Lead that had deposited on premise plumbing after dissolution from a lead 
service line – this would be expected to dissipate over time; 
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 Lead from legacy leaded solder – this should have already dissipated and the 
chloride to sulphate ratio is generally low, so that galvanic corrosion effects 
are less likely; 

 Lead leaching from brass – meters and faucets would likely be the main 
sources. 

 
General corrosion control, mostly aimed at suppressing iron corrosion, is already 
practiced by pH management using water stability indices as a guide. Any dosing of 
a corrosion inhibitor would therefore need to be justified separately, such as for 
plumbosolvency control. 
 
Bulk supplies of 75% w/w orthophosphoric acid (H3PO4) will cost around £595 per 
tonne equivalent to $958 per tonne. A dose of 1 mg/l (P) would therefore cost 0.4 
c/m3 with assumed operational overheads of 25% to give a unit treatment cost of 0.5 
c/m3. To dose 129 Mld would cost $0.23 million per annum but it is understood that 
dosing only supplies to the City would not be possible. To treat the average output of 
358 Mld from the two WTPs would cost $0.7 million per annum. Dosing plants at 
each WTP would cost around $0.5 million, including bulk storage facilities, pump 
sets, controls and on-line phosphate monitors, giving a total equipment cost of about 
$1 million (not including any new buildings). 
 
Presently, consumers at homes with a lead service line are encouraged to use a 
point of use treatment device to minimise lead in their drinking water. However, 
EPCOR does not sample to check the efficacy of such devices. Random sampling at 
homes with a lead service line, both before and after point of use treatment, would 
be a more cost effective approach to monitoring than the current  30 minutes 
stagnation sampling that follows Health Canada’s 2009 Guidance (which is 
fundamentally questioned by the results from this Demonstration Project). 
 
It appears from the above that orthophosphate dosing could be justified, particularly 
if secondary sources of lead were found to be significant and/or if dosing helped to 
alleviate localised corrosion problems with old cast iron mains. A random sampling 
survey across the City could be considered to determine if problems with lead 
contamination extend beyond lead service lines and to what extent.  A random 
sampling survey should also provide a further perspective on iron discolouration. 
 
Wastewater from Edmonton is mostly treated at Gold Bar WWTP. It employs primary 
settlement with alum dosing when needed, primary bioreactors, secondary 
bioreactors for phosphorus and ammonia removal, secondary settlement with alum 
dosing when needed and ultra-violet disinfection. Figures 8 and 9 show total 
phosphorus removal in 2012. 
 
The annual average total phosphorus (TP) concentration of the raw sewage was 7.5 
mg/l (P) in 2012 and 0.5 mg/l (P) after treatment, a 94% reduction. The final effluent 
target for TP is 0.5 mg/l (P). 
 
It appears from Figures 8 and 9 that exceedances of the TP limit of 0.5 mg/l (P) are 
not  particularly due to the raw sewage TP concentration and that the WWTW 
processes are capable of handling TP concentrations well above the annual 
average. On this basis, a further 1 mg/l TP as a consequence of dosing 
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orthophosphate to water supplies to the City is unlikely to compromise existing 
WWTW treatment performance. Inspection of the 2012 data for TP at Gold Bar 
showed no particular seasonal features, suggesting that effective TP removal is 
achieved at both lower and higher sewage temperatures. It is assumed that the 
occasional exceedances are more related to hydraulic fluctuations. 
 

Figure 8.  Total phosphorus removal at Gold Bar WWTP (ranked on TP of raw 
sewage – number of ranked values shown on x-axis) 

 

 
 
 

 
Figure 9. Total phosphorus of raw vs final effluent (X_Y plot) 
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The TP concentration in the North Saskatchewan River (NSR) at Devon, upstream of 
Gold Bar WWTP, was 0.061 mg/l (P) as a 90th percentile and 0.007 mg/l (P) as a 
median value, over the period January 2000 to March 2013. The data provided by 
the ESRD indicated rather limited monitoring results from down-stream locations. In 
an ESRD report (2013), flow records at Edmonton for 1972 to 2009 indicated a 
typical river flow in the range 200 to 500 m3/s with peaks as high as 3990 m3/s. At 
300 m3/s there is about 100 times dilution of the Gold Bar effluent. 
 
It is concluded that orthophosphate dosing of the water supplies to Edmonton would 
have little impact on the quality of the final effluent from Gold Bar WWTW as the 
nutrient removal processes have the capacity to remove the slightly higher TP 
concentration in the raw sewage that would arise: average 8.5 mg/l (P) as opposed 
to 7.5 mg/l (P), an addition of 13 %. Combined sewer over-flows have not been 
considered but any effects should be small. 
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12.      Discussion 
 
12.1    Regulatory issues 
 
Health Canada’s guideline value for lead in drinking water 
 
A guideline value of 10 µg/l was set in 1992 by the Federal – Provincial – Territorial 
Committee (Health Canada, 1992). It was qualified as applying to samples taken 
after extensive flushing. As most, if not all, of the lead in drinking water derives from 
lead service lines and premise plumbing, extensive flushing would be expected to 
purge these pipes of any lead previously present. In consequence, this guideline was 
largely meaningless and provided no reliable basis for public health protection. The 
results from “well flushed” samples in Calgary did, however, indicate that this 
guideline could be exceeded in some cases, presumed to be due to variable 
scouring effects of lead service lines. The 1992 guideline is currently under revision. 
 
In August 2012, the Federal – Provincial – Territorial Committee (Health Canada, 
2012) re-issued Guidelines for Canadian Drinking Water Quality – Summary Table. 
In Table 2 “Chemical and Physical Parameters”  the MAC for lead is shown as 10 
µg/l with the following comment: “Because the MAC is based on chronic effects, it is 
intended to apply to average concentrations in water consumed for extended 
periods.” This comment implies an intention to implement the guideline in a similar 
manner to the former guideline from the World Health Organization (WHO, 2004) 
which qualified the numeric value of 10 µg/l as applying to the weekly average 
concentration ingested. This former WHO guideline provided the basis for the 
standards for lead in drinking water set by the second European Drinking Water 
Directive (European Commission, 1998) which were 25 µg/l from 2003 and 10 µg/l 
from 2013, both expressed as the weekly average concentration ingested. It can be 
noted here that the earlier European standard was 50 µg/l, qualified as applying to 
“running water” (European Commission, 1980). 
 
In Europe, at the time of the promulgation of the new Directive (ie: late 1990s), it was 
recognised that it would be difficult to determine compliance with the new lead 
standards. A pan-European research study investigated the use of split-flow 
composite sampling as a means for assessing weekly average lead concentrations 
(Van den Hoven et al, 1999) but it was concluded that this sampling technique was 
too logistically onerous to be considered as a routine compliance monitoring 
technique. This study also evaluated random daytime (RDT) sampling, 30 minutes 
stagnation (30MS) sampling and fully flushed (FF) sampling as potential surrogate 
methods. Statistical analysis suggested that RDT and 30MS sampling had the 
potential to be used as surrogate sampling methods, in zonal (ie: system-wide) 
compliance assessment. The latter was questioned by Hayes (2002) because it 
could be readily demonstrated that 30MS sampling results would be determined as 
much by the presence of non-lead pipes as by the presence of lead pipes. Assuming 
zero lead contributions from non-lead pipes (as commonly found in homes up to the 
tap) the effect of varying non-lead pipe lengths could be readily predicted for the plug 
flow expected in small diameter premise pipes, as shown in Table 64 (taken from 
Hayes, 2002). It can be seen that whilst the daily average lead concentrations are 
very similar regardless of the length of the non-lead pipe, the 30MS results vary very 
considerably. 
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Table 64.  Dependency of 30MS sampling results on non-lead pipe-work 
 

Length of non-Pb 
pipe (m) 

Daily average Pb 
concentration (µg/l) 

30MS Pb 
concentration (µg/l) 

1 10.4 43.9 

3 10.4 32.7 

5 10.3 21.5 

7 10.3 10.4 

9 10.3 0.0 

20 10.1 0.0 

 
Data from single pipe model with M = 0.1, E = 150, Flow = 0.1 l/s, Volume = 450 litres, Standard Patten 
A with ¼ hr use frequency, lead pipe of 20 m, both pipe diameters 12 mm 

 
 
In 2002, a committee made up from the EU’s Member States failed to agree a 
harmonised method for determining compliance with the new European lead 
standards. In consequence, these standards have either not been implemented or 
have been implemented in a variable manner (Hayes and Skubala, 2009). 
Recognising these problems, a working group of senior European water quality 
regulators recommended (Hoekstra et al, 2008) the adoption of RDT sampling as the 
harmonised sampling method for determining compliance with the lead standards. 
They also highlighted the role of operational monitoring to supplement compliance 
monitoring in risk assessment. The European Commission has yet to implement 
these recommendations as revision of the Directive is still pending. 
 
In the UK, RDT sampling (at taps used for drinking water) has been a regulatory 
requirement for determining compliance with standards for lead in drinking water 
since 1989 in England and Wales (DoE, 1989) and that the European standards (50 
µg/l from 1985, 25 µg/l from 2003 and 10 µg/l) have all been implemented as a 
“maximum admissible concentration” (MAC) without qualification. Scotland and 
Northern Ireland have separate administrations but adopted the same approach as 
England and Wales. 
 
In 2011, the 4th Edition of Guidelines for Drinking Water was published by the World 
Health Organization (WHO, 2011). It retained the numeric value of 10 µg/l for lead in 
drinking water, but without qualification. This guideline value was given provisional 
status on the grounds of achievability and it seems likely that the numeric value 
would have been lowered if the WHO had considered it to be feasible to achieve. 
The previous year, the UN FAO – WHO Joint Committee on Food Safety had 
withdrawn their guideline for a tolerable weekly lead burden on the grounds of their 
conclusion that there was no safe limit for lead in drinking water (WHO, 2010, 2011). 
 
In consideration of the above, there are good grounds for revision of Health 
Canada’s guideline value for lead in drinking water. Simply removing any 
qualification, albeit retaining the numeric value of 10 µg/l, would bring the Canadian 
guideline up to date and in line with the current WHO guideline. It is understood that 
the Health Department of the Government  of Alberta is presently reviewing 
guidance on lead in the environment and it would be opportune to set a Provincial 
Guideline for lead in drinking water in Alberta of 10 µg/l without qualification.  
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The significant advantages would be: 
 

1. A guideline for lead in drinking water of 10 µg/l without qualification would set 
an unequivocal limit as a maximum admissible concentration (MAC); 

2. It would put in place a level of health protection that all stake-holders could 
relate to and work towards; 

3. It would provide a clearer and more practicable basis for corrective action by 
water utilities; 

4. It would provide a clearer basis for risk assessment as part of the utilities’ 
drinking water safety plans; 

5. It would provide a clearer basis for policy development by the Government of 
Alberta on issues such as corrosion control by utilities, lead pipe replacement, 
controls on materials in contact with drinking water, grant-aid and 
enforcement. 

 
There is, of course, the important secondary issue of how to determine compliance 
with a guideline of 10 µg/l as a MAC. At the level of the water supply system (ie: the 
City), RDT sampling from consumers’ taps could offer a more efficient approach, 
although sensitivity would limit its application. At the level of the individual home, 
sequential 30MS sampling could be used on a more selective and investigative 
basis. Sequential 30MS sampling could also be used as a benchmarking method by 
repeat sampling at the same homes. Within a broader framework of risk assessment, 
supplementary techniques should also be considered, such as plumbosolvency 
testing, XRD analysis (in some cases) and modelling. These aspects are discussed 
in more detail in further sections. 
 
Health Canada’s Guidance for corrosion control 
 
The technical guidance published by Health Canada (2009) was meant to provide a 
better basis for water supply utilities to determine if corrosion control needed to be 
installed or improved, particularly in minimising the concentrations of lead in drinking 
water. Two sampling approaches were outlined: 
 

1. First draw (one litre) sampling from consumers’ taps after over-night standing 
in a survey comprising at least 50% homes with a lead service line (Tier 1 
sampling) with further sequential sampling (3 x one litres – Tier 2 sampling) 
dependent on the Tier 1 results; or (but not recommended) 

2. First draw sequential sampling (4 x one litres) after flushing then 30 minutes 
stagnation, from homes with a lead service line. 

