
 

ABSTRACT 
 

 
WANG, ZHENG-MING MICHAEL.  Characterization of Lead Leaching in Drinking 
Water Distribution Systems Relative to Water Age and Water Quality Parameters. (Under 
the direction of Dr. Allen C. Chao and Dr. Hugh A. Devine.) 
 

 Lead (Pb) leaching has occurred in the water distribution systems (WDSs) of 

many cities and towns in the United States.  This heavy metal can dissolve in drinking 

water from lead pipes, lead solders and lead-containing plumbing fixtures.  Exposure to 

lead can be seriously hazardous to human health, especially to children.  While the 

treated water from water treatment plants does not generally contain lead, physical and 

chemical conditions in WDSs may cause lead to leach into the drinking water.  Although 

the seriousness of lead corrosion in drinking water has long been recognized and 

researchers have analyzed the chemical causes of lead leaching, the use of computer 

water quality models combined with water quality parameters to analyze spatial locations 

and areas where lead leaching may occur has not been detailed.  

 This study characterizes water age and its influence on water quality; especially 

lead leaching, in WDSs.  The goal is for water utility managers and operators to 

efficiently target areas prone to lead leaching in WDSs.  The approach has three 

components, (1) calculating water ages utilizing a computer water quality model, (2) 

analyzing spatially distributed water age and lead occurrence levels, and (3) evaluating 

the influences of other routinely monitored water quality parameters on lead leaching in 

water distribution systems.  A water quality model is a model that is upgraded from an 

existing hydraulic trunk-main model using geographic information systems (GIS) about 

the WDSs.  The results used in this study were calculated from the water quality models 



 

that are allowed by the United States Environmental Protection Agency (US EPA) to be 

applied in evaluating water quality in water distribution systems.  The qualifications are 

determined and outlined by the US EPA for the initial distribution system evaluation 

(IDSE) from the recently promulgated Stage 2 Disinfection and Disinfectant Byproduct 

Rule (EPA, 2006).  We then calculated the water age using the GIS-assisted water quality 

model.  Based on recent occurrences of lead leaching in several local utilities in North 

Carolina, we hypothesized that the lead leaching may correlate to the hydraulic residence 

time. 

We combined the calculated water age and water quality parameters sampled in 

water distribution systems utilizing spatial analysis tools in GIS.  We geo-coded these 

data and spatially joined them based on street addresses.  Matrices were generated for 

spatial database analyses to map the lead levels versus the building ages, and the water 

age, one of the results from the water quality model simulation.  We tested the hypothesis 

using the data from three water utilities in North Carolina.  Some of these data were 

gathered for compliance with the US EPA Lead and Copper Rule, and others for 

preventive measuring.  We analyzed approximately 400 samples. 

To aid the test of the hypothesis, we evaluated the other water quality parameters 

and their influence to lead leaching.  These consisted of pH, HPC, and nitrate measures, 

all of which are routinely monitored by water utilities. 

All of the analysis components use the spatial and water measurement data that 

are readily available to most utilities.  The approach developed in this study can also be 

used to analyze other pollutants that may be regulated under the US EPA Safe Drinking 

Water Act in the future.  Overlay of derived GIS maps, including water quality model 



 

simulation results, lead sampling data, and other routinely monitored water quality 

parameters will allow utility managers to target lead sample sites and allocate their scarce 

resources more efficiently to alleviate the problems. 
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BIOGRAPHY 
 
 
I have lived the second half of my life in my adopted country, the United States of 

America, where almost all of my higher education programs were accomplished.  The 

first half of my life, however, was spent in China, where I learned the very basic lessons.  

I learned to be humble when I was in elementary school; I learned to be resourceful when 

I was in middle school; I learned to be studious when I was in high school.  But I had 

decided at a very young age what university I would attend and what I wanted to be when 

I grew up.  When I was 5 years old, my parents took me to the 50th celebration and 

homecoming of the university where my father graduated.  I still remember the beautiful 

green lawn in front of the red brick, dome top auditorium.  (Years later, I found similar 

architecture at Columbia University in New York, which I briefly attended when I came 

to this country.).  I told my father then that when I grew up, I wanted to attend this 

university and become an engineer just like him. 

 

The university in Beijing is called Tsinghua (Qing Hua) University, built in 1911 

with a fund from the United States.  It was a preparatory engineering school, and its 

graduates came to the U.S. for higher education prior to 1949 when the Chinese 

Communist government took power.   Many elite Chinese students attended this school.  

To my family, going to this university to study engineering had become a tradition.  My 

great grand uncle, who was one of the 10 physicists and scientists responsible for 

developing Chinese nuclear technology, graduated from Tsinghua in 1929.  In the early 

1980’s, he was awarded distinguished alumni awards from the University of California at 

Berkley and from MIT.  Because of his contributions to physics and science, there is a 
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building named after him at Tsinghua University.  Also, my uncle (class of 1944) 

attended the university, and had to follow the school temporarily to the south because of 

the Japanese invasion of China during World War II.   Eventually, he came to this 

country and graduated from MIT with a Master’s degree in chemical engineering.  My 

father (class of 1951) studied mechanical engineering at Tsinghua University, although 

he had a chance to attend St. John’s University medical school in Shanghai.  He had 

dreamed of opening the first Chinese automobile factory.  That dream was shattered 

when the Communists took over the country in 1949.  My dream was also almost 

shattered by the so-called Great Proletarian Cultural Revolution that took place in 

communist China exactly 40 years ago and lasted for more than 10 years.   My class 

(1982) was the first class after the Great Proletarian Cultural Revolution that took the 

reinstated national college entrance examinations, went to college based on one’s 

academic merit rather than his/her political stature, and majored in Environmental 

Engineering in China.  

 

I continued my studies in my major after I transferred to Rutgers, the State 

University of New Jersey, and graduated with honors and on the Dean’s list.  I then 

earned a Master’s degree in environmental engineering from the University of North 

Carolina at Charlotte, where I had a scholarship and research assistantship.  During my 

studies, I grew to love computers, the “computation machines” as we say in Chinese.  For 

me, who while taking computer programming in Tsinghua University  had only 

approximately 30 minutes of machine time to type six-line codes on a typewriter-type 

computer with punched holes on a tape as storage media, unlimited time sitting in front of 
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a computer terminal made me feel like a kid in toy land.  When I graduated from UNC-

Charlotte, I had spent hundreds of hours on computers and written thousands of lines of 

code for computerized models.  Since then, I have been the chairman of the Computer 

Applications Committee for the North Carolina American Water Works Association and 

Water Environment Association (NC AWWA-WEA), and an American Academy Board 

Certified Environmental Engineer.  For the last 20 years, I have been a consulting 

engineer in a major national environmental engineering firm, where I serve as the director 

of the firm’s hydraulic modeling group, in charge of geographic information systems 

(GIS) integration with computer model applications on hydraulic capacities and water 

quality in water distribution and wastewater collection systems. 
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CHAPTER 1 

INTRODUCTION 

 

 

1. Background 

1.1 Water Residence Tim (or Water Age) and Water Quality  

Water age, also known as water residence time or hydraulic residence time, has long 

been used as a surrogate factor for water quality evaluations in water distribution systems 

(Walski, et al. 1998).  When water is discharged from a water treatment plant (WTP), we 

consider it fresh treated water.  Just before the water enters a distribution system, disinfectant 

is applied to purify the treated water.  The residual of the disinfectant will maintain drinking 

water quality and indicate the extent of water quality deterioration.  However, when the water 

is conveyed through the complex pipe network of a water distribution system (WDS) to 

customers’ taps, it has been residing in the water supply system for an extended period of 

time, so the water age is no longer short.  The physical and chemical conditions inside the 

pipe network of a WDS can cause the residual of the disinfectant to decay, which will impact 

water quality at the tap.  Therefore, minimum levels of disinfectant residual must be 

maintained throughout a WDS to provide protection against water-borne contaminants. 

Extensive studies have been conducted to identify disinfectant reaction orders and to 

obtain the decay coefficients for most commonly used disinfectants, such as free chlorine and 

chloramines (Vasconcelos, et al. 1997; Clark, et al. 1998; Valentine, et al. 1998; DiGiano, et 

al. 2004, 2005, 2006).  In order to simulate the behaviors of these chemicals in WDSs, trunk 

main hydraulic models or reduced-pipe (skeletonized) water quality models are used to first 
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characterize the WDS hydraulics, such as the water residence time.  Then the models must be 

calibrated, preferably through tracer tests (Vasconcelos, et al. 1997; DiGiano, et al. 2001; 

Westbrook, et al. 2005).  The tracer test procedure involves applying a conservative (non-

degrading) chemical (hydrofluosilicic acid or fluoride) (DiGiano, et al. 2005) to the finished 

water before it is discharged into the WDS, and taking its residual concentration at selected 

locations, where water age or the time at which the added tracer would first appear is 

predicted.  The goal of the test is to obtain the real hydraulic residence time and compare it 

with the model computational result.  The model is then adjusted to minimize or alleviate the 

differences between the real water age and simulated time at each location. 

Today, with the improvement of computer technologies, many trunk main type or 

skeletonized models have been upgraded to all-pipe water quality models assisted by 

geographic information systems (GIS).  The recent EPA promulgated Stage 2 Disinfectants 

and Disinfection Byproducts Rule (Stage 2 D/DBPR) only allows such models to perform an 

initial distribution system evaluation (IDSE) (EPA, 2006).  Although there are many studies 

of disinfectant decay and reaction coefficients for both bulk water and pipe wall reactions 

(Clark, et al. 1997) in a WDS, water age is still the factor used to select water quality 

monitoring sites.  These values, simulated by GIS-assisted water quality models, are spatially 

distributed, or clustered, rather than randomly dispersed (Appendix A). 

Water quality deterioration is likely influenced by water age.  If water age is 

excessive at certain locations, disinfectant decay can take place and reduce the residual 

concentration of disinfectant to less than the minimum levels, which can have a strong 

impact on other water quality parameters.  Ollos, et al (1995), Wilczak et al (1996), and 

DiGiano, et al (2000, 2001, 2002) studied the course of disinfectant decay and its impact on 
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water quality in WDSs, including biofilm - heterotrophic plate count (HPC) growth, 

nitrification, bacteria regrowth and corrosion.  Coupled with pipe physical conditions, these 

water quality deterioration processes may cause water to become corrosive to certain 

otherwise stable materials, including heavy metals such as lead (Pb), and release them into 

the drinking water. 

 

1.2 Lead in Drinking Water 

Lead is a powerful neurotoxin that interferes with the development of children’s 

brains and central nervous systems as well as the kidneys and blood-forming organs.  The 

occurrence of high lead concentrations in the water supply systems in some cities and towns 

in the United States is causing serious concerns due to the human health related risks, 

especially blood lead levels in children (NSC, 2004).  The primary sources of lead exposure 

for most children are: 

 
• deteriorating lead-based paint, (Miranda, et al. 2006) 

• lead-contaminated dust (NSC, 2004), and 

• lead-contaminated residential soil (Shannon, et al. 1998). 

 
However, the EPA has estimated that on average up to 20% of a child's total lead 

exposure can potentially be attributed to lead-contaminated water (NSC, 2004). 

Although rarely found in source water, lead enters tap water through corrosion of 

plumbing materials.  Homes built before 1986, the year after lead piping materials were 

banned, are more likely to have lead pipes, lead-containing plumbing fixtures and lead solder.  

However, new homes are also at risk: even legally “lead-free” plumbing may contain up to 
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eight percent (8%) lead, according to the United States Environmental Protection Agency 

(EPA, 1991).  The most common problem is with brass or chrome-plated brass faucets and 

fixtures, which can leach significant amounts of lead into the water, especially hot water.  

Drinking this contaminated water can contribute to children’s elevated blood-lead levels.  

While water is rarely the primary source of exposure to lead for children with elevated blood-

lead levels, studies by Edwards et al (2004), Duti et al (2004),  Triantafyllidou et al (2006), 

Burlingame, et al (2006) and Miranda et al (2007) have suggested that the lead leaching into 

drinking water has been related to the water treatment process changes, such as using ferric 

salts as coagulants and chloramines as secondary disinfectants, resulting in a ratio of chloride 

to sulfate (Triantafyllidou, et al. 2006) that is too high.  Edwards, et al (2004) observed that 

in order to comply with Stage 1 and 2 D/DBPRs, utilities had to change some chemicals used 

for primary coagulation and secondary disinfection in the water treatment process.  Such 

changes, however, may cause some utilities to be out of compliance with the Lead and 

Copper Rule (LCR) (EPA, 1991).  For example, the conversion of free chlorine to 

chloramine has been linked to lead leaching and slightly increasing children’s mean blood 

lead levels (Edwards, et al. 2003, 2004; Miranda, et al. 2007). 

 

1.3 Summary of Study Background 

Extensive research has been conducted to study the decay of common disinfectants 

with respect to hydraulic residence time (Clarks, et al. 1997; Valentine, et al. 1998, DiGiano, 

et al. 2004, Westbrook, et al. 2005).  The coefficients of the disinfectant decay are functions 

of hydraulic residence time or water age.  Disinfectant decay, especially of chloramines, does 

deteriorate water quality at customers’ taps, causing bacteria (HPC) regrowth, corrosion and 
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nitrification.  These studies utilized piping loops, pipe section reactors, and synthetic and real 

waters to mimic water distribution system operations.  Trunk main or skeletonized models 

were employed to simulate the hydraulic characteristics, and tracer tests were used to verify 

the hydraulic residence times. 

Studies have also been undertaken to identify the causative chemicals or chemical 

processes for lead leaching into the drinking water.  These studies included evaluation of 

workmanship on lead solder and lead-containing piping (Singley, 1994), testing multiple 

water taps with various stagnation times to measure lead levels (Gardels, et al. 1989), and 

analyzing chemical reactions related to coagulant and disinfectant changes in water treatment 

(Burlingame, et al. 2006).   The literature review in the next chapter will further discuss these 

studies. 

Lead leaching into drinking water is a complicated multiple-factor phenomenon.  

Simply correlating the change of the coagulation and disinfection chemicals at WTPs with 

lead leaching may be inconclusive.  Although the aforementioned studies are extensive 

regarding the related issues, 1) whether water age has direct correlation to lead leaching and 

2)whether the disinfectant decay-related water quality parameters such as nitrification and 

HPC (bacterial regrowth) have impact on lead leaching have not been thoroughly analyzed. 

 

1.4 Water Utility Challenges 

Under the Safe Drinking Water Act (SDWA), many rules have been revised to ensure 

that water utilities provide safe drinking water.  The recent occurrences of high lead level in 

some WDSs have indicated that while utilities were making efforts to comply with one rule, 

they may have been inadvertently out of compliance with other rules.  Literature review and 
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actual events have shown that after switching the primary coagulant and secondary 

disinfectant in water treatment to comply with the Stage 1 D/DBPR, the utilities may have set 

the stage for unacceptable lead levels in certain areas of their water distribution systems.  

Some utilities even decided to switch back to their original coagulant (Clabby, 2006) to 

reduce the chloride to sulfate ratio in order to prevent lead leaching from happening again, 

but they found that their DBPs began to elevate and potentially exceeded the maximum 

contamination level (MCL) set forth by the EPA. 

Traditional corrosion control studies can be conducted to identify the probable 

sources and high risk locations of lead leaching in a utility’s WDS, but the traditional 

corrosion studies on lead leaching involve extensive water sampling and testing to identify 

the problems.  While the studies are still required, they tend to have long study periods, draw 

personnel away from their daily operational duties, and, consequently, cost hundreds of 

thousands of dollars.  In addition, the current Lead and Copper Rule (LCR) only requires that 

utilities test their lead and copper levels in water distribution systems every three years if 

they have met certain requirements.  The traditional testing then tends to be reactive to lead 

leaching problems and may miss actual lead occurrences in some areas.   

Dr. Marc Edwards, a leading researcher on lead and copper corrosion issues, stated in 

2006 that “[t]he water industry is doing all it can to make sure water is less corrosive – at the 

same time there is no guarantee that an individual’s water will be safe”(Biesecker, 2006). 
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CHAPTER 2 

LITERATURE REVIEW 

 

 

2.1 Introduction 

There is an extensive body of research on water quality issues in water distribution 

systems (WDSs) related to water residence time, dependent disinfectant decay, applying 

water quality models and geographic information systems (GIS) to simulate water quality in 

a WDS, and chemical and physical conditions in WDSs influencing contaminant levels, e.g. 

lead.   This research was reviewed for our study and is discussed below.  

The United States Environmental Protection Agency (EPA) maintains an extensive 

set of regulations on drinking water treatment and quality.  These regulations have presented 

significant challenges to water utilities.  These challenges have motivated this study, which 

attempts to provide utility managers with new approaches to efficiently detect potential lead 

leaching in their WDSs.  Thus it is also crucial to review these regulations and their updates 

for this study.   

Section 2.2 of this chapter will review the recent updates of drinking water 

regulations related to water distribution system water quality, including the Lead and Copper 

Rule (LCR).  The Stage 1 Disinfectants and Disinfection Byproduct Rule (Stage 1 D/DBPR) 

and recently promulgated Stage 2 D/DBPR prompted many water utilities to switch their 

primary coagulant from aluminum salt (aluminum sulfate) to ferric salt (ferric chloride and 

ferric sulfate) and disinfectant for their water distribution systems from free chlorine to 

chloramines.  Water quality parameters related to the changes of plant treatment strategies 
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will impact lead leaching in a WDS.  Because the concentrations of water quality parameters 

in a WDS vary spatially and temporally, geographic information systems (GIS) offer 

important tools in spatial data analyses.  Thus, section 2.3 will review literature related to the 

integration of GIS and spatial data analysis, which justifies the intended methodology that 

was employed for this study.  Section 2.4 will review water quality modeling related to the 

decay of common disinfectants such as chlorine and chloramines.  Section 2.5 examines lead 

occurrences and related chemical conditions, especially lead leaching related to water 

treatment changes which were originally made to comply with water quality regulations, 

such as the Stage 1 and Stage 2 D/DBPR.  

 

2.2 Regulation Review and Update 

On December 15, 2005, the United States EPA promulgated two new rules to 

improve the quality of drinking water in the United States.  These rules were finalized in 

January 2006, and will trigger changes in water treatment processes and chemical uses, 

especially in coagulation and disinfection processes, which in turn will have significant 

impact on water quality in WDSs (Kirmeyer, et al. 2000). 

The following sections will summarize the key points of these newly promulgated 

rules to emphasize their impact on water quality in WDSs. 

 

2.2.1 Stage 2 Disinfectants and Disinfection Byproducts Rule  

The Stage 2 D/DBPR builds upon the Stage 1 D/DBPR (EPA, 1998) to address 

higher risk public water systems for protection measures beyond those required by existing 

regulations.  Although disinfection is one of the major advances in water treatment in the 20th 
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century, disinfection and disinfectants themselves form byproducts by reacting with naturally 

occurring materials (NOM).  These disinfection byproducts can pose significant human 

health risks, such as cancer and reproductive and developmental impairment, although 

studies have shown no direct correlation between pregnancy loss and the disinfection 

byproducts in drinking water (Singer, et al. 2006; Savitz, et al. 2006). 

It is important to understand the forms of these byproducts in drinking water.  The 

major disinfection byproducts (DBPs), including total trihalomethanes (TTHM) and 

haloacetic acids (HAAs), are formed from the reaction of free chlorine residual and 

precursors in the water source, including humic and fulvic acids (Faust, et al. 1998; Clark, 

1998).  The U.S. Congress required the EPA to promulgate Stage 2 D/DBPR as part of the 

1996 Safe Drinking Water Act Amendments (SDWA).  The Stage 2 D/DBPR augments the 

Stage 1 D/DBPR that was finalized in 1998.   

 
There are two groups of disinfection byproducts (DBPs): 

 
1. Total trihalomethanes (TTHM - chloroform, bromoform, bromodichloro methane, 

and dibromochloromethane). 

2. Five haloacetic acids (HAA5 - monochloro-, dichloro-, trichloro-, monobromo-, 

dibromo-) are widely occurring classes of DBPs formed during disinfection with 

chlorine and chloramine. 

 
Table 2-1 below briefly summarizes the maximum contaminant levels (MCLs) for the 

DBPs from both stages of the D/DBPR’s.  
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Table 2-1 
Summary of Stage 1 and Stage 2 D/DBPR 

 
DBP’s Stage 1 DBPR (1998) Stage 2 DBPR (2005) 

TTHM (mg/L) 0.080 (RAA)* 0.080 (LRAA)* 

HHA5 (mg/L) 0.060 (RAA) 0.060 (LRAA) 

 
* Running Annual Average and Locational Running Annual Average 

 
Although the two parameters are at the same concentrations in both stages, the second 

stage DBPR is designed to address spatial variations in DBP exposure through a new 

compliance calculation.  For example, the running annual average (RAA) for the Stage 1 

D/DBPR allows DBP data at certain sampling points to be higher than the maximum 

contamination level (MCL) so long as the annual average system-wide is below the MCL.  

The Stage 2 D/DBPR, however, bases the compliance on locational running annual average 

(LRAA) calculation, which requires that each sampling point comply with the MCL of 0.080 

mg/L for TTHM and 0.060 mg/L for HAA5.  The major updates of Stage 2 D/DBPR from 

Stage 1 D/DBPR are that (1) an Initial Distribution System Evaluation (IDSE) must be 

performed to identify locations in the distribution system for the DBPs, TTHM and HAA5; 

and (2) the compliance with the MCL for the DBPs will be calculated for each monitoring 

location in the WDS, rather than averaging all monitoring locations across the system (EPA, 

2005).  
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2.2.2 Long Term 2 Enhanced Surface Water Treatment Rule (LT2ESWTR) 

The ESWTP Rule is a long-term treatment rule for surface water treatment. The 

Interim Enhanced Surface Water Treatment Rule (IESWTR) has been in effect since 

December 1998, applying to systems serving 10,000 or more people.  Long-term stage 1 

(LT1ESWTR) was expected in March 2000 to apply to systems serving less than 10,000 

people; the LT1ESWTR was finalized in August 2000.  The scope, as required by the 1996 

SDWA, was to develop long-term stage 2 ESWTR, which was promulgated in 2005, and 

finalized in 2006. 

Although the LT2ESWTR emphasizes the requirement of water treatment processes 

to remove Cryptosporidium, the watershed control program plays a very important role in 

alternative water supplies and source water protection and management.  Spatial analysis 

becomes an important procedure for the program.  

 

2.2.3 Lead and Copper Rule (LCR) 

The Lead and Copper Rule (EPA, 1991) was promulgated in 1991 for the purpose of 

controlling lead and copper leaching into drinking water in water distribution systems.  The 

purpose of implementing this rule was to reduce the risk of exposure to lead, which can cause 

damage to the brain, red blood cells, and kidneys, especially in young children and pregnant 

women.  Under this rule, utilities are required to monitor lead (Pb) and copper (Cu) 

concentrations at the taps of specific types of locations.  A water system is considered 

optimized if the 90th percentile of all required sampling is below the action levels (AL) of 15 

µg/L for lead and 1.3 mg/L for copper.  The rule states that if a system has the 90th percentile 

values above the action level for lead, then the system should be triggered into specific 
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actions including public education; specific public notification, including billing inserts, 

brochures and pamphlets distributed to hospitals and other facilities that serve pregnant 

women and small children; and a re-optimization of the system.  Under this rule, if the AL of 

either Pb or Cu is exceeded, the system must collect source water samples to determine 

contributions from the source water to total Pb/Cu levels and make source water treatment 

(SOWT) recommendations within the 6 months of exceedance.  In 1998, the EPA made 

minor revisions to the Lead and Copper Rule.  These minor revisions (also known as the 

Lead and Copper Rule Minor Revisions or LCRMRs), finalized in 2000, streamlined 

requirements, promoted consistent national implementation and, in many cases, reduced the 

burden for water utility systems.  The LCRMRs do not change the action levels of 0.015 

mg/L for lead and 1.3 mg/L for copper, or Maximum Contaminant Level Goals established 

by the 1991 Lead and Copper Rule (LCR), which are 0 mg/L for lead and 1.3 mg/L for 

copper.  They also do not affect the rule's basic requirements to optimize corrosion control 

and, if appropriate, treat source water, deliver public education, and replace lead service lines 

as mentioned previously.   According to the EPA, the changes in 2000 fall into seven broad 

categories, which are summarized as follows (EPA, 2000):  

 

1. Demonstration of Optimal Corrosion Control 

Under this change, systems must optimize corrosion control and continue to maintain 

and operate any corrosion control that is already in place, and systems that are considered 

optimized because there is little or no corrosion occurring in their water distribution systems 

are required to (a) monitor for lead and copper tap samples once every 3 years, (b) meet the 
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copper action level, and (c) change the ways in which compliance with state-designated 

optimal water quality parameters (WQP) is determined.   

 

2. Lead Service Line Replacement Requirements 

This requires the systems subject to lead service line replacement requirements to 

replace the portion of the lead service line that utilities own and notify residents of the 

potential for temporary increases in lead levels, and also the measures they can take to reduce 

lead levels. 

 

3. Public Education Requirements 

These requirements allow the Non-Transient, Non-Community Water Supplies 

(NTNCWSs) and special-case Community Water Supplies (CWSs) to use alternative 

language which is more appropriate for their systems.  In addition, this change provides more 

flexibility in the mode of delivery for public education, especially for NTNCWSs and those 

CWSs serving 3,300 or fewer people.  

 

4. Monitoring Requirements 

The modification to lead and copper monitoring requirements most notably allows 

systems with low lead and copper tap levels to conduct tap water monitoring and WQP tap 

monitoring once every 3 years without first conducting interim rounds of more frequent 

monitoring, and NTNCWSs and certain CWSs that do not have enough taps where the water 

has stood motionless for at least 6 hours to collect samples from taps with the longest 
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standing times.  Other minor modifications to monitoring requirements accomplish the 

following: 

 
• Permit more flexibility in the time of year when systems can conduct reduced 

monitoring.   

• Permit some ground water systems to limit biweekly entry point monitoring to 

representative locations.  

• Allow states to grant monitoring waivers to small systems with plumbing free of lead- 

and copper-containing materials.   

• Allow systems to reduce the frequency of source water monitoring if they have low 

levels of source water lead and copper.  

• Clarify and provide more flexibility in sampling site requirements.   

• Revise the resampling triggers for composite lead and copper source water samples.  

• Permit states to invalidate tap samples under certain circumstances.   

• Require systems on reduced lead and copper tap monitoring to report to the State 

changes in treatment or an addition of a new water source.  

 

5. Analytical Methods 

The analytical methods for testing for lead and copper were updated to conform to 

changes in the standard methods for other inorganic chemicals.  

 

6. Reporting and Record Keeping Requirements 

State reporting requirements were revised and streamlined.  System reporting 

requirements that are redundant or no longer necessary were removed, and other reporting 
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requirements that reflect the LCRMR were added.  Record keeping requirements for States 

were revised to reflect the LCRMR. 

 

7. Special Primacy Considerations 

Special state primacy considerations were added for determining optimal WQP 

compliance when multiple samples are collected per day, to verify the completion of partial 

lead service line replacement activities, and designating alternative reduced lead and copper 

monitoring periods for CWSs. 

The evolvement of the LCR indicates that the contamination of lead and copper in 

drinking water is still a serious concern of the EPA after the original rule was finalized 

16 years ago.  Most recently, on July 18, 2006, the EPA proposed short-term regulatory 

revisions and clarifications to the Lead and Copper Rule following the 2000 LCRMR.  This 

proposed rule will further strengthen the protection of the public from exposure to lead and 

copper via drinking water by enhancing the implementation of the LCR in the areas of 

monitoring, customer awareness and lead service line replacement (US EPA, 2006). 

 

2.2.4 Total Coliform Rule 

The Total Coliform Rule (TCR) was promulgated by the EPA in 1989.  The rule, 

which applies to all public water supplies, was intended to improve public health protection 

by reducing fecal pathogens to minimal levels through control of total coliform bacteria, 

including fecal coliforms and Escherichia coli (E. coli).  

This study will review the secondary disinfectants in water distribution systems.  

There are two secondary disinfectants commonly used - free chlorine and chloramine.  
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Although chloramine is a far weaker disinfectant than free chlorine, it is better for controlling 

biofilm due to its ability to persist in distribution systems.  Although some 

inactivation/destruction of pathogens is possible through secondary disinfection, the main 

purpose of secondary disinfection is to meet the requirements of the TCR.  A minimum 

disinfectant residual of 0.2 mg/L for chlorine and of 2.0 mg/l for chloramines (total chlorine) 

is required at the entrance to the distribution system.  Disinfectant residuals within the 

distribution system must be detected in 95 percent of the samples each month for any two 

consecutive months.  Disinfectant residual must be measured concurrently with total coliform 

samples under the TCR. 

These rules are intended to ensure that public utilities to provide safe drinking water.  

However, some of the rules require water treatment changes to reduce certain contaminants 

in drinking water, and consequences may include contaminant leaching or difficulty in 

complying with other rules.  For instance, systems that are using chloramines may experience 

nitrification, which can make it difficult for the system to comply with bacteriological 

requirements of the TCL (Wilczak, et al. 1996; Odell, et al. 1996).  The recent occurrences of 

high lead level in some water distribution systems have indicated that while utilities were 

trying to comply with one of the rules, they may have been inadvertently out of compliance 

with other rules.  Literature review (Edwards, 2003, Dudi, et al. 2004, and Triantafyllidou, et 

al. 2006) and actual lead occurrence events showed that by switching the primary coagulant 

and secondary disinfectant in water treatment to comply with the Stage 1 DBPR (Stage 2 

D/DBPR will be complied in 2012), some systems found their updated treatment processes 

were responsible for the high level of lead in certain areas in their water distribution systems.  
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Whether the change in water treatment chemistry caused the high level of lead in water 

distribution systems is uncertain because many factors could contribute to the phenomenon.   

 

2.3 Spatial Database and Geographic Information Systems (GIS) Applications 

As Geographic Information Systems (GIS) have gained wider and wider recognition 

and applications over the last 15 years, literature on the subject has been extensively 

published over the years because of “the needs for and nature of automated information 

systems for aiding the solution of practical and research problems in many fields” (Laurini 

and Thompson, 1992). This section summarizes the evolution of integration of GIS and water 

quality modeling.  

 

2.3.1 Water Quality Model for Watersheds using GIS 

In the early 1990’s, attempts were made to use GIS to develop water quality models 

to quantify certain pollutants and nutrients transported in watersheds and basins. (Levine, D. 

A., 1992).  In Levine’s study, statistical models were linked to GIS on nutrient and sediment 

delivery with the spatial arrangement of the parameters that drive the model.  The model was 

developed using a raster-based GIS (IDRISI).  GIS maps were digitized from USGS 

1:250,000 topographic maps using Arc/INFO and cleaned in ARCEDIT, then converted into 

ASCII format for IDRISI processing to calculate the nutrient and sediment transport. 

With the fast development of computer technology and dynamic software, the water 

quality modeling in water resource management and planning started its integration with GIS 

(Guan, Weihe 1993).  Because surface water quality does vary spatially as well as temporally, 

and the variation is an important behavior to be revealed by the models, Guan states that the 
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integration of GIS in surface water quality modeling becomes a new challenge to the science 

(Guan and Weihe 1993).  Nowadays, more and more researchers, managers, and decision 

makers are faced with ever diverse data with spatial, thematic and temporal characteristics 

(Karimipour, et al. 2005).  Karimipour’s case study investigated the correlation between 

industrial pollution and water quality using geospatial data management.  The results could 

be used in environmental protection and land use planning.   

As the surface water quality model and GIS integration became more and more 

widely recognized and studied, the watershed protection programs under the EPA used GIS 

to aid in water quality maintenance, land acquisition, environmental planning and impact 

analysis, enforcement, and natural resources and land use inventories (Ashendorff, et al. 

1997).  The EPA’s study on watershed protection for New York City’s supply used GIS for 

three watersheds (Delaware, Catskill, and Croton Reservoirs) in water quality modeling and 

land use and acquisition.  The study contributed information for the $200 million (1997 

dollars) city-owned wastewater treatment plant upgrades.  

 

2.3.2 Georeferenced Data 

In the late 1980s and early 1990s, municipal GIS applications began to present the 

potential benefits of a more integrated approach to using georeferenced data for many 

municipal activities (Aronoff, et al. 1991).  The engineering applications included 

municipalities’ water and wastewater system design, planning, and management, especially 

the drinking water distribution systems and wastewater collection systems, which were 

analyzed pertaining to geographic locations.   Integration of GIS mapping and engineering 

calculations using computer modeling paved the way to a brand new approach of evaluation 
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of these systems.  Such integration was first reported and presented based on municipalities’ 

water and wastewater conveyance systems’ master plans (Wang, et al. 1993, 2001, 2002).   

The integration of GIS and water quality modeling made it possible to organize and analyze 

data spatially, and review results on interactive maps as well as tables and distribution charts 

(Wang, et al. 2005). 

 

2.3.3 Supervisory Control and Data Acquisition and GIS 

In the mid-1990’s, many engineers and researchers believed that the automated 

mapping/facilities management (AM/FM) GIS deserved special consideration.  AM/FM GIS 

stores information in a relational database as records, then the system transfers the data into 

the GIS environment.  A real-time monitoring system called a supervisory control and data 

acquisition (SCADA) database can transfer graphics and displays in concert with GIS 

applications (Jentgen, et al. 1994).  Water and wastewater utilities monitor their field 

operations and remote sites using SCADA for reporting and controlling their systems and 

treatment plants.  GIS stores the system design and operational data.  A link between GIS and 

SCADA can be established to use the GIS for real time decision-making (Shamsi, U.M., 

2005).   

 

2.3.4 Integration of Computer Models with Computerized Mapping and GIS 

Wang, et al. (1993) combined hydraulic modeling of water distribution and 

wastewater collection systems with computerized mapping using graphic software such as 

AutoCAD (Autodesk).  This provided the model with an actual pipe network layout rather 

than traditional hand-sketched maps and simple schematics.  However, Wang, et al. (1993) 
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noted that graphic software such as AutoCAD, though powerful in drawings and graphic 

editing and efficient in recording coordinates (therefore, the drawings are geo-referenced), 

did not provide a linkage between graphic data (lines, point, polygons, etc.) and non-graphic 

information (line diameters, point elevations, polygon identifications, etc.).   Descriptive 

programs were incorporated to the software in order to attach the attributes to the drawing 

objects. Certain parameters could be calculated automatically, for instance, pipe length when 

digitizing from starting node to end node.  The attributes had to be formatted in terms of field 

name, field spaces, and field order to be extracted for hydraulic modeling use.  The 

procedures involved: 

 

• Digitizing as-build or record construction drawings using graphic software, e.g. 