 
The approach based on over-night stagnation was largely based on the US Lead 
Copper Rule (USEPA, 1991) which has since been recognised as dysfunctional (Del 
Torral and Schock, 2013; IWA, 2010 & 2012, Hayes and Croft, 2013). The results 
from surveys are variably distorted by premise plumbing and laminar flow effects 
(Hayes and Croft, 2013) and subject to potential further variation by on-going 
changes in the make-up of the sampling pool, different over-night stagnation times, a 
lack of quality control as samples are taken by consumers and temperature effects. 
Many of these distortions and variable effects also apply to 30MS sampling. The 
stringency of the over-night stagnation and 30MS approaches also differs (Hayes et 
al, 2014). The behavioural characteristics of these sampling protocols has been 
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examined closely in this Demonstration Project, as discussed further in following 
sections, from which it has been concluded that the “end-of-pipe” tap sampling 
approaches advocated by Health Canada are ineffectual and do not provide any 
reliable basis for optimising corrosion control. 
 
Such limitations in “end-of-pipe” tap sampling were highlighted by the World Health 
Organization in their 3rd Edition of Drinking Water Guidelines (WHO, 2004) and 
supplementary drinking water safety planning was recommended at that time (again, 
this will be discussed further in a following section). At this juncture, it is suggested 
that the Government of Alberta gives consideration to developing its own corrosion 
control guidelines, within its existing framework of drinking water safety plans. 
 
Lead pipe replacement 
 
The number of lead service lines in Calgary and Edmonton, taken together, number 
about 5,500 and would cost about  $ 83 million to replace totally (ie: both the public 
and private sides). If these two cities represent about two-thirds of Alberta’s total 
population, then a total replacement programme might cost around $ 120 million, 
assuming that the other towns and cities had a proportionate number of homes with 
a lead service line. If these two cities have the great majority of the lead service 
lines, then the total replacement cost would be nearer to $ 83 million. Assuming two 
children per home with a lead service line, the health of between 11,000 and 16,000 
children in Alberta would be protected, at a cost of about $ 7,500 per child. The 
World Health Organization’s Booklet on Child Lead Poisoning (WHO, 2010) makes 
the point that the costs of mitigating environmental lead exposure would likely be 
more than compensated by improved intellect within the population and an 
associated economic gain. 
 
There are, of course, split ownership issues between the utilities and their 
consumers and regulations to force consumers to cooperate in lead pipe removal 
might be highly contentious and politically un-popular, if they were enacted too 
quickly. Nether the less, the heightened concerns about the impact of lead on human 
health (WHO, 2010 & 2011) suggest that the Government of Alberta should give 
consideration to measures that could be taken to accelerate the total removal of lead 
pipes. Such measures could include: 
 

1. Condemning homes that have a lead service line as being unfit for human 
habitation and requiring homes to be certified as lead pipe free at the point of 
any sale or letting. The financial incentive from wishing to sell or let would 
force home-owners to take action. Such measures would result in most lead 
pipes being removed over a period of several decades, and should be less 
contentious than action taken over a short period. 

2. Grant aid to encourage home owners to cooperate in the removal of their part 
of the lead service line at the same time the utility removed its part. 

3. A more aggressive campaign by the Government of Alberta and the utilities to 
raise further awareness of the health risks arising from lead service lines. 

 
Whilst point-of-use treatment devices offer a short-term solution, they are not “fool 
proof” and no substitute for the permanent solution of total lead pipe replacement. 
The introduction of orthophosphate dosing would greatly suppress lead solubility, as 
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judged by the highly successful experience of the UK (Hayes and Hydes, 2012), and 
would offer a longer term solution until all lead pipes had been removed. In this 
context, orthophosphate dosing does not appear to be cost-effective in Calgary but 
could be in Edmonton, particularly if wider corrosion control benefits could be 
demonstrated. 
 
Partial lead pipe replacement does not solve the problem, such as when the utility 
removes the public side of a lead service line and the home-owner is unwilling to 
have their private side replaced. This is mainly because of the costs and disruption 
involved and has been reported as a common occurrence in several countries (eg: 
DWI, 2010; van Dongen et al, 2008). There are also concerns that partial lead pipe 
replacement can disturb the remaining lead corrosion deposits resulting in elevated 
lead concentrations, at least in the short term (IWA, 2010, 2012). It is for this reason 
that EPCOR in Edmonton is reluctant to replace the public side of the lead service 
line unless the home-owner agrees to the replacement of their private side. 
 
Drinking water safety plans 
 
It is now a requirement of the Government of Alberta that all water utilities regulated 
under the Environmental Protection Act  (about 630 in total) must prepare and 
maintain a drinking water safety plan. Initial plans needed to be prepared by 
December 2013. It could be timely and appropriate for the Government of Alberta to 
develop guidelines for water utilities in relation to corrosion control, which could be 
incorporated into risk assessment procedures, highlighting the importance of 
minimising lead concentrations in drinking water.  
 
Whereas lead pipe replacement and/or the dosing of orthophosphate are fairly 
straight-forward, consideration should also be given to the needs for controlling 
sources of lead other than lead service lines. This implies some random sampling, at 
least periodically if not for routine purposes, to establish the extent of occurrence of 
the metals that derive from pipes, fixtures and fittings (ie: the focus extends beyond 
lead service lines). ICP-MS analysis would readily enable a wide range of metals to 
be measured. Such sampling would help to determine if supplementary measures 
were needed. 
 
It would be beneficial for the utilities to survey the full service line (both public and 
private parts) and premise plumbing when undertaking sampling to build up a clearer 
picture of lead releases and likely causes, as part of on-going risk assessment. 
 
 
12.2   The behavioural characteristic of sampling 
 
Introduction 
 
Sampling for lead in drinking water at the point use, normally the cold water tap in 
the kitchen, has been the basis for determining regulatory compliance in most 
countries, but is prone to a range of problems. This is because lead concentrations 
vary very considerably during the day at each home, vary seasonally and vary 
spatially across a water supply system. Sampling problems must be overcome if the 
regulation of lead in drinking water is to be reliable, meaningful and consistent. 
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Water supply utilities also need reliable sampling procedures that properly inform 
their operations. The following sections examine the behavioural characteristics of 
the sampling methods that are in common use in Canada and elsewhere.  
 
 
Stagnation sampling surveys 
 
The US Lead Copper Rule (LCR) requires routine surveys of most community water 
supply systems, based on first draw, one litre samples taken after over-night 
standing. Emphasis is given to homes that have a lead service line. If the 90th 
percentile concentration of the samples in a survey exceeds 15 µg/l, corrective 
action is required. Since 2010 (IWA, 2010) it has been recognised publicly that the 
LCR’s sampling protocol suffers a range of problems: 
 

 the first litre drawn has a tendency to under-estimate the concentration of lead 
in the water that has been in contact with the lead service line (Del Toral and 
Schock, 2013); 

 the peak lead concentration, in any sequence of litre samples after a 
stagnation period, varies at each home sampled due to differences in pipe-
work characteristics (Hayes and Croft, 2013); 

 the pattern of lead concentrations, in any sequence of litre samples after a 
stagnation period, can be distorted by laminar flow influences (Hayes and 
Croft, 2013); 

 surveys tend not to include the same homes each time because the sampling 
pool changes continually and in consequence survey results vary greatly 
(IWA, 2010, 2012); 

 the concentration of lead depends on the actual stagnation time prior to 
sampling at each home, which varies (see Chapter 9); 

 samples are normally taken by consumers and quality control is difficult to 
administer (IWA, 2010). 

 
The LCR is presently under review by the US Environmental Protection Agency. 
 
In 2009, Health Canada issued Guidance for corrosion control, mainly concerned 
with lead in drinking water. The preferred sampling protocol was based on the LCR, 
referred to as Tier 1 sampling. At least 50% of the homes sampled must have a lead 
service line. If more than 10% of Tier 1 results exceed 15 µg/l (the same action limit 
as that set by the LCR), then Tier 2 sampling is required, involving three sequential 
litre samples after the first litre drawn.  
 
As illustrated by modelling in Chapter 10, the concentrations of lead are likely to be 
much less in Tier 1 samples than in the Tier 2 samples that follow and Tier 1 survey 
results are likely to be highly variable. This variability is borne out by the survey 
results in Calgary. It can also be noted from the sequential sampling undertaken in 
Calgary and Edmonton that Tier 2 sampling will not necessarily capture the peak 
lead concentration. The applicability of Health Canada’s sampling protocol can also 
be questioned in relation to the number of homes that have a lead service line in a 
water supply system; the protocol does not relate well to systems that have very few 
homes with a lead service line. 
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Despite Health Canada’s preference for Tier 1 and 2 sampling, the emphasis of 
routine sampling in Edmonton has been on 30 minutes stagnation sampling, 
whereby 2 x 2 litre samples enable a 4 litre average lead concentration to be 
determined. It can be noted that the sampling program in Edmonton was not 
designed to assess compliance or the need for corrosion control; rather, it was 
aimed at providing information to individual residents in homes with lead service 
lines. The main emphasis of routine sampling in Calgary has been 4 x 1 litre 
sequential sampling after 30 minutes stagnation. Whereas quality control of sampling 
can be imposed, the same problems are likely as those that affect LCR and Tier 1 
sampling. Significant variability in survey results was predicted by modelling and 
witnessed by the survey results from both Calgary and Edmonton. It must be 
concluded that these sampling methods are subject to too many variable influences 
and at best only provide a semi-quantitative assessment. These survey methods 
provide no reliable basis for optimising corrosion control, contrary to what is claimed 
in Health Canada’s Guidance (2009). The continuation of routine sampling by these 
methods must be questioned. 
 
Stagnation sampling as a benchmarking tool 
 
Many of the problems with stagnation sampling relate to the make up of surveys 
from different homes within a changing sampling pool. For an individual home, the 
data from Calgary (Appendix 4), from the homes that were sequentially sampled, 
suggests that sequential sampling after a stagnation period is fairly reproducible, for 
sampling at a similar time of year. This reproducibility was also observed in the 
monthly 30 minutes stagnation (30MS) sampling of homes in Cambridge (UK), 
subject to seasonal change (IWA, 2010), before and after the introduction of 
orthophosphate dosing. 
 
The sequential sampling in both Calgary and Edmonton indicated no particular 
benefit in sampling after 6+ hours stagnation compared to after 30 minutes 
stagnation. The latter also has the advantage that it is undertaken by trained water 
utility personnel. It can be concluded that sequential 30MS sampling could be used 
to benchmark changes in corrosion control, such as pH changes or the introduction 
of a corrosion inhibitor, if the same homes were sampled on a regular basis. Monthly 
sampling would be sufficient to demonstrate operational changes and to quantify 
seasonal effects. However, home owners tend to lose interest and some may 
withdraw from the sampling programme, others may move away or die and the new 
home owners may not wish to cooperate. This implies that benchmark monitoring 
must be programmed over a relatively short period (a few years) and clearly linked to 
a planned operational change. Sequential sampling of 12 x 1 litre samples should 
capture peak lead concentrations and it will be important to normalise the flow rate 
when sampling. The number of homes that are sampled will be influenced by the 
size and complexity of the water supply system. For large systems, such as Calgary 
or Edmonton, at least 12 homes should be sampled and preferably more. 
 
An alternative to sampling homes could be to use lead pipe test rigs at appropriate 
locations that are representative of the system as a whole. Systems that have 
several sources and variable quality would require more test rigs to be deployed. 
New lead pipes can be used and will respond quickly to changes in water quality 
whereas exhumed lead pipes will respond much more slowly and may be erratic if 
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their corrosion deposits have been disturbed by exhumation. Test rigs comprising old 
and new lead pipes (in parallel) would be the best option. It is possible to automate 
stagnation sampling (IWA, 2010) to improve logistics but care must be exercised in 
the use of metallic fittings; plastic fittings are preferable. 
 
The sequential sampling in Calgary and Edmonton (Appendices 4 and 5) gave a 
wide range in results, reinforcing the concerns about stagnation sampling for survey 
purposes. Lead dissolution modelling could only partly explain the results obtained 
and both physical scouring effects and secondary lead releases from premise 
plumbing may have been involved. If benchmarking an operational change, the 
differences from home to home become less relevant. 
 
Fully flushed samples 
 
The “well flushed” samples taken by the City of Calgary indicated a variable scouring 
effect which further complicates the use of 30MS sampling as a survey method for 
compliance assessment, as it is normal practice to flush pipe-work for 5 minutes 
prior to the 30 minutes stagnation period. If flushing was minimised, it might distort 
the results after the stagnation period. In routine benchmark sampling at an 
individual home, any scouring effects can at least be normalised if sampling flow 
rates are the same. 
 