AutoCAD, 

• Integrating a descriptive program for the input of non-graphic data, 

• Entering attributes (non-graphic data, such as pipe labels, diameters,  Hazen-Williams 

friction coefficient, Manning coefficient, node elevations, pump curves, etc.) as every 

drawing entity was digitized, 

• Extracting the database into the hydraulic model software after digitizing the system, 

and 

• Modelling data quality control (QC) to ensure model integrity. 

 

The process offered improvements in computerized mapping and modeling by 

providing some linkage between graphics and the mathematical model; however, much work 

had to be incorporated into the graphic software prior to model construction.  In addition to a 
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time-consuming procedure, there was no direct linkage to input the model simulation results 

back to the water distribution or the wastewater collection system mapping, where the model 

originated.  

Geographic information systems (GIS) provide the linkage between graphic and non-

graphic data to fill the gap.  GIS and water resource and hydraulic models are two distinctive, 

independently developed technologies.  The integration and interface of these two 

technologies are used to examine spatial and temporal phenomena, and have encouraged the 

development of application “suites” for evaluation and visualization of engineering problems 

(Martin, et al. 2005).   The “suites” of GIS integrated with hydraulic and water quality 

models (H/WQ) are becoming more and more widely used in drinking water distribution 

systems.  

A water distribution system hydraulic model is an invaluable tool in planning system 

improvements.  It is used to help size new mains and storage facilities, to improve energy 

management, and to evaluate alternative operating conditions.  Research conducted by 

American Water Works Association Research Foundation (AwwaRF) provided the basis for 

the EPA to allow water quality models to be used to select the optimum location for booster 

disinfection stations, disinfectant byproduct levels as required by Stage 2 D/DBPR by 

modeling water age, or disinfectant residual concentrations (AwwaRF, 2000).  Hence, 

drinking water quality modeling has become a critical tool for utilities to optimize their 

operations in the WDS to comply with increasingly stringent regulations. 
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2.4 Drinking Water Quality Modeling 

During the same time period, the EPA’s Enhanced Coagulation Rule (EPA, 1998) and 

Stage 1 D/DBPR not only set the DPB’s maximum contaminant levels (MCL), but also 

required the reduction of DBP precursors in water supply resources.  Clark et al. (1998) 

concluded that before leaving the treatment plant, drinking water is generally chlorinated as a 

final disinfection step before being stored in a clearwell or basin.  Then the water is 

discharged from the storage facility to the customers through distribution systems.  

Maintenance of chlorine or other disinfectant residuals is considered a water quality goal in 

most US water distribution systems.   

Krasner et al (1994) studied water quality degradation and its implication on DBP 

formation in distribution systems.  The study involved sampling the sources of precursors of 

DBPs; then a simulated distribution system evaluation was performed to access the amount 

and specifications of DBPs that could be formed in actual full-scale operations. 

Understanding the DBPs’ formation and the disinfectant decay in a drinking water 

distribution system is critical to meeting regulatory requirements and customer-oriented 

expectations.  Vasconcelos, et al (1997) used well-calibrated hydraulic distribution models to 

simulate the kinetics of the chemical decay inside transmission pipes.  Two reactions will 

affect the decay of disinfectants.  One is the reaction in the bulk water flow inside the pipe 

and the other is the reaction taking place on pipe walls.  The rate of decay of disinfectants in 

the bulk water is different from that at pipe walls, which is difficult to measure.  Hence to 

calibrate hydraulic models, the models were first used to simulate the hydraulic factors, such 

as hydraulic residence time, of water from a water treatment plant using extended period 

simulation (EPS).  Then water quality calculations using assumed decay kinetics were 
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performed in parallel with the hydraulic simulation to project disinfectant concentration at 

certain locations over a period of time. 

Extensive water quality sampling, such as chlorine residual, at various predicted 

locations is used to validate the disinfectant decay simulation (Vasconcelos, et al. 1997).  

DiGiano et al (2004) conducted a study to evaluate the pipe wall chlorine decay using actual 

pipe segments, called pipe section reactors (PSRs) and recycling chlorinated water.  (See 

Figure 2-1 below).  The chlorine residual concentration was measured over time, then plotted 

to determine the order of reaction.  Westbrook, et al (2006) continued similar research using 

the PSRs from an actual chloraminated water distribution system to test the chloramine decay.  

Free chlorine and chloramines are commonly known and used as the secondary disinfectants 

in water distribution systems.  In these studies, the hydraulic residence time or water age had 

significant meaning in a hydraulic and water quality model, because it directly relates to 

chloramines and free chlorine decay. 

Westbrook, et al (2006) tested both first order and second order decay of chloramines 

in bulk water.  Figures 2-2 and 2-3 display their experimental results for a WDS using an 

actual cast iron pipe as part of the PSR based on DiGiano and Zhang’s 2004 research.  In 

their research, a zero-order rate had been justified for the decay of free chlorine because free 

chlorine reacts so rapidly with Fe (II) that the reaction is limited by availability of Fe (II) 

from the pipe surface and not by the concentration of free chlorine.  However, the rate of 

chloramine decay was first-order in chloramine concentration in their research.  A first-order 

rate suggests that chloramine reacts more slowly than free chlorine such that the rate of 

reaction is controlled by the chloramine concentration rather than the available Fe (II).  
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Figure 2-1:  Pipe Section Reactor (PSR) (DiGiano and Zhang, 2004). 

Figure 2-2: Test of first-order decay rate of chloramine in bulk water samples taken from the 
finished water of the WTP and four locations within the WDS (Westbrook and DiGiano, 
2006). 
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Figure 2-3: Test of second-order decay rate of chloramine in bulk water samples taken from the finished 
water of the WTP and four locations within the WDS (Westbrook and DiGiano, 2006). 

 

Valentine, et al. (1998) modeled chloramine decay under various conditions in a 

WDS.  Figures 2-4 and 2-5 are the results of the studies, indicating that at an approximately 

constant pH, chloramines decay with typical chlorine to ammonia ratios (Figure 2-4), and, at 

a given initial concentration, chloramines decay at various pH values (Figure 2-5).  Contrary 

to traditional beliefs that chloramines are much more resistant to decay than free chlorine, the 

results of the tests suggest that the chemical started decaying almost immediately.  The rate 

of decay is much steeper within the first 25 hours, as indicated in the graphs.  Although it 

was long believed that the theoretical decay for chloramines from 3 mg/L to 1 mg/L would 

take 3600 hours, using the PSR method to measure chloramine decay rate in various types of 

pipes, it was discovered that chloramine decay was greatly accelerated by pipe wall materials, 

or pipe wall reactions, whether it was ductile iron pipe (DIP) or cast iron pipe (CIP).  The 
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decay start times ranged from 3 hours (in CIP) to 65 hours (in DIP) after chloramine 

introduction (Westbrook, et al. 2006).    

Figure 2-4: Chloramine Decay at Approximately Constant pH with Typical Chlorine to Ammonia 
Rations (Courtesy of Valentine, et al. 1998). 

Figure 2-5: Chloramine Decay at Various pH with the Same Initial Concentration (Courtesy of 
Valentine, et al. 1998). 
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DiGiano, Zhang, and Francisco, et al. (2002) reported the occurrence of bacterial 

regrowth and nitrification in the WDS of a water utility that has used chloramines for almost 

10 years.  Their study developed an EPANET Model for future assessment.  The study 

revealed that very low ammonia concentrations were associated with several sample points, 

and very high nitrate concentrations were shown at some of these same points.  These sample 

points were among those with the longest water residence times (water ages).  It was also 

discovered that nitrification did not occur at all sample points with long water residence 

times because actual residence times at these points from January to June were not the same 

as those measured in September and October.  One possible explanation may be that the 

demands during these periods are not the same.  Figures 2-6 and 2-7 below depict the actual 

field measured flow pattern or diurnal flows at different periods in a city.   It appears that 

during the cold weather season, the peak demands occur in the mornings, whereas under 

warm weather conditions, the peak has shifted from the mornings to the evenings.  The water 

residence time at one location would be different depending on the season and time of the 

day, and thus the nitrite concentration may not associate with long residence time.   
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Figure 2-6: Water Demands Diurnal Patterns in Cold Weather (The peak occurs in the morning). 

Figure 2-7: Water Demands Diurnal Patterns in Warm Weather (The peak occurs in the evening.) 
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Stage 1 D/DBPR.  Following the conversion, the lead levels in the water distribution system 

increased and remained above the federal action level (AL) of 15 µg/L in drinking water.  

However, there are numerous water utilities that have switched their secondary disinfectant 

to chloramines (Wang et al, 2003; Bishop, et al. 2005) to meet the new federal total 

trihalomethanes maximum contaminant level (MCL) set by Stage 1 and Stage 2 D/DBPR’s, 

and there have been no reported increased lead levels in their water distribution systems.  

From water treatment plants to customers’ taps, water flows through a huge buried pipe 

network, plus storage tanks, pump stations, and valves.  Spatial and temporal factors in 

addition to chloramines may also play major roles in lead leaching into the water system.  

Historically, researchers have studied lead leaching mainly in lead pipes (Schock et al, 1989) 

and lead-containing water faucets in laboratories (Gardels, et al. 1989).  These early studies 

emphasized physicochemical reactions in the lead service lines and at the taps.  Factors 

resulting in lead leaching in a water distribution system have not been extensively explored, 

especially using GIS, water quality models, and spatial analysis.  This section summarizes 

the literature using a GIS-based model and spatial and temporal analyses to identify possible 

sources of lead leaching in a water system so that the problems can be predicted and 

prevented. 

DiGiano and Zhang (2004) studied disinfectant decay and corrosion in water 

distribution systems.  Their research objective was to investigate the decay rate at the pipe 

wall of the most commonly used disinfectants, i.e., free chlorine and chloramines.  Due to the 

decay of these disinfectants, the usual harsh environment for bacteria in the pipe network of a 

distribution system disappeared (DiGiano, et al. 2001).  A biofilm was formed, typically at 

low level of disinfectant; this in turn promoted bacterial regrowth.  DiGiano and Zhang’s 
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(2004) research used an actual section of pipe that was from a water distribution system.  The 

pipe reactor consisted of a 20-inch length of either a six-inch diameter cast iron or cement-

lined ductile iron pipe.  An inner cylinder of Plexiglas was inserted to create a narrow 

annular space between the pipe wall and the Plexiglas wall.  A large, propeller-type stirrer 

(mixer) was inserted into the inner cylinder to circulate water from the inner cylinder to the 

annular space.  The water velocity was controlled by the rotational speed of the stirrer motor, 

with velocity ranges from 0.5 ft/sec to 2.0 ft/sec.  The pipe reactor was operated either in 

continuous flow mode or in batch modes.  DiGiano and Zhang concluded via this research 

that the pipe-section reactor held promise for qualifying a governing relationship among pipe 

characteristics, including Hazen-Williams C-factor, detention time, pipe materials and 

corrosivity.  With the qualification of the pipe-section reactor, they measured chlorine decay 

to simulate the order of the chemical decay in the real pipe network of a distribution system.  

Their study illustrated that water quality in a water distribution pipe network was related to 

spatial and temporal parameters, and the disinfectant decay, which would proliferate biofilm 

formation attaching to the pipe wall, could accelerate corrosion inside the pipe.   

Ollos, et al. (2003) described the “biologically stable” and unstable waters in their 

research on factors that affect biofilm accumulation in model distribution systems.  Using 

both synthetic and real water, the bench-scale investigation, based on pseudo-steady-state 

biofilm in high plate count (HPC) levels in cfu/cm2, concluded that factors that could affect 

the accumulation of biofilms included disinfectant residual, biodegradable organic matters, 

temperature, shear stress, etc.  The results indicated that interaction among factors was 

important in defining the extent of biofilm accumulation in a water distribution system.  

Although the investigation did not provide spatial (bench-scale) and temporal (steady-state) 
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HPC references, it did present factors that were related to either locations or detention time, 

such as shear, which was further investigated by DiGiano et al (2004), indicating that mass 

transfer (flow velocity) increased chlorine decay rate, thereby increasing accumulation of 

biofilm.   

Edwards, et al. (2006) suggested that lead occurrences in a water distribution system 

might have been caused by high chloride to sulfate ratio, Cl-:SO4
-2 in the water.   He stated 

that a chemical combination found in some municipal water supplies could make the water 

highly corrosive.  Triantafyllidou and Edwards (2006) identified several utilities that have 

relatively low Cl-:SO4
-2 in their raw water supply, changed their coagulant from aluminum 

sulfate (Al2(SO4)3) to polyaluminum chloride (PACL) or ferric chloride, and as a result had 

serious problems with lead contamination.  Lead level dropped after the utilities switched 

back to alum.  Edwards (2004) and Dudi, et al. (2004) also linked the decision and 

implementation to switch from free chlorine to chloramines as the secondary disinfectant for 

water distribution systems to the lead leaching into water in the Washington DC area.  Like 

other utilities, these utilities had changed their coagulant and secondary disinfectant for the 

removal of natural organic matter (NOM) and for the reduction of DBP formation regulated 

by Stage 1 and Stage 2 D/DBPR’s.  However, only recently, has the possible linkage between 

these water treatment process chemical changes and lead leaching been recognized (Edwards, 

2004).  Water treatment processes such as coagulation using alum or ferric salts, and 

disinfection using either free chlorine or chloramines have been critical in the formation and 

treatment of DBPs, and now become crucial in lead leaching problems in WDSs.  For 

example: 
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1. It has been demonstrated that ferric salt (FeCl3, Fe2(SO4)3) is much more efficient 

in removing TOC and NOM than the traditional aluminum salt (Al2(SO4)3) 

(Miltner, et al. 1994).  However, these chemicals used as primary coagulant may 

contribute to the sulfate (SO4
2-) or chloride (Cl-) compounds in the water 

(Triantafyllidou, et al. 2006). 

 

2. Free chlorine (Cl2) reacts with natural organic matter (NOM) to form total 

trihalomethanes (TTHM) and haloacetic acids (HAA5), which have long been 

considered carcinogenic byproducts of the disinfection process using free chlorine.  

The water-borne DBP’s were also linked to miscarriage in pregnant women, 

although the threats, if they exist at all, are uncertain and moderate (Singer, et al 

2005, 2006).  To delay the formation of the DBP’s in the water distribution 

system, many utilities have recently replaced free chlorine with chloramine 

(NH2Cl) to disinfect the treated water in the water treatment plant prior to 

discharging it to the water distribution system (Bishop, et al. 2005). 

 

3. The efforts made by many utilities in switching primary coagulant and final 

disinfectant were prompted by both stages of DBPR’s.  However, Edwards, et al 

(2004) and Dudi, et at. (2004) reported a possible link between chloraminated 

water and lead corrosion in water distribution systems.  The concern about the 

corrosive effect of drinking water on distribution and plumbing systems 

traditionally has been economic and aesthetic (Faust, et al, 1998).  Annual 

economic losses resulting from corrosion of water distribution systems have been 
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estimated near $375 million (Hudson, et al. 1976 and Benefield, et al. 1982) to 

$700 million (Faust, et al. 1998).  In recent years, however, the corrosion of lead 

and other metallic distribution systems has posed a significant threat to health 

(Faust, et al. 1998, Stephenson, J.B., GAO 2006).  In addition to the chemical 

characteristics of the water, such as pH (pH < 8) and the chemicals used in the 

treatment processes, the construction materials must be identified, including lead 

from piping, solder, caulking, and interior lining of distribution mains and home 

plumbing (Faust, et al. 1998).  One of the corrosion characteristics is the 

distribution system carrying capacity, which can be evaluated in terms of a 

change in the value of the Hazen-Williams C-factor (Benefield, et al, 1982).  The 

Hazen-Williams equation, shown below, is the governing equation of many water 

distribution system hydraulic models: 

Q = 405 (C) (d) 2.63 (S) 0.54         (2-1) 

Where:  

Q = Average flow rate in the pipe, (gpm) 

C = Hazen and Williams coefficient 

d = Pipe diameter, inches 

S = Hydraulic gradient 

The flow rate has a direct relationship with velocity, V (ft/sec), in the pipe, which in 

turn affects the water residence time or water age. 

V = Q/A         (2-2) 

Where:   

A = Pipe cross section area, π/4 (d) 2, ft2 or in2 

 



Equation (2-1) indicates that as the Hazen–Williams C-factor decreases due to pipe 

wall corrosion, the flow rate decreases, resulting in velocity decreases as shown in equation 

2-2.  For the same length of pipe, or distance to the location, the water residence time (water 

age) increases.  The Hazen–Williams C-factor, water age, flow rate, and velocity are all 

parameters in the hydraulic model.  Since the water quality model is based on utilities’ water 

distribution system GIS, these parameters are spatially geocoded with coordinates after a 

hydraulic model simulation of the water distribution system.  These data are part of the 

spatially referenced database.  Spatial statistics then can be applied to test their statistical 

significance and correlations with the sample lead leaching data, which will be geo-coded 

based on addresses associated with the parcels where the samples were taken.   

Methodologies that were used to gain a perspective of certain adverse chemical and 

physical process in water distribution systems, such as nitrification, included analytical 

methods in combination with a telephone survey.  Wilczak, et al. (1996) surveyed the utilities 

that switched from free chlorine disinfection to chloramines in the United States to evaluate 

the incidence of nitrification in water distribution systems.  The main objective of their 

research was to identify water quality and other factors that affect nitrification and determine 

whether nitrification can be predicted from basic system and water quality data.  To comply 

with then soon-to-be-promulgated Stage 1 D/DBPR, many utilities switched from free 

chlorine to chloramines as disinfectant in the water distribution systems.  Though 

chloramines are a weaker disinfectant than free chlorine, they are much more stable, which 

delays formation of disinfection byproducts, such as TTHM.  However, while the 

chloramines reduce TTHM formation and control biological regrowth, ammonia (which 

reacts with chlorine to form chloramines) in the water system encourages nitrification in the 
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presence of nitrifying bacteria.  Wilczak, et al. (1996) reported that nitrification from 

chloramination, the process employed by many utilities to reduce TTHM formation, might 

actually affect compliance with current and future drinking water regulations, including the 

total coliform rule (TCR) and newly promulgated Stage 2 D/DBPR.  Their survey revealed 

that no single parameter may be a good indicator of nitrification, but a number of factors 

should be evaluated collectively. 

American Water Works Research Foundation (AwwRF) sponsored a study 

(Kirmeyers, et al. 2004) to develop a post optimization of lead and copper control strategies.  

In their study, new monitoring approaches were developed to provide utilities with a 

predictive protocol to monitor lead and copper concentrations in their water distribution 

systems.  The project, lasting 4 years at a cost of $512,450, was conducted through six 

distinctive project elements as summarized below: 

 
1. Regulator Survey 

2. Participating Utilities Case Studies 

3. Development of Alternative In-Home Tap Monitoring Protocol 

4. Development of On-Line Corrosion Monitoring Protocol 

5. Participating Utility Field Tests 

6. Proposed Monitoring Strategy 

 
The survey was conducted to gather information from state primacy agencies 

regarding each of the states’ implementation of LCR and LCRMR requirements.  In 

particular, the survey gathered information on a number of non-transient/non-community 

(NTNC) water systems in a state that were optimized for corrosion control and recommended 
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to the state agencies that some tests on lead and copper be performed in their water 

distribution systems to assure that if treatment/source water changed, there would be no 

impact on the LCR.  The survey revealed that while some states had already optimized all 

their NTNC water systems for corrosion control, some states had more work to do.  In North 

Carolina, for instance, out of 2948 systems that are subjected to LCR and required to be 

optimized for corrosion control, 2320 systems have optimized, and 628 systems have yet to 

be optimized.  NC Public Water Supply (NCPWS) has recently sent out letters requiring all 

systems to retest lead and copper levels in their distribution systems (Raleigh News and 

Observer, August 28, 2006). 

Some states also responded that they would require additional monitoring if source 

water/treatment changed, including coagulants and the disinfectant to the WTP; or pH and 

alkalinity changes in the finished water; or blending in the water distribution systems.  Some 

states will wait until the next compliance period for monitoring lead and copper.  (The 

compliance periods are various, ranging from annual, triennial, to every 9 years, depending 

on the system (US EPA, 1991).). 

In the above-mentioned studies, one of the goals was to investigate the impact on 

other drinking water regulations of complying with LCR.  It was found through the case 

studies on several cities’ water systems that: 

 
• TCR may be a concern, since certain corrosion inhibitors for lead and copper 

control may promote biological activities in the water distribution system 

• DBPRs may be a concern because enhanced coagulation and following 

flocculation and sedimentation processes may drop finished water pH due to 

economic considerations, which may be outside of some states’ approved 
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The literature also provides information regarding the formation of lead passivation; 

formation of lead, Pb (IV) scale; lead leaching from brass corrosion and galvanic corrosion; 

and chloramination residuals.  The lead passivation and formation are still related to the 

plumbing and piping materials to and at customers’ taps, and the chloramination residuals are 

resulting from the conversion from using free chlorine to chloramines that many water utilities 

have implemented in the last ten years to comply with the DBP rules.  Burlingame et al. (2006) 

attempt to link lead contamination at the customers’ taps to the source water if sampling 

“eliminated” plumbing materials as the source of the contamination.  However, Burlingame’s 

article actually clarifies that neither plumbing materials nor the source water can act alone.  It 

is the chemistry that reacts among the piping/plumbing materials and chemical ingredients in 

the source water that “get the lead out” of the pipes and into the drinking water at customers’ 

taps. 

 

2.6 Summary and Conclusion of Literature Review 

Following the Safe Drinking Water Act Amendments in 1986, the drinking water 

regulations promulgated and finalized by the EPA included Total Coliform Rule (TCL), to 

reduce illness by reducing fecal pathogens to minimal levels through control of total coliform 

bacteria, including fecal coliforms and Escherichia coli (E. coli) (TCL), and reduce the 

health risk caused by lead poisoning, and the Lead and Copper Rule (LCR).  Although 

drinking water is not the primary source of lead poisoning, on average up to 20% of a child's 

total lead exposure can potentially be attributed to lead-contaminated water (NSC, 2004). 

The US EPA has finalized numerous regulations following the Safe Drinking Water 

Act and its Amendments in 1986.  The most current regulations include Stage 1 and Stage 2 
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Disinfectants and Disinfection Byproducts Rule and the Long Term 2 Enhanced Surface 

Water Treatment Rule.  These rules will reduce potential cancer and reproductive and 

developmental health risks from DBPs (Stage 1 and Stage 2 D/DBPR), and reduce illness 

associated with the contaminant Cryptosporidium and other pathogenic microorganisms in 

drinking water (LT2ESWTR).  Utilities have made water treatment process changes and 

improvements to comply or prepare to comply with these regulations.  The immediate 

changes for compliance with Stage 1 D/DBPR (US EPA, 1998) include primary coagulant 

and secondary disinfection chemicals to reduce the precursors of DBPs in the pre-treatment 

and delay and reduce DBP formation in the water distribution systems.  Extensive research 

has been conducted to study the impact of these regulations, especially the change of 

disinfectant, on water quality in WDSs due to the possible decay of the disinfectant 

chloramines.  The consequences of the decay of the disinfectant include nitrification and 

bacteriological regrowth.  The Stage 2 D/DBPR and LT2ESWTR were promulgated and 

finalized simultaneously to address concerns regarding risk tradeoffs between pathogens and 

DBPs.  However, as recently as July 18, 2006, when the EPA proposed short-term regulatory 

revisions and clarifications to the Lead and Copper Rule, there has not been direct concern 

about tradeoffs between LCR and Stage 1 and Stage 2 D/DBPR. 

The recently finalized Stage 2 D/DBPR requires utilities to conduct the initial 

distribution system evaluation (IDSE), which can use updated hydraulic models to simulate 

water quality, and must include at least 75% of total pipe volume or 50% of total pipe length 

in a WDS.  The water age is allowed to be the surrogate factor to identify the deficiencies of 

water quality in a WDS, including DBP formation monitoring.   
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Research on disinfectant decay includes studies on decay order and decay coefficients 

based on water residence time using the water quality models.  Tracer tests have been 

conducted using a conservative (non-degrading) chemical to calibrate the models by 

comparing the simulated water residence time of the chemical and field measured water age 

when the chemical first arrives at each of the monitoring locations.  Nitrification, bacteria 

regrowth and biofilm formation in terms of heterotrophic plant counts (HPC) and corrosion 

to the pipe wall materials due to the disinfectant decay over the water residence time were 

also studied.  Water age is a critical factor in these studies. 

Recent lead occurrences in several US towns and cities have caused many concerns.  

The human health risk related to lead poisoning has long been recognized.  However, the 

major sources of lead poisoning, especially in a child’s blood lead level, have been lead-

containing paint and lead dust.  Drinking water from older homes that were installed with 

lead-containing solder and plumbing fixtures, and lead service lines were also attributed to 

lead related illness in young children but are blamed mainly on workmanship of the welding 

and stagnation of the water at the faucet.  However, more studies have examined chemical 

conditions at the customers’ taps that are prone to lead leaching into the drinking water.  

Converting primary coagulant and secondary disinfectants to new materials has been linked 

to recent lead leaching episodes in many utilities after they switched chemicals to comply 

with the stringent Stage 1 and Stage 2 D/DBPR and LT2ESWTR.  GIS has been used as a 

tool to rank the risk areas in municipalities for lead poisoning, specifically for children’s 

blood lead levels based on demographic information (Miranda, et al. 2006). 
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Considering this literature review, the following conclusions can be drawn:  

 
1. Although the EPA finalized the Lead and Copper Rule (LCR) in 1991 for the 

purpose of controlling lead and copper leaching into drinking water and proposed 

revision in 2000 and 2006, there is no direct interface between the LCR and Stage 1 

and Stage 2 D/DBPR and the LT2ESWTR. 

 
2. GIS and GIS-assisted hydraulic and water quality modeling have become useful 

tools for water distribution system water quality evaluations.  Water age from the 

GIS-based simulation models is a critical factor for water quality monitoring and 

assessment at various locations in WDSs. 

 
3. Many researchers have studied the decay of the most common disinfectants used for 

WDSs.  In addition to laboratory level experiments, water quality models were used 

to simulate the disinfect residual concentration at monitoring locations by 

comparing simulated time and water residence time or water age at which a 

conservative chemical, used as a tracer, arrives at specified locations.  “Best fit” 

technique or regression was a common practice to plot the measured concentrations 

and residence times to obtain disinfectant decay rates and coefficients, which are 

water residence time dependent.  Water age, an independent variable, thus becomes 

a surrogate for water quality evaluation in WDSs. 

 
4. Consequences of disinfectant switch to chloramines (products of the interaction 

between chlorine and ammonia with certain ratios) were widely studied in terms of 

influence on water quality.  The studies evaluated possible nitrification and biofilm 
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HPC occurrences.  These processes may result from disinfectant decay, which 

follows a specific decay rate order with coefficients.  The decay rate and 

coefficients are a function of water age in a WDS. 

 
5. In addition to physical conditions, the recent lead leaching occurrences in several 

US towns and cities have been linked to chemical conditions that are possibly 

created by changes in water treatment processes, including primary coagulant and 

secondary disinfectant.  These studies have focused on the chemistry that “get[s] the 

lead out”. 

 
6. Lead leaching in water supply systems is a multiple-factor phenomenon.  The 

factors are (1) physical, such as building ages, piping and plumbing materials and 

workmanship; (2) chemical, involving disinfectant decay byproducts, e.g., 

nitrification and pH; and (3) biological, relating bacteriological regrowth, biofilm 

formation, etc.  The factors can also be spatial, since lead leaching occurs at certain 

locations, and temporal, since the disinfectant decay is a function of time. 

 
7. Traditional corrosion control study is effective and necessary but it requires long 

term monitoring and data collection, and is costly. 

 
Based on the summary and conclusions of this literature review, it is further 

concluded that besides stagnation time at faucets, lead leaching in drinking water has not 

been directly linked to water age as a water quality key factor and surrogate parameter.  This 

study will test the hypothesis that the lead levels in WDS is correlated to the water age at the 

location using GIS, GIS-assisted water quality models, spatial database analysis and 
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geostatistics as tools.  It is also further concluded that water quality parameters, such as 

nitrate-nitrogen, NO3
--N and HPC are chloramine decay and water residence time dependent.  

Although some of these parameters, such as nitrate (NO3-), can attack lead-containing 

plumbing fixtures to release lead at certain pH, the relationship between these parameters and 

lead leaching in WDS has not been detailed.  This study will use available data from water 

utilities to correlate lead levels at various locations with water ages.  These study objectives, 

also mentioned in the previous chapter, are to provide water utility managers with a new 

approach to efficiently and effectively target possible lead leaching areas using their scarce 

resources.  This approach will provide additional literature and tools for water utilities’ 

corrosion control studies and use readily available GIS, GIS-assisted water quality modeling, 

and routinely measured water quality parameters, thereby resulting in reduced time and 

reduced costs in targeting high risk areas.  Hopefully, with utility managers’ and operators’ 

tenacity, this study should provide one step towards improving water quality in WDSs.  In 

addition, the protocols developed for lead in this study can be used for evaluations of other 

contaminants.  
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CHAPTER 3 

STUDY APPROACH AND TOOLS 

 

3.1 INTRODUCTION 

The first objective of our study is to hypothesize the direct correlation between 

lead leaching levels and water age in a water distribution system (WDS) so that that 

utilities will be able to repeatedly apply the results for future lead and other contaminant 

monitoring.  To test this hypothesis, the approach included (1) using measures for which 

utilities have already developed effective applications, such as their geographic 

information system (GIS) and GIS-assisted water quality models; (2) using the utilities’ 

existing and historical compliance lead samples because the sample sites were randomly 

selected among houses that were built between 1982 and 1986; and (3) using spatial 

analyses and geostatistics generally available from utilities’ GIS.  In addition, the 

approach was generalized such that it could be applied to other contaminants, such as 

copper and others that will be regulated by future SDWA policies.   

In order to attain these components, we evaluated several sizable local water 

utilities which have all updated their hydraulic models to GIS-assisted all-pipe water 

quality models and have recently calibrated the models for the IDSE and water quality 

master planning.  These utilities have their water distribution system maps in GIS and 

have converted their secondary disinfectant from free chlorine to chloramines.  Three of 

the utilities have recent lead and copper compliance testing data readily available.  In 

addition, they also have data regarding several water quality parameters related to 

bacteria regrowth and nitrification.    
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The second study objective is to evaluate the influence of water quality 

parameters related to water age on lead leaching in WDSs.  In order to use available 

information, the approach to this objective included (1) utilizing routinely monitored 

water quality parameters already performed by utility staff, (2) selecting the parameters 

that are likely related to hydraulic residence time, and (3) understanding the impact or 

influence of these water quality parameters on lead levels.  Since these parameters are 

variables related to water age at each location, they can also be used as critical factors to 

predict lead leaching.   

These methods also resulted in an important sub-objective, i.e., to test the 

correlation of water age and other water quality related parameters to spatial locations.  

For this sub-objective, we used spatial statistics tools readily available inside the utilities’ 

GIS, for instance, Moran’s I Index, to help determine the feasibility of using a particular 

statistical method, such as linear regression analysis, and/or trends requiring independent 

observations.   These approaches should ensure that no water quality related rules under 

the U.S. EPA’s SDWA will be violated.  

The spatially related data matrices provide an indication of possible correlation 

between lead levels and water ages.  Since the lead levels are point features and fall into 

parcel attribute files distinguished by proximity or neighborhood feature similarity after 

geo-coding, the water age values can be extended to and approximated for the 

neighboring parcels, where lead (or copper or other water quality parameters) is 

sampled.  The matrices are discussed further in Subsection 3.7, Correlation Coefficient, 

and in Chapter 4, Water Residence Time Affecting Lead Leaching in Drinking Water 

Distribution Systems.    
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Principles of geostatistics are utilized in this study to analyze sampling data 

including lead concentration, pH, nitrate (NO3
-) concentration and HPC.  Developed by 

George Matheron of the Centre de Morphologie Mathematique in Fontainebleau, France 

(Dorsel et al, 1997), geostatistics originally was used for estimating changes in ore grade 

within a mine.  However, the principles have been applied to a variety of areas in geology 

and other scientific disciplines.  This technique is used to analyze water quality modeling 

results and water quality parameters, such as water ages, lead concentrations, and NO3
- in 

a WDS.    

Water residence time and related variables such as NO3
- may be considered as 

regionalized variables, which are the variables that fall between random variables, such 

as lead levels, and completely deterministic variables, such as building ages.  

Regionalized variables describe phenomena with geographical distribution (e.g. elevation 

of ground surface, water residence time, and NO3
- concentrations and HPCs).  Although 

these phenomena exhibit spatial continuity, it is not always possible to sample every 

location (Dorsel et al. 1997) or to model every pipe and every junction node.  Therefore, 

unknown values must be estimated from data taken at specific locations sampled.   

The sampling and estimating of regionalized variables are conducted so that a 

pattern of variation in the phenomenon under investigation can be plotted as contour 

maps for a geographical region, i.e., the water distribution system.  The location of water 

treatment plants, the chemical used for secondary disinfection, etc. can support and 

influence the model’s capability to predict the data in the non-sampled areas.     

 As the U.S. EPA explains its Lead and Copper Rule (EPA 1991), “Lead is rarely 

found in source water, but enters tap water through corrosion of plumbing materials.  
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Homes built before 1986 are more likely to have lead pipes, fixtures and solder.  

However, new homes are also at risk: even legally ‘lead-free’ plumbing may contain up 

to 8 percent lead.  The most common problem is with brass or chrome-plated brass 

faucets and fixtures, which can leach significant amounts of lead into the water, 

especially hot water” (US EPA, 1991).  Based on this statement, most utilities have 

targeted their lead and copper sample locations at those sites on which the homes were 

built prior to 1986; however, drinking water from some newer houses that were built after 

1986 has also been tested.    