Random sampling 
 
Random daytime (RDT) sampling has been used for many years in the UK for 
assessing compliance with lead standards. Survey results are variable in systems 
that have not yet dosed orthophosphate, but aggregating data over several years 
minimises this variation and it has been shown by modelling that variation is reduced 
when sample numbers are increased (Hayes and Croft, 2012). After the introduction 
of orthophosphate, year by year variation was generally small (Hayes and Hydes, 
2012). In the context of Calgary and Edmonton, RDT sampling from homes with and 
without a lead service line was predicted by modelling to be too insensitive because 
the number of homes with a lead survey line is very low, particularly in Calgary. 
However, RDT sampling was predicted by modelling to be adequately sensitive if 
only homes with a lead service line were sampled, and modelling demonstrated that 
it could readily differentiate between pre- and post-orthophosphate dosing 
conditions. It is concluded that if the City of Calgary and EPCOR wish to continue to 
survey lead emissions at homes with a lead service line, they could use RDT 
sampling in preference to the present stagnation sampling methods. There would be 
clear cost benefits as RDT sampling takes much less time.  
 
There is also a case for periodic or a one-off RDT sampling survey across each City 
that included homes with and without a lead service line. This would provide a much 
clearer and broader perspective of metal release issues and help to clarify whether 
sources of lead were significant other than from lead service lines. This information 
would make the future possible use of corrosion inhibitors clearer to determine. 
 
 
 
 



 

87 
 

12.3   Additional evaluation techniques 
 
Laboratory plumbosolvency testing 
 
The technique used in this Demonstration Project was developed by the former 
Anglian Water Authority (UK) in the early 1980s (Colling et al, 1987). It uses 
standardised test conditions (30 minutes contact between test water and sections of 
new lead pipe, at 25 oC) and gives generally reproducible results in about four 
weeks. It has the advantage that organic influences are captured. Substantial testing 
in the UK indicated that waters with high levels of organic matter, particularly humic 
and fulvic acids, could significantly increase plumbosolvency (Hayes, 2008), which 
has been borne out by practical experience (Cardew, 2009). The technique is not 
appropriate if Pb(IV) compounds dominate the lead corrosion scales, which is the 
minority case (IWA, 2012). 
 
The testing undertaken in this Demonstration Project was able to quantify the 
plumbosolvency of the treated waters that supply Calgary and Edmonton, enabling 
temperature adjusted plumbosolvency factors to be determined for the calibration of 
the models that were used. The four treated waters were found to have a similar low 
to moderate plumbosolvency, consistent with their generally high water qualities, and 
provided a starting point for understanding the likely risks from lead in drinking water 
at homes with a lead service line. The testing also investigated orthophosphate 
dosing responses and optimum doses of around 1 mg/l (as P) were determined, 
consistent with UK experience (Hayes et al, 2006, 2008). Again, plumbosolvency 
factors were determined for model calibration so that the relationship could be 
determined between water treatment, resulting water quality and compliance with 
guidelines for lead in drinking water. The combination of plumbosolvency testing and 
modelling offers a rapid and low-cost approach for investigating corrosion control 
options and can be scaled down to smaller water supply systems. 
 
XRD analysis 
 
This technique is able to differentiate between Pb(II) and Pb(IV) compounds in the 
lead pipe corrosion deposits. Pb(IV) compounds, such as PbO2, may form when the 
redox potential is elevated by high concentrations of free chlorine and are much less 
soluble than the Pb(II) compounds (lead carbonates) that would otherwise form. 
Analysis of pipe deposits from 48 cities in the US and Canada found Pb(IV) 
compounds dominating the corrosion deposits in around 12% of cases (IWA, 2012). 
When Pb(IV) compounds dominate the lead pipe corrosion deposits, there is no 
point in dosing a corrosion inhibitor such as orthophosphate, as lead solubility is 
already suppressed. 
 
In the three lead pipe samples from Calgary, where free chlorine residuals are 
generally in the range 0.3 to 1.2 mg/l (median 0.8 mg/l), no traces of Pb(IV) 
compounds could be found, indicating that the more soluble Pb(II) compounds 
dominate the lead pipes in this city. The samples from surveys in Calgary have often 
had elevated lead concentrations, as did the sequential samples taken from the five 
homes that had a lead service line, consistent with dominance by Pb(II) compounds. 
In Edmonton, water supplies are chloraminated and Pb(II) compounds can be 
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assumed to dominate, consistent with the elevated lead concentrations often 
observed in surveys and consistent with the results of sequential sampling. 
 
Modelling 
 
In the calibration of the zonal compliance model it was necessary to make a number 
of assumptions that were agreed to be reasonable with the utilities concerned. The 
plumbosolvency factors were derived from laboratory testing. For Calgary, calibration 
trials indicated that the best match with observed 30MS survey data came from pipe 
length assumptions that matched reasonably well surveyed pipe length data from 
another Canadian city (Montreal). Pipe diameters were provided by the City of 
Calgary. This combination of test data, utility data and assumptions in the calibration 
of the compliance model was successful in that predicted 30MS survey results 
matched those observed, in terms of 90th percentile concentrations and the 
percentages exceeding 10 µg/l. The calibrated model then successfully predicted the 
over-night standing, first draw sample results observed by the City of Calgary, in 
terms of 90th percentile concentrations and the percentages exceeding 15 µg/l, 
thereby validating the calibration of the compliance model. The calibration of the 
compliance model was similarly based for Edmonton and a good match was 
obtained between predicted and observed 4 litre average lead data after 30MS when 
an adjustment was made for presumed lead concentrations from premise plumbing. 
It was not possible to validate the calibration by reference to over-night standing data 
as such sampling is not undertaken by EPCOR.  
 
The principal uses of the calibrated compliance models were: 
 

 investigating the likely outcomes from orthophosphate dosing; results were 
consistent with practical experience in the UK; 

 evaluating likely results from random daytime sampling; 

 investigating compliance with Health Canada’s guideline value for lead in 
drinking water, assuming it was applied as an average concentration over 
extended periods, on the basis of predicted daily average lead concentrations; 
and 

 investigating the behavioural characteristics of the zonal survey sampling 
protocols specified by Health Canada’s 2009 Guidance (discussed in section 
10.2); the results from modelling were consistent with observed data from the 
utilities’ surveys. 

 
The single pipe models were only partly successful in explaining the results of 
sequential sampling and indicated that additional sources of lead were important, 
beyond lead dissolution from lead service lines (as modelled). Curiously, the 
dissolved lead fraction was quite high (80 to 90%) in all but one home at which 
elevated iron was found, such that particulate lead contributions were unable to 
explain much of the wide variation observed. Another possible explanation could be 
secondary lead contributions from lead that has plated out in premise pipe-work, but 
premise pipe lengths were short in some homes which had higher than expected 
lead emissions. A further explanation could be recent pipe-work disturbance but this 
was reported at only one home and its lead emissions were intermediate in the 
series obtained. Despite obvious limitations in mapping the single pipe models onto 
the eleven homes that were sequentially sampled, the relationships between daily 
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average lead concentrations, lead pipe lengths and diameters and water 
consumption were explored using one of the single pipe models and gave expected 
trends. “Look-up” tables were produced that can help the City of Calgary and 
EPCOR in their prioritisation of risks; to produce this data experimentally would be 
difficult if not impossible. These tables are specific to the plumbosolvency of the 
water in each city. 
 
Over-all, a major advantage of modelling is that it provides a deeper understanding 
of the lead in drinking water problem and can help in the investigation of corrective 
options. The models should be viewed as a set of tools and must be used with other 
tools, within the more holistic approach taken by the Demonstration Project. By 
exploring variation associated with sampling, the models provide some measure of 
the uncertainties in tackling the lead in drinking water problem. Modelling is much 
quicker and has a much lower cost than experimentation and can be undertaken for 
much smaller water supply systems than Calgary and Edmonton. Results can be 
obtained in a few days, dependent on calibration data, of which the plumbosolvency 
information from testing is the most important. 
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13.  Conclusions 
 
It can be concluded from the Demonstration Study that: 
 
1. High quality drinking water is supplied to the cities of Calgary and Edmonton. 

Water qualities are similar, have a moderate alkalinity, slightly alkaline pH and 
are not particularly corrosive, but elevated lead concentrations have often been 
observed at homes with a lead service line. 
 

2. Lead survey results vary significantly, year by year, with higher lead levels in 
Edmonton. 

 
3. In both cities, the current lead control strategy comprises point-of-use treatment, 

flushing and lead pipe replacement. 
 

4. From laboratory testing it was concluded that the treated waters that supply the 
two cities have a similar moderate plumbosolvency, consistent with their 
generally high quality. 

 
5. Laboratory testing indicated fairly similar responses to orthophosphate, 

consistent with those observed in the UK. 
 

6. The apparent optimum orthophosphate dose to suppress lead solubility was 
found to be in the range 1 to 1.5 mg/l (as P), also consistent with UK experience. 

 
7. Sequential sampling at 11 homes with a lead service line gave highly variable 

results, with 80 to 90 % of the lead in the dissolved form in most cases. The 
approximate 10-fold variation obtained has major implications for city-wide 
surveys. 

 
8. The lead concentration profiles of the sequential samples suggested laminar flow 

influences and has implications for standardising sampling flow rates. 
 

9. Despite moderately high free chlorine residuals in Calgary, XRD analysis of three 
exhumed lead pipes could not detect Pb(IV) compounds in the corrosion scale. 
Dominance of the corrosion scales by more soluble Pb(II) compounds is 
consistent with the elevated lead concentrations that have often been observed in 
surveys. 

 
10. Single pipe modelling could only partly explain the sequential sampling results 

and it appears that particulate lead scouring effects and secondary lead releases 
from premise plumbing may have contributed. Physical disturbance appears not 
to have been a factor as recent pipe-work alterations were only reported for one 
home, which had intermediate lead release characteristics. 

 
11. The difference between the 6+hours and 30 minutes stagnation results from 

sequential sampling was between 1.14 and 2.06, less than expected, and 
suggests that the equilibrium concentration takes longer to be reached than was 
initially assumed. 
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12. For the Tier 1 sampling specified by Health Canada’s 2009 Guidance, it was 
shown that the stagnation time affects the result obtained, introducing a further 
variable to surveys. 

 
13. Sequential stagnation sampling after 30 minutes was found to be fairly 

reproducible, for samples taken at a similar time of year, and could provide the 
basis for benchmarking treatment changes. 

 
14. The prediction of daily average lead concentrations can help inform utilities on 

remediation priorities for lead in drinking water, in relation to different pipe-work 
characteristics. 

 
15. Compliance modelling matched Calgary’s 30MS survey results and was validated 

by reference to Calgary’s results from over-night stagnation sampling. 
 

16. Compliance modelling matched Edmonton’s 30MS survey results although a 
correction was necessary for assumed lead contributions from premise plumbing. 

 
17. The results obtained from compliance modelling were reproducible. 

 
18. Compliance modelling demonstrated the likely success of orthophosphate dosing 

in terms of Health Canada’s 2009 criteria for optimisation (except for Tier 2 which 
was marginal), RDT sampling and daily average lead concentrations. 

 
19. Compliance modelling demonstrated that lead emissions over an annual period 

are significantly less that those being measured in the warmer period of the year 
by both the City of Calgary and EPCOR. 

 
20. In compliance modelling, reducing the equilibrium concentration (E) had little 

effect on 30MS results but did have a pronounced effect on 6+HS results. 
 

21. Economic assessment suggests that an accelerated programme of total lead pipe 
replacement should be considered in Calgary and that orthophosphate dosing is 
less likely to be cost-effective. 

 
22. Economic assessment suggests that orthophosphate dosing may be more cost-

effective in Edmonton and it was concluded that its environmental impact should 
be insignificant. 

 
23. Plastic lining of lead service lines is unlikely to be appropriate in some cases and 

does not offer any great cost advantage over lead pipe replacement. 
 

24. The Government of Alberta should consider developing their own guidelines for 
plumbosolvency control as part of its existing framework of drinking water safety 
plans, in lieu of Health Canada’s Guidance which has scope for further 
improvement and clarification. 
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 WATER UTILITY DATA 

APPENDIX 1 
 
 

A. Templates for data provision by water utilities 
 

 
 
1. Water utility contact details 
 
Name 
 

 

Address 
 

 
 
 
 
 
 
 
 
 

Web-site 
 

 

Principal contact 
 

 

E-mail 
 

 

Direct dial 
 

 

Mobile 
 

 

Alternative contact 
 

 

E-mail 
 

 

Direct dial 
 

 

Mobile 
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 WATER UTILITY DATA 

2. Water supply system 
 
Water supply 
system 

 

Population served 
 

 

System description 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
* please attach diagram or map showing principal components of the 
water supply system: treatment works, storage points, trunk mains, 
demand zones 

Number of service 
connections 

 

Number of lead 
service lines 

 
 
* to include customer-owned lead pipes 

Corrosion control 
history 

 
 
 
 
 
 
 
 
 
* steps taken to minimise plumbosolvency and when measures were 
taken; please specify pH conditions, the corrosion inhibitors used and 
their concentrations (including units of expression, eg: mg/l P or PO4) 
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3. Lengths and diameters of lead service lines 
 
(a) Lengths 
 
Lengths should include any lead service pipe between the water main and the 
boundary of the house, regardless of ownership. The data (or estimates) should 
relate to the designated water supply system. 
 