 In order to integrate water ages calculated from GIS–assisted water quality model 

simulations and other water quality parameters with lead level data, the first step was to 

geo-code the sampling data, including lead, copper, pH, HPC, etc. (The geo-coded data 

are listed in Appendix F.)   The spatial autocorrelation tool was utilized to identify 

whether these data were spatially distributed with some pattern or dispersed randomly.  

GIS maps of utility water distribution systems (WDSs) and water quality model result 

maps were overlaid, then lead levels and other water quality parameters at various 

samples sites were inserted as “shape” files.  Because the junction nodes attached to 

water age values are along streets as most water pipes are, whereas the water quality 

parameters are attached to parcels, a spatial joining process was conducted.   The 

resultant attributes tables were formed via the spatial joining process, and the tables were 

then analyzed with respect to calculating correlation coefficient, plotting scattergrams, 

and trending.  Because lead leaching is a complex, multiple-factor phenomenon, matrices 

were first built using actual geo-coded lead, water age and building age data prior to 

correlation coefficient evaluation.    
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3.2 Geo-coding 

 Water samples were collected from different sites in WDSs, and samples were 

analyzed to determine lead and nitrate concentration and HPC.  The geo-coding process 

was applied to these data based on addresses where the samples were taken so that they 

would be geo-referenced through their x and y coordinates.  The following summarizes 

the geo-coding procedure used in this study: 

a. Lead sample dates, times, and corresponding locations, street addresses 

were input into the database. 

b. The data then were geo-coded using addresses so they corresponded to the 

parcels, which are the center of a polygon.  The purpose was to see if the 

lead levels were spatially correlated to the building years.  (The sampling 

was targeted to the houses that were built between 1982 and 1986.  A few 

samples were taken from houses that were built in the 1990s to see if 

measurable lead levels were significant from those relatively new homes.) 

3.3 Moran’s I Index and Autocorrelation 

 Water age has significant meaning in a hydraulic and water quality model.  It 

directly relates to decay of certain chemicals, such as chloramines and free chlorine.  

These chemicals are commonly used as the secondary disinfectants in WDSs.   

 We first used Moran’s I Index to compute the autocorrelation of water age, pH, 

and other water quality parameters related to spatial locations.  This allowed us to 

describe spatial distribution of these factors.  This was critical because the junction nodes 

on which water age is calculated do not fall into exactly the same parcels where samples 

of water quality data, including pH, HPC, NO3
-, are taken.  Furthermore, the lead and 
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copper sampling sites are also different from these locations. Moran's I is generally 

defined as follows: 
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where n is the number of zones or cells, ym is the value in zone m, 
_
y is the mean of 

attribute y, such as water age values, pH values, HPC values, etc., and jiw ,  is the spatial 

proximity of zones i and j.   Given a set of features and an associated attribute, the index 

evaluates whether the pattern expressed is clustered, dispersed, or random.   

 In general, a Moran's Index value near +1.0 indicates clustering, while an index 

value near -1.0 indicates dispersion.  However, Shortridge (2005) points out that while an 

I of approximately 0 is associated with no autocorrelation, it is somewhat misleading to 

state that an I of +1 is perfectly positively autocorrelated or an I of -1 is perfectly 

negatively autocorrelated.  In fact, the theoretical range of I for a particular problem 

depends upon the spatial configuration of the zones and the distribution of the values 

stored in those zones (Goodchild, 1986).   A Z score evaluating the significance of the 

index value is also computed when I is calculated.  Z scores are measures of standard 

deviation.  When the Z score value is high, then a null hypothesis can be rejected, and the 

pattern of clustering distribution (e.g. water age in a WDS) is likely statistically 

significant. 

Although the objective of this study is not to develop a methodology in spatial 

data analysis to evaluate the phenomenon of lead leaching in water distribution systems, 

the tools of special data management and correlation, and spatial data analysis and 
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lead and copper control budgets if orthophosphate is used as corrosion 

inhibitor. 

• DBPR again may be impacted when chloramines are used.  

 
The study proposes the development of an on-line corrosion monitoring protocol 

based on metal release theory and the use of the corrosion potential stagnation/flow method 

(CPSF).  Using a series of CPSF cells to test metal releases, the study findings included metal 

release patterns, which correlated to pH, alkalinity, dissolved oxygen, and other oxidants, 

such as free or combined chlorines. 

Burlingame, et al. 2006 stated that understanding how lead can enter the water 

distribution system and appear at the customers’ taps would help water utilities prevent the 

problem before it can start.  This article starts with the idea that most lead contamination of 

drinking water at consumers’ taps comes from the materials used in plumbing.  The question 

becomes: if the plumbing materials do not contain leaded brass or leaded solder, is the source 

water itself also the source of the contamination?  Water chemistry in this case becomes the 

focal point.  The authors go on to analyze the oxidants in water, usually dissolved oxygen 

(DO), chlorine, and chloramines reacting with lead-containing materials to convert lead from 

its metallic solid form  (Pb°) into the oxidized and soluble Pb (II) form. 

 
 [ ] −−+− ++→+++ 2

3
12

22
20 2 COOHPbCOOHOPb     (2-3) 

 
As illustrated in the formula (2-3), the insoluble Pb° reacts with some oxidants and 

converts to Pb (II), which enters water as Pb2+, reacts with inorganic ions, e.g., hydroxide 

(OH1-) and carbonate (CO3
2-) to form inorganic complexes of varying strength and solubility. 
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statistics within the content of GIS, were used to test the hypothesis of this study, i.e., 

lead levels correlated to water age, and provide spatial data joining.  One noteworthy 

methodology introduced by Ana Paula Dutra de Aguiar, et al. (2003) uses generalized 

proximity matrices (GPM) to support spatial autocorrelation indicators and spatial 

regression models to incorporate relations on relative space.  The GPM provide a new 

way to explore complex spatial patterns and non-local relationships in spatial statistics.   

 

For this study, water ages are spatially clustered or distributed (resulting from 

spatial autocorrelation), thus they can be considered as distance-based measures.  In 

addition, since the majority of the buildings are randomly selected (between year 1982 

and 1986), they may be considered as indicator functions, which are functions that take 

only values one (1) or zero (0) in a matrix, depending on whether the chosen criteria are 

satisfied or not .  In this study, the criterion for the one (1) value would be “the building 

was built before 1986”.   

 
Water age can be a point or line feature in a GIS map depending on whether it is 

linked to a junction node or presented with water pipelines.  The building age is an 

attribute of parcels, which are polygons in GIS mapping.  Against these two independent 

variables, matrices can be generated with lead levels as the dependent variable.  They are 

point attributes falling inside parcels (polygons).  In the matrices, the building ages as 

indicator functions will be assigned with either “before 1986” or “after 1986” 

values.  Water age, a location and distance-based measure, will be assigned depending on 

each utility’s water distribution system characteristics.  A lead level will be determined to 
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quantify its distribution against the two independent variables, i.e. water age and building 

age.   

 

3.4 SaTScan™ Software  

SaTScan™ software was used to verify that lead and other parameters sampled in the 

water distribution system were statistically significant through spatial and temporal 

analysis.  The SaTScan™ software was developed by Martin Kulldorff together with 

Information Management Services Inc. The SaTScan™ software analyzes spatial, 

temporal and space-time data using spatial, temporal, or space-time scan statistics. It is 

designed for any of the following interrelated purposes:  

• To perform geographical surveillance of disease, detect spatial or space-time 

disease clusters and see if they are statistically significant.  

• To test whether a disease is randomly distributed over space, over time, or over 

space and time. 

• To evaluate the statistical significance of disease cluster alarms. 

• To perform repeated time-periodic disease surveillance for early detection of 

disease outbreaks. 

Results of SaTScan™ are shown in Appendix C. 

3.5 Spatial Data Joining 

Data join based on spatial location integrates several layers of data together and 

joins them by a common attribute, such as street addresses or coordinates.  A new layer is 

then created to integrate all relational data into an attribute table.  Since the total numbers 
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of calculated data, such as water age, and sampling data, such as water quality parameters, 

are not the same, nor are the sample sites for water quality parameters such as lead, 

copper, nitrate, pH, and HPC., physical sites, such as parcel information regarding 

dwelling built-years, and simulated hydraulic model results, such as water ages, the 

spatial location join will provide each point an attribute that is closest to it and a distance 

field to show how close the attribute is to the point.  

3.6 Geostatistics 

Kriging is the estimation procedure in geostatistics that uses known values and a 

semivariogram to determine the unknown values.  Named after D. G. Krige from South 

Africa, Kriging incorporates measures of error and uncertainty when determining 

estimations.  Based on the semivariogram used, optimal weights are assigned to known 

values in order to calculate unknown ones.  Since the variogram changes with distance, 

the weights depend on the known sample spatial distribution.  An ordinary Kriging 

procedure was used for this study because it is the most common method used in 

environmental engineering (Dorsel et al. 1997).  It assumes that local means are not 

necessarily closely related to the population mean; therefore, only the samples in the local 

neighborhood are used for the estimate.  Although using the geostatistics to characterize 

water quality parameters is not widely explored, characterizing soil heavy metals, such as 

copper (Cu), lead (Pb), zinc (Zn), etc. related to crop quality using the Kriging procedure 

has been explored extensively (Liu, et al. 2005).  The goal of using the Kriging procedure 

in geostatistics was to minimize the sampling density for the heavy metals.  Similarly, if 

sample data is limited and sample sites for various parameters are different, the Kriging 
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procedure can be carried out to map the spatial patterns of the water quality parameters 

and increase the probability of assessment of their influences to lead levels in WDSs.  

The evaluation of a utility’s water quality model is crucial because the water age 

is a critical surrogate to many water quality parameters.  In this study, the data on lead 

concentrations and other parameters, such as NO3
- and HPC, do not have the same 

coordinates as calculated water ages on water pipe junction nodes.  Thus, spatial 

interpolation of the model results (water ages) at the locations of these parameter 

sampling sites should be performed (Fuentes, et al. 2002).  Kriging procedure was used to 

interpolate locations of water age, building age, lead levels and NO3
- concentrations.  

 

3.7 Correlation Coefficient 

To test the hypothesis proposed by this study, a correlation coefficient was used to 

first test the co-variance between lead levels and water ages using collected compliance 

data from several utilities.  The governing equation for correlation coefficient is as 

follows: 

Rjk = ( (xij - j)(xik - k)) / n j k  

= ( (xij - j)(xik - k)) / (( (xij - j)2)( (xik - k)2))1/2   (3-2) 

 Where: 

X = a variable, such as lead levels, water ages, or other water quality parameters, 

such as NO3
-, or HPC’s 

Xj = a specific variable j;  

Xk = a specific variable k; 
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2
j = the variance of variable Xj.  

j = the standard deviation of variable Xj, which is the positive square root of the 

variance 

i = a particular case i  

xij = a magnitude (datum) for case i on variable j;  

n = the number of cases for a variable;  

= the average or mean of variable X;  

X*
j = mean-deviation data (the mean has been subtracted from each original 

magnitude) for variable j;  

xij = the first case (i = 1 for variable j) to the last case (i = n for variable j), that 

is x1j + x2j + x3j + . . . + xnj = xij. 

Rjk
2 x 100 = the coefficient of determination between Xj and Xk

Before testing the correlation coefficient of lead levels vs. water residence time, matrices 

were built to observe lead levels vs. dwelling/building ages and water ages.  A typical 

matrix of lead levels associated with building age and water age is shown below. 
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Table 3-1 A Typical Matrix Used in the Study 

Pre – Determined Lead Levels (PDLL) (1) Building Ages 
(Indicator 
Functions) 

 Pre-
Determined 
Water Ages 

(hours) 

 

[Pb] ≤ PDLL  [Pb] > PDLL 

Before 1986  [t] < PDWA(2) 
 

(3)  (4) 

Before 1986  [t] ≥ PDWA(2) 
 

(5)  (6) 

After 1986   [t] < PDWA(2) 
 

(6)  (8) 

After 1986  [t] ≥ PDWA(2) 
 

(9)  (10) 

Total Samples   
 

   

 

The following provides an explanation of the matrix cells: 

(1) The pre-determined lead levels (PDLL) can be the current detectable lead 

concentration at 0.003 mg/L or the criterion for the reduced testing schedule set by 

LCR of 0.005 mg/L (EPA, 1991). 

 

(2) These cells have pre-determined water ages (PDWA) based on a specific WDS.  The 

water ages will be computed using a GIS-assisted water quality model. 

 

(3) It is expected that most samples below PDLL will fall into this cell.  If all samples fall 

into this cell, including those with relatively high lead concentrations, then the null 

hypothesis will not be rejected, i.e., there will be no positive correlation between lead 

levels and water ages. If some number of samples with relatively high lead 

concentrations fall into this cell, then there may still be positive correlation between 

lead levels and water ages; however, the correlation coefficient or the percentage of 

similar variance change between lead levels and water ages will be low.  This may 
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imply a need for additional customer surveys regarding building re-modeling and 

sample methods. 

 

(4) If most high or relatively high lead levels fall into this cell, then a low direct 

correlation between lead levels or low percentage of change in common is evident.  

This will also imply a need for additional customer surveys regarding sampling 

techniques and conditions of the taps, and additional samples to test for nitrate and 

HPC. 

 

(5) The hypothesis may not be accepted if many samples with low lead levels fall into 

this cell, because the low lead levels should be found in fresh treated water.   

 

(6) If all samples with relatively high lead levels fall into this cell, then the direct 

correlation or percentage of change in common between lead levels and water age is 

evident.  Further statistical analyses may proceed to test the hypothesis of statistical 

significance.  The hypothesis may be accepted. 

 

(7) Utilities may not target many buildings that were built after 1986, the year after lead 

solders and lead pipes were banned.  More than likely almost all lead levels lower 

than the PDLL will fall in this cell.   
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(8) There should be few if any sample data with relatively high lead sample results 

falling into this cell.  If there are samples with high lead levels, then the house 

plumbing fixtures should be investigated. 

 

(9) If samples are taken from homes that were built after 1986, the samples may fall into 

this cell even with longer water age because the plumbing fixtures should contain less 

or no lead. 

 

(10) Utilities may not target many newer homes.  Some samples may be taken from new 

houses.  Though some new homes may have longer water ages, few samples with 

relatively high lead levels should fall into this cell.  If the samples taken fall into this 

cell, plumbing fixture, service line, and sampling techniques should be checked. 
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4.1 Background 

The word “fresh” is typically used in association with words such as clean, healthy 

and pollution-free, for instance: fresh fruits, fresh air and fresh water. Today, scientifically 

speaking, natural fresh water is becoming more and more scarce.  For many Americans, our 

fresh water is treated water from municipal water treatment plants (WTPs) that is then 

conveyed to consumers by means of water distribution systems (WDSs).  Researchers are 

discovering that treatment and distribution are equally important in maintaining fresh water 

for consumers. 

The chemical processes used to treat water can affect WDS water quality.  However, 

these processes occur over time, making the hydraulic residence time or water age in WDSs a 

potentially critical factor influencing water quality.  Water age analysis using hydraulic 

models has become a reliable surrogate for water quality evaluation. 

WDS hydraulic models have long been used by utilities in planning water system 

improvements.  Models are used to help size new mains and storage facilities, to improve 

energy management and to evaluate alternative operating conditions.  WDS simulations and 

designs have historically focused on the capacities of the systems under the maximum water 
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demand conditions, for instance, fire flow demands during peak water demand period.  As a 

result, the pipes and storage tanks are designed to be ample in size to convey and store 

significant quantities of water.  However, under the average day or minimum day water 

demands, the water flows much more slowly in these large trunk mains and stays much 

longer in the storage tanks than it does under the maximum demand conditions, often 

resulting in long hydraulic residence times.   

More and more studies are being conducted to evaluate water quality-related issues 

that develop due to long water residence times.  These issues include disinfectant decay, 

disinfectants and disinfection byproducts, nitrification, and bacteria re-growth in water 

supply systems.  In addition, stagnant water can increase the concentration of pollutants such 

as lead.  Studies have shown that the longer water is stagnant at a tap with fixtures containing 

lead, the higher the concentration of lead in the water.  Therefore, short hydraulic residence 

time, or young water age, in WDSs is important in maintaining fresh water. 

Significant effort has been made in the United States to improve water quality 

through the Safe Drinking Water Act (SDWA), established by the Environmental Protection 

Agency (EPA).  Under the SDWA, the EPA finalized the Lead and Copper Rule (LCR) in 

1991.  With this rule, the EPA set action levels for lead and copper which, if exceeded, 

trigger treatment or other requirements that water system administrators must follow in order 

to bring water back to acceptable standards.  The action level (AL) for lead was set at 0.015 

milligrams per liter (mg/L) or 15 micrograms per liter (µg/L).   

The health risks to humans, especially to children, due to lead exposure have been 

known since the Roman Empire.  In recent times, the primary sources of lead exposure for 

most children have been considered to be the following: 
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• deteriorating lead-based paint,  

• lead-contaminated dust, and 

• lead-contaminated residential so 

 

However, researchers are now looking at municipal WDSs as a source for lead 

exposure. The occurrence of high lead concentration in the water distribution systems in 

some cities and towns in the United States is causing serious concerns due to the human 

health-related risks. 

The treated water from WTPs does not usually contain lead, and high lead 

concentrations found in WDSs have long been considered to be caused by the use of lead-

based solder and lead-containing plumbing fixtures which corrode and leach lead out into the 

water.  Little detailed research, however, has been conducted in the area of investigating the 

direct impact of hydraulic residence time on lead corrosion.  The effect of water residence 

time on lead leaching in water distribution systems will be the focus of this paper. 

 

4.2 Review of Literature 

4.2.1 Previous Related Studies.  In the 1980’s and 1990’s, researchers studied lead 

leaching mainly in lead pipes (Schock et al, 1989), water faucets in laboratories (Gardels and 

Sorg, 1989), and galvanic effects (Singley, 1994).  Singley (1994) attributed lead leaching to 

poor workmanship in using lead-based solder and lead-containing fixtures.  Exposing the 

lead surface to drinking water was a major factor contributing to high lead concentrations in 

samples obtained from homes with lead-containing plumbing systems.  Edwards, et al. (1994) 
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depicted lead concentration in tap water as increasing as the tap water stagnation time 

increased. 

 

4.2.2 Recent Lead Occurrences.  More recently, researchers (Edwards, et al. 2004; 

Burlingame, et al. 2006) have considered changes in water chemistry, caused by switching 

from free chlorine to chloramines for disinfection, as the major cause of the observed lead 

problems in some water supply systems.  The observations were reinforced by Miranda, et al 

(2006), whose recent study showed the mean blood lead level of children had “ticked up” 

after the studied utilities switched disinfectant from chlorine to chloramines.  Edwards and 

Dudi (2004) linked the switch from free chlorine to chloramines as the secondary disinfectant 

going into the WDS to lead leaching into water in the Washington DC area. Most recently, 

Standard, et al. (2006) concluded, based on a two-year corrosion control study in the 

Washington D.C. area, that the switch to chloramine disinfectants did increase lead leaching 

in the water distribution system.  Following the disinfectant conversion, the lead levels in the 

water distribution system increased and remained above the federal action level of 15 µg/L in 

drinking water. 

Burlingame, Edwards, and Shock (2006) stated that understanding how lead can enter 

the water distribution system and appear at the customers’ taps would help water utilities 

prevent the problem before it can begin.  Their article started with the fact that most lead 

contamination of drinking water at consumers’ taps comes from the materials used in 

plumbing.  Water chemistry in this case becomes the focal point.  The article analyzed the 

oxidants in water, usually dissolved oxygen (DO), chlorine, and chloramines reacting with 
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lead-containing materials to convert lead from its metallic solid form (Pb0) into the oxidized 

and soluble Pb (II) form. 

 [ ] −−+− ++→+++ 2
3

12
22

20 2 COOHPbCOOHOPb     (4-1) 

As illustrated in the chemical reaction formula (1), the insoluble Pb0 reacts with some 

form of oxidants and converts to Pb (II), which enters water as Pb2+, reacts with inorganic 

ions, e.g., hydroxide (OH1-) and carbonate (CO3
2-) to form inorganic complexes of varying 

strength and solubility.  It is clear that neither plumbing materials nor the source water can 

act alone.  Chemical reactions among the piping/plumbing materials and chemical 

ingredients in the source water “get the lead out” of the pipes and into the drinking water at 

customers’ taps.  

Edwards, et al. (2006) studied the chemistry of recent lead occurrence in two utilities 

in North Carolina and suggested that the lead occurrences have been caused by high chloride 

to sulfate ratio, Cl-:SO4
-2, in the water.   They stated that a chemical combination found in 

some municipal water supplies could make the water highly corrosive.  Triantafyllidou and 

Edwards (2006) cited several utilities that have relatively low Cl-:SO4
-2 in their raw water 

supply that changed their coagulant from aluminum sulfate to polyaluminum chloride (PACL) 

or ferric chloride, and as a result had serious problems with lead contamination.  Further 

study showed that lead levels dropped after the utilities switched back to alum.  Like other 

utilities, these utilities had changed their coagulant and/or secondary disinfectant to remove 

natural organic matter (NOM) and reduce disinfection by-product (DBP) formation regulated 

by the EPA Stage 1 Disinfectants/Disinfection Byproducts Rule (Stage 1 D/DBPR) and Stage 

2 D/DBPR, and only found that such efforts to improve treatment processes might have been 

responsible for the high level of lead in certain areas of their WDSs.   
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Whether the change in water treatment chemistry caused the high level of lead in 

WDSs is uncertain because many factors could contribute to the phenomenon.  For example, 

Miranda et al (2006), prior to the publication on children’s blood lead level and chloramine 

conversion in water treatment systems (Miranda, et al. 2007), developed a lead exposure risk 

model for a county in North Carolina.  The model included the following parameters from 

U.S. Census data: 

 
• Persons receiving public assistance  

• Median household income 

• African American persons, and 

• Hispanic persons (block level)   

 
These parameters of interest combined with building years were used for the risk 

ranking.  The children’s mean blood lead level in the studied areas has actually decreased 

below the level prior to the conversion of disinfectant after the initial slight increase, as 

illustrated in Figure 4-1.  
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Figure 4-1: Mean Blood Lead Levels in Children in the Studied Water Utilities over Time for each Drinking 
Water Source (Miranda, et al. 2007) 

 

Due to the fear of lead poisoning, some utilities have since switched back to their original 

coagulant or secondary disinfectant in water treatment processes to prevent lead leaching from 

happening again; however, they may find that their DBPs, such as total trihalomethanes 

(TTHMs), for the period increased.  Figure 4-2 is a test result from one of the utilities after it 

switched coagulant from ferric chloride back to aluminum sulfate in its WTP.  The result is from 

one-time testing (not scheduled compliance test) and not the running annual average (RAA), so 

additional testing could produce different results.  However, from initial results, it appears that 

while the utilities are trying to comply with one rule, they may violate the other.  
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As indicated in the graph, several monitoring locations show TTHM concentration in 

excess of 80 µg/L after the coagulant was switched back to aluminum sulfate.  TTHMs have 

a maximum contaminant level (MCL) of 80 µg/L, as set forth by the EPA, and are 

considered carcinogens. 

Water quality models may be used to select the optimum location for booster 

disinfection stations by modeling water age or disinfectant residual concentrations (AwwaRF, 

2000).  The initial distribution system evaluation (IDSE) from the recently promulgated 

Stage 2 D/DBPR (EPA, 2006) provided guidance to water utilities in using water quality 

models to select DBP monitoring sites based on water age.  The EPA’s Enhanced 

Coagulation Rule and Stage 1 D/DBPR not only set the DPBs’ maximum contaminant levels 

(MCL), but also required the reduction of DBP precursors in water supply resources.  Before 

leaving the water treatment plant, drinking water is generally disinfected using either free 

chlorine or chloramines as a final step before being stored in a clearwell.  Then the water is 

pumped from the storage facility to the customers through distribution systems.  Maintenance  
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of chlorine or other disinfectant residual is a water quality goal in most US water systems 

(Clark, et al. 1998).  Krasner, et al (1994) studied water quality degradation and its 

implication on DBP formation in distribution systems.  The study involved sampling the 

sources of precursors of DBPs, then evaluating a simulated distribution system to assess the 

amount and specifications of DBPs that could be formed in actual full-scale operations.   

Vasconcelos, et al (1997) used well-calibrated hydraulic distribution models to model 

the kinetics of chemical decay inside transmission pipes.  The decay included both bulk flow 

and pipe wall decay.  The hydraulic model first simulated the hydraulic factors such as 

residence time of water from a water treatment plant using extended period simulation (EPS), 

and then water quality calculations using assumed decay kinetics were performed in parallel 

with the hydraulic simulation.  The governing equation is based on the assumption that 

substance decay or growth (Cl2 or TTHMs) is a first order reaction, which includes bulk flow, 

pipe wall and mass transfer in between as shown in equation (4-2): 

 

Where: 

 c = Substance concentration, mass/ft3 

 t = time 

 K = Overall reaction constant, 1/sec, as defined by equation (4-3): 

 

Where:  

Kcdtdc −=/
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wf
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+
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(4-3) 

(4-2) 
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 kb = bulk flow reaction constant, 1/sec 

 kf = mass transfer constant from bulk flow to pipe wall, ft/sec 

 kw = pipe wall reaction constant, ft/sec 

 Rh = hydraulic radius of pipe, ft 

 
Three constants need to be determined, and two are user-input to run the water quality 

module in the model: 

 
• kb = bulk flow reaction constant, 1/sec – determined by bench scale test (Jar test, etc.) 

• kw = pipe wall reaction constant, ft/sec – determined by model calibration (best fit) 

• kf = mass transfer constant from bulk flow to pipe wall, ft/sec is internally calculated 

involving Reynolds Number, Sherwood Number, and Schmidt Number. 

 
Water age can be calculated by setting dc/dt = 1.0, which will give an overall water 

quality in the distribution system. 

DiGiano et al (2004, 2005) studied disinfectant decay and corrosion in water 

distribution systems.  Their research objective was to investigate the decay rate of the most 

common disinfectants, i.e., free chlorine and chloramines, at the pipe wall.  Zhang (2004) 

evaluated the chlorine decay at the pipe wall using actual pipe segments, called pipe section 

reactors (PSRs).  In the study, recycling completely mixed chlorinated water simulated the 

actual water ages and hydraulic shear stress on the inner surface of a pipe wall.  The chlorine 

residual concentration in PSRs was measured over time and then plotted to determine the 

order of reaction.   DiGiano, Zhang and Westbrook (2005) continued similar research by 

using PSRs to test pipe segments from a utility’s distribution system on chloraminated water.  

In their research, a zero-order rate was justified for the decay of free chlorine because free 
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chlorine reacts so rapidly with Fe (II) that the reaction was limited by availability of Fe (II) 

from the pipe surface and not by the concentration of free chlorine.  A first-order rate for 

chloramine decay suggested that chloramine reacts more slowly than free chlorine such that 

the rate of reaction is controlled by the chloramine concentration rather than the available Fe 

(II).  DiGiano and Zhang concluded via their research that PSRs held promise for qualifying 

a governing relationship between chlorine/chloramine residual and hydraulic residence time, 

water characteristic such as corrosivity, and pipe characteristics, including Hazen-Williams 

C-factors and pipe materials. 

Studies by Zhang, et al. (2004) and DiGiano, et al (2000, 2001, 2002, 2005, and 2006) 

on water quality in WDSs investigated the effect of hydraulic residence times on water 

quality parameters using skeletonized (partial-pipe) water quality models and tracer study 

results.  These parameters included decay coefficients of disinfectants, such as free chlorine 

and chloramines, nitrification, and biological reactions in WDSs.  However, the use of water 

quality models combined with other water quality parameters to analyze spatial locations and 

areas where lead leaching may occur has not been detailed.  In Zhang and DiGiano’s research 

(2004), a section of actual pipe cut from Utility A’s water distribution system was used with 

actual chlorinated water to identify the rate of free chlorine decay.  It was long believed that 

chloramines were a much more stable and persistent disinfectant than free chlorine.  

Theoretical decay for chloramines from 3 mg/L to 1 mg/L would take 3600 hours.  However, 

continuing their research, Westbrook, DiGiano and Zhang in their 2006 work used the same 

methodology to measure chloramine decay rate inside various type pipes.  It was discovered 

that chloramine decay was greatly accelerated by pipe wall materials, including ductile iron 
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pipes (DIP) and cast iron pipes (CIP).  The actual decay of the chloramines could begin 

within 20 hours to 65 hours (Westbrook, et al. 2006) due to pipe wall reaction.   

 

4.3 Study Objective 

The objective of this study is to fill a gap in existing research by testing the 

hypothesis that lead occurrences in WDSs are correlated to water ages.  The correlation, if it 

exists, can then be applied by utility management to target the areas in their WDSs that have 

the potential for lead occurrences and effectively and efficiently establish corrective actions. 

 

4.4 Materials and Methods 

This study evaluated four major utilities in North Carolina.  They are labeled as 

Utilities A, B, C and D.  For homeland security reasons, the actual names of the utilities, 

treatment plants, streets, and sampling sites are neither mentioned in this publication nor 

shown in WDS maps.  These utilities are using different coagulants; however, all have 

converted to chloramines for WDS disinfection.  Coagulation and secondary disinfection 

chemicals for each plant are summarized in Table 4-1.  

 
Table 4-1 

Summary of Coagulation and Secondary Disinfection Chemicals 
 

Utility WTP Coagulation 
Secondary Disinfection 
and Year of Conversion 

A Ferric Sulfate Chloramines, 1996 
B-1 Alum Chloramines, 2003 
B-2 Alum Chloramines, 2003 
C Alum Chloramines, 2003 

D-1 Ferric Chloride* Chloramines, 2003 
D-2 Alum Chloramines, 2003 

 
* WTP D-1 of Utility D has switched back to alum after lead exceeded the action level. 
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Data from Utilities A, B and C came from each utility’s routine water quality 

sampling and lead and copper compliance testing.  Utility D’s lead information and water 

quality data were collected from local newspaper publications (See Appendix D) and from 

discussions with utility staff. 

 

4.4.1 Lead Occurrences in Utility D 

Several locations in Utility D have been shown to have high lead levels in their 

drinking water (Clabby, 2006; Edwards, et al. 2006).  Figures 4-3 and 4-4 are partial GIS 

maps of the utility’s service area, where there are two streets (shown here in heavy red lines) 

on which houses have reportedly shown lead concentrations higher than the AL from the tap 

water.  Using a GIS-assisted water quality model, the average water residence times (water 

age) associated with pipe network and junction nodes were spatially plotted with the streets, 

parcels, and the reported high lead area as indicated in Figures 4-3 and 4-4.  As indicated in 

Table 1, the utility has two surface water treatment plants, (WTP D-1 and D-2).   Both plants 

have supplied chloraminated water to these areas.  The plant D-1 applied ferric chloride as its 

coagulant and also reportedly encountered challenges to form chloramines, especially 

monochloramine, which is desirable for disinfection (Faust, et al. 1998).  From the spatial 

database overlay, one can clearly see that the buildings in parcels along the road were built 

prior to 1986, which indicates that the service lines and plumbing fixtures were more than 

likely lead-containing, as they were installed before lead piping and lead solder were banned.  

The average water age was also relatively long, ranging from 32 to 108 hours.   

In addition to the areas mentioned above, water from some drinking fountains in 

several public schools showed high lead levels (Biesecker, 2006).  Most of these public 
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schools were built between 1939 and 1976.  The locations of these schools were identified 

based on attributes of GIS map files.  The average water age in these schools was over 108 

hours.  
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Figure 4-3:  Reported Street Area with High Lead Concentration in Utility D 
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Figure 4-4:  Reported High Tap Water Lead Level Area in Utility D 
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Based on these facts, the occurrence of lead leaching in these areas apparently was 

based on multiple factors.  These possible factors are listed below: 

 

1. It appears that the buildings in these areas were constructed prior to 1986, thus 

lead sources are more than likely present in the plumbing fixtures. 

 
2. GIS-assisted water quality modeling simulations resulted in relatively long 

average water residence times in these reportedly high lead areas.  The average 

water residence time for the water fountains in the public schools was over 108 

hours. 

 
3. Figure 4-3 shows an area where the water age is relatively long.  The water to the 

area is supplied only by WTP D-1 through a high pressure zone and a storage tank.  

Depending on daily water demand and water level in the tank, the water age can 

be longer than model-simulated results.  In addition, the water plant that supplied 

drinking water to the area had switched to ferric chloride as coagulant.  The plant 

has also reportedly encountered challenges in monochloramine formation (Bishop, 

et al. 2005).  

 
4. Figure 4-4 shows the other areas where high levels of lead were reported. 

Although the water ages in these areas are not as long as those in the area 

mentioned above and in the public schools, the water supplied there was blended 

from both water treatment plants.  Both treatment plants chloraminated the 

finished water and WTP D-1 had switched to a ferric chloride coagulant.  
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These factors prompted the following observations and questions: 

 
1. Higher lead in the tap water more than likely occurs in the buildings that were 

built prior to the lead solder and lead-containing plumbing fixture ban, because 

lead sources are present. 

 
2. It is also apparent that the chloride to sulfate ratio may not be the only causative 

reason for the lead leaching because the water supplied to the area is from the 

water treatment plant that had encountered the challenges in forming 

monochloramine. 

 
3. It is inconclusive that the process of chloramination of the finished water caused 

high lead leaching.  However, because of possible pipe wall-accelerated decay of 

the disinfectant (Grayman, et al. 1998; DiGiano, et al. 2005), free ammonia may 

be released over the relatively long water age, which may attack the lead-

containing plumbing fixtures to release lead into the water (Burlingame, et al. 

2006). 

 
One of the corrosion characteristics is the distribution system’s carrying capacity, 

which can be evaluated in terms of a change in the value of the Hazen-Williams coefficient, 

C (Benefield et al. 1982) or Hazen-Williams C-factor.  The Hazen-Williams equation, shown 

below, is the governing equation of many water distribution system hydraulic models: 

 Q = 405 (C) (d) 2.63 (S) 0.54         (4-4) 

Where: 

Q = Average flow rate in the pipe, (gpm) 
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 C = Hazen and Williams coefficient 

 d = Pipe diameter, inches 

 S = Hydraulic gradient 

 

The flow rate has a direct relationship with velocity, V (ft/sec), in the pipe, which in 

turn affects the water residence time or water age. 