Length of lead service 
lines (metres) 

Percentage of all 
houses that have a 
lead service line * 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16 to 18  
19 to 20  
21 to 25  
26 to 30  
31 to 40  
41 to 50  
> 50  

  * the total percentage figures should add up to 100 
 
(b) Diameters  
 

Internal pipe diameter Percentage * 
12 mm or 0.5 inch  
15 mm or 0.6 inch  
18 mm or 0.75 inch  
25 mm or 1 inch  
> 25 mm or >1 inch  

* the total percentage figures should add up to 100 
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4. Lengths, diameters and materials of premise plumbing 
 
(a) Lengths 
 
The relevant premise plumbing is the pipe-work between the boundary of the 
house to the cold water faucet in the kitchen. The data (or estimates) should 
relate to the designated water supply system as a whole. 
 

Length of premise 
plumbing (metres) 

Percentage of all 
houses in the water 
supply system * 

1  
2  
3  
4  
5  
6  
7  
8  
9  
10  
11  
12  
13  
14  
15  
16 to 18  
19 to 20  
21 to 25  
26 to 30  
31 to 40  
41 to 50  
> 50  

  * the total percentage figures should add up to 100 
 
(b) Diameters  
 

Internal pipe diameter Percentage of all 
houses in the water 
supply system * 

12 mm or 0.5 inch  
15 mm or 0.6 inch  
18 mm or 0.75 inch  
25 mm or 1 inch  
> 25 mm or >1 inch  
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* the total percentage figures should add up to 100 
 
(c) Materials 
 
 

Materials used in 
premise plumbing 

Percentage of all 
houses in the water 
supply system * 

Copper  
Lead   
Galvanised iron  
Stainless steel  
Plastic  

  * the total percentage figures should add up to 100 
 
 
5. Water consumption 
 
The data required is the average daily water consumption of individual dwellings. 
This can be taken from meters or estimated from residency (if known). 
 
 

Average daily water 
consumption per 
dwelling (litres) 

Percentage of all 
houses in the water 
supply system * 

50  
100  
150  
200  
250  
300  
350  
400  
450  
500   
550  
600  
650  
700  
750  
800  
850  
>850  

  * the total percentage figures should add up to 100 
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6. Water quality summaries 
 
Data for the last three years should be provided in the following format for each 
year for the quality of drinking water leaving each treatment work(s) and within 
the distribution network. 
 
Location: Year: 
 
Parameter Units Number of 

samples 
Max Min Mean 

pH Units     
Turbidity FTU     
Colour oH     
Temperature oC     
Alkalinity mg/l as CaCO3     
Hardness mg/l as CaCO3     
Iron mg/l as Fe     
Total Organic C mg/l as C     
Chloride mg/l as Cl     
Sulphate mg/l as SO4     
Nitrate mg/l as NO3     
Orthophosphate mg/l as P     
Free chlorine mg/l Cl2     
Total chlorine mg/l Cl2     
TTHMs µg/l     
 
 
7. 6+ hours stagnation results 
 
Please provide the individual results for each survey undertaken in the 
designated water supply system over the last five years (indicating when any 
treatment changes occurred) in the form of an EXCEL spreadsheet. 
 
Please provide any relevant additional data that might be available, such as 
pipework details at each house sampled, any supplementary water quality data 
at each house sampled (temperature?), etc. 
 
Please provide an outline of the sampling protocol that you used. 
 
Please also provide any data from sequential samples at each house sampled. 
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8. 30 minutes stagnation results 
 
Please provide the individual results for each survey undertaken in the 
designated water supply system over the last five years (indicating when any 
treatment changes occurred) in the form of an EXCEL spreadsheet. 
 
Please provide any relevant additional data that might be available, such as 
pipework details at each house sampled, any supplementary water quality data 
at each house sampled (temperature?), etc. 
 
Please provide an outline of the sampling protocol that you used. 
 
Please also provide any data from sequential samples at each house sampled. 
 
 
9. Corrosion control studies 
 
Please provide any data or reports on corrosion control studies, lead pipe rig 
tests/trials, analysis of lead pipe corrosion scales, etc. 
 
 
10. Lead in drinking water control strategy 
 
Please provide an outline of your current control strategy, with comments on its 
success (or otherwise), and your views on how your strategy might change and 
any perceived constraints. 
 
What is the current lead pipe removal programme? Does this include the 
consumer side? What is the present and planned future annual expenditure? 
 
With partial lead service line replacements, what replacement material is used 
(eg: copper or plastic) and how is it jointed? 
 
Where jug filters are used, how is their performance checked? 
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B. ASSESSMENT PROTOCOLS 
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 Page 9 of 10 



 WATER UTILITY DATA 

 

 

 Page 10 of 10 



APPENDIX 2   PLUMBOSOLVENCY TESTING RESULTS 

PLUMBOSOLVENCY TESTING 
   

      
BATCH SUMMARY SHEET 

BATCH NUMBER   :   
176 TEST RIG : B 

 
      

CHANNEL 
TUBE 
No. CLIENT LOCATION DETAIL DATE RCD SAL REF 

      ballinrees     
1 223 Edmonton: E 

L Smith EPCOR 3 Sep 13 1 
2 225 3 Sep 13 1b 
3 226 Edmonton: E 

L Smith EPCOR 3 Sep 13 2 
4 230 3 Sep 13 2b 
5 232 Edmonton: E 

L Smith EPCOR 3 Sep 13 3 
6 233 3 Sep 13 3b 
7 234 Edmonton: E 

L Smith EPCOR 3 Sep 13 4 
8 235 3 Sep 13 4b 
9 237 Edmonton: E 

L Smith EPCOR 3 Sep 13 5 
10 238 3 Sep 13 5b 
11 240 Edmonton:  

Rossdale EPCOR 3 Sep 13 6 
12 241 3 Sep 13 6b 
13 242 Edmonton:  

Rossdale EPCOR 3 Sep 13 7 
14 243 3 Sep 13 7b 
15 245 Edmonton:  

Rossdale EPCOR 3 Sep 13 8 
16 246 3 Sep 13 8b 
17 247 Edmonton:  

Rossdale EPCOR 3 Sep 13 9 
18 248 3 Sep 13 9b 
19 249 Edmonton:  

Rossdale EPCOR 3 Sep 13 10 
20 284 3 Sep 13 10b 
21 285 Calgary: 

Glenmore 
City of Calgary 3 Sep 13 11 

22 286 3 Sep 13 11b 
23 320 Calgary: City of Calgary 3 Sep 13 12 



24 321 Glenmore 3 Sep 13 12b 
25 322 Calgary: 

Glenmore City of Calgary 3 Sep 13 13 
26 323 3 Sep 13 13b 
27 349 Calgary: 

Bearspaw City of Calgary 3 Sep 13 14 
28 396 3 Sep 13 14b 
29 398 Calgary: 

Bearspaw City of Calgary 3 Sep 13 15 
30 417 3 Sep 13 15b 

31 418 
'- '- - 

SAL-P-
DSD 

          

      BATCH START 05/09/2013 
 

FINISH 25/09/2013 
TIME    :   

 
16:00 hrs 

 
TIME    :   15:30 hrs 

      
      BATCH TEST DETAIL SUMMARY FLOW RATE :(Mean) 0.514 ml/min 

   

RESIDENCE TIME 
:(Mean) 30.15 mins 

   
TEMPERATURE: 25.0 C 

 
   

STAGNATION TEST : 16hrs  
 

   

Stagnation test performed 
by stopping pump for 
16hrs, running 5mins to 
waste and then collecting 
sample for 10mins   

  
      
   

DBS/14033/176x 
   

 

 

 



PLUMBOSOLVENCY TESTS BATCH RECORD SHEET 
 

TEST BATCH NO ; 176 
 

             DATE START 05/09/2013 
     

TEST RIG B 

             DATE   06/09 09/09 11/09 13/09 16/09 18/09 20/09 23/09 25/09   25/09 

CH ID       
LEAD   ANALYSIS   

RESULTS                 
DAY   1 4 6 8 11 13 15 18 20   STAGN 

1 + 0.0 mg/l 46 44 74 58 43 36 38 37 38   167 
2 + 0.0 mg/l 46 42 86 56 38 38 41 37 36   193 
3 + 0.5 mg/l 32 25 80 42 17 22 23 8 6   24 
4 + 0.5 mg/l 25 15 53 41 14 22 22 8 6   24 
5 + 1.0 mg/l 15 9 54 24 28 38 31 5 4   18 
6 + 1.0 mg/l 40 31 27 24 11 15 7 7 6   29 
7 + 1.5 mg/l 17 10 19 15 11 6 5 5 3   14 
8 + 1.5 mg/l 39 12 54 10 17 6 6 6 5   17 
9 + 2.0 mg/l 18 9 60 14 12 6 5 4 4   9 

10 + 2.0 mg/l 15 31 15 11 7 4 5 4 3   14 
11 + 0.0 mg/l 51 37 55 50 54 32 33 36 31   154 
12 + 0.0 mg/l 44 37 67 53 31 34 30 36 29   216 
13 + 0.5 mg/l 26 16 23 24 13 27 8 9 8   23 
14 + 0.5 mg/l 21 15 21 15 13 9 8 10 7   27 
15 + 1.0 mg/l 18 12 23 14 8 7 8 7 6   16 
16 + 1.0 mg/l 26 9 15 13 7 5 5 4 3   12 
17 + 1.5 mg/l 12 11 26 9 5 4 4 4 3   14 
18 + 1.5 mg/l 14 50 17 10 8 6 7 5 3   10 
19 + 2.0 mg/l 16 10 19 9 7 5 4 4 3   13 
20 + 2.0 mg/l 14 9 45 12 9 5 5 4 4   10 
21 + 0.0 mg/l 43 39 61 45 43 48 57 46 44   167 
22 + 0.0 mg/l 37 35 127 82 52 45 42 40 37   143 
23 + 1.0 mg/l 22 14 78 17 10 7 6 7 5   16 
24 + 1.0 mg/l 32 10 28 13 9 7 11 8 5   25 



25 + 1.5 mg/l 15 10 54 32 10 6 7 7 5   26 
26 + 1.5 mg/l 26 11 41 37 9 7 8 7 5   17 
27 + 0.0 mg/l 155 65 95 82 65 70 71 67 68   400 
28 + 0.0 mg/l 37 35 54 14 41 37 35 48 43   140 
29 + 1.0 mg/l 17 10 47 41 25 8 10 7 5   17 
30 + 1.0 mg/l 12 9 25 10 8 6 6 9 6   17 
31 SAL-P-DSD 24 11 35 36 6 6 7 3 3   26 
32                         

 

PLUMBOSOLVENCY 
TESTS 

         
            
FLOWRATE RECORDS 

 
TEST BATCH NO:  176 

   

TEST RIG : 
B 

            DAY 1 4 6 8 11 13 15 18 20   
 CHANNEL                   

  1 0.508 0.507 0.511 0.511 0.510 0.510 0.509 0.513 0.511   
 2 0.553 0.558 0.560 0.551 0.549 0.550 0.549 0.553 0.554   
 3 0.560 0.560 0.564 0.562 0.560 0.560 0.559 0.563 0.563   
 4 0.548 0.550 0.554 0.568 0.593 0.565 0.563 0.552 0.567   
 5 0.550 0.551 0.554 0.562 0.561 0.560 0.560 0.564 0.564   
 6 0.560 0.560 0.566 0.572 0.571 0.570 0.569 0.572 0.573   
 7 0.542 0.542 0.550 0.557 0.555 0.555 0.555 0.558 0.557   
 8 0.498 0.496 0.499 0.500 0.499 0.498 0.498 0.502 0.500   
 9 0.483 0.484 0.487 0.488 0.485 0.485 0.484 0.487 0.485   
 10 0.510 0.510 0.513 0.513 0.509 0.509 0.507 0.511 0.508   
 11 0.496 0.496 0.499 0.511 0.507 0.506 0.505 0.508 0.505   
 12 0.492 0.492 0.494 0.497 0.494 0.493 0.493 0.496 0.494   
 13 0.502 0.500 0.502 0.506 0.502 0.502 0.502 0.505 0.502   
 14 0.486 0.485 0.487 0.491 0.488 0.488 0.488 0.491 0.490   
 15 0.489 0.488 0.493 0.497 0.494 0.494 0.493 0.497 0.494   
 16 0.508 0.507 0.513 0.512 0.509 0.507 0.508 0.511 0.509   
 