  V = Q/A        (4-5) 

Where: 

  A = Pipe cross section area, ft2 or in2 

 

Equation (4-4) indicates that as the Hazen–Williams coefficient decreases due to pipe 

wall corrosion, the flow rate decreases, resulting in velocity decreases as shown in 

Equation 4-5.  For the same length of pipe, or distance to the location, the water residence 

time increases.  The Hazen–Williams coefficients (C-factors), water age, flow rate, and 

velocity are all parameters in a hydraulic model, and are spatially-referenced.  Spatial 

statistics can then be applied to test their statistical significance and correlation with the 

sample lead leaching data, which are geo-coded according to their addresses. 

 

4.4.2 Lead Occurrences in Utilities A, B and C 

Lead occurrences in Utility D (Clabby, 2006, Biesecker, 2006) have prompted this 

study to investigate neighboring utilities.  Because the reduced sampling schedule allowed by 

the EPA and state regulatory agencies is based on a consecutive two-year sampling data, this 

study collected the most recent lead and copper data sampled for LCR compliances.  The 
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three utilities have been using chloramines as their secondary disinfectant for 10 years 

(Utility A) and three years (Utilities B and C).  Both Utilities A and B serve more than 

100,000 customers, thus they are on the first-tier schedule to conduct the IDSE for Stage 2 

D/DBPR (EPA, 2006).  Both utilities elected to undergo the system-specific study using a 

water quality model to select monitoring sites for DBPs.  The models, therefore, are the GIS-

assisted all-pipe type qualified for IDSE.  The water demands allocated to each junction node 

were distributed using the most current geo-coded water billing records.  The models were 

calibrated using field measurements on Hazen-William C-factors, diurnal water consumption 

patterns, hydraulic grade lines (HGLs), and storage tank operating levels from SCADA.  

Utility A also conducted a tracer study to verify the water residence time (DiGiano et al. 

2005).  The materials and methodology used in this study are summarized below. 

Utility A serves more than 125,000 retail customers plus wholesale customers with its 

one WTP and WDS.  The WTP has been using ferric sulfate and chloramines for about ten 

years.  Although one or two samples showed lead concentrations that exceeded the AL, the 

overall lead concentrations (greater than 90th percentile) are in compliance with the LCR.  

The utility has recently completed its IDSE plan using the system specific study (SSS) with a 

water quality model, which computed water residence time.   

Utility B serves more than 150,000 customers with its two Water Treatment Facilities 

(WTFs) (WTF B-1 and B-2) and WDS.  The plants have been using chloramines since 2003.  

The utility has also been in the process of completing its IDSE using the SSS with a water 

quality model.  Water ages were calculated from the model.   

Utility C serves approximately 14,000 customers. The utility owns and operates one 

WTP, which converted to chloramine disinfection in 2003.  Although its IDSE plan is 
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scheduled for the third-tier utilities (due by October 1, 2007), the water quality model has 

been built and calibrated, and the water residence times have been established for its WDS.  

All the utilities cited above recently calibrated and verified their water quality models based 

on field tests and SCADA water tank levels (Shamsi, 2005). 

 

4.4.3 Data Geo-coding 

Since the samples were geo-referenced with coordinates and addresses, they were 

converted to GIS map layers through geo-coding, which is the process of assigning a location, 

usually in the form of coordinate values, to an address by comparing the descriptive location 

elements in the address to those present in the reference material (ArcGIS, ESRI, 1999-2004).  

The following summarizes the geo-coding procedure: 

 
a. Lead sample dates, times, and corresponding locations, expressed in x and y 

coordinates, and street addresses were input into the database. 

 

b. The data then were geo-coded using addresses so they corresponded to the 

parcels, which are the center of a polygon.  The purpose was to see if the lead 

levels are spatially correlated to the building years.  (The sampling was 

targeted to the houses that were built between 1982 and 1986.  A few samples 

were taken from houses that were built in the 1990’s to see if measurable lead 

levels were significant from those relatively new homes.). 
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c. Results from GIS-assisted models, such as water residence time at each 

junction node were geo-coded, since each junction node already has 

coordinates. 

 

4.4.4 Spatial Data Analyses 

Building Age and Lead Samples.  Although the lead sampling by these utilities was 

targeted at houses that were built between 1982 and 1986, houses that were built before and 

after the period were also sampled.  Based on Utility D’s experience, we first geo-coded all 

lead sample data based on street addresses, then spatially joined the parcel maps for utilities 

A, B, and C.  GIS maps showing lead levels and parcels within the utilities’ service areas 

were created.  The building age (or “year_built” or “built_year” as fields ) of the houses 

residing in the parcels is listed in the attribute table inside the map. The illustration of these 

maps is in Appendix F.   

Water Age and Lead Samples.  To test the hypothesis proposed by this study, 

correlation coefficient was calculated first between lead levels and water ages.  The 

following equations calculate the correlation coefficient, R, and the coefficient of 

determination, R2, which defines the proportion of variance in common between two 

variables.  The R-values will examine if there are positive, negative, or no correlations 

between the water quality parameters mentioned above, and the R2 x 100 will indicate the 

percentage of variance between any of the two variables in common. 
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Governing Equation: 

Rjk = ( (xij - j)(xik - k)) / n j k  

= ( (xij - j)(xik - k)) / (( (xij - j)2)( (xik - k)2))1/2   (4-6) 

Where: 

X = a variable, such as lead levels, water ages, NO3
-, or HPC’s 

Xj = a specific variable j;  

Xk = a specific variable k; 

2
j = the variance of variable Xj.  

j = the standard deviation of variable Xj, which is the positive square root of the 

variance 

i = a particular case i  

xij = a magnitude (datum) for case i on variable j;  

n = the number of cases for a variable;  

= the average or mean of variable X;  

X*
j = mean-deviation data (the mean has been subtracted from each original 

magnitude) for variable j;  

xij = the first case (i = 1 for variable j) to the last case (i = n for variable j), 

that is x1j + x2j + x3j + . . . + xnj = xij. 

Rjk
2 x 100 = the coefficient of determination between Xj and Xk 

In order to test the correlation between lead levels and water age, spatial data joining  

was performed.  Data joining based on spatial location integrates several layers of data 

together and joins them by a common attribute, such as street addresses.  A new layer then is 



 

created to integrate all relational data into an attribute table.  Since the total numbers of 

calculated data and sampling data are not the same, nor the sample sites for water quality 

parameters such as lead, copper, nitrate, pH, HPC, etc.; physical sites, such as parcel 

information regarding dwelling built-years; and simulated hydraulic results, such as water 

ages; the spatial location join will provide each point an attribute that is closest to it and a 

distance field to show how close the attribute is to the point.  Tables 4-2, 4-3, and 4-4 below 

show an example of how these data spatially join to form a new spatial database that includes 

water ages and lead levels. 

 

Table 4-2 
Example of GIS-Assisted Water Quality Modeling Results on Water Ages 

 
X Y MAX Water Age Min Water Age Avg Water Age

Coordinates Coordinates (hours) (hours) (hours)
2080357.62 734011.37 47.44 20.8 30.98
2080313.28 733945.18 48.72 21.0 31.39
2080281.42 734414.45 47.49 19.9 30.63
2080207.99 734465.15 960.02 936.0 948.02
2088298.94 735180.31 29.00 25.0 26.81
2090841.14 744187.09 13.65 11.0 11.81
2090872.57 744184.95 960.02 936.0 948.02
2090872.57 744193.76 960.02 936.0 948.02
2090871.61 744176.15 960.02 936.0 948.02
2073291.68 783835.95 56.46 11.3 21.53
2073159.21 782918.33 61.46 15.9 28.36
2091700.20 772083.34 88.05 16.9 38.14
2091658.46 772181.60 960.02 936.0 948.02
2117675.28 749709.24 960.02 936.0 948.02
2144452.83 715349.55 50.66 37.6 44.55
2144470.80 715372.94 960.02 936.0 948.02
2118085.39 734050.27 34.44 30.2 31.82  

 

Table 4-2 illustrates the results of a GIS-assisted model calculation with regard to 

water ages. Because each water age calculated is associated with a junction node, which is 
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spatially distributed with coordinates in a water distribution system, water ages are geo-

referenced or spatially referenced.   

 
Table 4-3 

Example of Geo-coded Lead and Copper Sampling Database 

 

Table 4-3 is an example of an attribute file in a GIS map in which lead and copper 

sampling data are geo-coded based on street addresses.  The sampling site addresses are now 

associated with x and y coordinates after geo-coding.  

X Y PB_RESULT CU_RESULT ADDRESS
Coordinates Coordinates (mg/L) (mg/L)
2113553.71 699267.85 0.014 0.050 103 Pineway St.
2108796.03 779281.93 0.013 0.271 8301 Circlewood Ct.
2093551.32 775316.62 0.013 0.059 7413 Chippenham Ct.
2086794.20 773818.25 0.010 0.151 6929 Glendower Rd.
2108421.86 774852.55 0.009 0.052 7213 Bellweather Ct.
2090076.54 750337.39 0.008 0.000 3413 Caldwell Dr.
2090219.97 760050.11 0.007 0.050 4124 White Pine Dr.
2092248.06 771096.41 0.007 0.060 6321 Bayswater trl
2097191.46 777528.13 0.006 0.097 7803 Coach House Ln.
2094370.21 777143.13 0.006 0.117 7208 Halstead Ln.
2113795.74 707379.51 0.006 0.116 1452 Aversboro Rd.
2093245.33 755649.55 0.006 0.050 1572 Village Glen Dr.
2098321.15 769934.97 0.006 0.105 6204 Iris Dr.
2089319.28 769268.93 0.004 0.052 6104 Highcastle Court
2115891.53 781350.90 0.004 0.132 1820 Carrington Dr.
2086788.83 770302.73 0.004 0.074 4409 Sunburst Ct.
2113636.07 699054.66 0.004 0.050 2606 Buffaloe Rd.
2110684.78 768909.62 0.004 0.060 5915 Carmel Ln.
2148114.53 810009.84 0.004 0.472 121 Cardinal Dr.
2098986.47 764304.00 0.004 0.081 1801 Bonnibee Ct.
2113457.08 707326.67 0.004 0.073 113 Towne View trl
2115508.22 709336.64 0.004 0.051 500 Lakeside Dr.
2113817.85 770389.92 0.004 0.050 6214 Fountainhead Dr.
2104703.47 751277.30 0.003 0.215 2418 Anderson Dr.
2097880.81 775062.83 0.003 0.116 7212 Valley Lake drive
2106347.55 779634.98 0.003 0.126 8313 Apple Orchard Way
2085697.06 778718.10 0.003 0.080 8204 Kingswood Ct.
2109368.46 712312.91 0.003 0.075 104 Glenn Bryan Ct.
2112816.93 700451.97 0.003 0.050 2404 Buffaloe Rd.
2144314.45 815985.96 0.003 0.050 117 Remington Woods Dr.
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Table 4-4 
A Resultant from Spatially Joining Water Age Map 

and Geo-coded Lead Data  

 

Table 4-4 is an example of the resultant database that contains both lead 

concentrations and water ages through the spatial data joining of water quality model 

simulation results databases and lead test results databases, based on geographic locations. 

 

Building Age, Water Age and Lead Sampling Matrices:  Before testing the 

correlation coefficient of lead levels vs. water age, matrices were built to observe lead levels 

vs. dwelling building ages and water ages.  The data shown in the matrices were collected 

from Utility A.  Because of the lack of studies regarding how water ages in WDSs impact 

Lead Level Water Ages
(mg/L) ADDRESS (hours)
0.0020 6544 Wynbrook Way 117.7
0.0090 7213 Bellweather Ct. 24.8
0.0020 5612 Grooms Bridge 32.8
0.0040 6104 Highcastle Court 67.2
0.0060 6204 Iris Dr. 66.1
0.0030 1125 Toppe Ridge 63.2
0.0020 2973 Faversham Pl. 16.0
0.0030 7909 Kingsland Dr. 59.2
0.0040 6214 Fountainhead Dr. 11.2
0.0040 1820 Carrington Dr. 5.0
0.0130 8301 Circlewood Ct. 484.8
0.0040 5915 Carmel Ln. 5.7
0.0020 105 Whithorne Dr. 172.4
0.0030 5902 Whitebud 6.1
0.0030 5902 Whitebud 6.1
0.0080 3413 Caldwell Dr. 61.7
0.0040 4008 Cardigan Pl. 11.0
0.0040 4008 Cardigan Pl. 11.1
0.0060 7208 Halstead Ln. 89.2
0.0020 315 Shepherd St. 23.3
0.0060 7803 Coach House Ln. 58.4
0.0100 6929 Glendower Rd. 53.4
0.0140 103 Pineway St. 960.0
0.0020 8427 Wycombe Ln. 9.3
0.0020 8427 Wycombe Ln. 9.3
0.0030 2418 Anderson Dr. 22.9
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lead levels, and because the studies on the relationship between water stagnation time and 

lead are limited in laboratories (Gardels, et al. 1989) and at taps (Edwards, et al. 2004), water 

ages selected in the matrices for finding disinfectant decays are based on research by 

DiGiano, Zhang and Westbrook (DiGiano, et al. 2006). The lead occurrences in Utility D 

were associated with the areas where water residence time ranged from 32 hours to 108 hours.  

For this study, a residence time of 32 hours was used (which is also the overall average water 

age for the utility) to generate lead level, building ages, and water residence time matrices.  

See Table 4-5 below. 

 
Table 4-5 

Matrix of Lead Occurrences Associated with Building Age and Water Age 
 

Building Year Built Water Residence Time
(year) (hours) ≤ 0.005 mg/L > 0.005 mg/L

BEFORE 1986 ≤ 32 Yes Yes
BEFORE 1986 > 32 Yes Yes
AFTER 1986 ≤ 32 Yes No
AFTER 1986 > 32 Yes Yes

Lead Level in First Drawn Sample
Lead vs. Building Age and Water Age Matrix

 

 

The LCR (US EPA, 1991) states that if a utility meets the lead and copper 

concentrations stipulated in the rule, i.e., in two consecutive years, it has 90th percentile lead 

level equal to or less than 0.005 mg/L and 90th percentile copper level equal to or less than 

0.65 mg/L, then this utility will be allowed to test lead and copper in its water distribution 

system on a reduced schedule, or to perform such sampling triennially.   Thus, a lead level of 

0.005 mg/L was used in the matrix.  See Table 4-6. 
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Table 4-6 
Matrix of Lead Occurrences Associated with Building Age and Water Age 

 

Building Year Built Total Water Residence Time
(year) First Drawn Samples (hours) ≤ 0.005 mg/L > 0.005 mg/L

BEFORE 1986 ≤ 32 257 1
BEFORE 1986 > 32 30 33
AFTER 1986 ≤ 32 -- 0
AFTER 1986 > 32 -- 1*

Total No. of Samples 322 287 35

* The sample was from a house that was built in 1990 based on the utility's GIS.
  The lead concentration was 0.014 mg/L from the first drawn sample.

Lead vs. Building Age and Water Age Matrix

Lead Level in First Drawn Sample
Number of Lead Samples Higher than 0.005 mg/L

 

 

Although the probability of lead levels higher than 0.005 mg/L is low as indicated in 

the histogram (Figure 4-5), almost all these samples showed the water age at the 

corresponding locations was higher than 32 hours. 

 
Figure 4-5:  Histogram of a North Carolina Water Utility’s Recent Lead Sampling Results 

 

The histogram was generated based on the results from recent lead and copper 

sampling by Utility A.  The X-axis marks the lead concentration in mg/L, and the Y-axis 

Relatively high lead level showed low 
occurrence frequency 

Occurrence 
Frequency 

Lead Level, mg/L 
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shows the frequency of occurrences.  All samples showed that lead concentrations were 

below 0.015 mg/L (15 µg/L), the AL set forth by the LCR.  A few samples with relatively 

high lead concentrations, close to the AL, showed very low occurrence frequency. 

 

4.5 Results and Discussion 

4.5.1 Correlation between Lead Concentration and Water Age 

Utility A – Two samples were taken at each site.  In general, the first sample at some 

sites showed a relatively higher lead level than the second one, although more than 90% of 

the samples were below the lead action level of 15 µg/L.  For the purpose of analysis and 

discussion, the first drawn sample data were used in this study.  The results in Figure 4-6 

illustrate lead concentration from lead samples vs. average water age from the GIS-assisted 

water quality model.    Although samples showed two readings at or exceeding the lead 

action level of 0.015 mg/L from the first draw, Utility A has 90th percentile lead (Pb) levels 

less than 0.005 mg/L.  (All these sites had lead level less than 0.003 mg/L from the second 

drawn samples.)  From Figure 4-6, although one can argue that the relation was not one-to-

one correlation, there is a positive correlation between lead levels in the water distribution 

system and the water residence time, with R2 = 0.5176 as indicated by the linear regression 

(The correlation coefficient, R, using equation (3) resulted in 0.719).   

Figure 4-7 shows the results from another set of lead sampling at a different sample 

time.  Similar to Figure 4-6, the data also shows that there is a positive correlation between 

lead levels and water residence time with a R2 = 0.4871, suggesting that variance of these 

two variables, i.e., lead level in the WDS and water age, is approximately 48% in common.   

By combining all samples from these two dates, the total data population increases, and the 
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resultant R2 is equal to 0.4985, as indicated in Figure 4-9.  The correlation coefficient is 

0.705. 

 

Figure 4-6:  Sample Lead Levels vs. Water Age from Utility A on November 3, 2006 

Figure 4-7:  Sample Lead Levels vs. Water Residence Time from Utility A on October 12, 2006 
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To further test the hypothesis that the lead level at the tap correlates to the water age 

at the location, the lead levels were divided into two classifications and compared to water 

ages. 

Figure 4-8:  Sample Lead Levels vs. Water Residence Time from Utility A 

 
Figure 4-9 includes the samples with lead concentrations that are higher than 0.005 

mg/L, which comprise less than 10% of the total number of samples.  However, the first 

drawn samples show that the relatively high lead concentrations tend to occur at relatively 

long water residence time areas.  One particular sample had a high lead level of 0.020 mg/L.  

The attribute indicates that the residential dwelling in this parcel was built in 1986, a year 

after the ban on lead solder materials.  The water age calculated from the GIS-assisted water 

quality model was 100 hours.  Further customer survey indicated that the first sample was 

reportedly drawn from an outdoor faucet that had not been used for about 4 weeks, which 

meant the water age for that particular sample was old plus the water age of close to 

100 hours arriving from the nearby junction node, resulting in a substantial total water age at 

the sample site.  (The second drawn sample from the faucet and the surrounding areas 
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resulted in lead concentrations that were less than the detectable level of 0.003 mg/L.)  The 

result in Figure 4-9 indicates that the percentage in common of the variance of the two 

variables, i.e., lead level in drinking water and water residence time at the sample sites, 

increases to R2 = 0.5646. The hypothesis that there is positive correlation between lead 

leaching into the drinking water and the water residence time is confirmed. 

Figure 4-9:  Lead Levels vs. Water Residence Time at Lead Level Greater than 0.005 mg/L in Utility A 

 

Utility B – Lead sample data were collected after the utility’s two water treatment 

facilities (WTF B-1 and B-2) converted to chloramines.  Both facilities were using alum as 

their primary coagulant, as indicated in Table 1.  Plant operators were concerned about long 

water residence times and chloramine decay, and took the initiative to measure NO3
- at some 

low water demand areas.  (Nitrate is an indicator of nitrification in the WDS, and typically 

related to long water residence time.)    Figure 4-9 is a scattergram based on lead sample data, 

taken at the locations where NO3
- levels have been monitored for almost four years after the 
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disinfectant switch to monitor the disinfectant for possible decay or nitrification, and water 

age, calculated from the recent IDSE water quality model.  Although the data shown on 

Figure 4-10 resulted in a R2 value of 0.2668, all of the samples with high lead concentrations 

occurred in the areas where water demands were considered low, water ages were relatively 

long, and NO3
- levels have been monitored.   

Figure 4-10: Lead Levels Measured in the Areas Where NO3- Concentration has been Monitored vs. 
Water Age in Utility B 

 

Utility C – Maintaining good water quality has been a challenge in Utility C’s WDS.  

The water quality model was recently revised to reallocate water demands based on the geo-

coded most up-to-date billing records.  Model simulation resulted in an average water 

residence time, including the entire WDS, of 72 hours, or 3 days.  The WDS has many piping 

dead-ends. Lead sample data used for this study was collected after the water treatment plant 

had switched to chloramine disinfectants.  Very few samples showed high lead 

concentrations.  In fact only three samples, which were taken in similar areas, showed higher 
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than 0.003 mg/L of lead in two consecutive years of monitoring.  Two of these locations 

were churches and the other was a commercial building; therefore, daily water demand 

would be low in these buildings and water residence time would be very long.  Additionally, 

all these buildings were built prior to 1986.  The three relatively high lead levels ranged from 

0.004 to 0.015 mg/L.   

Table 4-7 is the matrix established to observe lead levels, building years and water 

ages.  Because of long water residence times and low lead concentrations in this utility, a 

water age of 72 hours or 3 days and lead level of 0.003 mg/L were used for the matrix as 

dividing factors.  Most samples tested below the detectable lead level of 0.003 mg/L.  These 

samples seemed randomly distributed in the matrix; for instance, there are many samples that 

tested below 0.003 mg/L were from old buildings with long water residence times, but the 

samples that tested higher than 0.003 mg/L concentrations were all in old buildings (pre -

1986) with long water residence times (>72 hours).  All three lead samples higher than 0.003 

mg/L occurred in old buildings with long water residence times and characterized that the 

level of lead is correlated to water age in a WDS.   

One possible reason why the correlation coefficient between lead levels and water age 

is near zero may be that the water age calculation was simulated based on the most recent 

water demand billing records, i.e. year 2006, while the lead sample data were taken from 

years 2004 and 2005.  However, similar to the analyses performed on the lead sample data of 

Utility A, all lead sample data above 0.005 mg/L from Utilities A, B, and C were combined 

and illustrated in Figure 4-10.  The scattergram shows a less correlated relationship between 

lead concentrations and water age.  The possible reason is that different utilities have 

different water distribution systems.  Depending upon the original pipe network design, the 
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number of treatment plants, and water demands, the range of water ages may be significantly 

different.  For comparison purpose, Utility A has a much larger service area with only one 

major water treatment plant, and the water age from its GIS-assisted water quality model 

resulted in a much longer water ages than both Utility B and Utility C in the sample areas.  

There are many dead-ends in a pipe network, i.e. no water demands from those nodes.  This 

is a characteristic of an all-pipe water quality model. The water age in those junction nodes 

may become very old.  For the purpose of evaluating the relation between lead levels and 

water age near buildings in a WDS, the water age at dead-end nodes may be ignored for this 

analysis.  After re-simulation, the overall average of water ages in both Utilities A and C 

reduced by almost a factor of 10.  Water age from Utilities B was provided by others and 

deemed to have no dead-end water ages.  Hence, the three utilities have compatible water 

ages as shown in Figure 4-10.  However, if there are sufficient sample data from each utility, 

analyzing the correlation between lead level and water age for a single utility WDS is 

recommended.  Table 4-8 summarizes the correlation coefficients and R2 values of these 

analyses.  
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Table 4-7 
Utility C Sample Lead Level and Building Age and Water Age 

 

 
 
 
 
 
 
 
 
 

Figure 4-11: Combined Samples with Lead Concentration > 0.005 mg/L vs. Water Age from Utilities A, B 
and C 
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Table 4-8 
Summary of Correlation Coefficients and R2 Values from Data Analyses on Lead Levels 

vs. Water Age in the studied Utilities 
 

Lead Samples Description 

Correlation Coefficient, R 
between Lead Level and 

Water Age 

Percent of 
Variances in 
Common, R2 

(Rummel, 1976) 

Utility A October 12, 2006 Sample 0.698 0.4871 

Utility A November 3, 2006 Sample 0.719 0.5176 

Utility A Combined Sample 0.705 0.4985 
Utility A Combined Sample > 0.005 
mg/L 0.751 0.5646 

Utility B Lead Samples from the 
Samples where NO3

- has been 
monitored  

0.517 0.2668 

Combined Samples of  Lead above 
0.005 mg/L from Utilities A, B, C 0.536 0.2867 

 

Table 4-8 lists the correlation coefficients, R, and coefficient of determination, R2, values 

resulting from the data analyses with regard to lead levels and water age in the WDSs.  All the 

coefficients are greater than zero, indicating a positive correlation between lead levels and water 

age in the WDSs.  Although the percent of variance in common, R2 x 100%, ranges from 26.70% 

to 56.46%, the data indicate that as water age increases in the WDS, the sample lead level tends 

to increase accordingly in those locations.  The relatively low R2 values may be due to the fact 

that the lead samples were taken at different periods from the time when the water demands 

based on billing records were utilized to calculate the water age in the GIS-assisted water quality 

model.  In addition, the following observations should be considered: 

 

1. Utilities A, B, and C have been in compliance with the LCR, i.e., lead levels that 

equal or exceed the action level of 0.015 mg/L from their samples are less than 10 



 

percent as required by the EPA (US EPA, 1991).  Thus, as indicated in the 

histogram (See Figure 4-5), the frequency of the occurrence of relatively high 

lead levels is low.  However, even with this low occurrence frequency, the 

relatively high lead levels in the available data have shown a positive correlation 

with increasing water age. 

 
2. More than 90% of the lead samples had a less than detectable level of lead 

(<0.003 mg/L).  Some of these samples were taken from buildings that were built 

prior to 1986 and have long water residence times in the WDS.  This may warrant 

additional customer survey to investigate sampling methods, such as flushing the 

faucet before taking samples, and plumbing conditions, with regard to remodeling 

with new plumbing fixtures and replacement of old service lines.  On the other 

hand, there are samples showing relatively high lead levels in old buildings but 

with “young” water ages in the WDS.  Further customer survey may be needed to 

verify sampling methods and locations.  For example, if the sample is taken from 

an outside faucet that has not been used for a while, then the water age should 

include the stagnation time. (The LCR requires sampling from inside taps (US 

EPA, 1991).) 

 
3. The coefficient of determination, R2, showed values that are greater than zero 

based on the sample data from the studied utilities, indicating that the trend of 

lead levels and water age is positively related, and suggesting that in addition to 

simple linear regression, more complicated regressions may be required to further 

validate the acceptance of the hypothesis that lead level is correlated to water age 

in a water distribution system. 

95



 

4.6 Conclusions  

The following conclusions can be drawn from the evaluation and test of the 

hypothesis that lead leaching levels are related to water age: 

 
1. The lead leaching problem in municipal water supply systems appears to be 

spatially correlated to various parcels of the system that have unique physical, 

chemical and/or hydraulic conditions, which may affect the leaching of lead.  

Results of GIS-assisted modeling of lead concentrations in the distribution system 

for three municipal water systems indicate that, statistically, higher levels of lead 

concentrations most likely occur in the parcels where most buildings were built 

prior to 1986. 

 
2. This study’s hypothesis of correlation between lead level and water age should be 

accepted, and the null hypothesis should be rejected.  To further test this 

hypothesis, more lead sampling data may be required.  Water quality simulations 

should be coordinated with the lead sampling, such as the period of billing records, 

so that the lead levels and water ages can be tested for correlations not only 

spatially but also temporally. 

 
3. Although alternative coagulation and disinfection strategies from water treatment 

plants may cause lead leaching, and the phenomenon is detected by children’s 

mean blood lead levels as suggested by other researchers, this study based on 

available lead data and GIS-assisted water quality models has suggested that to 

predict higher lead leaching, utilities can evaluate water ages in WDSs among the 

targeted buildings that were built prior to 1986.   
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4. This study tested the hypothesis that the concentration of lead that leaches into the 

drinking water in WDSs is correlated to hydraulic residence time, thereby 

providing a different perspective for evaluating current operations to deal with 

potential lead leaching problems rather than simply switching back to the 

previous treatment processes.  The alternative treatment technologies have long 

been proven to be effective in lowering DBPs such as TTHMs, known to be 

carcinogens.  Switching back to previous treatment technologies in fear of 

exceeding the action level of lead in the drinking water may result in elevated 

TTHM concentrations, which could exceed the MCL for DBPs. 

 
5. By integrating GIS, and GIS-assisted water quality modeling, spatial data analysis, 

and statistics, water utilities will be able to use their increasingly scarce resources 

to concentrate on targeted areas to identify potential lead leaching problem sites 

rather than random selections of sampling sites among the pre-1986 parcels.   

 
6. If the condition of a parcel in a municipal water distribution system is likely to 

cause lead leaching, e.g., the house residing in the parcel was built prior to the ban 

of lead service piping and lead-containing plumbing fixtures, then the water age 

has been demonstrated as the most crucial parameter relating to the occurrence of 

lead problems in water.  This parameter can be directly calculated using the GIS-

assisted water quality models based on water demand and the physical 

characteristics of the WDS network.  Using GIS technology, such as geo-coding 

of lead levels, integrated with GIS-assisted water quality models, simple decision 

matrices can be established to observe the distribution of lead levels over building 
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ages and water ages.  Further spatial analyses have shown that the lead levels and 

water residence times at lead sample locations are not completely independent (R 

= 0).  Further, the analyses have indicated that a positive correlation exists 

between lead levels in the water and the water age at or near the sampling 

locations. 

 
7. The findings of this study will enable water utilities not only to target the potential 

lead leaching areas but also to modify operations to alleviate the problems.  

Examples of operational modifications that should result in compliance with the 

LCR include flushing or constructing pipe loops to reduce water stagnancy, rather 

than reverting to treatment processes that could result in violation of the more 

stringent Stage 2 D/DBPR.  Achieving a balanced water treatment and operation 

environment is essential. 

 
8. During evaluations of water age in this study, relative reported research on 

disinfectant decay, including the order of the reaction and decay coefficients, 

were reviewed, since the reactions and decay coefficients are time dependent.  

Research on integrating GIS-assisted water quality models, GIS, spatial and 

temporal data analyses, and geostatistics to evaluate the influences of disinfectant 

decay related to water quality and lead leaching in drinking water distribution 

system should be further conducted. 
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WATER QUALITY PARAMETERS IMPACTING LEAD LEACHING IN 

DRINKING WATER 
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5.1 Background 

Physical characteristics in a drinking water distribution system (WDS) such as 

building ages and water ages can provide favorable conditions for lead leaching.  A 

building age marks the existence of lead service water lines and lead-based plumbing 

fixtures.  Buildings constructed prior to 1986, the year when the lead pipe, lead-based 

fittings, and lead-based solder were banned, are more than likely possess lead-containing 

pipe materials, the source for lead leaching.  Among these houses, chemical 

characteristics acting upon the physical conditions will alter the water quality parameters, 

which will in turn influence lead leaching in a WDS, eventually reach customers’ taps.   

After treatment at a water treatment plant or facility (WTP or WTF), water is 

discharged to the WDS.  The chemicals that are applied to the water consist of (1) 

corrosion inhibitor to prevent corrosion; (2) fluoride to prevent human tooth decay; and 

(3) disinfectant to prevent bacteria regrowth.  One of the major challenges in maintaining 

good drinking water quality at consumers’ taps is to maintain the effectiveness of 

disinfectants.  Regardless of whether the disinfectant is free chlorine or chloramine, the 

residual concentrations will decrease over a period of time in the water supply system.  

This phenomenon is known as disinfectant decay or decomposition.  Disinfectant decay 
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occurs under various conditions and can be measured in a WDS by sampling the residual 

concentrations, such as free chlorine, total chlorine, and combined chlorine, at various 

locations.  

Disinfectant decay over time causes deterioration of water quality in the WDS.  

Water quality parameters associated with the decay, such as nitrate (NO3
-) and bacterial 

re-growth measured as heterotrophic plate counts (HPC), can vary throughout the system, 

further causing deterioration of water quality.  These conditions can result in corrosion, 

such as lead leaching, in the WDS. 

The exact conditions and/or mechanisms that lead to lead leaching are difficult to 

identify for large municipal water supply systems.  Singley (1994) states that the major 

factors contributing to high lead concentrations in samples obtained from homes with 

copper plumbing systems are poor workmanship in using lead-based solder and lead-

based plumbing fixtures.  However, the conditions that characterize the water supply as 

prone to lead leaching in drinking water are also likely associated with the water quality 

parameters, either though their direct reaction with lead-based piping materials or through 

their increased presence at various locations in the WDS.  Therefore, the water quality 

parameters play important roles in influencing lead leaching problem in WDSs. 

 

5.2 Literature Review  

It has been recognized that the most important factors influencing lead and copper 

mobilization can be grouped into three categories (Schock, 1989): analytical, physical 

and chemical characteristics of the water in contact with lead and/or copper materials 

(Kirmeyer, et al. 2004).  The chemical factors that influence lead and copper mobilization 
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include pH, which affects the lead and copper solubility in the water, and interaction 

constituents in the water that affect oxidation rates.   The physical factors include piping 

materials and ages, velocity, temperature, and building ages (built-year). 

Extensive research has concluded that the key factors causing water quality 

deterioration in a WDS pipe network is disinfectant decay and possible bacterial re-

growth (Vasconcelos, et al. 1997; Valentine, et al. 1998; Wilczak, et al. 1996; Ollos, et al. 

2003; DiGiano and Zhang,. 2004, 2005; DiGiano, et al. 2000, 2001; Westbrook, et at. 

2005, 2006).  The rate of disinfectant decay is affected by multiple chemical and physical 

factors, such as water temperature, pH, chloride (Cl-) to ammonia-nitrogen (NH3-N) ratio 

in the water, velocity, and piping materials (Valentine, et al. 1998; Zhang et al. 2005; 

Westbrook et al. 2005). 

Researchers (Edwards, et al. 2004; Burlingame, et al. 2006; Miranda, et al. 2006) 

have considered the conversion from free chlorine to chloramines as a possible cause of 

the observed lead corrosion problems in some water supply systems.  Decay of 

chloramines could result in increased nitrate (NO3-) concentration and the release of free 

ammonia in the WDS, which would then increase lead leaching occurrences in the system 

(Edwards, et al. 2004, 2006; Burlingame, et al. 2006).   

Burlingame et al. (2006) assert that understanding how lead enters a water 

distribution system and appears at the customers’ taps could help water utilities prevent 

the problem before it begins.  Their article starts with the fact that most drinking water 

lead contamination at consumers’ taps comes from the materials used in plumbing.  