17 0.503 0.503 0.507 0.513 0.510 0.510 0.509 0.511 0.510   
 18 0.515 0.512 0.515 0.520 0.516 0.516 0.514 0.518 0.516   
 19 0.509 0.506 0.510 0.511 0.507 0.506 0.505 0.508 0.505   
 20 0.198 0.495 0.497 0.506 0.503 0.502 0.501 0.504 0.502   
 21 0.504 0.498 0.499 0.509 0.506 0.506 0.505 0.509 0.507   
 22 0.502 0.496 0.498 0.506 0.503 0.503 0.502 0.506 0.504   
 23 0.510 0.505 0.508 0.508 0.504 0.505 0.504 0.508 0.506   
 24 0.504 0.498 0.501 0.501 0.497 0.498 0.497 0.501 0.499   
 25 0.503 0.499 0.501 0.501 0.498 0.499 0.496 0.501 0.499   
 26 0.496 0.493 0.496 0.496 0.493 0.493 0.492 0.497 0.495   
 27 0.505 0.498 0.500 0.500 0.496 0.497 0.497 0.503 0.500   
 28 0.502 0.495 0.497 0.496 0.493 0.493 0.492 0.495 0.493   
 29 0.505 0.501 0.504 0.503 0.500 0.500 0.499 0.503 0.501   
 30 0.503 0.500 0.502 0.515 0.520 0.520 0.519 0.528 0.521   
 31 0.558 0.554 0.557 0.577 0.569 0.561 0.570 0.571 0.571   
                       
                       
 

            
      

All results expressed as ml per min 
 

            MEAN 0.5140 
   

MAX 0.593 
   

            NUMBER 279 
    

STD DEV 0.0320 
  

            
INT DIA 

1.2 
CM 

 

EFFECTIVE INT 
LENGTH 

  
13.7 

   

   

EFFECTIVE INT 
VOLUME 

  
15.494 

   
            MEAN RESIDENCE TIME 

   
30.15 MINS 

    

 

 



PLUMBOSOLVENCY TESTS TEST RIG B    TEST BATCH NO ; 176      
                 
 pH determinations and adjustments              
                 

DATE   TARGET  Phosphate  OSAR 06/09 09/09 11/09 13/09 16/09 18/09 20/09 23/09 25/09  
   pH addition   1 4 7 8 11 13 15 18 20  

CH ID Alkali **  as P  pH Values          
                 

 1 & 2 1 H2SO4/NaOH 7.8 + 0.0 mg/l  7.6 8.1 8.1 7.9 7.8 8.0 7.7 7.8 8.0 7.9  
3 & 4 2 H2SO4/NaOH 7.8 + 0.5 mg/l  7.6 7.9 8.0 7.9 7.8 7.9 7.6 7.8 8.0 7.9  
5 & 6 3 H2SO4/NaOH 7.8 + 1.0 mg/l  7.6 8.0 8.0 7.9 7.8 8.0 7.6 7.8 8.1 7.9  
7 & 8 4 H2SO4/NaOH 7.8 +1.5 mg/l  7.6 7.9 8.0 7.9 7.8 7.9 7.6 7.8 8.0 7.9  
9 & 10 5 H2SO4/NaOH 7.8 + 2.0 mg/l  7.6 7.9 8.0 7.9 7.8 8.0 7.6 7.8 8.0 7.9  
11 & 12 6 H2SO4/NaOH 7.8 + 0.0 mg/l  7.6 7.9 8.0 7.8 7.8 7.9 7.7 7.8 7.9 7.8  
13 & 14 7 H2SO4/NaOH 7.8 + 0.5 mg/l  7.6 7.9 8.0 7.8 7.8 7.9 7.7 7.7 8.0 7.8  
15 & 16 8 H2SO4/NaOH 7.8 + 1.0 mg/l  7.6 7.8 8.0 7.8 7.8 7.9 7.7 7.7 8.0 7.8  
17 & 18 9 H2SO4/NaOH 7.8 +1.5 mg/l  7.6 7.8 8.0 7.8 7.8 7.8 7.7 7.8 8.0 7.8  
19 & 20 10 H2SO4/NaOH 7.8 + 2.0 mg/l  7.6 7.8 8.0 7.8 7.8 7.9 7.6 7.8 7.9 7.8  
21 & 22 11 H2SO4/NaOH 7.8 + 0.0 mg/l  7.4 7.9 8.1 7.8 7.8 8.0 7.6 7.7 8.0 7.9  
23 & 24 12 H2SO4/NaOH 7.8 + 1.0 mg/l  7.4 7.9 8.1 7.8 7.8 8.0 7.6 7.7 8.0 7.9  
25 & 26 13 H2SO4/NaOH 7.8 + 1.5 mg/l  7.4 7.8 8.1 7.8 7.8 8.0 7.6 7.8 8.0 7.8  
27 & 28 14 H2SO4/NaOH 7.8 + 0.0 mg/l  7.6 7.9 8.1 7.8 7.8 7.9 7.6 7.8 8.0 7.8  
29 & 30 15 H2SO4/NaOH 7.8 + 1.0 mg/l  7.6 7.8 8.1 7.8 7.8 7.9 7.6 7.7 8.0 7.8  

31 ALS - PDSD   1.0 mg/l             
 



Appendix 3 
 

Protocol for sequential sampling at selected homes  
supplied by a lead service line 

 
House selection criteria 
 
In both Calgary and Edmonton, 6 homes that are supplied by a lead service line should be 
selected. If possible, the premise plumbing in 3 homes should be 12 mm (½ inch) internal 
diameter with the remaining 3 homes 18 mm (¾ inch) internal diameter. 
 
The houses selected should be spread spatially as far as possible and representative of the 
supply system in terms of the types of housing and the water quality received. It is essential 
that all houses selected have an individual service line from the supply network. 
 
It is also essential that no recent repairs, partial lead pipe replacement or alterations have 
been undertaken to the service connection or premise plumbing. Further, houses should not 
be selected that have an in-line filtration device (or any other treatment device) or such 
devices must be disconnected for the duration of the sampling exercise. Houses using jug 
filters may be selected but sampling must be from the faucet, before the jug filter. 
 
If any house has an internal lead pipe, it must be continuous with the lead service line, other 
than meters or stop-cocks. 
 
Pipework inspections 
 
Each house selected needs a pipework inspection to reveal: 
 

(a) The length (m) and internal diameter (mm) of the lead service line; 
(b) The material (eg: copper, iron, plastic), length (m) and internal diameter (mm) of the 

premise plumbing up to the cold water faucet in the kitchen. 
 
The residency of the house should be recorded (number of people) and the annual average 
daily consumption obtained from meter records. Any recent extended absences from the 
house should be noted. 
 
Sequential sampling after 30 minutes stagnation 
 
The sampling should be undertaken by water utility personnel and comprise: 
 

(a) Flushing the cold water faucet for 5 minutes at the flow associated with normal use 
(integral filters at the outlet of the faucet should be left in place); the flow associated 
with normal use should be recorded from the time taken to fill a suitably sized 
container of known volume; water temperature should be recorded towards the end 
of flushing; 

(b) The pipework should be left to stand for precisely 30 minutes; 
(c) After the stagnation period, a sequence of 12 one litre samples should be taken at 

the same flow that has been characterised for normal use (as far as it is practical), 
without any further flushing; it will be preferable to use wide-necked sampling 
containers to facilitate filling at the flow associated with normal use; the pH, free and 
combined chlorine, and the temperature of each sequential sample should be 
determined in a manner that avoids trace metal contamination. 

 



Sequential sampling after 6+ hours stagnation 
 
Sampling after 6+ hours stagnation should be undertaken at the same houses that were 
selected for 30 minutes stagnation. 
 
Preferably, the sampling should be undertaken by water utility personnel. If this is not 
possible, thorough training should be given to the consumer, supported by guidance 
that is easy to follow. 
 
Sampling should comprise: 
 

(a) Flushing the cold water faucet for 5 minutes at the flow associated with normal use 
(integral filters at the outlet of the faucet should be left in place); the flow associated 
with normal use should be recorded from the time taken to fill a suitably sized 
container of known volume; water temperature should be recorded towards the end 
of flushing; 

(b) The pipework should be left to stand overnight for at least 6 hours; during water 
stagnation, no water may be used by the consumer and any appliance that uses 
water should be turned off or its water supply shut off; 

(c) After the stagnation period, a sequence of 12 one litre samples should be taken at 
the same flow that has been characterised for normal use (as far as it is practical), 
without any further flushing; it will be preferable to use wide-necked sampling 
containers to facilitate filling at the flow associated with normal use; the temperature 
of each sequential sample should be determined in a manner that avoids trace metal 
contamination; 

(d) If sampling is undertaken by water utility personnel, the pH and free and combined 
chlorine residual of each sequential samples should be determined; 

(e) The time stagnation commenced and the time sampling commenced should be 
recorded. 

 
Analysis 
 
All samples should be analysed for total lead. Analysis for other total metals is desirable, 
particularly copper, zinc, iron and nickel. 
 
The City of Calgary and EPCOR may wish to differentiate between soluble and particulate 
fractions by filtering a sub-sample through  a 0.45 µ membrane, which should be done as 
soon as possible after sampling. 
 



Appendix 4A:   Sequential sampling: Calgary - A-122

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 12.0 15
Private service line Lead 10.3 15
Premise plumbing Lead 0.5 15
Total lead piping Lead 22.8 15 4.0 1.075
Premise plumbing Galv iron 0.3 15 15.4 15.2 Adjustment factor = 0.59
Premise plumbing Plastic 9.5 15
Premise plumbing Plastic 3.0 12.5 2.1

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 10.7 10.2 16.7 24.7 21.6 22.0 22.1 15.4 11.4 11.2 11.2 11.3 188.5
Dissolved Pb (µg/l) 9.1 8.4 14.2 21.0 17.8 19.2 18.5 13.1 9.9 9.7 9.4 9.1 159.4
% dissolved Pb 85 82 85 85 82 87 84 85 87 87 84 81

Routine sample 13 Aug 12 11.8 12.1 16.2 23.3
Well flushed sample 11.0

Predicted for M/E
Plug-exp 0.059/114 0.0 0.0 23.0 25.4 25.7 25.9 4.1 1.3 1.3 1.3 1.3 1.3 110.6
Lam-exp 0.059/114 0.0 11.9 20.7 17.4 10.9 7.6 5.7 4.6 3.8 3.3 2.9 2.6 91.4
Lam-diff 0.059/114 0.0 2.9 10.6 15.0 15.5 14.0 12.2 10.5 9.0 7.9 6.9 6.2 110.7
Lam-diff 0.059/55 0.0 5.2 12.8 14.6 12.4 10.0 8.1 6.7 5.7 4.9 4.3 3.8 88.5
Lam-diff 0.59/81 0.0 3.9 11.7 15.0 14.2 12.1 10.2 8.5 7.3 6.3 5.5 4.9 99.6

10.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 13.6 14.1 27.3 48.2 33.5 32.6 35.3 27.3 15.2 14.0 14.3 13.7 289.1
Dissolved Pb (µg/l) 10.8 11.6 21.6 41.7 30.0 29.4 31.5 23.9 13.4 12.0 11.9 11.3 249.1
% dissolved Pb 79 82 79 87 90 90 89 88 88 86 83 82

Routine sample 13 Aug 12 16.4

Predicted for M/E
Plug-exp 0.059/114 0.0 0.0 99.0 108.2 108.3 108.3 13.4 1.3 1.3 1.3 1.3 1.3 443.7
Lam-exp 0.059/114 0.0 51.0 88.5 73.3 44.6 30.2 21.9 16.7 13.2 10.8 9.0 7.7 366.9
Lam-diff 0.059/114 0.0 46.9 82.9 70.2 43.9 30.1 22.1 16.9 13.5 11.0 9.3 7.9 354.7
Lam-diff 0.059/55 0.0 25.7 44.6 37.1 22.8 15.5 11.4 8.8 7.1 5.9 5.0 4.4 188.3
Lam-diff 0.059/81 0.0 36.3 63.4 53.0 32.7 22.3 16.3 12.5 10.0 8.2 6.9 6.0 267.6

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.56 (dissolved Pb)



Appendix 4B:  Sequential sampling: Calgary - B-1619

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 3.3 15
Private service line Lead 11.2 15
Total service line Lead 14.5 15 2.6 0.683
Premise plumbing Plastic 13.0 15 17.6 17.6 Adjustment factor = 0.7
Premise plumbing Galv Iron 2.0 15
Premise plumbing Plastic 2.0 12.5 2.9

30 MIN STAGN. Average total Fe was 98 µg/l
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 9.0 9.5 9.5 23.4 30.6 27.0 11.9 10.7 10.5 10.5 10.2 10.0 172.8
Dissolved Pb (µg/l) 2.2 2.9 2.8 11.0 16.9 13.8 4.3 3.9 4.0 3.4 4.1 3.6 72.9
% dissolved Pb 24 31 29 47 55 51 36 36 38 32 40 36

Routine sample 31 Jul 13 10.6 11.4 10.7 23.2
Routine sample 04 Aug 13 8.4 8.7 9.2 22.8
Well flushed sample 31 Jul 13 10.6
Well flushed sample 04 Aug 13 8.0

Predicted for M/E
Plug-exp 0.07/135 0.0 0.0 3.1 29.9 30.2 14.5 1.0 1.0 1.0 1.0 1.0 1.0 83.7
Lam-exp 0.07/135 0.0 4.9 18.7 13.4 8.4 5.8 4.4 3.5 2.9 2.5 2.2 2.0 68.7
Lam-diff 0.07/135 0.0 0.5 6.1 11.4 12.2 11.0 9.5 8.2 7.0 6.1 5.4 4.8 82.2
Lam-diff 0.07/65 0.0 1.5 9.5 11.6 9.7 7.8 6.3 5.2 4.4 3.8 3.3 2.9 66.0
Lam-diff 0.07/75 0.0 1.2 8.9 11.8 10.3 8.4 6.9 5.7 4.8 4.2 3.6 3.2 69.0

7.5 HR STAGN. Average total Fe was 111 µg/l
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L6 L7 L8 L9 L10 L11 L12 L1-12
L5

Total Pb (µg/l) 12.5 10.3 12.0 40.6 58.0 53.2 14.4 12.0 11.5 11.2 10.9 11.1 257.7
Dissolved Pb (µg/l) 1.6 3.5 4.3 24.1 37.4 33.3 5.3 4.4 3.4 3.8 4.4 3.6 129.1
% dissolved Pb 13 34 36 59 64 63 37 37 30 34 40 32

Routine sample 31 Jul 13 14.2
Routine sample 04 Aug 13 14.4

Predicted for M/E
Plug-exp 0.07/135 0.0 0.0 13.2 128.1 128.2 59.5 1.0 1.0 1.0 1.0 1.0 1.0 335.0
Lam-exp 0.07/135 0.0 20.9 79.8 56.5 34.3 23.2 16.8 12.8 10.2 6.3 7.0 5.9 273.7
Lam-diff 0.07/135 0.0 18.9 74.0 54.3 33.9 23.2 17.0 13.0 10.4 8.5 7.1 6.1 266.4
Lam-diff 0.07/65 0.0 10.5 40.1 28.5 17.5 12.0 8.8 6.8 5.5 4.5 3.9 3.4 141.5
Lam-diff 0.07/75 0.0 12.0 45.9 32.7 20.1 13.7 10.0 7.7 6.2 5.1 4.4 3.8 161.6

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.77 (dissolved Pb)



 



Appendix 4C:  Sequential sampling: Calgary - C-420

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 12.3 15
Private service line Lead 7.1 15
Total service line Lead 19.4 15 3.4 0.914
Premise plumbing Copper 17.0 12.5 20.1 16.5 Adjustment factors = 0.8 & 0.7
Premise plumbing Copper 0.5 15 2.2

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 14.8 14.8 16.0 15.7 14.9 21.5 31.8 24.3 15.9 15.3 15.3 15.0 215.3
Dissolved Pb (µg/l) 10.1 10.2 11.2 10.3 10.5 16.2 22.3 17.2 11.2 11.0 10.7 10.3 151.2
% dissolved Pb 68 69 70 66 70 75 70 71 70 72 70 69

Routine sample 16 Aug 13 13.0 14.0 14.9 13.2
Well flushed sample 12.3

Predicted for M/E
Plug-exp 0.08/155 0.0 0.0 28.3 34.4 34.8 21.6 1.5 1.5 1.5 1.5 1.5 1.5 128.1
Lam-exp 0.08/155 0.0 14.7 27 19.1 12 8.4 6.4 5.1 4.2 3.6 3.2 2.9 106.6
Lam-diff 0.08/155 0.0 3.3 13.5 19.0 18.8 16.6 14.2 12.1 10.4 9.0 7.9 7.0 131.8
Lam-diff 0.08/75 0.0 6.3 16.7 17.8 14.5 11.5 9.3 7.6 6.4 5.5 4.8 4.3 104.7
Lam-diff 0.08/102 0.0 4.8 15.3 18.5 16.4 13.5 11.1 9.3 7.9 6.8 5.9 5.3 114.8

9.25 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 15.2 17.1 18.8 16.8 16.8 45.7 62.7 31.8 17.6 16.7 16.3 16.0 291.5
Dissolved Pb (µg/l) 11.9 13.9 14.8 13.6 14.4 39.5 52.8 23.8 13.2 12.0 11.9 11.3 233.1
% dissolved Pb 78 81 79 81 86 86 84 75 75 72 73 71

Routine sample 16 Aug 13 12.9

Predicted for M/E
Plug-exp 0.07/135 0.0 0.0 106.1 128.2 128.2 77.4 1.3 1.3 1.3 1.3 1.3 1.3 447.7
Lam-exp 0.07/135 0.0 55.2 100.7 70.3 42.8 28.9 21.0 16.0 12.7 10.4 8.7 7.5 374.2
Lam-diff 0.07/135 0.0 50.7 94.3 67.8 42.3 29.0 21.2 16.3 13.0 10.7 8.9 7.7 361.9
Lam-diff 0.07/65 0.0 27.8 50.7 35.5 21.8 14.9 11.0 8.5 6.9 5.7 4.9 4.3 192.0
Lam-diff 0.07/88 0.0 36.7 67.3 47.4 29.1 19.8 14.5 11.2 8.9 7.4 6.2 5.4 253.9

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.54 (dissolved Pb)



Appendix 4D:  Sequential sampling: Calgary - D-811

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 12.3 15
Private service line Lead 8.0 15
Total service line Lead 20.3 15 3.6 0.957
Premise plumbing Copper 1.0 12.5 17.4 17.4 Adjustment factor = 0.7
Premise plumbing Galv Iron 6.7 15
Premise plumbing Copper 2.0 12.5 1.6

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 14.2 14.6 14.9 12.9 11.3 11.2 11.1 11.0 10.9 10.7 10.0 10.0 142.8
Dissolved Pb (µg/l) 12.3 13.1 13.4 11.4 10.0 9.9 9.6 9.7 9.5 9.4 9.0 9.0 126.3
% dissolved Pb 87 90 90 88 88 88 86 88 87 88 90 90

Routine sample 25 Jul 13 13.0 10.1 10.0 11.3
Well flushed sample 11.2 Estimated

Predicted for M/E
Plug-exp 0.07/135 0 13.3 30 30.3 30.6 5.5 1.3 1.3 1.3 1.3 1.3 1.3 117.5
Lam-exp 0.07/135 1.8 20.9 25 15.3 9.6 6.8 5.2 4.2 3.5 3.1 2.7 2.5 100.6
Lam-diff 0.07/135 0.2 8.3 17.3 19.6 17.6 14.8 12.3 10.3 8.8 7.6 6.6 5.8 129.2
Lam-diff 0.07/65 0.5 11.4 18.1 16.2 12.5 9.7 7.7 6.3 5.3 4.6 4.0 3.6 99.9
Lam-diff 0.07/75 0.4 10.8 18.0 17.0 13.5 10.6 8.5 7.0 5.9 5.1 4.4 3.9 105.1

7.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 17.7 18.5 19.7 18.7 17.9 15.7 14.0 13.5 13.0 13.1 12.7 12.5 187.0
Dissolved Pb (µg/l) 11.1 12.7 15.1 15.0 14.2 12.8 11.1 10.6 10.8 10.4 10.4 10.0 144.2
% dissolved Pb 63 69 77 80 79 82 79 79 83 79 82 80

Routine sample 25 Jul 13 15.2

Predicted for M/E
Plug-exp 0.07/135 0.0 57.0 128.2 128.2 128.2 1.3 1.3 1.3 1.3 1.3 1.3 1.3 450.7
Lam-exp 0.07/135 7.6 89.8 106.3 63.6 38.8 26.3 19.1 14.7 11.7 9.6 8.0 6.9 402.4
Lam-diff 0.07/135 6.9 83.5 100.5 62.2 36.7 26.5 19.4 15.0 11.9 9.8 8.3 7.1 387.8
Lam-diff 0.07/65 3.8 45.2 53.5 32.3 19.9 13.6 10.1 7.8 6.4 5.3 4.6 4.0 206.5
Lam-diff 0.07/75 4.3 51.6 61.3 37.0 22.7 15.6 11.5 8.9 7.2 6.0 5.1 4.4 235.6

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.14 (dissolved Pb)



Appendix 4E:  Sequential sampling: Calgary - E-1218

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 3.9 15
Private service line Lead 15.2 15
Total service line Lead 19.1 15 3.4 0.900
Premise plumbing Copper 2.5 12.5 0.3 15.8 15.5 Adjustment factor = 0.6
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 8.1 8.5 10.2 23.8 16.0 8.0 7.7 7.5 7.3 7.3 7.2 7.1 118.7
Dissolved Pb (µg/l) 6.4 6.6 8.3 19.1 13.0 6.2 5.7 5.7 5.5 5.6 5.4 5.1 92.6
% dissolved Pb 79 78 81 80 81 78 74 76 75 77 75 72

Routine sample 15 Aug 13 7.3 8.6 10.1 21.9
Well flushed sample 6.3

Predicted for M/E
Plug-exp 0.06/116 17.7 25.8 26.0 18.2 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 96.5
Lam-exp 0.06/116 18.5 25.0 14.6 7.8 5.1 3.7 2.9 2.5 2.1 1.9 1.7 1.6 87.4
Lam-diff 0.06/116 12.5 21.6 20.8 16.4 12.4 9.6 7.6 6.2 5.2 4.4 3.9 3.4 124.0
Lam-diff 0.06/56 12.8 19.7 16.2 11.0 7.7 5.8 4.5 3.7 3.2 2.7 2.4 2.2 91.9
Lam-diff 0.06/75 13.2 21.1 18.5 13.2 9.5 7.1 5.6 4.6 3.9 3.3 2.9 2.6 105.5

9.25 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 13.1 13.6 14.5 46.9 19.4 7.2 6.9 6.3 6.4 6.2 6.1 6.1 152.7
Dissolved Pb (µg/l) 7.3 7.5 12.0 39.6 15.7 5.5 5.6 4.6 5.1 4.5 4.7 4.3 116.4
% dissolved Pb 56 55 83 84 81 76 81 73 80 73 77 70

Routine sample 15 Aug 13 13.0

Predicted for M/E
Plug-exp 0.06/116 76.3 110.1 110.1 75.4 1.1 1.1 1.1 1.1 1.1 1.1 1.1 1.1 380.7
Lam-exp 0.06/116 79.6 106.6 61.1 31.3 19.2 13.1 9.7 7.5 6.1 5.0 4.3 3.7 347.2
Lam-diff 0.06/116 75.1 101.4 59.9 31.4 19.6 13.5 10.0 7.7 6.2 5.2 4.4 3.9 338.3
Lam-diff 0.06/56 40.2 53.9 31.0 16.1 10.1 7.0 5.3 4.2 3.5 3.0 2.6 2.3 179.2
Lam-diff 0.06/75 52.9 70.9 41.0 21.2 13.2 9.1 6.8 5.3 4.4 3.7 3.2 2.8 234.5

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.26 (dissolved Pb)



Appendix 4F:  Sequential sampling: Calgary - F-401

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Pex 11.4 15
Private service line Copper 9.2 15
Total service line Non-lead 20.6 15 3.6 N/A
Premise plumbing Copper 0.5 15
Premise plumbing Pex 9.5 15
Premise plumbing Pex 4.0 12.5
Total premise plumbing 2.3

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 1.2 1.0 0.9 1.3 1.1 0.7 0.5 0.6 0.7 0.5 0.5 0.5 9.5
Dissolved Pb (µg/l) 0.7 0.6 0.6 0.7 0.7 0.5 0.5 0.5 0.5 0.5 0.5 0.5 6.8
% dissolved Pb 58 60 67 54 64 71 100 83 71 100 100 100