Water chemistry, in this case, becomes the focal point of analysis.  The article analyzes 

the oxidants in water, usually dissolved oxygen (DO), chlorine, and chloramines reacting 
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with lead-containing materials to convert lead from its metallic solid form  (Pb°) into the 

oxidized and soluble Pb (II) form. 

 

 [ ] −−+− ++→+++ 2
3

12
22

20 2 COOHPbCOOHOPb    (5-1) 

 

As illustrated in the chemical reaction formula (1), the insoluble Pb° reacts with some 

form of oxidants and converts to Pb (II), which enters water as Pb2+, and reacts with 

inorganic ions, e.g., hydroxide (OH1-) and carbonate (CO3
2-) to form inorganic complexes 

of varying strength and solubility.  It is clear that neither plumbing materials nor the 

source water can act alone.  It is the chemical reactions between the piping/plumbing 

materials and chemical ingredients in the source water that “get the lead out” of pipes and 

into drinking water at customers’ taps. 

Because the factors that influence chloramine stability in WDSs are largely 

unknown (Valentine et al., 1998), studies have attributed loss of chloramines in a WDS to 

redox reactions involving ammonia (auto-oxidation).   Free ammonia, released from 

chloramine decomposition, can be aggressive to copper and copper alloys and increase 

lead leaching (Burlingame et al., 2006).   In addition, biological nitrification converts 

ammonia to nitrite and nitrate, which can attack lead and leaded brass (Burlingame et al., 

2006).  Edwards et al. (2004) cite Uchida and Okuwaki’s work (1998) which reports the 

direct attack of metallic lead by nitrate, as illustrated in the formula below: 

 

 NO3
- + Pb → NO2 + PbO           (5-2) 

  

108



 

Another culprit of high lead level in the water is assumed to be nitrifying bacteria 

growing on lead pipes.  This hypothesis is also cited by Edwards et al. (2004).   

Zhang and DiGiano (2004) evaluated chlorine decay due to pipe wall reaction 

using actual pipe segments, called pipe section reactors (PSRs), and recycling completely 

mixed chlorinated water in their study.  The chlorine residual concentration in PSRs was 

measured over time, then plotted to determine the order of reaction.   DiGiano, Zhang and 

Westbrook (2006) continued with similar research by using the PSRs from the 

distribution system of the adjacent utility and chloraminated water.  In their research, a 

zero-order rate for the free chlorine was justified because free chlorine reacts so rapidly 

with Fe (II) that the reaction is limited by availability of Fe (II) from the pipe surface and 

not by the concentration of free chlorine.  However, the rate of chloramine decay was 

first-order in chloramine concentration in their research.  A first-order rate suggests that 

chloramine reacts more slowly than free chlorine such that the rate of reaction is 

controlled by the chloramine concentration rather than the available Fe (II). 

In the previous study, DiGiano and Zhang (2004) evaluated disinfectant decay 

and corrosion in water distribution systems.  Their research objective was to investigate 

the decay rate of the most common disinfectants, i.e., free chlorine and chloramines at the 

pipe wall.  Due to the decay of these disinfectants, the usual harsh environment for 

bacteria in the distribution system was no longer present (DiGiano et al., 2001).  A 

biofilm was formed, typically at low levels of disinfectant, to promote biological 

activities such as bacterial regrowth.  DiGiano and Zhang conclude that the pipe-section 

reactor holds promise for qualifying a governing relationship among pipe characteristics, 

including Hazen-Williams C-factor, detention time, pipe materials and corrosivity.  With 

109



 

the qualification of the pipe section reactor, they measured chlorine decay to simulate the 

order of chemical decay in a real pipe network in a distribution system.  Their study 

illustrates that water quality in a water distribution pipe network is related to spatial and 

temporal parameters, and the disinfectant decay, which would proliferate biofilm 

formation on the pipe wall, could accelerate corrosion inside the pipe. 

Ollos et al. (2003) researched the factors that affect biofilm accumulation in 

model distribution systems with “biologically stable” and unstable waters.  Using both 

synthetic and real water, the bench-scale investigation, based on pseudo-steady-state 

biofilm in high plate count (HPC) levels, concluded that factors that could affect the 

accumulation of biofilms include disinfectant residual, biodegradable organic matters, 

temperature, and shear stress.  Their results indicate that interaction among factors is 

important in defining the extent of biofilm accumulation in a water distribution system.  

Specifically, Ollos, et al. (2003) draw the conclusion that chlorine or monochloramine 

decay combined with the presence of easily biodegradable organic matter raises the level 

of biofilm HPC.  Although the investigation does not provide spatial and temporal 

references on HPC (because of bench-scale and steady-state conditions, respectively), it 

does present factors that are related to locations or detention time, such as the shear stress 

(or flow velocity).  This particular factor is further investigated by DiGiano et al. (2004), 

whose studies indicate that mass transfer (flow velocity) increases chlorine decay rate, 

thereby increasing accumulation of biofilm.   
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5.3 Summary of Literature Review 

Research has been conducted to identify the analytical, physical and chemical 

factors leading to lead leaching in water supply systems.  While the finished water from 

water treatment plants does not generally contain lead, chemical conditions in WDSs may 

cause lead to leach out into the drinking water.  The chemical conditions that may 

promote such leaching include pH and the presence of oxidants in the water that affect 

lead oxidation rates (Schock, 1989; Kirmeyer, et al. 2004; Edwards, et al. 2004, 

Burlingame, et al. 2006).  These chemicals are related to disinfectant decay. 

Water quality parameters are critical to lead leaching in water distribution systems, 

but how these products from a series of chemical and microbial reactions impact lead 

levels in drinking water is still uncertain.  Edwards et al. (2004) reported that when 

nitrate, NO3
-, is present in the water, as pH increases to approximately 8.5, the NO3- 

would attack lead-containing fixtures and release lead into the water.  NO3
- may be 

formed by proliferation of nitrifying bacteria as chloramines decay (Wilczak, et al, 2003).  

However, researchers have also observed in bench and full scales that when the water pH 

is at 8.5, the half-life of the chloramines is much longer than when the water pH is at 7.5 

(Kerimi, et al. 2001; Wilczak, et al. 2003); this indicates that the decay of chloramines in 

water with higher pH is slower than in water with lower pH.    

Extensive work on disinfectant decay has been conducted on bench and full-

scales.  These studies mainly emphasize the products of disinfectant decay, e.g., NO3
-, 

and HPC as indicators of water quality deterioration and their effects with regard to pipe 

corrosions (DiGiano, et al. 2004).  Studies have shown that decreased disinfectant 

residuals due to the fact that disinfectant decay may increase corrosion in the WDS when 
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the decay is related to microbial activity (McNeill, L.S., 2000).  However, the impact of 

these water quality parameters to lead leaching in a WDS has not been widely explored.   

 

5.4 Study Objective 

The objective of this study is to characterize the impact of water quality 

parameters, especially nitrate (NO3
-) levels and heterotrophic plate (bacterial) count 

(HPC), on lead leaching in WDSs for water systems that are using chloramines as the 

disinfectant to meet Stage 1 and Stage 2 Disinfectants/Disinfection Byproducts Rules 

(Stage 1 and Stage 2 D/DBPR).  The goal is to enable water utility managers to 

efficiently target their water quality data sampling, to include critical data such as nitrite 

and nitrate, and to coordinate spatially and temporally both these critical parameters and 

other routinely sampled water quality data with lead sampling.  Ultimately, the 

understanding of the effect and impact of these water quality parameters on lead leaching 

and lead corrosion will provide utilities with valuable tools for improving water treatment 

processes and distribution system operations to alleviate lead leaching problems and to 

comply with both the Stage 2 D/DBPR and the Lead and Copper Rule (LCR).  

 

5.5 Materials and Methods 

This study evaluates two major utilities in North Carolina.  They are labeled as 

Utilities A and B.  For homeland security reasons, the actual names of the utilities, 

treatment plants and sampling sites are neither mentioned in this publication nor shown in 

WDS maps.  These utilities each use different coagulants; however, all have converted 

from chlorines to chloramines for WDS disinfection.   
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These utilities have routinely taken samples to test water quality parameters.  For 

example, Utility A has sampled for pH, total chlorine residuals (TCR), and heterotrophic 

plate counts (HPC).  Utility B began sampling for nitrate - nitrogen (NO3
--N or NO3

-), 

since 2003 when both the utility’s water treatment facilities converted to chloramines for 

WDS disinfection.  The purpose of sampling these water quality parameters was to 

monitor the formation of disinfection by-products (DBPs), such as total trihalomethanes 

(TTHM), in their WDSs.  The HPC information was obtained from Utility A, whereas the 

NO3
- concentrations were collected from Utility B.  (Currently, Utility A does not collect 

NO3
- samples from its WDS.). 

These data are in a different format. Some of them are in electronic format, such 

as spreadsheets and others may be in hand written hard-copies.  In order to conduct data 

analyses, these parameters and the lead samples must become relational or associated 

through a common data field, such as addresses or corresponding coordinates.).  All these 

data however, are attached to the street addresses of the sample sites, which are geo-

referenced by associating addresses with the state coordinate systems.  Thus, the geo-

coding process was conducted for these water quality parameters.  (Geo-coding is a 

process in which data are defined with coordinates based on geographic information.)  

Data on nitrate, NO3
- concentration and HPC in WDSs, collected from Utilities A and B,  

along with lead concentrations from sampling and building ages from tax parcel attributes 

become geo-referenced and relational through their x and y coordinates after the geo-

coding process based on their street addresses is complete. 

Data join based on spatial locations integrates several layers of data together and 

joins them by common attributes, such as street addresses or coordinates.  A new layer 
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will then be created to integrate all relational data into an attribute table.  Since the total 

numbers of calculated data and sampling data are not the same, nor the sample sites for water 

quality parameters such as lead, copper, nitrate, pH, HPC, etc.; and physical sites, such as 

parcel information regarding dwelling built-years; the spatial location join will provide each 

point an attribute that is closest to it and a distance field to show how close the attribute is to 

the point.  Tables 5-1, 5-2, and 5-3 below show an example of how these data spatially join 

to form a new spatial database that includes water quality parameters and lead levels. 

 
Table 5-1  

Example of Nitrate Sample Data from Utility B 
 

      
NO3-
MAX 

NO3-
AVG 

NO3 -
MIN 

LOCATION ST_NAME SUFIX (mg/L) (mg/L) (mg/L) 
WTF B-1 B-1 DR 4.0 1.79 0.00 
WTF B-2 B-2 DR 4.0 1.55 0.00 
River Road RIVER RD 3.0 1.46 0.00 
Old Rail Road N. MAIN ST 4.0 1.74 0.00 
Cape Fear Med Ctr OWEN DR 2.0 1.48 0.00 
Methodist College RAMSEY ST 3.0 1.58 0.00 
Gillis Hill Road GILLIS HILL RD 3.0 1.80 0.00 
Robeson Street ROBESON ST 4.0 1.57 0.00 
Rosehill Road ROSEHILL RD 3.0 1.77 0.00 
Sycamore Dairy SYCAMORE DAIRY RD 3.0 1.69 0.00 
Sycamore Dairy SYCAMORE DAIRY RD 3.0 1.69 0.00 
Bragg Boulevard BRAGG  BLV 4.0 1.89 0.00 
Holiday Bordeaux RAEFORD RD 3.0 1.72 0.00 
Stedman SR-24 RD 4.0 3.13 2.00 
Kelly Hills Baywood WILD PINE DR 4.0 2.89 2.00 

 
 
Table 5-1 shows the locations and street addresses where the nitrate, NO3

- samples 

were taken.   Table 5-2 lists the nitrate sample data with X and Y coordinates after geo-

coding.  The coordinates for water treatment facilities are not listed for security reasons. 
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Table 5-2 
Example of Geo-coded Nitrate Sampling Database 

 

X Y ADDRESS NO3-MAX 
NO3-
AVE NO3-MIN 

    B-1 DR 4.0 1.79 0.0 
    B-2 DR 4.0 1.55 0.0 
2030770.89 479474.39 RIVER RD 3.0 1.46 0.0 
2015478.02 445664.58 N. MAIN ST 4.0 1.74 0.0 
2034001.16 474813.70 OWEN DR 2.0 1.48 0.0 
2038001.12 504994.16 RAMSEY ST 3.0 1.58 0.0 
1984492.17 462968.76 GILLIS HILL RD 3.0 1.80 0.0 
1992556.63 460994.06 ROBESON ST 4.0 1.57 0.0 
2017083.46 474955.07 ROSEHILL RD 3.0 1.77 0.0 
2017647.12 483080.20 SYCAMORE DAIRY RD 3.0 1.69 0.0 
2021724.07 482051.85 BRAGG BLV 4.0 1.89 0.0 
2021178.20 471158.14 RAEFORD RD 3.0 1.72 0.0 

    SR-24 RD 4.0 3.13 2.0 
2041084.30 472605.95 WILD PINE DR 4.0 2.89 2.0 

 

Table 5-3 
Resultant from Spatially Joining Geo-coded Nitrate and Lead Data 

 
NO3-
MAX NO3-AVE NO3-MIN Pb Levels 

X Y ADDRESS (mg/L) (mg/L (mg/L) (mg/L) 

  B-1 DR 4.0 1.79 0.0   

  B-2 DR 4.0 1.55 0.0   

2030770.89 479474.39 RIVER RD 3.0 1.46 0.0 0.009 

2015478.02 445664.58 N. MAIN ST 4.0 1.74 0.0 0.007 

2034001.16 474813.70 OWEN DR 2.0 1.48 0.0 0.002 

2038001.12 504994.16 RAMSEY ST 3.0 1.58 0.0 0.012 

1984492.17 462968.76 GILLIS HILL RD 3.0 1.80 0.0 0.006 

1992556.63 460994.06 ROBESON ST 4.0 1.57 0.0 0.004 

2017083.46 474955.07 ROSEHILL RD 3.0 1.77 0.0 0.024 

2017647.12 483080.20 SYCAMORE DAIRY RD 3.0 1.69 0.0 0.017 

2021724.07 482051.85 BRAGG BLV 4.0 1.89 0.0 0.019 

2021178.20 471158.14 RAEFORD RD 3.0 1.72 0.0 0.018 

2041084.30 472605.95 WILD PINE DR 4.0 2.89 2.0 0.073 

 

 



 

Table 5-3 is an example of the resultant database that contains both lead 

concentrations and NO3
- sample data through the spatial data joining of geo-coded NO3

- 

results and the lead test results databases, based on geographic locations (coordinates).  

The utility took fewer NO3
- samples than lead samples, and some of the NO3

- samples 

were taken from newer homes (built after year 1986) because the purpose of taking the 

NO3
-  measurement was to monitor possible chloramine decay, nitrification and the 

impact on DBP formation in its WDS.  As a result, the number of samples is limited.  

Similar to the NO3
- data from Utility B, some HPC samples from Utility A were taken 

from houses that were built after 1986.  After geo-coding and spatial joining of both HPC 

and lead samples, the combined database containing both HPC and lead concentrations 

becomes very limited.  To overcome the drawback due to limited number of samples 

used for evaluating a large and complicated environment, Liu et al. (2005) conducted 

research to characterize the uncertainty of analysis and risk assessment of heavy metals in 

the soil by GIS and geostatistics.  The study pointed out that the soil heavy metal 

concentration is directly related to the crop quality and ultimately the health of people. 

Samples were taken from top soils to characterize the spatial variety of copper (Cu), zinc 

(Zn), lead (Pb), etc.  Kriging methods were carried out to map the heavy metal spatial 

patterns and minimize sample densities.  Similarly, in evaluating the lead leaching in a 

WDS, Kriging methods from geostatistics can be used to map limited water parameter 

sample spatial patterns, in conjunction with spatial joining, to characterize their roles in 

lead leaching. 

The approach of this study towards the limited database is to employ geostatistics. 

Principles of geostatistics are utilized in this study to analyze sampling data including 

116



 

lead, pH, nitrate (NO3
-) concentration and HPC.  Geostatistics is a branch of applied 

statistics developed by George Matheron of the Centre de Morphologie Mathematique in 

Fontainebleau, France. (Dorsel et al, 1997).  The original purpose of geostatistics 

centered on estimating changes in ore grade within a mine.  However, the principles have 

been applied to a variety of areas in geology, agriculture, and other scientific disciplines.  

This study marks the first time that geostatistics has been used to holistically analyze 

water quality parameters, such as lead concentrations, HPC and NO3
- in a WDS.  

According to the geostatistical principle, NO3
- may be considered, in this case, as a 

regionalized variable, which is a variable that falls between random variables, such as 

lead levels, and completely deterministic variables, such as building ages.  The 

regionalized variables describe phenomena with geographical distribution (e.g. elevation 

of ground surface, and NO3
- concentrations and HPCs).  Although these phenomena 

exhibit spatial continuity, it is not always possible to sample every location (Dorsel et al. 

1997) or to model every pipe and every node.  Fuentes, et al (2002) applied geostatistics 

to compare air quality model-generated data and observed data at various actual sites.  

When the coordinates for the model do not match the locations of observation sites, the 

output of the models at the locations of the physical observation sites are spatially 

interpolated.  Therefore, unknown values must be estimated from data taken at specific 

locations that can be sampled.  The sampling and estimating of regionalized variables are 

conducted so that a pattern of variation in the phenomenon under investigation can be 

mapped as contour maps for a geographical region, i.e., the water distribution system.  

The location of water treatment plants, the chemical used for secondary disinfection, etc. 
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can support and influence the model’s capability to predict the data in the non-sampled 

areas. 

To overcome the drawback of a limited number of samples in evaluating a large 

and complicated environment, Liu et al. (2005) conducted research to characterize the 

uncertainty of analysis and risk assessment of heavy metals in the soil using GIS and 

geostatistics.  The study pointed out that the soil’s heavy metal concentration is directly 

related to crop quality and ultimately the health of people. Samples were taken from top 

soils to characterize the spatial variety of copper (Cu), zinc (Zn), lead (Pb), etc.  Kriging 

methods were carried out to map the heavy metal spatial patterns and minimize sample 

densities.  Similarly, in evaluating the lead leaching in a WDS, Kriging methods from 

geostatistics can be used to map limited water parameter sample spatial patterns in 

conjunction with spatial joining to characterize their roles in lead leaching. 

Kriging is the estimation procedure used in geostatistics using known values and a 

semivariogram to determine the unknown values.  Named after D. G. Krige from South 

Africa, Kriging incorporates measures of error and uncertainty when determining 

estimations.  Based on the semivariogram used, optimal weights are assigned to known 

values in order to calculate unknown ones.  Since the variogram changes with distance, 

the weights depend on the known sample distribution.  An ordinary Kriging procedure 

was used for this study because it is the most common method used in environmental 

engineering (Dorsel et al. 1997).  It assumes that local means are not necessarily closely 

related to the population mean; therefore, only the samples in the local neighborhood are 

used for the estimate. 
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5.6 Results and Discussion 

5.6.1 Nitrate, HPC, pH, and Lead Level.  Data from two North Carolina utilities, 

referred to as Utilities A and B were collected.  These utilities vary in size but use the 

same disinfectant, chloramines, for WDS disinfection.  Utility A operates one water 

treatment plant (WTP), and recently proactively tested for lead and copper in its 

distribution system.  In addition, the utility has also collected data on HPC, pH, and other 

water quality parameters.  

Utility B owns and operates two conventional WTPs.  In 2003, the utility 

converted its secondary disinfectant from free chlorine to chloramines.  Plant operators 

have since started measuring nitrate concentration in some remote areas where water 

demands are known to be low.  The utility has sampled NO3
- -N levels for the last three 

years using the Hach™ DR890 handheld colorimeter, shown in Figure 5-1 below. 

Figure 5-1:  Hach™ Handheld DR890 Colorimeter 

In addition to ammonia-nitrogen being released from chloramine decomposition, 

bacteria regrowth in water pipes occurs, resulting in the nitrification process.  In 

nitrification, ammonia released from chloramine decay is converted to nitrite (NO2) and 

nitrate (NO3
-).  NO3

- at higher pH (pH ≥ 8.0) attacks lead joints and lead-containing 

alloys (Burlingame et al. 2006), leaching lead into the drinking water.   
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Figure 5-2 (below) is the result of geostatistical analysis of pH values in the water 

distribution system of Utility A.  The three relatively high level lead samples taken in 

July 2006 occurred in the area where pH values ranged from 8.40 to 8.50.   Figure 5-3 

provides a graph of lead levels (higher than 0.005 mg/L) vs. pH of the water in samples 

taken in November 2006.  The samples that have relatively high lead levels (close to the 

action level (AL) of 0.015 mg/L) corresponded to pH values from 8.40 to 8.60.  This 

spatial analysis based on multiple lead samples from a WDS supports some previous 

studies that concluded the use of chloramines in waters with pH above 8 can be causative 

for nitrification and nitrate formation, which results from bacteria uptake of free 

ammonia.  Nitrate subsequently attacks lead and leaded brass plumbing fixtures (Edwards, 

et al. 2004; Burlingame, et al. 2006). 

 

 

Figure 5-2:  Geostatistical Analysis Results of Lead vs. pH (Sample Date: July, 2006) 
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Figure 5-3: Relatively High Lead Concentration and Corresponding pH Values (Note: These lead 
concentrations are below Pb AL of 0.015 mg/L; Sample Date: November 2006) 

Figure 5-4:  Nitrate Variability over Time at Various Locations in Utility B’s Distribution System 
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Figure 5-4 is a temporal and spatial variability graph for the service area of 

Utility B.  The graph indicates that although the mean NO3
- level remains steady overall, 

the NO3
- concentration at different sample locations has increased over the sampling 

period of three years after the secondary disinfectant conversion from free chlorine to 

chloramines. 

Since the sampled areas were considered to have low water demands, the water 

residence times are long.  It is expected that chloramines start decaying and nitrate begins 

to accumulate at these locations.  A study conducted by DiGiano, et al. (2002) on Utility 

A revealed the phenomenon that at multiple sample stations, where low ammonia 

concentrations and high nitrate concentrations were observed (DiGiano, et al. 2002).  

After applying spatial data and geostatistics analyses on the data collected from Utility B, 

results indicate that the lead samples with relatively high concentrations occurred in the 

areas where relatively high concentrations of NO3
- were found.  This result is shown in 

Figure 5-5.  The utility has been in compliance with the LCR, which indicates that less 

than 10 percentile of the samples contain lead levels that are at or exceed the action level 

(AL) of 0.015 mg/L.  Even with this low frequency of occurrences, the relatively high 

lead levels from these limited data have shown a positive correlation with the increase of 

nitrate concentration (R2 = 0.8838).  However, as discussed previously, because the 

historical lead sampling time differed from the NO3
- sampling time at various sampling 

locations, additional NO3
- samples and lead samples in the same areas at the same time 

period will be needed to further evaluate the influence of NO3
-  concentrations on lead 

levels in the WDS.  
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Lead Levels vs. NO3 Concentration
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Figure 5-5:  Impact of NO3
- Variation to Lead Concentration in Utility B’s WDS 

 

Figure 5-6 uses the geostatistics tool to create GIS map of Utility B which 

overlays its parcel layer, geo-coded lead and NO3
- sampling data and geostatistic layer 

with contours and shaded areas based on NO3
- concentrations.  As indicated in the map, 

the shaded areas with contours are showing the spatial patterns of NO3
- concentrations.  

Although the NO3
- concentration monitoring was intended to identify the areas where the 

disinfectant decay might take place, samples showing relatively high lead levels do occur 

in some of the shaded areas, indicating the possible correlation of increased NO3
- 

concentration and lead leaching occurrences.  Figure 5-6a also shows the geostatistic 

analysis result of the NO3
- profile.  As indicated in these GIS maps, geostatistical 

analyses provided estimates of the areas where samples with relatively high lead 
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concentrations coincide with relatively high NO3
- concentrations.  This is particularly 

helpful for targeting problematic areas with lead, even if the sample locations of NO3
- 

and lead were historically different. 

 

 

Figure 5-6: GIS Map Using Geostatistic Tool to Estimate NO3
- Concentrations and the Impact on 

Lead Concentrations in Utility B’s WDS 
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Figure 5-6a:  Utility B NO3
- Profile and Measured Lead Concentration 

 

Heterotrophic plate counts (HPC) do not react directly with lead or lead-

containing brass.  In fact, HPC has no health effects; it is an analytic method used to 

measure the variety of bacteria that are common in water.  The lower the concentration of 

bacteria in drinking water, the better maintained the water system is.  HPC measures a 

range of bacteria that are naturally present in the environment.  However, as discussed in 

the beginning of this chapter, physical conditions in a WDS might provide favorable 

conditions for lead leaching due to the deterioration of water quality.  Since HPC may be 

formed over time as a result of disinfectant decay, it is important to first confirm the 

relation between HPC and water age.  Spatial analysis results regarding HPC, water age 
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and lead level in Figure 5-7 and Figure 5-8 (below) illustrate the correlation between 

HPC and water age, and the correlation between HPC and lead.  The correlation between 

HPC and water age reiterates the results of DiGiano, Francisco and Zhang (2001), which 

demonstrated that, as the distance from the water treatment plant increased in their 

simulation, water residence time increased, and the response of free-bacteria (HPC) was 

positively proportional to the increase in water residence time.  The increase of HPC is 

most likely due to the decay of disinfectant (chloramines) over long hydraulic residence 

times.  The linear trend in Figure 5-7 with a R2 of 0.8264 indicates the correlation 

between relatively high HPC values and increasing water residence time in the WDS.  

Although the lead and HPC sample data used in this study came from different times and 

locations with regard to spatial and temporal conditions, a positive trend (R2 = 0.7504) 

indicates some positive correlation exists between the measured HPC and lead as 

illustrated in Figure 5-8.  The elevated HPC in the distribution system seems to have a 

positive influence on lead levels, as indicated in the figure.  However, as discussed 

previously, the utility tests HPC mainly for the monitoring locations where the 

disinfectant decays and DBPs are potentially formed in the WDS.   Table 5-4 lists the 

results of spatial joining of sample data on pH, HPC and lead.  The HPC values and lead 

levels are plotted in Figure 5-8. 

Figure 5-9 illustrates the results of geostatistical analysis regarding HPC and lead 

concentrations in the WDS.  Though data is limited, from the map one can see that 

relatively high lead samples (sample location FS6 (DiGiano, et al. 2002) as noted in the 

map, for instance) occurred in the notably high HPC influenced areas.  Even with Kriging 

methods, it can be inferred that since the HPC samples and lead samples were collected 
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in different locations and most of the sampled HPC levels are below the maximum 

contaminant level (MCL) of “no more than 500 bacterial colonies per milliliter” set by 

the EPA (US EPA, 1989), the influence of HPC (and accuracy) would be diminished if 

the distance between these sample locations is too long.  This attempt can be greatly 

improved if the samples for HPC and lead can be coordinated.  Temporal and spatial 

coordination on HPC and lead sampling will aid to further test the correlation between 

HPC and lead levels in a WDS, to evaluate the influence of HPC on lead leaching, and 

ultimately to effectively and efficiently locate possible lead leaching areas and alleviate 

lead occurrences. 

Figure 5-7:  Correlations between HPC Samples and Water Age in Utility A  
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y = 0.7328x + 2.302
R2 = 0.8264

0

100

200

300

400

500

600

700

800

0.0 200.0 400.0 600.0 800.0 1000.0 1200.0

Water Age (hours)

H
PC

 (#
 o

f C
O

un
ts

)

127



 

Table 5-4 
Spatially Joining pH, HPC, and Lead Sample Data 

(Utility A – Samples taken in July 2006) 
 

ADDRESS PH HPC PB_RESULT_ 
1008 Vandora Springs RD 8.45 0 0.003 
420 West Stadium DR 8.30 0 0.003 
1413 Aversboro RD 8.56 0 0.003 
5105 Old Poole RD 8.39 0 0.003 
516 Dennis AVE 8.54 0 0.003 
2300 Spring Forest RD 8.53 0 0.003 
2300 Noble RD 8.49 0 0.003 
5601 Creedmoor RD 8.53 0 0.003 
4500 Glenwood AVE 8.40 0 0.003 
2825 Capital BLVD 8.60 0 0.003 
6000 Glenwood AVE 8.65 0 0.003 
3600 Capital BLVD 8.64 0 0.003 
4001 Green RD 8.03 0 0.003 
5001 Western BLVD 8.51 0 0.003 
5307 Six Forks RD 8.96 0 0.003 
3612 Spring Forest RD 8.30 0 0.003 
4421 Spring Forest RD 8.20 0 0.003 
6209 Glenwood AVE 8.39 0 0.003 
5929 Glenwood AVE 8.40 0 0.003 
1400 Millbrook RD 9.04 0 0.003 
3219 Spring Forest RD 8.30 0 0.003 
9913 Leesville RD 8.10 0 0.003 
3209 Avent Ferry RD 8.48 0 0.003 
7601 Six Forks RD 8.19 0 0.003 
8408 Strickland RD 8.02 0 0.003 
3202 Northampton ST 8.30 1 0.003 
1300 Vandora Springs RD 8.47 1 0.003 
235 Timber DR 8.63 1 0.003 
1695 Timber DR 8.51 1 0.003 
5500 Dixon DR 8.64 1 0.003 
8516 Old Lead Mine RD 7.81 1 0.003 
2305 Lake Wheeler RD 8.39 1 0.003 
610 New Rand RD 8.41 1 0.003 
2816 Oberlin RD 8.49 1 0.003 
7540 Creedmoor RD 8.09 1 0.003 
2405 Wade AVE 8.53 1 0.003 
1851 Aversboro RD 8.49 1 0.003 
7921 Ray RD 8.53 1 0.003 
7100 Hilburn DR 8.86 1 0.003 
321 Spring Forest RD 8.55 1 0.003 

128



129 

Table 5-4 (continued). 
 

ADDRESS PH HPC PB_RESULT_ 
6601 Pleasant Pines DR 8.85 1 0.003 
8401 Wild Wood Forest DR 8.92 1 0.003 
8200 Morgans WAY 7.93 1 0.003 
700 Northbrook DR 8.44 2 0.003 
1815 Spring Forest RD 8.60 4 0.003 
5225 Leadmine RD 8.09 4 0.003 
7101 Fox RD 8.58 4 0.003 
900 Spring Forest RD 8.58 8 0.003 
1905 Spring Forest RD 8.55 15 0.003 
5418 Chapel Hill RD 8.37 15 0.003 
3801 Western BLVD 8.56 19 0.003 
8405 Leesville RD 8.23 38 0.003 
401 Elm AVE 7.70 NA 0.004 
6801 Glenwood AVE 8.55 NA 0.004 
1000 Lawndale DR 8.36 1 0.004 
1601 Lynn RD 8.23 1 0.006 
7300 Creedmoor RD 8.34 128 0.006 
932 Heather Park DR 8.42 35 0.006 
4210 Edwards Mill RD 8.39 NA 0.007 
4220 Lake Boone TR 8.53 276 0.008 
7120 Harps Mill RD 8.81 209 0.009 
NA - No spatial joining due to long distance between sample locations 
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Figure 5-8:  Impact of HPC Variation on Lead Level in Utility A’s WDS 

 

Figure 5-9: Geostatistical Analysis using Ordinary Kriging to Characterize the Influence of HPC to Lead 
Levels in Utility A’s WDS  
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5.7 Conclusions 

Through spatial data analyses and geostatistical evaluations of water quality 

parameters and lead samples, this study attempt to draw the following conclusions: 

 
1. Results of the GIS-assisted analyses demonstrate that areas showing higher 

nitrate concentrations are also hot spots for elevated lead levels in the drinking 

water. These results indicate that simply switching to chloramines does not 

result in lead leaching; instead, these results offer further evidence that 

chloramine decay results in the release of ammonia and then nitrate, which 

has a strong impact on lead leaching in water distribution systems.  The 

concentration level of the latter is used as an indication of the occurrence of 

chloramine decay.  The analysis indicates that the spatial and temporal natures 

of lead leaching and chloramine decay are correlated to one another.   

 
2. The results also indicate the existence of spatial correlations between high 

heterotrophic plate counts (HPC) and water residence time, which in turn has 

strong influence on lead levels in water distribution systems.  A longer 

residence time (water age) is more likely to cause chloramines to decay, 

resulting in a high rate of bacterial regrowth taking place as indicated by the 

elevated HPC.  High HPC has been shown to be an indicator for an elevated 

lead level through geostatistical analysis on current samples from Utility A.  

Thus, like nitrate, HPC can be used as an indicator of possible lead leaching 

areas in WDSs.  Elevated biofilm HPC may suggest disinfectant (chloramines) 

disappearance in that location, resulting in the possible release of ammonia 
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from the decayed chloramines.  Consequently, bacterial regrowth and free 

ammonia uptake by nitrifying bacteria may take place to form nitrate, which 

in turn will attack lead and brass piping and plumbing materials, causing the 

lead leaching problem in WDSs and at consumers’ taps. 

 
3. To further test correlations between lead leaching and water quality 

parameters, and ultimately alleviate lead leaching problems, water utilities can 

target the following procedures: 

 
a. Use existing GIS to locate parcels on which houses were built prior to 

1986, preferably after 1982 because these houses have “young lead”, 

which is prone to lead leaching. 

 
b. Coordinate the sampling of water quality parameters such as pH, nitrate, 

HPC, etc. at the same or similar spatial and temporal conditions as those 

of lead and copper samples.  This will allow further testing on the 

hypothesis of correlations between these water quality parameters and lead 

leaching, and further evaluation of the impact of water quality parameters 

on lead leaching in WDSs. 

 
4. Spatial analysis, spatial autocorrelation and spatial statistics, and geostatistics 

are found to be valuable tools in this study.  Using spatial analysis and 

statistics to evaluate water quality parameters related to spatial locations has 

not been explored extensively.  Further research on this tool in the application 

of water quality parameters in water distribution systems would benefit the 
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utilities by allowing them to effectively use their limited resources to 

efficiently manage the water quality in their water distribution systems. 
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CHAPTER 6 
 

CONCLUSIONS 
 
 

6.1 Conclusions 

Based upon the results from data analyses, the following conclusions can be drawn 

from this study: 

 
1. Hydraulic residence time or water age is a critical factor influencing water 

quality in water distribution systems.  Fresh treated drinking water from 

utilities’ water treatment plants enters the distribution systems meeting all 

Safe Drinking Water Act (SDWA) regulations set by the Environmental 

Protection Agency (EPA).  However, water quality may deteriorate over time 

as it is conveyed through the distribution systems, and the water may no 

longer meet SDWA regulations at customers’ taps.  One of the contaminants 

that the EPA is targeting through these regulations is lead, which can cause 

serious health problems in humans, especially children.  While water is rarely 

the primary source of lead exposure for children with elevated blood-lead 

levels, deterioration of water quality in distribution systems can result in lead 

in drinking water.  The EPA has estimated that that, on average, up to 20% of 

a child's total lead exposure can potentially be attributed to lead-contaminated 

water.  This study is the first of its kind to evaluate the impact of water age on 

lead leaching in water distribution systems.  The study has shown that lead 

leaching, although long considered to be influenced by chemical and physical 
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factors of the water supply, water distribution system, and plumbing fixtures, 

is a phenomenon that is indeed strongly influenced by water age.    