6 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 2.9 2.2 2.1 3.0 2.6 1.0 0.7 1.6 1.4 0.7 0.7 0.6 19.5
Dissolved Pb (µg/l) 1.8 1.2 1.1 2.2 1.5 0.6 0.5 0.5 0.5 0.5 0.5 0.5 11.4
% dissolved Pb 62 55 52 73 58 60 71 31 36 71 71 83



Appendix 5A:   Sequential sampling: Edmonton - A-6648

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 7.3 18
Private service line Lead 7.1 18
Total lead piping Lead 14.4 18 3.7 0.817
Premise plumbing Copper 7.1 18 1.8 17.1 16.7 Adjustment factors = 0.7
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 16.1 35.3 39.1 29.6 32.9 23.6 15.0 14.5 14.3 14.0 14.1 13.9 262.4
Dissolved Pb (µg/l) 13.5 33.8 32.7 26.3 29.0 19.9 11.9 12.0 11.4 11.6 11.4 11.2 224.7
% dissolved Pb 84 96 84 89 88 84 79 83 80 83 81 81

Predicted for M/E
Plug-exp 0.050/128 0.0 3.6 18.6 18.8 19.0 9.5 0.8 0.8 0.8 0.8 0.8 0.8 74.3
Lam-exp 0.050/128 0.3 11.2 15.6 10.5 6.6 4.6 3.5 2.8 2.3 2.0 1.8 1.6 62.8
Lam-diff 0.050/128 0.0 1.6 6.3 9.4 10.4 10.0 9.0 8.0 7.0 6.2 5.5 4.9 78.3
Lam-diff 0.050/56 0.0 4.4 9.8 10.8 9.3 7.6 6.2 5.2 4.4 3.8 3.3 2.9 67.7
Lam-diff 0.50/66 0.0 3.7 9.0 10.7 9.7 8.2 6.8 5.7 4.8 4.2 3.7 3.2 69.7

7.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 38.9 96.5 93.5 68.2 77.9 40.2 21.1 18.0 17.2 16.8 16.6 16.3 521.2
Dissolved Pb (µg/l) 34.3 89.6 86.7 62.6 71.7 34.6 15.7 14.5 13.9 13.3 13.3 13.0 463.2
% dissolved Pb 88 93 93 92 92 86 74 81 81 79 80 80

Predicted for M/E
Plug-exp 0.050/128 0.0 20.9 108.4 108.4 108.5 51.5 0.8 0.8 0.8 0.8 0.8 0.8 402.5
Lam-exp 0.050/128 1.5 65.0 90.5 59.5 36.2 24.4 17.7 13.4 10.6 8.7 7.2 6.1 340.8
Lam-diff 0.050/128 1.0 50.5 75.0 54.7 35.8 25.1 18.6 14.4 11.5 9.5 7.9 6.8 310.8
Lam-diff 0.050/56 0.7 32.2 45.1 30.0 18.5 12.6 9.2 7.1 5.7 4.7 4.0 3.4 173.2
Lam-diff 0.050/66 0.8 36.4 51.3 34.4 21.3 14.6 10.7 8.2 6.6 5.4 4.6 3.9 198.2

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 2.06 (dissolved Pb)



Appendix 5B:   Sequential sampling: Edmonton - B-17864

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 1.5 18
Private service line Lead 25.5 18
Total lead piping Lead 27.0 18 6.9 1.528
Premise plumbing Copper 5.4 18 1.4 Unknown Unknown Assumed adjustment factor = 0.7
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 24.7 39.6 39.5 36.3 31.1 32.0 31.9 31.0 28.5 27.4 22.8 19.1 363.9
Dissolved Pb (µg/l) 21.4 35.2 35.4 33.6 27.0 27.1 27.6 26.6 25.7 24.6 20.0 16.8 321.0
% dissolved Pb 87 89 90 93 87 85 87 86 90 90 88 88

Predicted for M/E
Plug-exp 0.050/128 0.0 11.6 18.7 18.9 19.1 19.3 19.5 19.7 6.0 1.5 1.5 1.5 137.3
Lam-exp 0.050/128 2.0 14.2 17.3 18.2 15.7 10.9 8.1 6.4 5.3 4.5 3.9 3.5 110.0
Lam-diff 0.050/128 0.1 3.9 8.9 11.6 13.1 13.8 13.7 13.1 12.3 11.3 10.4 9.5 121.7
Lam-diff 0.050/56 0.5 7.4 11.8 13.5 14.1 13.1 11.6 10.1 8.8 7.7 6.8 6.1 111.5
Lam-diff 0.050/65 0.4 7.0 11.7 13.6 14.3 13.7 12.3 10.9 9.6 8.4 7.5 6.7 116.1

7 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 41.1 82.4 73.9 65.5 55.4 58.3 50.5 51.7 51.3 42.8 25.1 19.9 617.9
Dissolved Pb (µg/l) 32.3 77.4 69.5 61.2 51.8 54.0 55.3 47.8 47.8 39.9 22.1 17.6 576.7
% dissolved Pb 79 94 94 93 94 93 110 92 93 93 88 88

Predicted for M/E
Plug-exp 0.050/128 0.0 67.8 108.4 108.4 108.5 108.5 108.5 108.6 27.7 1.5 1.5 1.5 750.9
Lam-exp 0.050/128 11.9 82.8 99.6 104.0 88.3 60.0 43.0 32.6 25.7 20.8 17.2 14.6 600.5
Lam-diff 0.050/128 8.8 66.7 83.4 88.1 78.1 56.7 42.7 33.3 26.8 22.0 18.4 15.7 540.7
Lam-diff 0.050/56 5.9 41.2 50.0 51.9 44.3 30.3 22.1 16.9 13.4 11.0 9.2 7.9 304.1
Lam-diff 0.050/65 6.6 46.9 56.3 58.9 50.4 34.5 25.2 19.3 15.3 12.5 10.5 9.0 345.4

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.80 (dissolved Pb)



Appendix 5C:   Sequential sampling: Edmonton - C-16679

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 5.2 18
Private service line Lead 22.1 18
Total lead piping Lead 27.3 18 6.9 1.541
Premise plumbing Copper 7.2 12.5 0.9 16.3 19.4 Adjustment factors = 0.67 & 0.78
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 10.6 12.7 15.8 14.7 14.1 13.6 13.4 12.5 12.0 11.3 9.7 9.7 150.1
Dissolved Pb (µg/l) 8.7 10.4 12.9 12.8 12.0 11.5 11.4 10.7 10.2 8.9 7.6 7.6 124.7
% dissolved Pb 82 82 82 87 85 85 85 86 85 79 78 78

Predicted for M/E
Plug-exp 0.048/123 2.1 17.9 18.1 18.2 18.4 18.6 18.8 16.0 1.5 1.5 1.5 1.5 134.1
Lam-exp 0.048/123 5.8 16.1 17.5 17.9 14.0 9.7 7.3 5.8 4.8 4.1 3.6 3.2 109.8
Lam-diff 0.048/123 1.0 7.8 11.6 13.1 13.9 14.0 13.6 12.7 11.7 10.7 9.8 8.9 128.8
Lam-diff 0.048/55 2.3 10.4 12.9 13.8 13.7 12.5 10.9 9.4 8.2 7.2 6.3 5.7 113.3
Lam-diff 0.048/80 1.9 10.2 13.3 14.5 14.9 14.2 12.9 11.5 10.2 9.0 8.0 7.2 127.8

9.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 13.6 23.3 37.0 31.9 26.8 24.8 23.9 21.5 21.2 13.6 11.7 11.7 261.0
Dissolved Pb (µg/l) 12.9 20.5 35.1 29.9 25.8 23.7 27.8 20.2 20.2 12.4 10.4 10.3 249.2
% dissolved Pb 95 88 95 94 96 96 116 94 95 91 89 88

Predicted for M/E
Plug-exp 0.056/142 14.1 120.6 120.7 120.7 120.7 120.8 120.8 100.5 1.8 1.7 1.7 1.7 845.8
Lam-exp 0.056/142 39.3 108.3 116.5 118.1 90.6 61.0 44.0 33.4 26.3 21.4 17.8 15.1 691.8
Lam-diff 0.056/142 32.9 95.5 104.2 106.3 85.4 60.7 45.3 35.1 28.1 23.0 19.3 16.5 652.3
Lam-diff 0.056/62 19.4 53.7 57.8 58.7 45.3 30.9 22.5 17.3 13.8 11.3 9.5 8.2 348.4
Lam-diff 0.056/92 26.1 73.4 79.3 80.6 63.0 43.4 31.9 24.5 19.5 16.0 13.4 11.4 482.5

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 2.00 (dissolved Pb)



Appendix 5D:   Sequential sampling: Edmonton - D-9342

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 1.5 18
Private service line Lead 32.3 18
Total lead piping Lead 33.8 18 8.6 1.913
Premise plumbing Copper 8.6 18 2.2 Unknown Unknown Assumed adjustment factor = 0.7
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 9.6 8.4 9.7 9.4 9.2 8.9 8.6 9.2 8.5 8.4 8.4 8.4 106.7
Dissolved Pb (µg/l) 9.4 8.2 9.1 9.0 8.8 8.6 8.5 8.2 8.1 8.1 8.1 8.0 102.1
% dissolved Pb 98 98 94 96 96 97 99 89 95 96 96 95

Predicted for M/E
Lam-diff 0.050/128 0.0 0.7 4.3 7.8 10.3 11.8 12.9 13.4 13.4 13.1 12.6 12.0 112.3
Lam-diff 0.050/70 0.0 1.8 7.0 10.3 12.2 13.3 13.6 13.1 12.3 11.3 10.4 9.5 114.8

8 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 9.6 12.6 21.7 15.4 13.8 11.7 10.2 9.9 9.6 9.8 9.6 9.4 143.3
Dissolved Pb (µg/l) 9.3 12.2 20.9 14.8 13.7 11.4 10.0 9.7 9.3 9.3 9.3 9.2 139.1
% dissolved Pb 97 97 96 96 99 97 98 98 97 95 97 98

Predicted for M/E
Lam-diff 0.050/128 0.0 34.7 70.2 81.1 85.8 83.4 66.0 52.2 42.3 34.9 29.4 25.1 605.1
Lam-diff 0.050/70 0.0 26.7 51.1 57.8 60.6 58.0 43.7 33.5 26.5 21.6 18.1 15.3 412.9

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.36 (dissolved Pb)



Appendix 5E:   Sequential sampling: Edmonton - E-18343

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Copper 1.2 18
Public service line Lead 0.0
Private service line Lead 28.7 18
Total lead piping Lead 28.7 18 7.3 1.879
Premise plumbing Galv Fe 5.9 18 Unknown Unknown Assumed adjustment factor = 0.7
Premise plumbing Pex 1.5 12.5
Premise plumbing Non-lead 1.7

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 5.7 5.0 4.2 4.1 4.5 4.7 4.7 4.8 4.9 5.0 4.9 5.0 57.5
Dissolved Pb (µg/l) 5.4 4.6 3.7 3.7 3.9 4.1 4.2 4.3 4.4 4.4 4.4 4.4 51.5
% dissolved Pb 95 92 88 90 87 87 89 90 90 88 90 88

Predicted for M/E
Lam-diff 0.050/60 0.1 4.8 10.0 12.3 13.5 13.4 12.4 11.1 9.9 8.8 7.8 7.0 111.1

6.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 6.5 6.1 5.5 5.2 6.0 7.2 8.2 8.8 9.1 9.0 8.8 8.7 89.1
Dissolved Pb (µg/l) 6.1 5.6 5.0 4.6 5.1 6.3 7.3 7.9 8.1 8.1 8.0 7.9 80.0
% dissolved Pb 94 92 91 88 85 88 89 90 89 90 91 91

Predicted for M/E
Lam-diff 0.050/60 1.9 36.9 50.2 53.7 52.0 37.5 27.3 20.9 16.6 13.6 11.4 9.7 331.7

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.55 (dissolved Pb)



Appendix 5F:   Sequential sampling: Edmonton - F-5990

PIPEWORK Material Length Diameter Volume Internal Median Median 
(m) (mm) (L) surface temp C temp C

area (m2) 30MS 6+HS

Public service line Lead 13.4 18
Private service line Lead 7.4 18
Total lead piping Lead 20.8 18 5.3 1.176
Premise plumbing Copper 4.6 12.5 0.6 Unknown Unknown Assumed adjustment factor = 0.7
Premise plumbing
Premise plumbing

30 MIN STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 9.5 12.8 13.0 13.9 13.7 13.2 11.0 9.7 9.4 9.1 9.2 9.2 133.7
Dissolved Pb (µg/l) 8.2 11.2 11.6 12.5 12.1 11.8 9.7 8.3 8.0 8.0 7.7 7.6 116.7
% dissolved Pb 86 88 89 90 88 89 88 86 85 88 84 83

Predicted for M/E
Plug-exp 0.050/128 8.1 18.7 18.9 19.1 19.3 16.8 1.2 1.2 1.2 1.2 1.2 1.2 108.1
Lam-exp 0.050/128 9.8 17.9 18.5 13.5 8.5 6.0 4.6 3.7 3.1 2.7 2.4 2.2 92.9
Lam-diff 0.050/128 3.4 11.4 13.7 14.6 14.3 13.3 11.8 10.4 9.2 8.1 7.2 6.4 123.8
Lam-diff 0.050/56 5.4 13.3 14.6 14.2 12.1 9.8 8.1 6.7 5.7 4.9 4.3 3.8 102.9
Lam-diff 0.050/60 5.2 12.9 14.4 14.2 12.2 10.1 8.3 7.0 5.9 5.1 4.5 4.0 103.8

6.5 HR STAGN.
Mass (ug)

Observed (µg/l) L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 L1-12

Total Pb (µg/l) 12.7 17.8 20.3 22.4 21.5 18.8 14.8 11.8 11.4 10.9 10.8 10.6 183.8
Dissolved Pb (µg/l) 10.3 17.4 17.4 19.5 18.1 15.2 11.4 8.8 8.3 8.1 8.0 7.8 150.3
% dissolved Pb 81 98 86 87 84 81 77 75 73 74 74 74

Predicted for M/E
Plug-exp 0.050/128 47.2 108.4 108.4 108.5 108.5 93.1 1.2 1.2 1.2 1.2 1.2 1.2 581.3
Lam-exp 0.050/128 57.1 103.6 106.3 76 46.2 31.2 22.6 17.2 13.7 11.1 9.3 7.9 502.2
Lam-diff 0.050/128 46.2 87.7 90.9 69.6 45.7 32.1 23.9 18.5 14.8 12.2 10.2 8.7 460.5
Lam-diff 0.050/56 28.4 51.7 53.1 38.3 23.6 16.1 11.8 9.1 7.3 6.1 5.2 4.5 255.2
Lam-diff 0.050/60 29.9 54.6 56.1 40.5 25.0 17.1 12.6 9.7 7.8 6.4 5.5 4.7 269.9

Note: ratio of observed 30MS mass in L1-12 to 6+HS mass in L1-12 was 1.29 (dissolved Pb)



Appendix 6.txt[03/03/2014 11:05:49]

# =============================================================================
# ||                                                                         ||
# ||             OVERVIEW OUTPUT FILE FOR US SAMPLING SIMULATION             ||
# ||                                                                         ||
# ||                     Produced by LCS Version 1.606e                      ||
# ||                                                                         ||
# =============================================================================
#
#     Name Of Zone                               :     ed-0.048-1
#
#     Networked Zone                             :     False
#
#     Continuous Variables                       :     From File
#
#     Variable Maximum Exchange Rate             :     False
#
#     Date Of Zone Generation                    :     15/11/2013 11:08:49
#
#     Date Of Zone Calculation                   :     15/11/2013 11:11:56
#
#     Number Of Supplies In Zone                 =          10000
#
#     Number Of Supplies With Lead               =          10000
#
#     Maximum Exchange rate (ug/s m^2)           =      4.800E-02
#
#     Equilibrium Concentration (ug/l)           =       123.    
#
#     Flow rate (l/s)                            =      5.000E-02
#
#     Number Of water pattern files              =              5
#
#     Name for water usage pattern file 1        :     std-patt-1
#
#     Name for water usage pattern file 2        :     std-patt-2
#
#     Name for water usage pattern file 3        :     std-patt-3
#
#     Name for water usage pattern file 4        :     std-patt-4
#
#     Name for water usage pattern file 5        :     std-patt-5
#
#     Lead Pipe Distribution File                :     pb-len-2
#
#     Copper Pipe Distribution File              :     cu-len-2
#
#     Lead Pipe Diam Distribution File           :     diam-ed
#
#     Copper Pipe Diam Distribution File         :     diam-prem-2
#
#     Cu and Pb diams same at an address         =              0
#
#     Total Water Distribution File              :     tot-vol



Appendix 6.txt[03/03/2014 11:05:49]

#
#     Water Pattern types surveyed               :     A  
#
#     Number Of Time Ranges                      =              1
#
#     Time Range 1                               :      09-00 to 17-00
#
#     Premises lead option, 0 implies no premises=lead          3
#
#     Premises lead Dist. File                   :     prem-mod-16
#
#     Scale factor for premises lead             =       1.00    
#
#     Number Of Samples Taken                    =            100
#
#     Number Of Surveys Performed                =             10
#
#        Statistics For 30 Minute Stagnation At (     10.00ug/l) Standard
#
#        Failures and 90th percentile conc. for each litre sample
#
#                      Litre  1            Litre  2            Litre  3            Litre  4        4 Litre Sample 
 Survey :   1       17       48.970     52       29.268     73       21.057     47       15.064     30       28.545
 Survey :   2       16       46.426     54       25.434     71       20.072     48       16.109     29       27.145
 Survey :   3       14       38.446     56       20.304     69       17.462     46       14.781     27       21.724
 Survey :   4        9        5.680     52       16.007     77       16.959     38       14.911     25       12.391
 Survey :   5        9        6.236     46       15.714     73       16.926     54       14.750     28       12.293
 Survey :   6       14       46.073     50       25.024     79       18.034     42       15.518     26       20.419
 Survey :   7       11       42.478     47       22.520     74       16.529     49       15.057     28       11.881
 Survey :   8       17       46.582     59       25.617     81       18.561     49       15.523     36       24.616
 Survey :   9       13       46.113     50       25.087     75       18.385     51       15.640     30       24.044
 Survey :  10       17       49.732     49       31.791     79       17.458     48       15.529     28       26.475

 Average   :       13.70     37.674    51.50     23.676    75.10     18.144    47.20     15.288    28.70     20.953 

 % Failure :       13.70     80.000    51.50    100.000    75.10    100.000    47.20    100.000    28.70    100.000 

 Minimum   :        9.00      5.680    46.00     15.714    69.00     16.529    38.00     14.750    25.00     11.881 

 Maximum   :       17.00     49.732    59.00     31.791    81.00     21.057    54.00     16.109    36.00     28.545 

 Std Dev   :        3.00     16.144     3.80      4.926     3.65      1.374     4.26      0.419     2.87      6.172 



Appendix 7:  Stagnation curves for a 20 m Pb pipe with M=0.1, E=150, F=0.1, V=100
12mm 15mm 18mm 24mm

Stagnation time Plug-exp Lam-exp Lam-diff Plug-exp Lam-exp Lam-diff Plug-exp Lam-exp Lam-diff Plug-exp Lam-exp Lam-diff
(approx)

12 150.0 149.9 149.9 149.9 149.9 149.7 149.8 149.8 148.9 149.0 148.9 145.6
6 148.7 148.7 147.3 146.7 146.7 142.6 143.7 143.8 136.6 136.2 136.9 124.1
3 135.8 135.8 130.0 127.4 127.5 117.3 119.0 119.5 106.1 104.3 106.3 89.9

1.5 103.0 100.3 95.5 90.9 91.2 80.8 81.1 82.0 70.3 66.7 69.8 58.0
0.5 47.7 48.1 44.9 39.8 40.3 36.3 34.3 35.4 31.2 27.1 30.4 27.4

30MS 30MS 30MS
L1-12 4L Ave

12 mm L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 Mass µg (µg/l)
Plug-exp 49.6 49.8 13.6 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 120.2 28.5
Lam-exp 49.5 29.9 11.1 6.0 3.9 2.8 2.2 1.8 1.6 1.4 1.3 1.2 112.7 24.1
Lam-diff 46.2 38.0 21.3 12.9 8.6 6.2 4.8 3.8 3.1 2.7 2.3 2.1 152.0 29.6

15 mm
Plug-exp 41.2 41.4 41.6 22.7 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 154.1 36.7
Lam-exp 41.2 39.7 21.3 11.3 7.2 5.1 3.9 3.1 2.6 2.3 2.0 1.8 141.5 28.4
Lam-diff 36.7 36.7 31.2 22.5 16.2 12.1 9.4 7.6 6.2 5.3 4.5 3.9 192.3 31.8

18 mm
Plug-exp 35.2 35.4 35.5 35.7 35.9 4.2 1.1 1.1 1.1 1.1 1.1 1.1 188.5 35.5
Lam-exp 35.2 35.3 32.6 19.2 12.0 8.4 6.3 5.0 4.1 3.5 3.0 2.7 167.3 30.6
Lam-diff 30.4 30.6 30.6 28.0 23.2 18.8 15.3 12.6 10.5 9.0 7.7 6.8 223.5 29.9

24 mm
Plug-exp 27.3 27.4 27.5 27.7 27.8 27.9 28.0 28.2 28.3 2.8 1.5 1.5 255.9 27.5
Lam-exp 27.2 27.4 27.5 27.7 26.3 19.0 14.0 10.8 8.7 7.2 6.2 5.4 207.4 27.5
Lam-diff 22.6 22.8 22.9 23.0 23.1 23.0 22.1 20.6 18.8 17.1 15.5 14.0 245.5 22.8

Diameter (mm) 12 15 18 24 F = flow (l/s)
Volume (litres) 2.26 3.53 5.09 9.05 20 m pipe V = volume (l)
Area (m2) 0.754 0.943 1.131 1.508 20 m pipe M = initial mass transfer rate (µg/m2/s)
Litres/m2 3.00 3.74 4.50 6.00 E = equilibrium concentration (µg/l)



6HS 6HS 6HS
L1-12 4L Ave

12 mm L1 L2 L3 L4 L5 L6 L7 L8 L9 L10 L11 L12 Mass µg (µg/l)
Plug-exp 148.8 148.8 39.4 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 0.8 344.2 84.5
Lam-exp 148.7 89.0 32.2 16.8 10.4 7.2 5.3 4.2 3.4 2.9 2.5 2.2 324.8 71.7
Lam-diff 147.3 88.5 32.2 16.8 10.5 7.2 5.4 4.2 3.4 2.9 2.5 2.2 323.1 71.2

15 mm
Plug-exp 146.8 146.8 146.8 78.8 0.9 0.9 0.9 0.9 0.9 0.9 0.9 0.9 526.4 129.8
Lam-exp 146.7 140.8 74.7 38.6 23.7 16.2 11.8 9.1 7.3 6.0 5.0 4.3 484.2 100.2
Lam-diff 142.8 137.2 73.9 38.6 23.8 16.3 11.9 9.2 7.3 6.1 5.1 4.4 476.6 98.1

18 mm
Plug-exp 143.9 143.9 143.9 143.9 143.9 13.8 1.1 1.1 1.1 1.1 1.1 1.1 739.9 143.9
Lam-exp 143.8 143.9 131.9 76.5 46.8 31.7 23.0 17.5 13.9 11.3 9.4 8.0 657.7 124.0
Lam-diff 136.7 136.7 126.0 74.9 46.6 31.9 23.3 17.8 14.1 11.5 9.6 8.2 637.3 118.6

24 mm
Plug-exp 136.4 136.4 136.4 136.4 136.5 136.5 136.5 136.5 136.5 7.8 1.5 1.5 1238.9 136.4
Lam-exp 136.4 136.4 136.4 136.4 129.0 92.0 66.3 50.2 39.4 31.8 26.3 22.1 1002.7 136.4
Lam-diff 123.3 123.3 123.3 123.4 117.5 87.1 64.7 49.9 39.7 32.4 27.0 22.9 934.5 123.3


	PROJECT REPORT final
	Appendix 1 template and protocols
	APPENDIX 2   PLUMBOSOLVENCY TESTING RESULTS
	Appendix 3 Sequential sampling protocol
	App 4A - Calgary A-122
	Sheet1

	App 4B - Calgary B-1619
	Sheet1

	App 4C - Calgary C-420
	Sheet1

	App 4D - Calgary D-811
	Sheet1

	App 4E - Calgary E-1218
	Sheet1

	App 4F - Calgary F-401
	Sheet1

	App 5A - Edmonton A-6648
	Sheet1

	App 5B - Edmonton B-17864
	Sheet1

	App 5C - Edmonton C-16679
	Sheet1

	App 5D - Edmonton D-9342
	Sheet1

	App 5E - Edmonton E-18343
	Sheet1

	App 5F - Edmonton F-5990
	Sheet1

	Appendix 6
	Local Disk
	Appendix 6.txt


	Appendix 7 Stagnation results
	Sheet1

	Untitled