 
2. The data used in this study are from several North Carolina utilities and were 

collected as part of their scheduled Lead and Copper Rule (LCR) compliance 

sampling.  In accordance with the LCR, the utilities’ targeted houses for lead 

sampling were mainly built between 1982 and 1986.  Spatial analyses were 

conducted on the data using GIS.  The water age was calculated from a GIS-

assisted hydraulic/water quality model for each junction node and thus was 

spatially distributed, or clustered through spatial correlation analysis (Moran 

Index).  Although randomly distributed, the lead sampling sites were also 

spatially distributed in a water distribution system.  Geo-coding and spatially 

joining these geo-referenced databases based on parcel addresses during the 

spatial data analyses demonstrated that the houses that were built between 

1982 and 1986 were especially vulnerable to lead leaching.  Although a few 

houses that were built in the 1990s were also tested, few samples showed 

relatively high lead concentration, even with old water ages.   This conclusion 

coincides with previous work by other researchers. 

 
3. Old buildings themselves may not necessarily cause high lead levels in 

drinking water.  The GIS-based tax parcel information has confirmed that 

buildings constructed prior to 1986 were equipped with lead service lines and 

joints, lead solder, lead-containing plumbing fixtures, and galvanized piping 

connections for the service lines entering the buildings.  It is well known that 
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corrosion inhibitors do not form a protective film on the inside surface of 

galvanic pipes as they do for regular lead pipe and joints.  Thus, galvanic 

pipes are more prone than other types of pipe to corrode and cause lead 

leaching.  Many old buildings, however, have been remodeled, and the 

galvanic pipes and fixtures have been removed.  Thus, not all old buildings 

show evidence of the lead water quality problem.  Customer surveys should 

be conducted during water quality sampling to determine if the service lines 

and original plumbing fixtures in older buildings have been replaced. 

 
4. This study is the first to use the actual lead compliance sample data in 

combination with the results from GIS-assisted water quality models to 

hypothesize that lead level is correlated to the hydraulic residence time or 

water age in a water distribution system.  Matrices with lead levels as 

dependent variables against building ages and water ages as independent 

variables were formed as the first step to test the possible correlations.  It was 

found that almost all samples with relatively high lead levels were taken from 

the parcels on which the houses were built pre–1986 and which had relatively 

old water ages.  No samples with relatively high lead levels ([Pb] > 0.005 

mg/L for Utility A or [Pb] > 0.003 mg/L for Utility C) occurred in houses that 

were built after 1986 and had young water ages. 

 
5. Customer survey is a very important procedure when taking lead samples.  

The plumbing systems of some of the houses that were built in the period 

from 1982 to 1986 may have been updated after the ban of lead pipe and lead 
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solder thus the lead levels may be low.  On the other hand, some relatively 

high lead levels occurred at the locations in the WDS where water age was 

relatively short.  Customers disclosed that the samples were taken from an 

outside faucet that had not been used for four weeks, which would make the 

age of the water excessive.  These facts will greatly skew the results to test the 

hypothesis. 

 
6. Further spatial database joining and analyses were conducted to obtain a new 

database with lead levels vs. water ages.  Correlation coefficients were 

calculated on these two variables.  Results from scatter grams indicate that 

lead levels increase as water age increases.  Both correlation coefficient 

calculations and linear regression resulted in positive correlations on the 

samples from Utility A and Utility B, with R2 x 100 approaching 55.0% for 

Utility A and 26.6% for Utility B.   The lead levels and water age are 

positively correlated based on available sampling data, the GIS and the GIS-

assisted model simulation for the utilities.  Water age is a critical factor 

directly influencing lead levels in these water distribution systems. 

 
7. The lead sample data used in the study and the water demand, which is the 

flow basis for water age simulations using the GIS-assisted water quality 

model, are not on the same schedule in the cases of Utility B and Utility C.  

This difference may be the cause of the low correlation factor between lead 

levels and water ages for these utilities.  To further test the hypothesis, the 

diurnal pattern used in water quality model simulations for the water 
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distribution systems should be developed to coordinate with lead sampling.  

Additional lead sampling sites may be selected inside the utility’s water 

service area for preventive lead and copper studies. 

 
8. Results from the GIS-assisted model simulations (water age) and spatial data 

management (geo-coded nitrate concentrations) were spatially joined with 

lead sample data.  The nitrate concentration has a definite correlation with 

lead level, as demonstrated by the R2 = 0.8838.  The results show that the 

areas exhibiting temporally elevated nitrate concentrations also are the hot 

spots for elevated lead levels in the drinking water.  After spatially joining the 

locations of long hydraulic residence time, temporally increased nitrate 

concentration, and lead levels, the geostatistical analyses using GIS provided 

the composite map which overlaid the relatively high lead levels in a water 

distribution system with longer water residence time and relatively high 

nitrate concentration.  These results offer further evidence that long water 

residence time may lead to chloramine decay, releasing free ammonia which 

is then taken up by nitrifying bacteria to regenerate nitrate.  Coupled with 

elevated pH (greater than 8.5), lead leaching could be caused by the attack of 

nitrate.  The concentration of nitrate is a critical parameter indicating and 

influencing the occurrence of lead leaching.   

 
9. The heterotrophic plate count (HPC) has a very positive correlation with water 

age, as demonstrated by the R2 = 0.8264.  The results also indicate the 

existence of spatial correlations between HPC and relatively elevated lead 
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levels.  Because a longer residence time is more likely to cause enhanced 

disinfectant (chloramines) decay, as a result, a higher rate of bacterial 

regrowth would take place as indicated by HPC. An elevated lead level can 

also be expected in the relative high HPC area.  Thus, like NO3
-, the HPC can 

be another critical water quality parameter influencing lead leaching in water 

distribution systems.  It can be used to indicate the decay of chloramines in 

the area, which could result in possible lead leaching. 

 
10. GIS-assisted water quality models and GIS data, including parcel attributes 

with such fields as “address” and “year built” are readily available for most 

water utilities.  Geo-coding the GIS-assisted model simulation results (such as 

hydraulic residence time) and lead samples will form another new map layer.  

This new map layer could provide utility managers, operations staff, and 

laboratory supervisors with invaluable data to allow them to target lead 

sampling sites to pro-actively locate potential lead leaching areas more 

efficiently. 

 
11. Other routinely measured water quality parameters such as pH, HPC, and 

nitrate concentrations have strong influences on lead levels in water 

distribution systems and therefore provide good indication spatially and 

temporally of lead leaching.  Because these data are spatially related, statistics 

show that most of these data are spatially clustered (rather than randomly 

dispersed as Moran’s Index indicates).  Thesis data sampling should be 

coordinated with lead and copper sampling so that the resultant layer on the 
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GIS map and associated attributes approach a one-to-one relationship and 

provide improved accuracy.  

 

6.2 Future Research Topics 

6.2.1 Real Time Water Quality Parameters Monitoring 

Hall, et al (2007) investigated on-line water quality parameters as indicators of 

water distribution system contamination.  Although there is no on-line analyzer for lead 

contamination, lead leaching is correlated to water age and influenced by water quality 

parameters, such as dissolved oxygen (Burlingame, et al. 2006), chloride (Edwards, et al. 

2006), pH, ammonia and nitrate.   Combined with water age determined by GIS and GIS-

assisted water quality modeling, monitoring of real time water quality parameters could 

provide utility managers with additional tools to identify potential lead corrosion areas 

and take measures to alleviate the problems. 

 

6.2.2 Water Treatment Improvements 

Xiao, et al (2007) studied the effects of water quality on total copper release in 

drinking water distribution systems.  Using pilot distribution systems (PDSs), the 

investigation found that total copper release was dependent on blended water quality, 

which varies by water source and corresponding treatment processes.  Therefore, water 

source and treatment processes can be related to total copper release in water distribution 

systems in a full scale.   

Similarly, lead leaching also depends on common water treatment processes, such 

as coagulation and disinfection.   This study has indicated that lead leaching in a water 
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distribution system is correlated to water age.  More importantly, when water age 

becomes excessive, disinfectants decay and release chemicals that attack lead-containing 

plumbing fixtures and trigger lead leaching into the drinking water.  However, if the 

disinfectant, such as chloramines, is not correctly formed due to an inappropriate ratio of 

chlorine and ammonia or inadequate mixing energy, the disinfectant degradation is 

accelerated, thus releasing ammonia, and prompting the nitrification process.  Additional 

studies are therefore necessary to determine the correct ratio of chlorine and ammonia 

and energy for chloramine formation and as a result reduce premature chloramine 

decomposition and thereby maintain disinfection power in water distribution systems.  At 

the same time, when DBPs are treated more effectively in compliance with Stage 1 and 

Stage 2 D/DBPRs, the lead leaching potential due to the reaction of ammonia with lead-

containing brass fixtures will be alleviated. 

 

6.2.3 Combine with Other Models 

The GIS tax parcel information can be spatially joined with survey information on 

lead service lines or galvanized pipes leading to buildings constructed prior to 1986.  It is 

well known that corrosion inhibitors do not form a protective film on the inside surface of 

galvanic pipe, as they do for regular lead pipe and joints (Singley et al. 1994).  Thus, 

galvanic pipes are more prone than other types of pipe to corrode, causing lead leaching. 

Miranda et al (2004) have developed prediction model employing GIS-based 

census information and incorporating demographic information in the study areas.  Ranks 

on lead exposure risk, mainly predicting the hazardous paint in a house, were developed. 

146



 

Additional studies will provide beneficial information to water utilities by 

combining the GIS-based information and GIS-assisted models, (an example map is 

shown in Appendix E).  The utilities will enable utilities to target high lead exposure 

areas more effectively than in current practice, and cost-effectively prioritize galvanized 

service line replacement programs to alleviate the lead leaching problems in water 

distribution systems. 

 

6.2.4 Spatial Data Analysis  

Fuentes, et al (2002) applied spatial data analysis and geostatistics to evaluate the 

air quality by comparing model predicted pollutant, SO2 concentration with samples taken 

from various sites.  Because the coordinates inside the model differed from those of the 

sampling sites, spatial interpolation method was employed for the comparison.  Ana 

Paula Dutra de Aguiar, et al (2003) introduced generalized proximity matrices (GPM) to 

support spatial autocorrelation indicators and spatial regression models to incorporate 

relations on relative space, providing a new way for exploring complex spatial patterns 

and non-local relationships in spatial statistics.  Local Moran’s Index was calculated for 

each spatial object to analyze if the local adjacency neighborhood is able to capture the 

nature of the territorial dynamics.  In the evaluation of the correlation between water age 

and lead levels in this study, attempt was made to see the neighboring effect of the water 

age since it is associated with point features (territorial), and in space and time it changes 

its value, and its coordinates differ from those of the lead and other water quality sample 

points.  The spatial data analysis tools used for this study helped in spatial joining of 

various databases and in visualization of water quality parameters’ impact to 
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“neighboring” locations and in “overlaying” with lead levels through spatial statistics and 

geostatistics.  However, the application of the spatial data analysis tools have been 

limited in water quality evaluation in water distribution systems.  Using these tools in 

water quality evaluation in water distribution systems may be further explored in the 

future. 
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APPENDIX A 
 

SPATIAL ANALYSIS OF WATER AGE VALUES (Utility A)
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Spatial Autocorrelation on Water Age Values
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Spatial Autocorrelation Results of Utility A’s Water Age.  Moran’s I Index = 0.02 and 

the Z score = 24.57, indicating the clustered pattern of water age values are less likely the results 

of random dispersion. 

Z scores are measures of standard deviation. For example, if a tool returns a Z score of 

+2.5 it is interpreted as "+2.5 standard deviations away from the mean". Z score values are 

associated with a standard normal distribution. This distribution relates standard deviations with 

probabilities and allows significance and confidence to be attached to Z scores. Most statistical 

tests begin by identifying a null hypothesis. The null hypothesis for pattern analysis tools 

essentially states that there is no pattern; the expected pattern is one of hypothetical random 

chance.  When Z scores are high, the null hypothesis may be rejected.  In this case, we accept the 

significance of the hypothesis that water age is spatially clustered with pattern rather than 

randomly dispersed. 
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APPENDIX B 
 

SPATIAL ANALYSIS OF pH VALUES (Utility A) 
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Spatial Autocorrelation on pH Values 
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Spatial Autocorrelation Results of Utility A’s pH values -  Moran’s I Index = 2.07 and 

the Z score = 5.4, indicating the clustered pattern of pH values are less likely the results of 

random dispersion. 

Z scores are measures of standard deviation. Z score values are associated with a standard 

normal distribution. This distribution relates standard deviations with probabilities and allows 

significance and confidence to be attached to Z scores.  Most statistical tests begin by identifying 

a null hypothesis. The null hypothesis for pattern analysis tools essentially states that there is no 

pattern; the expected pH distribution in Utility A’s WDS pattern is one of hypothetical random 

chance.  When Z scores are high, the null hypothesis may be rejected.  In this case, we accept the 

significance of the hypothesis that pH is spatially clustered with pattern rather than randomly 

dispersed. 
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Appendix C 
 

SaTScan™ Spatial and Temporal Analyses 
Results on Lead Concentration and NO3

- Concentration in a Water 
Distribution System 
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APPENDIX D 
 

EXAMPLES OF LOCAL NEWS PAPER ARTICLES 
ON LEAD OCCURENCES IN DRINKING WATER 
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APPENDIX E 
 

COMBINING HIGH LEAD EXPOSURE RISK AREAS, GALVANIZED SERVICE 
PIPE AREAS, AND HISTORICAL WATER LEAD SAMPLING AREAS 

183



 

184



 
 
 
 
 
 
 
 
 
 
 
 
 

APPENDIX F 
GIS MAPS OF BUILDING AGES VS. LEAD SAMPLE DATA 

 FROM UTILITIES A, B, and C 
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Utility A Relatively High Lead Sample Sites where all parcels show the houses residing 

in the parcels were built prior to 1986 
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Utility B Relatively High Lead Sample Sites where most parcels show the houses 

residing in the parcels were built prior to 1986.  One site was built in 1987.  (Note, the 
LCR was final implemented in 1988)
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Utility C Relatively High Lead Sample Sites where all three parcels show the houses 
residing in the parcels were built prior to 1986. 
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APPENDIX G 
Original Sample Data from Utilities A, B, and C 
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UTILITY A SAMPLE DATA 
 

190



ID 
RESIDENT 
NUMBER ADDRESS 

Street 
Suffix 

Pb Results 1 
(mg/L) 

Cu Results 1 
(mg/L) 

AT9 6308 

Bayswater-
lower outside/ 
dog Tr. 0.547 0.602 

D42 6308 Bayswater Tr. 0.020 0.092 
E45 103 Pineway St. 0.014 <0.050 
J03 8301 Circlewood Ct. 0.013 0.271 

D37 7413 Chippenham Ct. 0.013 0.059 
C68 6929 Glendower Rd. 0.010 0.151 
F11 1114 Villa Green Ct. 0.010 0.239 
A89 7213 Bellweather Ct. 0.009 0.052 
B45 132 Towne View trl 0.008 0.051 
J56 3413 Caldwell Dr. 0.008   
C71 4124 White Pine Dr. 0.007 <0.050 
A83 6321 Bayswater trl 0.007 0.060 
A24 1452 Aversboro Rd. 0.006 0.116 
B65 1572 Village Glen Dr. 0.006 <0.050 

I98 7803 Coach House Ln. 0.006 0.097 
C85 7208 Halstead Ln. 0.006 0.117 
B81 6204 Iris Dr. 0.006 0.105 

I03 4517 Hamptonshire Dr. 0.005 <0.050 
D57 5117 Carter St. 0.005 0.047 
B44 113 Towne View trl 0.004 0.073 

I07 8305 Mourning Dove Rd. 0.004 0.124 
C95 4409 Sunburst Ct. 0.004 0.074 

J18 6929 Hunters Way   0.004 0.065 
I81 1820 Carrington Dr. 0.004 0.132 
B32 812 Barbara Dr. 0.004 <0.050 
B55 2606 Buffaloe Rd. 0.004 <0.050 
H25 7709 Heathfield Dr. 0.004 0.127 
E94 500 Lakeside Dr. 0.004 0.051 
E85 8100 Brookwood Ct. 0.004 0.112 
E80 5915 Carmel Ln. 0.004 0.06 

E74 6214 Fountainhead Dr. 0.004 <0.05 
F41 4505 Tetbury Pl 0.004 0.080 
B63 121 Cardinal Dr. 0.004 0.472 
G92 7401 Valley Run Dr. 0.004 0.118 
I06 4332 Craddock Rd. 0.004 0.078 
D36 6404 Shadow Ct. 0.004 <0.050 
B68 6104 Highcastle Court 0.004 0.052 
B67 1801 Bonnibee Ct. 0.004 0.081 
O91 8808 Colesbury Dr. 0.004   
O61 2204 Effingham Cir. 0.00351 0.0558 
H66 8108 Seaton Ct. 0.003 <0.050 

AU9 6001 
Tenter Banks 
Sq.   0.003 0.068 
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A67 8313 Apple Orchard Way 0.003 0.126 
F20 4509 Wingate Dr. 0.003 0.049 
A92 2418 Anderson Dr. 0.003 0.215 
I08 6110 Friar's Walk Pl 0.003 0.062 

C43 4515 Hamptonshire Dr. 0.003 0.076 
C38 7212 Valley Lake drive 0.003 0.116 
E19 5409 Round hill Ln. <0.003 <0.050 

D81 6933 Sandringham Dr. <0.003 0.122 
B97 6412 Lakerest Ct. <0.003 <0.050 
D82 5818 Hedgemoor Dr. <0.003 <0.050 
D83 4417 Tetbury Pl <0.003 0.054 
D84 5716 Edgedale Dr. <0.003 <0.050 
D98 3604 Plumbridge Ct. <0.003 0.136 
E15 1502 Ferncliff Cir. <0.003 <0.050 
D48 4412 Sprague Rd. <0.003 <0.05 
E17 4409 Fox Rd. <0.003 <0.050 
E24 3417 E. Jameson Rd. <0.003 0.087 

E25 2008 Shenandoah   <0.003 <0.050 
E26 4636 Fawnbrook Cir. <0.003 <0.050 
E27 7325 Ewing pl <0.003 0.112 
E30 1005 Marlowe Rd. <0.003 <0.050 
E31 7100 Shellburne Dr. <0.003 0.123 
E16 3621 Greywood Dr. <0.003 <0.050 
D62 7211 Shellburne Dr. <0.003 0.042 
D49 4505 Lancashire Dr. <0.003 <0.05 
D51 5409 Parkwood Dr. <0.003 <0.050 
D55 5411 Sharpe Dr. <0.003 <0.05 
D56 4621 Hershey Ct. <0.003 <0.05 
B99 7232 Shellburne Dr. <0.003 <0.050 
D59 7309 Glendower Road <0.003 0.082 
D60 1655 Village Glen Dr. <0.003 <0.05 
D80 1405 Lake Park Dr. <0.003 <0.050 
D61 8108 Brookwood Ct. <0.003 0.099 
D79 5410 Pine Top Cir. <0.003 0.067 
D63 5000 Dunwoody trl <0.003 <0.05 
D64 102 Stockett Ct. <0.003 <0.05 
D65 5305 Ridgeloch pl <0.003 <0.05 
D66 6124 Chowning Ct. <0.003 <0.050 
D68 5001 Dunwoody Trl <0.003 0.045 

D77 2412 Village Grove Road <0.003 0.099 
E40 3308 Derbyshire Pl <0.003 <0.050 
B98 7013 Valley Lake Dr. <0.003 0.141 
E81 4434 Roller Ct. <0.003 <0.05 
E71 6008 Startwood Pl. <0.003 0.014 
E72 1524 Maybrook Dr. <0.003 0.012 
E73 1502 Nature Ct. <0.003 0.009 
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B91 6012 Tarnhour Ct. <0.003 <0.050 
B90 637 Oak Run Dr. <0.003 <0.050 

E75 7509 Chippenham Ct. <0.003 0.062 
E33 2004 Lawrence Dr. <0.003 0.059 

E79 4300 Whisperwood Dr. <0.003 <0.05 
E65 5821 Dogwood Dr. <0.003 <0.050 
E82 8225 Rocky Ct. <0.003 0.012 
E83 2424 Mapleton Ln. <0.003 0.102 
B89 6305 Blairemore Ct. <0.003 <0.050 
E86 8117 Kingsland Dr. <0.003 0.050 
E88 6925 Chamonix Place <0.003 <0.050 

E89 6221 Fountainhead Dr. <0.003 0.012 
B88 6316 Lakeway Dr. <0.003 0.053 

E76 7904 Jenkins Ridge Ct. <0.003 0.061 
E53 8104 Mcguire Dr. <0.003 <0.050 

C03 1805 Spiney Ridge Ct. <0.003 <0.050 
E41 5704 Sherrif Pl <0.003 <0.050 
B95 5700 Calorie Ct. <0.003 0.051 
E42 3305 Derbyshire Pl <0.003 <0.05 
E43 7117 Tullamore Dr. <0.003 <0.050 

E44 7401 Chippenham Ct. <0.003 <0.050 
B94 6109 Chowning Ct. <0.003 0.070 
B93 7240 Shellburne Dr. <0.003 0.140 
E51 302 Berwick Ct. <0.003 <0.050 
E66 3817 Old Coach Rd. <0.003 <0.050 
E55 6624 coach light Cir. <0.003 <0.050 
E57 4321 Bona Ct. <0.003 <0.050 
E59 3836 Old Coach Rd. <0.003 <0.050 
E60 2116 Fallon Oaks Ct. <0.003 0.067 
E61 3921 Iron Horse Rd. <0.003 <0.050 

E63 4117 
Pleasant 
Grove Church Rd. <0.003 0.077 

E37 1308 Plymouth Ct. <0.003 <0.050 
E48 509 Carolina Ave <0.003 0.078 

C82 4536 Hamptonshire Dr. <0.003 0.087 
C72 2500 Kingsley Rd. <0.003 0.130 
C73 5305 Thaxton pl <0.003 <0.050 
C74 5304 Thaxton pl <0.003 <0.050 
C75 7140 Shellburne Dr. <0.003 <0.050 
C76 1221 Nikol Ct. <0.003 <0.050 
C77 6820 Glochester Rd. <0.003 0.153 
C90 7610 Wilderness Road <0.003 <0.050 

C81 5605 
Hamstead 
Crossing Dr. <0.003 <0.050 
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C65 7016 Sandringham Dr. <0.003 0.070 
C84 3701 Eden Croft Dr. <0.003 0.081 
C33 322 Mockingbird Ln. <0.003 <0.050 
C86 7643 Trowbridge Ct. <0.003 0.068 
C88 7109 Halstead Ln. <0.003 0.093 
C28 1816 Bonnibee Ct. <0.003 0.071 
C89 2500 Gatwick Ct. <0.003 <0.050 

D46 4604 Hamptonshire Dr. <0.003 0.061 
C78 5604 Lakehaven Dr. <0.003 0.116 
C58 2404 Buffaloe Rd. <0.003 <0.050 

C47 5704 Crooked Stick Trl <0.003 <0.050 
C42 7108 Glendower Rd. <0.003 <0.050 
C48 7205 Halstead Ln. <0.003 0.106 
C49 6813 Fairpoint Ct. <0.003 0.070 
C50 2626 St.Mary's St. <0.003 <0.050 
C51 5423 Pine top Circle <0.003 <0.050 

C54 117 
Remington 
Woods Dr. <0.003 <0.050 

C37 4121 Stagwood Dr. <0.003 <0.050 
C57 8204 Kingswood Ct. <0.003 0.080 
C39 2116 North Hills Drive <0.003 <0.050 

C60 4808 Sleepy Hollow Dr. <0.003 0.055 
C61 104 Glenn Bryan Ct. <0.003 0.075 
C62 105 Farnham Ct. <0.003 <0.050 
C63 4700 Lancashire Dr. <0.003 <0.050 
C40 6908 Glendower Rd. <0.003 <0.050 
C64 4504 Fortingale Cir. <0.003 <0.050 
C91 2652 Cottage Cir. <0.003 <0.050 
C41 5612 Calton Dr. <0.003 <0.050 

C08 5570 
Hamstead 
Crossing Dr. <0.003 <0.050 

D28 5550 
Hamstead 
Crossing   <0.003 <0.050 

D29 1609 Village Glen Dr. <0.003 0.32 
D30 5424 Sharpe Dr. <0.003 0.055 
D31 3610 Sue Ellen Dr. <0.003 0.009 
C12 7605 Trowbridge Ct. <0.003 0.073 

D32 7821 Highlandview Cir. <0.003 <0.05 
C26 4124 Brewster Dr. <0.003 0.067 

C10 5636 
Hamstead 
Crossing Dr. <0.003 <0.050 

U98 8116 Brookwood Ct. <0.003 0.0695 
D38 4512 Woodbury Dr. <0.003 <0.050 
D39 4301 Halliwell Dr. <0.003 <0.05 
C05 1821 Snow Wind Dr. <0.003 <0.050 
D43 8600 Bensley Ct. <0.003 0.079 
C04 301 Whithorne Dr. <0.003 0.072 
D44 1809 Bonnibee Ct. <0.003 <0.050 
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D45 5435 Pine top Cir. <0.003 <0.05 
U71 8004 Brown Bark Pl <0.003 <0.050 
D04 716 Valerie Drive <0.003 0.108 
C92 1548 Village Glen Dr. <0.003 <0.050 
C24 2629 Cottage Cir. <0.003 0.082 
C96 2505 Torbay Ct. <0.003 0.052 
C23 2704 Townedge Ct. <0.003 <0.050 
C99 1014 Buckhorn Rd. <0.003 <0.050 
D01 2112 North Hills Dr. <0.003 <0.050 
C22 4612 Gunston Pl <0.003 <0.050 
D27 1505 Lorimer Rd. <0.003 <0.050 
D03 4117 Westwood pl <0.003 <0.050 
C13 7649 Trowbridge Ct. <0.003 0.092 
D05 2612 Sawmill Rd. <0.003 <0.050 
C21 1645 Village Glen Dr. <0.003 0.074 
C17 2963 Faversham Pl <0.003 <0.050 
E91 1114 Cotswold Ct. <0.003 0.026 
C16 1520 Village Glen Dr. <0.003 0.123 
C15 6805 Fairpoint Ct. <0.003 <0.050 
D07 1009 Buckhorn Rd. <0.003 <0.050 

D02 7508 Chippenham Ct. <0.003 0.056 
I70 215 Wetherburn Ln. <0.003 <0.050 
I58 2636 Hiking trl <0.003 <0.050 
I59 2344 Ravenhill Dr. <0.003 <0.050 
O37 6782 Chanucey Dr. <0.003 0.0975 
I60 224 Wetherburn Ln. <0.003 0.062 
I61 5708 Hedgemoor Dr. <0.003 0.050 

I62 4413 Whisperwood Dr. <0.003 0.053 

I64 6203 Fountainhead Dr. <0.003 <0.050 

I65 8417 Summerspring Ln. <0.003 0.071 
I89 2120 Osprey Circle <0.003 <0.050 

I67 808 
Vestavia 
Woods Dr. <0.003 0.098 

I50 5636 Darrow Dr. <0.003 <0.050 
I72 8445 Wycombe Ln. <0.003 <0.050 
I73 7604 Ladden Ct. <0.003 <0.050 
I76 6722 Tattershale Ct. <0.003 0.092 
O12 8427 Wycombe Ln. <0.003 0.0993 
I83 7420 Valley Run Dr. <0.003 0.139 
I84 1308 Bridgeport Dr. <0.003 0.242 
I85 6608 Portsmouth   <0.003 0.057 
I09 5613 Farley Dr. <0.003 0.060 
I66 1232 Moultrie Ct. <0.003 0.056 
I32 8201 Pepperidge Ct. <0.003 0.053 
F12 1509 Ferncliff Circle <0.003 0.023 
I13 5905 Carmel Ln. <0.003 0.090 

I14 8425 Framingham Ct. <0.003 0.070 
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I15 1916 Lodestar Dr. <0.003 0.066 
I16 7300 Chicora Ct. <0.003 <0.050 
I22 702 Red Forest Trl <0.003 <0.050 

I24 5113 Knaresborough Rd. <0.003 0.067 
I28 8401 Wycombe Lane <0.003 0.092 
I56 1412 Mapleside Ct. <0.003 <0.050 
I30 1113 Cowper Dr. <0.003 0.062 
I53 2629 Hiking trl <0.003 0.120 
I33 8325 Wycombe lane <0.003 0.066 
I38 1317 Bridgeport Dr. <0.003 <0.05 
I39 4347 Sunscape Ln. <0.003 <0.050 
I40 1604 Wedgeland Dr. <0.003 0.071 
I41 7924 Kingsland Dr. <0.003 0.054 
I43 8023 Grey Oak Dr. <0.003 0.074 
I44 7716 Bluff Top Ct. <0.003 0.066 
I47 5506 Sharpe Dr. <0.003 <0.050 
I95 2200 Royal Oaks Dr. <0.003 0.057 
I29 1624 Netherfield Ln. <0.003 <0.050 
J91 2424 TUSKET Ct. <0.003 0.098 
J65 2308 Weybridge Dr. <0.003 <0.050 
J68 1937 Wilton Cir. <0.003 <0.050 
J72 1816 Snow Wind Dr. <0.003 0.276 
J77 1208 Coldstream Ct. <0.003 <0.050 
J78 2116 Hamrick Dr. <0.003 0.101 
J85 1209 Nikole Ct. <0.003 0.054 
J86 7312 Sweet Bay Ln. <0.003 0.064 
N04 5608 Darrow Dr. <0.003 <0.050 
I86 2304 Hamrick Dr. <0.003 0.227 
J90 8413 Wycombe Ln. <0.003 <0.050 
N35 112 Burkwood Ln. <0.003 <0.050 
J96 7708 Rainwater Rd. <0.003 0.061 
J99 4608 Gunston Pl. <0.003 0.0628 
K04 106 Skylark Way <0.003 <0.050 
K06 2020 Lodestar Dr. <0.003 0.078 
K08 7832 Foxwood Dr. <0.003 <0.050 
K14 8001 Brown Bark Pl. <0.003 <0.050 
K15 8604 Yucca Tr. <0.003 <0.050 
K33 5714 Grassmere Ct. <0.003 <0.05 
J89 7908 Ripplestir Ct. <0.003 <0.050 
J24 2413 Voyager Cir. <0.003 0.0509 
J02 1220 Nikole Ct. <0.003 <0.05 
J04 1659 Village Glen Dr. <0.003 <0.050 
J07 1544 Village Glen Dr. <0.003 <0.05 
J09 1209 Maury Ct. <0.003 0.064 
J10 909 Bridge Way <0.003 0.102 
J11 3912 Iron Horse Rd. <0.003 <0.050 
J13 1116 Watermark Ct. <0.003 0.071 
J15 5525 Wood Pond Ct. <0.003 <0.05 
J62 3324 Joanne Dr. <0.003 <0.050 
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J16 3404 Harden Rd. <0.003 0.076 
J58 144663 Cimarron Pkwy <0.003 <0.050 
J42 2012 Thorpshire Dr. <0.003 <0.050 
J46 8701 Cardiff Ct. <0.003 0.091 
J47 2404 Trusty Tr. <0.003 0.0697 
J48 1820 Snow Wind Dr. <0.003 <0.050 
J50 1804 Snow Wind Dr. <0.003 0.085 
J51 1909 Wilton Cir. <0.003 0.089 
J55 2617 Buffaloe Rd. <0.003 0.791 
J57 4008 Cardigan Pl. <0.003 0.035 
I04 8329 Wycombe Ln. <0.003 0.063 
N77 207 Artisian Dr. <0.003 0.0670 
F45 6933 Valley Lake Dr. <0.003 0.052 
F32 4600 Townesbury Ln. <0.003 0.074 
F33 1535 Laureldale Dr. <0.003 <0.050 
F34 2413 Sierra Dr. <0.003 <0.050 
F36 2617 Cottage Cir. <0.003 0.063 
F37 1107 Poole Dr. <0.003 0.008 
F39 710 Powell apt.E Dr. <0.003 <0.050 
F40 2975 Faversham Pl <0.003 <0.050 
F42 1501 Ferncliff Cir. <0.003 0.012 
G32 3524 Eden Croft Dr. <0.003 0.062 
F44 3941 Iron Horse Rd. <0.003 0.007 

F27 1401 Morningsdale Dr. <0.003 <0.05 
F46 2613 Cottage Cir. <0.003 0.06 
F47 1816 Longwood Dr. <0.003 0.067 
F48 2601 Cottage Cir. <0.003 0.071 
F49 4461 Roller Ct. <0.003 <0.05 
F50 5721 Lakehaven Dr. <0.003 0.060 

R49 4509 Chinquoteague Ct. <0.003 0.072 
F92 2717 Creech Road <0.003 0.0632 
I12 8608 Cheerful Ct. <0.003 0.104 
F43 7609 Trowbridge Ct. <0.003 0.140 

F14 6242 Fountainhead Dr. <0.003 <0.05 

E95 7425 Chippenham Ct. <0.003 <0.05 
E98 1413 Greenside Dr. <0.003 0.058 
F03 1521 Hemphill Dr. <0.003 <0.050 
F04 1604 Netherfield Ln. <0.003 <0.050 
F05 8184 Mcguire Dr. <0.003 <0.05 
F06 1520 Hemphill Dr. <0.003 0.013 
F07 2009 Hunterfield Ln. <0.003 <0.05 
F09 3516 Donna Rd. <0.003 0.055 
F31 1301 Greenside Dr. <0.003 <0.050 
F13 1533 Hemphill Dr. <0.003 <0.05 
F30 429 Myrtlewood Ct. <0.003 <0.05 
F15 4470 Roller Ct. <0.003 0.005 
F16 2806 Camfield pl <0.003 <0.050 
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F17 1527 Hemphill Dr. <0.003 0.072 
F21 2001 Travianna Ct. <0.003 <0.05 
F22 1530 Hemphill Dr. <0.003 0.058 
F23 1208 Oakside Ct. <0.003 <0.05 

F24 6212 Fountainhead Dr. <0.003 0.015 

F25 6905 Sandringham Dr. <0.003 0.038 
G82 2626 Lewis Farm Rd. <0.003 0.080 
B86 7271 Shellburne Dr. <0.003 0.236 
H79 6117 Redmond Ct. <0.003 <0.050 
H43 2024 Lodestar Dr. <0.003 0.081 
H46 6726 Chauncey Dr. <0.003 0.059 
H53 2905 Bolo trl <0.003 <0.050 
H55 2913 Legging Ln. <0.003 <0.050 

H61 4209 
Pleasant 
Grove Church Rd. <0.003 0.052 

H70 1201 Moultrie Ct. <0.003 0.081 
H73 2329 Brisbayne Cir. <0.003 <0.050 
H75 7809 Foxwood Dr. <0.003 <0.050 
G02 4616 Draper Rd. <0.003 <0.050 
H78 4800 Lancashire Dr. <0.003 0.053 
H38 8708 Murray Hill Dr. <0.003 <0.050 

H86 7128 Sandringham Dr. <0.003 <0.050 
H91 1005 Brooks ave <0.003 0.054 
H92 6543 Hearthstone Dr. <0.003 <0.050 
H94 1509 Bridgeport Dr. <0.003 0.106 
H95 2800 Paddle Pl <0.003 0.108 
H97 8701 Donnington Dr. <0.003 0.054 
H98 2000 Lodestar Dr. <0.003 0.059 
H99 2201 Lodestar Dr. <0.003 0.066 
H76 8341 Wycombe Ln. <0.003 0.061 
P94 6711 Chauncey Dr. <0.003 0.0579 
G83 2013 Petworth Ct. <0.003 0.093 
G84 2305 Tamarack Ct. <0.003 0.058 

G86 905 
Vestavia 
Woods Dr. <0.003 0.126 

G87 7921 Vandemere Ct. <0.003 0.060 
G93 8128 Olde Hill Ct. <0.003 0.063 
G94 7805 Foxwood Dr. <0.003 <0.050 
G95 1308 Four winds Dr. <0.003 0.056 
G97 8104 Olde Hill Ct. <0.003 0.062 

H40 6535 English Oaks Dr. <0.003 0.072 
G99 7829 Harbor Dr. <0.003 0.072 
H39 2733 Toxey Dr. <0.003 0.086 
H09 8104 Kingsland Dr. <0.003 0.072 
H16 2825 Van Dyke Ave <0.003 0.0618 
H18 3421 E. Jameson Rd. <0.003 <0.050 
H20 8124 McGuire Dr. <0.003 <0.050 
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P74 2411 Buffaloe Rd. <0.003 <0.050 
H27 8504 Boot Ct. <0.003 0.076 
H32 2020 Petworth Ct. <0.003 0.066 
H37 1809 Bridgeport Dr. <0.003 0.087 
E92 317 Whithorne Dr. <0.003 <0.05 
G98 8417 Seagate Dr. <0.003 0.066 
AS5 104 Skylark Way <0.003 <0.050 

AR6 602 N.Bloodworth St. <0.003 <0.050 

AU2 6308 
Bayswater-
Boys Bathroom Tr. <0.003 <0.050 

AU1 6308 

Bayswater-
Kitchen 
Refrigerator Tr. <0.003 <0.050 

AT8 6308 
Bayswater-
Kitchen Tr. <0.003 0.075 

A99 3905 Beaumont Ct. <0.003 0.085 
A97 6336 Bayswater TRL <0.003 0.106 
A95 5804 Bayberry Ln. <0.003 <0.050 
AU8 1101 Villa Green Ct. <0.003 0.057 
A91 8616 Abbotsbury Ct. <0.003 0.106 
AV3 407 Montague Lane <0.003 0.0753 
A88 2508 Ashley Ct. <0.003 0.056 
A04 1205 Bay Ct. <0.003 0.114 
A86 7312 Bay Hill Ct. <0.003 <0.050 

A05 1725 Berwickshire Cir. <0.003 0.13 
A06 2210 Beechridge Rd. <0.003 0.08 
A07 805 Barbara Dr. <0.003 <0.050 
B31 3016 Annaley Dr. <0.003 0.065 
A94 8804 Audley Circle <0.003 0.102 
B08 8809 Audley Cir. <0.003 0.140 
B28 1108 Avebury Ct. <0.003 0.120 
B24 2421 Basil Dr. <0.003 <0.050 
B22 3001 Annaley Dr. <0.003 <0.050 
B19 1109 Anchor Ct. <0.003 <0.050 
W99 6708 Ebon Ct. <0.003 0.0918 
B14 7427 Ashbury Ct. <0.003 <0.050 
B13 1210 Berley Ct. <0.003 0.125 
X25 1338 Baez St. <0.003 0.0804 
B09 1905 Aurora Dr. <0.003 0.150 
A81 213 Bainbridge Circle <0.003 <0.050 
B07 2400 Basil Dr. <0.003 0.065 
B06 8321 Bellingham Circle <0.003 0.093 
B05 105 Amberhill Ct. <0.003 <0.050 
B04 3304 Annaley Dr. <0.003 <0.050 

B02 2830 Bedfordshire Ct. <0.003 <0.050 
B01 2413 Basil Dr. <0.003 0.065 

AV4 302 Pebblebrook Dr. <0.003 0.0739 
B11 5312 Belsay Dr. <0.003 0.087 
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Y13 8708 Cardiff Ct. <0.003   
A08 2420 Basil Dr. <0.003 0.07 
A26 4559 Antique Ln. <0.003 <0.050 
A27 6332 Bayswater Tr. <0.003 0.14 
A29 1201 Berley Cir. <0.003 0.118 
A30 6312 Bayswater Tr. <0.003 0.085 
A31 7401 Ashbury Ct. <0.003 0.115 
A32 1440 Aversboro Rd. <0.003 0.13 
A63 8112 Bellingham Circle <0.003 0.092 

A58 2824 Bedfordshire Ct. <0.003 <0.050 
AJ2 1322 Duplin Rd. <0.003 <0.050 
A56 8624 Abbotsbury Ct. <0.003 0.099 
A55 528 Ashebrook Dr. <0.003 <0.050 
A53 7423 Ashbury Ct. <0.003 0.072 
A52 2500 Bembridge Dr. <0.003 0.102 
A34 8600 Abbotsbury Ct. <0.003 0.13 
A48 2421 Voyager Circle <0.003 0.08 

A41 8328 Apple Orchard Way <0.003 0.05 
A59 3012 Annaley Drive <0.003 <0.050 
A74 8608 Bensley Court <0.003 0.102 
Z25 8000 Brown Bark Pl <0.003 <0.050 
A80 2508 Bembridge Dr. <0.003 0.097 
A79 1625 Bennett St. <0.003 0.095 
A13 4105 Balsam Dr. <0.003 0.066 
A77 8633 Abbotsbury Ct. <0.003 0.069 
A14 6304 Bayswater Tr. <0.003 0.13 
A15 5304 Belsay Dr. <0.003 0.217 
A25 8500 Bannister Ct. <0.003 0.07 
AH6 5610 Darrow Dr. <0.003 <0.050 
AV1 3117 Henslowe Dr. <0.003 <0.050 
A73 6328 Bayswater Trl <0.003 0.096 
AI3 8101 Brookwood Ct. <0.003 0.0564 
A71 5321 Belsay Drive <0.003 0.143 
A70 209 Artesian Drive <0.003 0.062 

A20 8309 Apple Orhard Way <0.003 0.070 

A68 7208 N. Bellweather Ct. <0.003 <0.050 
A65 1105 Bayfield Drive <0.003 0.052 

A76 4979 
Avenida Del 
Sol   <0.003 <0.050 

B78 7401 Glendower Road <0.003 0.065 

B59 809 
Old 
Scarborough Ln. <0.003 <0.050 

B83 6016 Tarnhour Ct. <0.003 0.084 
B82 4913 Lancashire Dr. <0.003 0.072 
B52 8604 Bensley Ct. <0.003 <0.050 

B80 5617 Groomsbridge Court <0.003 <0.050 
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B51 2603 Tanfield Pl <0.003 <0.050 
B61 322 Whithorne Dr. <0.003 <0.050 

B85 5613 
Hamstead 
Crossing Way <0.003 <0.050 

B58 105 Easton Ct. <0.003 <0.050 
B40 623 Elmwood Ct. <0.003 0.108 

B79 1602 Woodscreek Dr. <0.003 <0.050 
B77 1112 Villa Green Ct. <0.003 <0.050 
B76 6112 Chowning Ct. <0.003 <0.050 

B75 132 
Carriage 
House Trl <0.003 0.063 

W71 2813 Broadlands Dr. <0.003 0.104 
B64 7320 Glendower Rd. <0.003 0.074 
B74 2700 Townedge Ct. <0.003 0.082 
B66 1556 Village Glen Dr. <0.003 <0.050 

B70 6731 Queen Annes Dr. <0.003 <0.050 

B62 1503 Woodscreek Dr. <0.003 0.095 
B37 6313 Bayswater Trl <0.003 0.093 

B33 4973 
Avenida Del 
Sol   <0.003 0.025 

B84 6420 Lakeway Dr. <0.003 <0.050 
W30 8108 Old Deer Trl <0.003 0.080 
B56 103 Taunton Ct. <0.003 0.069 
B53 401 Kilmarnock Ct. <0.003 <0.050 
B54 1109 Poole Dr. <0.003 <0.050 
B35 6421 Battleford Dr. <0.003 0.125 
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ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Pineway St. 27529 5/31/2006 7:00 0.014 <0.050 <0.003 <0.050 

Circlewood Ct. 27615 6/5/2006 6:15 0.013 0.271 <0.003 0.077 
Chippenham Ct. 27613 9/24/2006 9:00 0.013 0.059 <0.003 <0.05 
Glendower Rd. 27613   0.010 0.151 <0.003 <0.050 
Bellweather Ct. 27615 5/5/2006 6:00 0.009 0.052 <0.003 <0.050 

Caldwell Dr. 27607 8/23/2006 8:00 0.008  <0.003  
White Pine Dr. 27612 5/18/2006 6:30 0.007 <0.050 <0.003 <0.050 
Bayswater trl 27612 5/14/2006 7:10 0.007 0.060 <0.003 0.062 

Coach House Ln. 27615 6/2/2006 6:30 0.006 0.097 0.004 0.122 
Halstead Ln. 27613 5/31/2006 6:30 0.006 0.117 <0.003 <0.050 

Aversboro Rd. 27529 4/18/2006  0.006 0.116 0.005 0.116 
Village Glen Dr. 27612   0.006 <0.050 <0.003 <0.050 

Iris Dr. 27612 5/19/2006 3:59 0.006 0.105 <0.003 <0.050 
Highcastle Court 27613 5/21/2006 6:23 0.004 0.052 <0.003 <0.050 
Carrington Dr. 27615 6/7/2006 6:30 0.004 0.132 <0.003 0.144 
Sunburst Ct. 27613 5/22/2006 7:18 0.004 0.074 <0.003 <0.050 
Buffaloe Rd. 27529 5/28/2006 7:15 0.004 <0.050 <0.003 <0.050 
Carmel Ln. 27607 9/19/2006 5:00 0.004 0.06 <0.003 <0.05 
Cardinal Dr. 27587 5/17/2006 6:40 0.004 0.472 <0.003 <0.050 
Bonnibee Ct. 27612 5/17/2006 7:30 0.004 0.081 <0.003 <0.050 

Towne View trl 27529   0.004 0.073 <0.003 <0.050 
Lakeside Dr. 27529 9/15/2006 7:45 0.004 0.051 <0.003 <0.015 

Fountainhead Dr. 27609 9/15/2006 5:30 0.004 <0.05 <0.003 <0.05 
Anderson Dr. 27608 6/1/2006 5:15 0.003 0.215 <0.003 0.052 

Valley Lake drive 27612 5/31/2006 6:00 0.003 0.116 <0.003 <0.050 
Apple Orchard Way 27615 5/5/2006  0.003 0.126 <0.003 0.086 

Kingswood Ct. 27613 5/23/2006 6:00 <0.003 0.080 <0.003 <0.050 
Glenn Bryan Ct. 27529 5/25/2006 3:00 <0.003 0.075 <0.003 <0.05 

Buffaloe Rd. 27529 5/18/2006 6:45 <0.003 <0.050 <0.003 <0.050 
Remington Woods Dr. 27587 5/18/2006 7:30 <0.003 <0.050 <0.003 <0.050 
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Farnham Ct. 27529 5/17/2006 6:45 <0.003 <0.050 <0.003 <0.050 
Lancashire Dr. 27613 5/21/2006 3:00 <0.003 <0.050 <0.003 <0.050 
Fortingale Cir. 27613 5/17/2006 6:00 <0.003 <0.050 <0.003 <0.050 

Sleepy Hollow Dr. 27612 5/17/2006 6:45 <0.003 0.055 <0.003 <0.050 
Annaley Dr. 27604   <0.003 <0.050 <0.003 <0.050 
Ladden Ct. 27615 6/2/2006 5:45 <0.003 <0.050 <0.003 <0.050 

Bonnibee Ct. 27612 5/31/2006 5:45 <0.003 0.071 <0.003 <0.050 
Hemphill Dr. 27609 9/21/2006 6:55 <0.003 0.072 <0.003 <0.05 

Fountainhead Dr. 27609   <0.003 <0.05 <0.003 <0.05 

ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Hunterfield Ln. 27609 9/20/2006 10:30 <0.003 <0.05 <0.003 <0.05 

Mcguire Dr. 27616 9/21/2006 5:30 <0.003 <0.05 <0.003 <0.05 
North Hills Drive 27612 5/23/2006 8:00 <0.003 <0.050 <0.003 <0.050 
Glendower Rd. 27613 6/1/2006 5:15 <0.003 <0.050 0.004 0.098 

Audley Cir. 27615 5/16/2006 6:30 <0.003 0.140 <0.003 <0.050 
Glendower Rd. 27613 5/23/2006 8:00 <0.003 <0.050 <0.003 <0.050 
Bellingham Circle 27615 5/16/2006 7:30 <0.003 0.093 <0.003 <0.050 

Anchor Ct. 27615 5/19/2006 5:00 <0.003 <0.050 <0.003 <0.050 
Crooked Stick Trl 27612 5/17/2006 6:00 <0.003 <0.050 <0.003 <0.050 

Halstead Ln. 27613 5/17/2006 7:00 <0.003 0.106 <0.003 <0.050 
Ashbury Ct. 27615 5/18/2006 11:00 <0.003 <0.050 <0.003 <0.050 
Berley Ct. 27609 5/17/2006 10:00 <0.003 0.125 <0.003 <0.050 

Fairpoint Ct. 27613 5/17/2006 6:00 <0.003 0.070 <0.003 <0.050 
Pine top Circle 27612 5/18/2006 7:00 <0.003 <0.050 <0.003 <0.050 
Aurora Dr. 27615 5/18/2006 5:30 <0.003 0.150 <0.003 <0.050 
Basil Dr. 27612   <0.003 0.065 <0.003 <0.050 

Calton Dr. 27612 5/24/2006 5:45 <0.003 <0.050 <0.003 <0.050 
Stockett Ct. 27529 9/22/2006 5:30 <0.003 <0.05 <0.003 <0.05 

Nikol Ct. 27612   <0.003 <0.050 <0.003 <0.050 
Bensley Ct. 27615 9/19/2006 7:02 <0.003 0.079 <0.003 <0.050 
Pine top Cir. 27612 9/15/2006 5:45 <0.003 <0.05 <0.003 <0.05 

Hamptonshire Dr. 27613 9/20/2006 9:00 <0.003 0.061 0.015 <0.050 
Sprague Rd. 27613 9/19/2006 6:00 <0.003 <0.05 <0.003 <0.05 
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Lancashire Dr. 27613 9/23/2006 7:00 <0.003 <0.05 <0.003 <0.05 
Sharpe Dr. 27612 9/22/2006 5:30 <0.003 <0.05 <0.003 <0.05 
Hershey Ct. 27613 9/15/2006 7:00 <0.003 <0.05 <0.003 <0.05 

Highlandview Cir. 27613 9/15/2006 7:30 <0.003 <0.05 <0.003 <0.05 
Dunwoody trl 27606 9/15/2006 14:30 <0.003 <0.05 <0.003 <0.05 

Sharpe Dr. 27612 9/19/2006 7:30 <0.003 0.055 <0.003 <0.05 
Ridgeloch pl 27612 9/15/2006 5:00 <0.003 <0.05 <0.003 <0.05 

Village Grove Road 27613   <0.003 0.099 <0.003 0.078 
Pine Top Cir. 27612 5/18/2006 6:44 <0.003 0.067 <0.003 <0.050 
Lake Park Dr. 27612 5/20/2006 7:00 <0.003 <0.050 <0.003 <0.050 

Sandringham Dr. 27613 5/19/2006 2:30 <0.003 0.122 <0.003 0.053 
Hedgemoor Dr. 27612 5/18/2006 7:00 <0.003 <0.050 <0.003 <0.050 

Tetbury Pl 27613 5/18/2006 8:30 <0.003 0.054 <0.003 <0.050 
Edgedale Dr. 27612 5/18/2006 6:15 <0.003 <0.050 <0.003 <0.050 

Village Glen Dr. 27612 9/15/2006 15:10 <0.003 <0.05 <0.003 <0.05 
Gatwick Ct. 27613 5/23/2006 5:30 <0.003 <0.050 <0.003 <0.050 
Kingsley Rd. 27612 5/18/2006 4:36 <0.003 0.130 <0.003 <0.050 
Thaxton pl 27612 5/17/2006 6:35 <0.003 <0.050 <0.003 <0.050 

Shellburne Dr. 27612 5/22/2006 6:00 <0.003 <0.050 <0.003 <0.050 
Brewster Dr. 27606 5/24/2006 5:25 <0.003 0.067 <0.003 <0.050 

ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Glochester Rd. 27612 5/20/2006 6:39 <0.003 0.153 <0.003 <0.050 
Lakehaven Dr. 27612   <0.003 0.116 <0.003 <0.050 
Grassmere Ct. 27609 9/15/2006 6:00 <0.003 <0.05 <0.003 <0.05 

Hamstead Crossing Dr. 27612 5/24/2006 8:55 <0.003 <0.050 <0.003 <0.050 
Halliwell Dr. 27606 9/14/2006 13:12 <0.003 <0.05 <0.003 <0.05 

Eden Croft Dr. 27612 5/24/2006 5:15 <0.003 0.081 <0.003 0.058 
Sandringham Dr. 27613 5/16/2006 5:40 <0.003 0.070 <0.003 <0.050 
Wilderness Road 27613 5/22/2006 3:00 <0.003 <0.050 <0.003 <0.050 
Village Glen Dr. 27612 5/23/2006 6:15 <0.003 <0.050 <0.003 <0.050 

Buckhorn Rd. 27529 6/1/2006 5:30 <0.003 <0.050 <0.003 <0.050 
North Hills Dr. 27612 5/24/2006 6:45 <0.003 <0.050 <0.003 <0.050 

Chippenham Ct. 27613 6/6/2006 8:00 <0.003 0.056 <0.003 <0.050 
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Westwood pl 27613 5/31/2006 5:20 <0.003 <0.050 <0.003 <0.050 
Valerie Drive 27606 5/23/2006 6:00 <0.003 0.108 <0.003 <0.050 
Sawmill Rd. 27613 5/23/2006 6:49 <0.003 <0.050 <0.003 <0.050 

Hamptonshire Dr. 27613 5/30/2006 5:30 <0.003 0.087 <0.003 <0.050 
Valley Run Dr. 27615 6/6/2006 6:00 <0.003 0.139 <0.003 0.092 

Hamstead Crossing Dr. 27612 5/19/2006 3:59 <0.003 <0.050 <0.003 <0.050 
Moultrie Ct. 27615 6/5/2006 8:00 <0.003 0.056 <0.003 <0.050 

Vestavia Woods Dr. 27615 6/3/2006 7:55 <0.003 0.098 <0.003 <0.050 
Wetherburn Ln. 27615 6/5/2006 6:00 <0.003 <0.050 <0.003 <0.050 
Wycombe Ln. 27615 6/2/2006 7:30 <0.003 <0.050 <0.003 <0.050 

Woodscreek Dr. 27529 5/18/2006 7:55 <0.003 <0.050 <0.003 <0.050 
Tattershale Ct. 27613 6/5/2006 5:52 <0.003 0.092 <0.003 0.098 
Bridgeport Dr. 27615 9/23/2006 6:45 <0.003 <0.05 <0.003 <0.05 
Townedge Ct. 27612 5/17/2006 6:00 <0.003 0.082 <0.003 <0.050 
Netherfield Ln. 27610 9/18/2006 6:45 <0.003 <0.050 <0.003 <0.05 
Bridgeport Dr. 27615 6/5/2006 5:45 <0.003 0.242 <0.003 0.195 
Portsmouth  27615 6/4/2006 6:35 <0.003 0.057 <0.003 <0.050 

Hamrick Dr. 27615 6/2/2006 5:00 <0.003 0.227 <0.003 0.132 
Osprey Circle 27615 6/5/2006 5:15 <0.003 <0.050 <0.003 <0.050 

Queen Annes Dr. 27613 5/17/2006 6:00 <0.003 <0.050 <0.003 <0.050 
Village Glen Dr. 27612 5/17/2006 7:27 <0.003 <0.050 <0.003 <0.050 
Royal Oaks Dr. 27615 6/3/2006 8:35 <0.003 0.057 <0.003 <0.050 
Woodscreek Dr. 27529 5/17/2006 5:50 <0.003 0.095 <0.003 <0.050 
Villa Green Ct. 27612 5/22/2006 6:15 <0.003 <0.050 <0.003 <0.050 
Blairemore Ct. 27612 5/19/2006 3:59 <0.003 <0.050 <0.003 <0.050 

Cottage Cir. 27613 9/15/2006 7:15 <0.003 0.063 <0.003 <0.050 
Greenside Dr. 27609 9/19/2006 6:15 <0.003 <0.050 <0.003 <0.05 
Myrtlewood Ct. 27609 9/20/2006 4:30 <0.003 <0.05 <0.003 <0.05 

Morningsdale Dr. 27609 9/14/2006 13:30 <0.003 <0.05 <0.003 <0.05 

ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Lakerest Ct. 27612   <0.003 <0.050 <0.003 <0.050 
Calorie Ct. 27612 5/31/2006 3:00 <0.003 0.051 <0.003 <0.050 

Chowning Ct. 27612 5/18/2006 4:45 <0.003 0.070 <0.003 <0.050 
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Cardiff Ct. 27615 6/16/2006 9:00 <0.003  <0.003  
Tarnhour Ct. 27612   <0.003 <0.050 <0.003 <0.050 

Old Scarborough Ln. 27529 5/17/2006 7:00 <0.003 <0.050 <0.003 <0.050 
Shellburne Dr. 27612   <0.003 0.236 <0.003 <0.050 

Hamstead Crossing Way 27612 5/18/2006 5:30 <0.003 <0.050 <0.003 <0.050 
Lakeway Dr. 27612   <0.003 <0.050 <0.003 <0.050 
Tarnhour Ct. 27612 5/1/2506 6:15 <0.003 0.084 <0.003 <0.050 

Groomsbridge Court 27612 5/19/2006 3:59 <0.003 <0.050 <0.003 <0.050 
Chicora Ct. 27615 6/3/2006 5:30 <0.003 <0.050 <0.003 <0.050 

Red Forest Trl 27615 6/2/2006 5:00 <0.003 <0.050 <0.003 <0.050 
Wycombe Lane 27615 6/2/2006 7:30 <0.003 0.092 <0.003 <0.050 
Shellburne Dr. 27612 5/19/2006 5:39 <0.003 0.140 <0.003 0.054 
Whithorne Dr. 27529 5/18/2006 9:30 <0.003 0.072 <0.003 <0.050 
Bayberry Ln. 27612 5/19/2006 8:00 <0.003 <0.050 <0.003 <0.050 
Avebury Ct. 27609 5/17/2006 6:10 <0.003 0.120 <0.003 <0.050 

Bayswater TRL 27612 5/16/2006 5:45 <0.003 0.106 <0.003 <0.050 
Basil Dr. 27612 5/23/2006 6:37 <0.003 <0.050 <0.003 <0.050 

Beaumont Ct. 27604   <0.003 0.085 <0.003 <0.050 
Basil Dr. 27612 5/18/2006 5:43 <0.003 0.065 <0.003 <0.050 

Bedfordshire Ct. 27604 5/17/2006 7:03 <0.003 <0.050 <0.003 <0.050 
Nikole Ct. 27612 9/19/2006 7:00 <0.003 <0.05 <0.003 <0.05 

Spiney Ridge Ct. 27612 5/19/2006 3:59 <0.003 <0.050 <0.003 <0.050 
Battleford Dr. 27613 5/24/2006 8:00 <0.003 0.125 <0.003 <0.050 

Snow Wind Dr. 27615   <0.003 <0.050 <0.003 <0.050 
Plumbridge Ct. 27613   <0.003 0.136   
Trowbridge Ct. 27613 5/18/2006 8:00 <0.003 0.092 <0.003 <0.050 

Fairpoint Ct. 27613   <0.003 <0.050 <0.003 <0.050 
Village Glen Dr. 27612 5/17/2006 15:30 <0.003 0.123 <0.003 <0.050 
Faversham Pl 27604 6/2/2006 6:45 <0.003 <0.050 <0.003 <0.050 

Gunston Pl 27612 5/19/2006 3:59 <0.003 <0.050 <0.003 <0.050 
Townedge Ct. 27612 5/23/2006 6:30 <0.003 <0.050 <0.003 <0.050 
Shellburne Dr. 27612   <0.003 <0.050 <0.003 <0.050 

Bensley Ct. 27615 5/21/2006 6:15 <0.003 <0.050 <0.003 <0.050 
Cottage Cir. 27613 5/18/2006 7:00 <0.003 0.082 <0.003 <0.050 
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 Village Glen Dr. 27612 9/15/2006 8:10 <0.003 <0.05 <0.003 <0.05 
Easton Ct. 27529 5/16/2006 6:35 <0.003 <0.050 <0.003 <0.050 
Maury Ct. 27615 6/2/2006 7:30 <0.003 0.064 <0.003 <0.050 
Bridge Way 27615 6/7/2006 7:25 <0.003 0.102 <0.003 <0.050 

Abbotsbury Ct. 27615   <0.003 0.069 <0.003 <0.050 

ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Taunton Ct. 27529 5/18/2006 7:30 <0.003 0.069 <0.003 <0.050 
Poole Dr. 27529 5/16/2006 5:15 <0.003 <0.050 <0.003 <0.050 
Audley Circle 27615 6/1/2006 6:30 <0.003 0.102 <0.003 <0.050 

Kilmarnock Ct. 27587 5/16/2006 7:40 <0.003 <0.050 <0.003 <0.050 
Abbotsbury Ct. 27615 5/16/2006 6:00 <0.003 0.106 <0.003 0.062 

Tanfield Pl 27529   <0.003 <0.050 <0.003 <0.050 
Bennett St. 27607 5/22/2006 6:00 <0.003 0.095 <0.003 0.104 

Bembridge Dr. 27613 5/24/2006 11:22 <0.003 0.097 <0.003 <0.050 
Bainbridge Circle 27529 5/19/2006 6:23 <0.003 <0.050 <0.003 <0.050 
Elmwood Ct. 27587 5/16/2006 6:00 <0.003 0.108 <0.003 <0.050 

Ashley Ct. 27607 5/18/2006 6:25 <0.003 0.056 <0.003 <0.050 
Bayswater trl 27612   <0.003 0.093 <0.003 <0.050 
Whithorne Dr. 27529 5/22/2006 5:50 <0.003 <0.050 <0.003 <0.050 

Wood Pond Ct. 27610 9/15/2006 4:30 <0.003 <0.05 <0.003 <0.05 
Fallon Oaks Ct. 27608 5/28/2006 10:30 <0.003 0.067 <0.003 <0.050 

Apple Orhard Way 27615 4/10/2006 6:30 <0.003 0.070 <0.003 0.066 
Chippenham Ct. 27613 9/23/2006 7:30 <0.003 <0.05 <0.003 <0.05 

Whithorne Dr. 27529 9/16/2006 8:10 <0.003 <0.05 <0.003 <0.05 
Kingsland Dr. 27613 9/25/2006 5:48 <0.003 0.050 <0.003 <0.05 

Roller Ct. 27604 9/16/2006 9:10 <0.003 <0.05 <0.003 <0.05 
Whisperwood Dr. 27616 9/15/2006 16:00 <0.003 <0.05 <0.003 <0.05 

Belsay Dr. 27612 4/18/2006 5:30 <0.003 0.217 <0.003 0.178 
Bayswater Tr. 27612 4/11/2006 5:45 <0.003 0.13 <0.003 0.12 

Balsam Dr. 27612 4/12/2006 6:30 <0.003 0.066 <0.003 <0.050 
Dogwood Dr. 27616 5/23/2006 3:30 <0.003 <0.050 <0.003 <0.050 

Basil Dr. 27612 4/11/2006 5:30 <0.003 0.07 <0.003 0.08 
E. Jameson Rd. 27604 5/24/2006 6:35 <0.003 0.087 <0.003 <0.050 
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Beechridge Rd. 27608 4/9/2006 6:15 <0.003 0.08 <0.003 0.02 
Oakside Ct. 27609 9/15/2006 6:30 <0.003 <0.05 <0.003 <0.05 
Voyager Circle 27603 4/10/2006 5:30 <0.003 0.08 <0.003 0.06 

Old Coach Rd. 27616 5/30/2006 5:00 <0.003 <0.050 <0.003 <0.050 
Bayfield Drive 27606 5/31/2006 7:00 <0.003 0.052 <0.003 <0.050 

Bay Ct. 27615 4/10/2006 6:00 <0.003 0.114 <0.003 0.064 
coach light Cir. 27613 5/29/2006 9:00 <0.003 <0.050 <0.003 <0.050 

Berwick Ct. 27587   <0.003 <0.050 <0.003 <0.050 
Carolina Ave 27606 5/27/2006 5:45 <0.003 0.078 <0.003 <0.050 
Sherrif Pl 27610 6/2/2006 6:45 <0.003 <0.050 <0.003 <0.050 

Derbyshire Pl 27604   <0.003 <0.050 <0.003 <0.050 
Lawrence Dr.  5/24/2006 6:35 <0.003 0.059 <0.003 <0.050 
Marlowe Rd. 27609 5/23/2006 7:05 <0.003 <0.050 <0.003 <0.050 

Fawnbrook Cir. 27612 6/4/2006 7:15 <0.003 <0.050 <0.003 <0.050 
Iron Horse Rd. 27616 5/23/2006 5:30 <0.003 <0.050 <0.003 <0.050 

Apple Orchard Way 27615 4/12/2006 5:12 <0.003 0.05 <0.003 0.03 

ADDRESS Street Suffix 
ZIP 

CODE 
Collection 

Date 
Collection 

Time 
Pb Result 1st 
Draw (mg/L) 

Cu Result 1st 
Draw (mg/L) 

Pb Result 
2nd Draw 

(mg/L) 

Cu Result 
2nd Draw  

(mg/L) 
Ashbury Ct. 27615 4/19/2006 10:00 <0.003 0.115 <0.003 0.161 

Bayswater Tr. 27612 4/27/2006 6:50 <0.003 0.085 <0.003 0.065 
Bembridge Dr. 27613 5/16/2006 6:30 <0.003 0.102 <0.003 0.052 

Ashbury Ct. 27615   <0.003 0.072 <0.003 <0.050 
Ashebrook Dr. 27609 5/12/2006  <0.003 <0.050 <0.003 <0.050 
Bayswater Tr. 27612 4/8/2006 8:30 <0.003 0.14 <0.003 0.18 
Abbotsbury Ct. 27615 5/3/2006 8:30 <0.003 0.099 <0.003 0.072 

Bedfordshire Ct. 27604 5/3/2006 7:00 <0.003 <0.050 <0.003 <0.050 
Annaley Drive 27604 5/3/2006 4:50 <0.003 <0.050 <0.003 <0.050 

Bannister Ct. 27615 4/12/2006 7:00 <0.003 0.07 <0.003 0.05 
Bellingham Circle 27615 5/10/2006 7:00 <0.003 0.092 <0.003 0.097 
Stagwood Dr. 27613 5/23/2006 5:33 <0.003 <0.050 <0.003 <0.050 
Greenside Dr. 27609 9/20/2006 6:00 <0.003 0.058 <0.003 <0.050 
Abbotsbury Ct. 27615 4/10/2006 6:00 <0.003 0.13 <0.003 0.11 
Travianna Ct. 27609 9/15/2006 6:00 <0.003 <0.05 <0.003 <0.05 

N. Bellweather Ct. 27615 5/7/2006 8:15 <0.003 <0.050 <0.003 <0.050 
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Artesian Drive 27529 5/4/2006 4:03 <0.003 0.062 <0.003 0.070 
Belsay Drive 27612 5/23/2006 6:35 <0.003 0.143 <0.003 0.097 

Lakehaven Dr. 27612 9/19/2006 6:35 <0.003 0.060 <0.003 <0.05 
Bayswater Trl 27612   <0.003 0.096 <0.003 <0.050 

Bensley Court 27615 5/12/2006 5:00 <0.003 0.102 <0.003 0.067 
Roller Ct. 27604 9/15/2006 6:25 <0.003 <0.05 <0.003 <0.05 

Avenida Del Sol  27616   <0.003 <0.050 <0.003 <0.050 
Cottage Cir. 27613 9/16/2006 6:45 <0.003 0.071 <0.003 <0.05 

Longwood Dr. 27612 9/15/2006 8:20 <0.003 0.067 <0.003 0.05 
Cottage Cir. 27613 9/15/2006 7:20 <0.003 0.06 <0.003 <0.05 

Berwickshire Cir. 27615 4/10/2006 9:00 <0.003 0.13 <0.003 0.04 
Aversboro Rd. 27529 4/11/2006 7:12 <0.003 0.13 <0.003 0.12 
Round hill Ln. 27616 6/1/2006 5:30 <0.003 <0.050 <0.003 <0.050 
Greywood Dr. 27604 6/6/2006 7:30 <0.003 <0.050 <0.003 <0.050 
Ferncliff Cir. 27609 5/24/2006 6:20 <0.003 <0.050 <0.003 <0.050 

Rigel Ct. 27604       
Briarforest Dr. 27615       
Valley Run Dr. 27615       
Fawnbrook Circle 27612       

Kinross Dr. 27613       
Sierra Dr. 27603       

Gadland Ct. 27609       
Bedfordshire Ct. 27604       
Thorpshire Dr. 27615       

Nikole Ct. 27612       
Carrington Dr. 27615       
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NO LC STNUM STNAME STYPE DATE TIME pH TCL FCL COMB TURB HPC SAMPLER

1 A1R 6301 Jones Sausage RD 7/5/2006 11:11 8.50 2.0 0.08 1.92 0.42 <2 LKS 

2 A2R 450 Creech RD 7/5/2006 10:49 8.52 2.6 0.10 2.50 0.57 <2 LKS 

3 A3R 720 Powell DR 7/5/2006 10:22 8.50 2.3 0.10 2.20 0.44 2 LKS 

4 A4R 558 Village CT 7/5/2006 9:56 8.43 2.8 0.13 2.67 0.41 <2 LKS 

5 A5R 910 Aversboro RD 7/5/2006 9:38 8.51 2.7 0.11 2.59 0.43 12 LKS 

6 A6R 1605 Aversboro RD 7/5/2006 9:03 8.54 2.3 0.09 2.21 0.50  LKS 

7 A7R 1413 Aversboro RD 7/5/2006 9:21 8.56 2.8 0.11 2.69 0.48  LKS 

8 A8R 235 Timber DR 7/5/2006 8:15 8.63 2.7 0.12 2.58 0.67 <2 LKS 

9 A9R 2345 Timber DR 7/5/2006 8:40 8.59 2.5 0.10 2.40 0.61  LKS 

10 B1R 1305 70 West HWY 7/5/2006 11:42 8.61 3.0 0.14 2.86 0.45 <2 LKS 

11 B2R 1504 70 West HWY 7/5/2006 12:03 8.60 3.0 0.12 2.88 0.39  LKS 

12 B3R 3808 Edwards Mill RD 7/5/2006 12:34 8.42 2.3 0.07 2.23 0.42 <2 LKS 

13 B4R 201 Six Forks RD 7/5/2006 9:53 8.50 3.1 0.13 2.97 0.40 <2 JF 

14 B5R 300 Six Forks RD 7/5/2006 10:07 8.49 3.3 0.18 3.12 0.20  JF 

15 B6R 4465 Six Forks RD 7/5/2006 10:24 8.18 3.1 0.15 2.95 0.20  JF 

16 B7R 4520 Six Forks RD 7/5/2006 10:43 8.98 2.2 0.00 2.20 0.30  JF 

17 B8R 5307 Six Forks RD 7/5/2006 11:01 8.96 2.6 0.12 2.48 0.30  JF 

18 B9R 7471 Six Forks RD 7/5/2006 11:21 8.19 3.2 0.32 2.88 0.20  JF 

19 C1R 7601 Six Forks RD 7/5/2006 11:35 8.19 3.1 0.27 2.83 0.40  JF 

20 C2R 8801 Six Forks RD 7/5/2006 11:50 7.06 3.6 0.37 3.23 0.20  JF 

21 C3R 8115 Strickland RD 7/10/2006 8:52 8.58 2.4 0.17 2.23 0.30 <2 JF 

22 C4R 8408 Strickland RD 7/10/2006 9:08 8.02 3.4 0.70 2.70 0.20  JF 
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23 C5R 9508 Strickland RD 7/5/2006 12:50 8.06 3.6 0.21 3.39 0.30 2 JF 

24 C6R 12401 Strickland RD 7/10/2006 9:30 8.17 3.4 0.21 3.19 0.20  JF 

25 C7R 905 Garner RD 7/6/2006 8:45 8.39 2.8 0.12 2.68 0.41 <2 LKS 

26 C8R 503 W. Main ST 7/6/2006 8:26 8.41 2.3 0.09 2.21 0.45 <2 LKS 

27 C9R 1851 Aversboro RD 7/6/2006 10:36 8.49 2.4 0.10 2.30 0.50 <2 LKS 

28 D1R 600 St. Mary ST 7/6/2006 9:18 8.50 3.0 0.13 2.87 0.42 <2 LKS 

29 D2R 1008 Vandora Springs RD 7/6/2006 9:40 8.45 2.9 0.12 2.78 0.39  LKS 

30 D3R 1300 Vandora Springs RD 7/6/2006 9:59 8.47 2.1 0.09 2.01 0.52 <2 LKS 

31 D4R 1695 Timber DR 7/6/2006 10:15 8.51 2.5 0.10 2.40 0.46 <2 LKS 

32 D5R 535 Plaza CT 7/6/2006 9:01 8.48 2.9 0.14 2.76 0.37 <2 LKS 

33 D6R 7931 Fayetteville RD 7/6/2006 11:00 8.55 2.4 0.10 2.30 0.49 <2 LKS 

34 D7R 1201 Maxwell DR 7/6/2006 11:25 8.43 2.7 0.12 2.58 0.55 2 LKS 

35 D8R 4207 Fayetteville RD 7/6/2006 11:49 8.50 3.2 0.15 3.05 0.37  LKS 

36 D9R 2639 S. Saunders ST 7/6/2006 12:22 8.49 3.1 0.13 2.97 0.46 <2 LKS 

37 E1R 8401 Capital BLVD 7/10/2006 10:01 8.69 3.5 0.79 2.71 0.20 <2 JF 

38 E2R 6300 Capital BLVD 7/10/2006 10:23 8.71 3.6 0.24 3.36 0.20  JF 

39 E3R 5100 Capital BLVD 7/10/2006 10:40 8.60 3.6 0.46 3.14 0.20  JF 

40 E4R 3600 Capital BLVD 7/10/2006 10:58 8.64 3.6 0.45 3.15 0.30  JF 

41 E5R 3520 Capital BLVD 7/10/2006 11:19 8.57 3.5 0.37 3.13 0.20  JF 

42 E6R 2825 Capital BLVD 7/10/2006 11:38 8.60 3.4 0.29 3.11 0.40  JF 

43 E7R 9350 Durant RD 7/10/2006 12:26 8.38 3.3 0.12 3.18 0.70 <2 JF 

44 E8R 9901 Durant RD 7/10/2006 12:14 8.70 3.8 0.26 3.54 0.60  JF 

45 E9R 5016 Old Louisburg RD 7/11/2006 8:03 8.60 3.2 0.93 2.27 0.20  JF 

46 F1R 5021 Old Louisburg RD 7/11/2006 11:16 8.72 3.2 0.23 2.97 0.20 414 JF 
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47 F2R 4330 Old Louisburg RD 7/10/2006 11:17 8.40 3.4 0.23 3.17 0.20 <2 JF 

48 F3R 4400 Old Louisburg RD 7/10/2006 12:59 8.66 3.6 0.32 3.28 0.20  JF 

49 F4R 2305 Lake Wheeler RD 7/11/2006 8:34 8.39 2.4 0.09 2.31 0.47 <2 LKS 

50 F5R 5018 Dillard DR 7/11/2006 10:22 8.51 2.0 0.08 1.92 0.42 15 LKS 

51 F6R 5200 Dillard DR 7/11/2006 10:51 8.42 2.3 0.11 2.19 0.39  LKS 

52 F7R 5501 Avent Ferry RD 7/11/2006 9:59 8.33 2.7 0.11 2.59 0.51 <2 LKS 

53 F8R 1721 Trailwood DR 7/11/2006 8:50 8.40 3.1 0.13 2.97 0.42 2 LKS 

54 F9R 3209 Avent Ferry RD 7/11/2006 9:15 8.48 3.5 0.13 3.37 0.32  LKS 

55 G1R 1420 Athens DR 7/11/2006 9:40 8.45 2.9 0.11 2.79 0.44 <2 LKS 

56 G2R 3801 Western BLVD 7/11/2006 12:10 8.56 3.3 0.14 3.16 0.31 19 LKS 

57 G3R 4905 Western BLVD 7/11/2006 11:50 8.49 3.1 0.12 2.98 0.36  LKS 

58 G4R 5001 Western BLVD 7/11/2006 11:35 8.51 2.7 0.10 2.60 0.33  LKS 

59 G5R 514 Method RD 7/11/2006 12:42 8.39 2.0 0.07 1.93 0.78 >738 LKS 

60 G6R 5418 Chapel Hill RD 7/11/2006 11:15 8.37 2.6 0.10 2.50 0.39 15 LKS 

61 G7R 7100 Hilburn DR 7/12/2006 11:01 8.86 2.2 0.17 2.03 0.60 <2 JF 

62 G8R 6601 Pleasant Pines DR 7/12/2006 9:26 8.85 2.1 0.17 1.93 0.40 <2 JF 

63 G9R 8405 Leesville RD 7/11/2006 13:02 8.23 2.3 0.23 2.07 0.30 38 JF 

64 H1R 9913 Leesville RD 7/11/2006 12:21 8.10 3.3 0.27 3.03 0.40  JF 

65 H2R 9325 Leesville RD 7/11/2006 12:38 7.91 3.2 0.27 2.93 0.30  JF 

66 H3R 9425 Baileywick RD 7/12/2006 8:54 8.36 2.3 0.26 2.04 0.30 <2 JF 

67 H4R 2300 Bridgeport DR 7/12/2006 11:26 7.89 3.1 0.41 2.69 0.20 <2 JF 

68 H5R 7300 Creedmoor RD 7/11/2006 8:42 8.34 3.3 0.19 3.11 0.20 <2 JF 

69 H6R 7540 Creedmoor RD 7/12/2006 11:40 8.09 3.1 0.41 2.69 0.20 <2 JF 

70 H7R 5601 Creedmoor RD 7/12/2006 12:03 8.53 3.1 0.46 2.64 0.20  JF 
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71 H8R 8200 Morgans WAY 7/12/2006 13:03 7.93 2.9 0.24 2.66 0.40 <2 JF 

72 H9R 260 Horizon DR 7/13/2006 8:06 8.02 3.1 0.21 2.89 0.30 <2 JF 

73 I1R 4220 Lake Boone TR 7/10/2006 13:04 8.53 2.9 0.13 2.77 0.42 <2 LKS 

74 I2R 1820 Ridge RD 7/10/2006 12:30 8.41 2.0 0.09 1.91 0.58 <2 LKS 

75 I3R 2821 Hillsborough ST 7/10/2006 11:30 8.50 2.0 0.07 1.93 0.39 43 LKS 

76 I4R 3750 Hillsborough ST 7/10/2006 11:48 8.39 3.3 0.12 3.18 0.37  LKS 

77 I5R 300 Oberlin RD 7/10/2006 10:26 8.52 3.2 0.11 3.09 0.50  LKS 

78 I6R 2021 Smallwood DR 7/10/2006 10:01 8.50 3.0 0.13 2.87 0.41 <2 LKS 

79 I7R 2816 Oberlin RD 7/10/2006 9:40 8.49 2.0 0.07 1.93 0.57 <2 LKS 

80 I8R 2405 Wade AVE 7/10/2006 9:20 8.53 2.4 0.10 2.30 0.46 <2 LKS 

81 I9R 723 St. Mary's ST 7/10/2006 10:50 8.44 2.7 0.12 2.58 0.49 <2 LKS 

82 J1R 301 St. Mary's ST 7/10/2006 11:09 8.53 3.2 0.14 3.06 0.46  LKS 

83 J2R 601 Devereux ST 7/10/2006 8:30 8.40 3.1 0.12 2.98 0.49 <2 LKS 

84 J3R 1614 Glenwood AVE 7/10/2006 8:55 8.46 2.1 0.10 2.00 0.42 <2 LKS 

85 J4R 7921 Ray RD 7/13/2006 8:38 8.53 2.8 0.17 2.63 0.40 <2 JF 

86 J5R 8516 Old Lead Mine RD 7/13/2006 9:38 7.81 3.0 0.18 2.82 0.30 <2 JF 

87 J6R 6119 Creedmoor RD 7/13/2006 9:02 8.37 2.2 0.18 2.02 0.30 128 JF 

88 J7R 1601 Lynn RD 7/13/2006 9:21 8.23 2.2 0.46 1.74 0.30 <2 JF 

89 J8R 5500 Dixon DR 7/13/2006 10:02 8.64 2.5 0.20 2.30 0.30 <2 JF 

90 J9R 7101 Fox RD 7/13/2006 11:58 8.58 3.3 0.22 3.08 0.30 4 JF 

91 K1R 223 W. Millbrook RD 7/13/2006 10:57 8.24 3.5 0.32 3.18 0.30 <2 JF 

92 K2R 700 Northbrook DR 7/13/2006 12:35 8.44 2.3 0.10 2.20 0.60 2 JF 

93 K3R 5225 Leadmine RD 7/13/2006 10:20 8.09 3.3 0.18 3.12 0.30 4 JF 

94 K4R 1400 Millbrook RD 7/13/2006 10:26 9.04 2.9 0.06 2.84 0.40  JF 
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95 K5R 1529 Millbrook RD 7/13/2006 11:14 8.50 3.5 0.09 3.41 0.30 <2 JF 

96 K6R 5141 N. New Hope RD 7/13/2006 11:33 8.45 3.4 0.26 3.14 0.30 <2 JF 

97 K7R 825 Cooper RD 7/12/2006 12:20 8.49 2.4 0.11 2.29 0.48 <2 LKS 

98 K8R 524 Sunnybrook RD 7/12/2006 12:38 8.41 3.4 0.13 3.27 0.39 <2 LKS 

99 K9R 3409 Poole RD 7/12/2006 13:05 8.55 3.2 0.13 3.07 0.32 <2 LKS 

100 L1R 400 Peyton ST 7/12/2006 11:59 8.46 2.0 0.08 1.92 0.55 45 LKS 

101 L2R 505 Martin L. King BLVD 7/12/2006 9:14 8.52 2.5 0.11 2.39 0.48 2 LKS 

102 L3R 100 Martin L. King BLVD 7/12/2006 11:11 8.47 2.8 0.12 2.68 0.35  LKS 

103 L4R 1221 New Bern AVE 7/12/2006 9:40 8.55 2.9 0.13 2.77 0.37  LKS 

104 L5R 2004 New Bern AVE 7/12/2006 9:58 8.49 2.1 0.10 2.00 0.42 <2 LKS 

105 L6R 318 King Charles RD 7/12/2006 10:44 8.50 2.0 0.07 1.93 0.56 19 LKS 

106 L7R 128 Clarendon CRESCENT 7/12/2006 10:20 8.45 2.2 0.09 2.11 0.50 8 LKS 

107 L8R 758 Lunar DR 7/12/2006 11:40 8.39 2.8 0.12 2.68 0.42 <2 LKS 

108 L9R 501 S. Boylan AVE 7/12/2006 8:25 8.56 2.4 0.10 2.30 0.61 8 LKS 

109 M1R 8105 Falls of Neuse RD 7/17/2006 7:39 8.33 4.0 0.23 3.77 0.20 <2 JF 

110 M2R 7120 Harps Mill RD 7/17/2006 7:58 8.81 3.3 0.13 3.17 0.50 209 JF 

111 M3R 8401 Wild Wood Forest DR 7/17/2006 11:38 8.92 2.5 0.12 2.38 0.50 <2 JF 

112 M4R 6601 Falls of Neuse RD 7/17/2006 8:16 8.46 3.5 0.41 3.09 0.30 <2 JF 

113 M5R 6313 Falls of Neuse RD 7/17/2006 8:32 8.69 3.3 0.25 3.05 2.00  JF 

114 M6R 3201 Wake Forest RD 7/17/2006 8:57 8.58 3.5 0.77 2.73 0.20  JF 

115 M7R 3400 Wake Forest RD 7/17/2006 10:07 8.61 3.5 0.72 2.78 0.30  JF 

116 M8R 4015 Wake Forest RD 7/17/2006 10:58 8.34 3.3 0.38 2.92 0.20  JF 

117 M9R 4405 Wake Forest RD 7/17/2006 10:28 8.54 3.9 0.42 3.48 0.30  JF 

118 N1R 2424 Wake Forest RD 7/17/2006 9:40 8.58 3.3 0.29 3.01 0.30  JF 
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119 N2R 2801 Wake Forest RD 7/17/2006 9:27 8.63 3.4 0.74 2.66 0.20  JF 

120 N3R 2837 Wake Forest RD 7/17/2006 9:15 8.54 3.5 0.28 3.22 0.30  JF 

121 N4R 263 Pecan RD 7/6/2006 12:39 8.57 3.1 0.12 2.98 0.52 <2 LKS 

122 N5R 330 Tryon RD 7/13/2006 8:46 8.49 3.0 0.14 2.86 0.36  LKS 

123 N6R 408 Ashe AVE 7/12/2006 8:48 8.45 2.1 0.09 2.01 0.40 10 LKS 

124 N7R 220 S. Dawson ST 7/13/2006 9:58 8.50 3.4 0.13 3.27 0.32 <2 LKS 

125 N8R 111 Lee ST 7/13/2006 9:09 8.39 2.9 0.12 2.78 0.48 276 LKS 

126 N9R 310 Person ST 7/13/2006 10:27 8.48 3.0 0.11 2.89 0.51 <2 LKS 

127 O1R 13 S. East ST 7/13/2006 10:43 8.55 3.4 0.13 3.27 0.42 <2 LKS 

128 O2R 706 E. Lenoir ST 7/18/2006 9:00 8.36 2.0 0.07 1.93 0.58 <2 LKS 

129 O3R 1018 Davie ST 7/13/2006 11:50 8.44 2.0 0.09 1.91 0.54 <2 LKS 

130 O4R 1300 Martin ST 7/13/2006 11:26 8.39 2.1 0.08 2.02 0.43 <2 LKS 

131 O5R 605 New Bern AVE 7/13/2006 11:04 8.52 3.3 0.14 3.16 0.32  LKS 

132 O6R 2432 Crabtree BLVD 7/18/2006 12:45 8.44 2.9 0.12 2.78 0.30  LKS 

133 O7R 3202 Northampton ST 7/18/063 13:05 8.30 2.2 0.04 2.16 0.20 <2 JF 

134 O8R 2925 Glenridge AVE 7/17/2006 12:52 8.06 3.4 0.22 3.18 0.30 <2 JF 

135 O9R 8312 Pinecrest RD 7/19/2006 9:31 8.01 2.6 0.11 2.49 0.20 <2 JF 

136 P1R 4120 Glenwood AVE 7/19/2006 8:15 8.35 3.9 0.21 3.69 0.30 38 JF 

137 P2R 4601 Pleasant Valley RD 7/18/2006 11:09 8.14 3.0 0.21 2.79 0.20  JF 

138 P3R 4500 Glenwood AVE 7/19/2006 8:45 8.40 3.7 0.28 3.42 0.30  JF 

139 P4R 5929 Glenwood AVE 7/18/2006 10:13 8.40 2.3 0.14 2.16 0.30  JF 

140 P5R 6000 Glenwood AVE 7/19/2006 9:07 8.65 2.6 0.13 2.47 0.30  JF 

141 P6R 6209 Glenwood AVE 7/18/2006 10:31 8.39 2.9 0.31 2.59 0.30  JF 

142 P7R 6501 Glenwood AVE 7/18/2006 10:49 8.44 3.0 0.19 2.81 0.20  JF 
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143 P8R 6801 Glenwood AVE 7/18/2006 11:25 8.55 2.9 0.71 2.19 0.70  JF 

144 P9R 6910 Glenwood AVE 7/18/2006 11:44 8.30 2.2 0.04 2.16 0.20  JF 

145 R1R 349 Tryon RD 7/13/2006 8:22 8.49 2.4 0.10 2.30 0.37 <2 LKS 

146 R2R 1000 Fayetteville ST 7/13/2006 9:31 8.37 2.0 0.06 1.94 0.41 <2 LKS 

147 R3R 1425 Carnage DR 7/17/2006 8:23 8.46 2.0 0.08 1.92 0.52 <2 LKS 

148 R4R 4000 Jones Sausage RD 7/17/2006 11:12 8.49 3.2 0.14 3.06 0.33 <2 LKS 

149 R5R 2615 Fitzgerald DR 7/17/2006 9:54 8.52 3.0 0.12 2.88 0.38  LKS 

150 R6R 3330 Idlewood Village DR 7/17/2006 10:21 8.47 2.9 0.12 2.78 0.36  LKS 

151 R7R 1604 Cross Link RD 7/17/2006 9:30 8.50 2.2 0.10 2.10 0.40  LKS 

152 R8R 2711 Sanderford RD 7/17/2006 10:35 8.56 2.1 0.10 2.00 0.39  LKS 

153 R9R 2600 Rock Quarry RD 7/17/2006 10:52 8.49 2.3 0.11 2.19 0.43  LKS 

154 S1R 3929 Barwell RD 7/17/2006 11:36 8.51 2.9 0.13 2.77 0.56  LKS 

155 S2R 5105 Old Poole RD 7/17/2006 11:58 8.39 3.2 0.12 3.08 0.46  LKS 

156 S3R 4020 Ajinomoto DR 7/17/2006 12:16 8.48 3.1 0.14 2.96 0.31  LKS 

157 S4R 121 Northway CT 7/24/2006 11:13 8.50 3.3 0.12 3.18 0.46 <2 LKS 

158 S5R 11700 New Leesville RD 7/24/2006 11:46 8.47 3.2 0.14 3.06 0.40 12 LKS 

159 S6R 8680 70 (Glenwood Ave.) HWY 7/24/2006 12:43 8.54 3.2 0.11 3.09 0.31 <2 LKS 

160 S7R 8115 Brier Creek PKWY 7/24/2006 12:14 8.49 2.9 0.10 2.80 0.34 <2 LKS 

161 S8R 2229 New Hope Church RD 7/19/2006 10:36 8.35 4.5 0.37 4.13 0.30  JF 

162 S9R 4808 Atlantic AVE 7/19/2006 10:20 8.47 2.8 0.39 2.41 0.40  JF 

163 T1R 4901 Atlantic AVE 7/19/2006 10:00 8.24 3.7 0.39 3.31 0.20  JF 

164 T2R 4201 Green RD 7/19/2006 11:01 8.40 3.6 0.49 3.11 0.40  JF 

165 T3R 4001 Green RD 7/19/2006 10:53 8.03 3.9 0.33 3.57 0.30  JF 

166 T4R 2201 New Hope RD 7/19/2006 11:24 8.01 3.7 0.38 3.32 0.30  JF 
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167 T5R 2263 New Hope RD 7/19/2006 11:38 8.01 3.8 0.25 3.55 0.50  JF 

168 T6R 1326 Millbrook RD 7/19/2006 12:46 8.21 3.7 0.28 3.42 0.30  JF 

169 T7R 610 New Rand RD 7/18/2006 7:36 8.41 2.6 0.11 2.49 0.43 <2 LKS 

170 T8R 121 Tarboro RD 7/18/2006 9:24 8.47 2.1 0.07 2.03 0.49 104 LKS 

171 T9R 1015 Halifax ST 7/18/2006 9:47 8.39 2.0 0.09 1.91 0.51 <2 LKS 

172 V1R 1035 Halifax ST 7/18/2006 8:58 8.40 2.0 0.08 1.92 0.33 4 LKS 

173 V2R 1923 Milburnie RD 7/18/2006 10:47 8.45 2.0 0.10 1.90 0.46 <2 LKS 

174 V3R 2100 Glascock ST 7/18/2006 11:23 8.51 2.9 0.13 2.77 0.32  LKS 

175 V4R 1130 Marlborough RD 7/18/2006 11:41 8.50 2.7 0.11 2.59 0.42  LKS 

176 V5R 1221 Brookside DR 7/18/2006 12:08 8.56 2.4 0.10 2.30 0.37  LKS 

177 V6R 516 Dennis AVE 7/18/2006 12:23 8.54 2.9 0.14 2.76 0.30  LKS 

178 V7R 2300 Noble RD 7/18/2006 13:10 8.49 2.2 0.09 2.11 0.54  LKS 

179 V8R 819 W. Morgan ST 7/18/2006 10:25 8.55 3.2 0.13 3.07 0.36  LKS 

180 V9R 4210 Edwards Mill RD 7/18/2006 13:47 8.39 2.2 0.09 2.11 0.48  LKS 

181 W1R 321 Spring Forest RD 7/24/2006 10:40 8.55 3.4 0.12 3.28 0.38 <2 LKS 

182 W2R 900 Spring Forest RD 7/24/2006 10:22 8.58 3.0 0.11 2.89 0.30 8 LKS 

183 W3R 1815 Spring Forest RD 7/24/2006 9:40 8.60 3.3 0.14 3.16 0.31 4 LKS 

184 W4R 1905 Spring Forest RD 7/24/2006 10:00 8.55 3.2 0.14 3.06 0.39 15 LKS 

185 W5R 2201 Spring Forest RD 7/24/2006 9:17 8.57 2.6 0.09 2.51 0.48  LKS 

186 W6R 2300 Spring Forest RD 7/24/2006 8:50 8.53 2.9 0.11 2.79 0.32  LKS 

187 W7R 3219 Spring Forest RD 7/24/2006 10:30 8.30 3.4 0.20 3.20   CD 

188 W8R 3612 Spring Forest RD 7/24/2006 10:55 8.30 3.5 0.23 3.27   CD 

189 W9R 3801 Spring Forest RD 7/24/2006 10:05 8.80 2.3 0.26 2.04   CD 

190 X1R 4001 Spring Forest RD 7/24/2006 9:35 8.30 3.5 0.11 3.39   CD 
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191 X2R 4209 Spring Forest RD 7/24/2006 9:10 8.30 3.3 0.26 3.04   CD 

192 X3R 4421 Spring Forest RD 7/24/2006 11:25 8.20 3.5 0.36 3.14   CD 

193 X4R 932 Heather Park DR 7/19/2006 8:35 8.42 2.5 0.10 2.40 0.39 35 LKS 

194 X5R 1000 Lawndale DR 7/19/2006 8:16 8.36 2.4 0.10 2.30 0.45 <2 LKS 

195 X6R 2705 New Bern AVE 7/19/2006 9:41 8.44 2.9 0.11 2.79 0.40 62 LKS 

196 X7R 3000 Holston LN 7/19/2006 9:20 8.49 3.1 0.14 2.96 0.42 <2 LKS 

197 X8R 3500 Maitland DR 7/19/2006 10:00 8.50 3.4 0.13 3.27 0.36  LKS 

198 X9R 3901 New Bern AVE 7/19/2006 10:22 8.53 3.1 0.12 2.98 0.44  LKS 

199 Y1R 4480 New Bern AVE 7/19/2006 10:47 8.49 2.7 0.10 2.60 0.33  LKS 

200 Y2R 4700 New Bern AVE 7/19/2006 11:10 8.38 2.0 0.08 1.92 0.55 <2 LKS 

201 Y3R 4713 New Bern AVE 7/19/2006 12:42 8.45 3.0 0.12 2.88 0.39  LKS 

202 Y4R 1420 Hedingham BLVD 7/19/2006 12:57 8.50 3.2 0.13 3.07 0.31  LKS 

203 Z2R 207 Main (K) ST 7/19/2006 11:53 8.48 2.4 0.09 2.31 0.46 <2 LKS 

204 Y6R 6702 64 (K) HWY 7/19/2006 11:35 8.42 2.5 0.11 2.39 0.39  LKS 

205 Y7R 2300 Wakefield Pines DR 7/18/2006 13:10 8.30 3.0 0.18 2.82  <2 CD 

206 Y8R 2900 Wakefield Plantation DR 7/20/2006 10:35 7.90 2.6 0.31 2.29  <2 CD 

207 Y9R 2740 Wakefield Crossing DR 7/18/2006 12:40 8.10 2.8 0.26 2.54  <2 CD 

208 Z1R 307 S. Main (Rolesville) ST 7/18/2006 10:50 8.40 2.9 0.18 2.72  2 CD 

209 W03 401 Elm (WF) AVE 7/18/2006 9:40 7.70 2.2 0.18 2.02   CD 

210 W07 1800 S. Main (Rolesville) ST 7/17/2006 11:15 8.30 2.9 0.21 2.69   CD 

211 W16 2223 S. Main (WF) ST 7/17/2006 9:50 7.80 2.2 0.14 2.06   CD 

212 W17 420 West Stadium (WF) DR 7/18/2006 10:10 8.30 2.4 0.15 2.25   CD 

213 W27 136 
West Sycamore 
(WF) AVE 7/20/2006 10:25 7.80 2.2 0.18 2.02   CD 
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214 W45 3425 Rogers (WF) RD 7/17/2006 10:25 8.40 3.2 0.17 3.03   CD 

215 W67 2100 S. Main (WF) ST 7/17/2006 10:50 8.40 3.3 0.35 2.95   CD 

216 W72 1100 
Jones Dairy 
(Rolesville) RD 7/17/2006 9:15 7.80 2.2 0.15 2.05   CD 
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Special Corrosion Control Monitoring Program

ID
RESIDENT 
NUMBER ADDRESS

Collection 
Date

Collection 
Time

Pb Results 
1st Draw 
(mg/L)

Cu Results 
1st Draw 
(mg/L)

Pb Results 
2nd Draw 

(mg/L)

Cu Results 
2nd Draw 

(mg/L)

A14 6304 Bayswater 4/11/2006 5:45 <0.003 0.13 <0.003 0.12

A83 6321 Bayswater 5/14/2006 7:10 0.007 0.060 <0.003 0.062

A27 6332 Bayswater 4/8/2006 8:30 <0.003 0.14 <0.003 0.18

B37 6313 Bayswater <0.003 0.093 <0.003 <0.050

A30 6312 Bayswater 4/27/2006 6:50 <0.003 0.085 <0.003 0.065

A97 6336 Bayswater 5/16/2006 5:45 <0.003 0.106 <0.003 <0.050

A73 6328 Bayswater <0.003 0.096 <0.003 <0.050
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UTILITY B SAMPLE DATA
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ARC_Street SAMPLE_No SAMPLE_DATE
Pb 

(mg/L) 
Cu 

(mg/L) 
5574 WHITHORN CT 1 6/17/2005 0.002 0.020 
5587 WHITHORN CT 2 6/17/2005 0.002 0.020 
5591 WHITHORN CT 3 6/17/2005 0.002 0.020 
5595 WHITHORN CT 4 6/17/2005 0.002 0.020 
3497 HASTINGS DR 5 6/17/2005 0.002 0.020 
3521 HASTINGS DR 6 6/17/2005 0.002 0.020 
491 OATES DR 7 6/17/2005 0.002 0.020 
525 ANDOVER RD 8 6/17/2005 0.002 0.020 
805 GDARLINGTON ST 9 6/17/2005 0.002 0.020 
6938 MELBOURNE DR 10 6/17/2005 0.002 0.020 
1065 GLEN REILLY RD 11 6/17/2005 0.002 0.020 
1925 MARTINDALE DR 12 6/17/2005 0.002 0.020 
898 LONG IRON DR 13 6/17/2005 0.002 0.020 
939 FOUR WOOD DR 14 6/17/2005 0.002 0.020 
893 LONG IRON DR 15 6/17/2005 0.002 0.020 
4616 RAMBLEWOOD DR 16 6/17/2005 0.002 0.020 
6895 SOUTHSTAFF RD 17 6/17/2005 0.002 0.020 
6919 TOWBRIDGE RD 18 6/17/2005 0.002 0.021 
6908 WINCHESTER ST 19 6/17/2005 0.002 0.022 
557 ANDOVER RD 20 6/17/2005 0.002 0.023 
412 OAKGROVE DR 21 6/17/2005 0.002 0.023 
6907 TOWBRIDGE RD 22 6/17/2005 0.002 0.027 
621 STONINGTON DR 23 6/17/2005 0.002 0.030 
5512 KENMURE PLACE 24 6/17/2005 0.002 0.031 
4355 LEGION RD 25 6/17/2005 0.004 0.036 
2537 ALLSBROOK DR 26 6/17/2005 0.002 0.038 
6813 THAMES RD 27 6/17/2005 0.006 0.040 
200 OFFING DR 28 6/17/2005 0.002 0.041 
405 OAKGROVE DR 29 6/17/2005 0.002 0.042 
904 FOUR WOOD DR 30 6/17/2005 0.002 0.043 
3479 NESBIT RD 31 6/17/2005 0.002 0.046 
3671 COLONIAL COVE 32 6/17/2005 0.002 0.047 
505 RUDRIGUEZ CT 33 6/17/2005 0.002 0.050 
618 STONINGTON DR 34 6/17/2005 0.002 0.051 
3926 SARASOTA DR 35 6/17/2005 0.002 0.052 
3475 NESBIT RD 36 6/17/2005 0.002 0.054 
5570 LOCKRIDGE DR 37 6/17/2005 0.000 0.059 
383 CONIFER DR 38 6/17/2005 0.003 0.060 
1024 GLEN REILLY RD 39 6/17/2005 0.002 0.062 
5885 KERR PLACE 40 6/17/2005 0.002 0.062 
6801 CANDLEWOOD DR 41 6/15/2005 0.006 0.064 
3552 HASTINGS DR 42 6/15/2005 0.002 0.066 
3808 OAK HAVEN RD 43 6/15/2005 0.002 0.069 
3805 OAK HAVEN RD 44 6/15/2005 0.002 0.070 
3010 STONEHENGE CT 45 6/15/2005 0.002 0.073 
6808 WINCHESTER ST 46 6/15/2005 0.002 0.076 
1045 GLEN REILLY RD 47 6/15/2005 0.002 0.077 
309 COURTYARD LANE 48 6/15/2005 0.002 0.079 
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4117 MILL BRIDGE RD 49 6/15/2005 0.002 0.080 
1020 GLEN REILLY RD 50 6/15/2005 0.019 0.083 
2518 DARTMOUTH DR 51 7/1/2005 0.007 0.084 
HUNTING RIDGE RD 52 6/15/2005 0.002 0.086 
2009 LAKEBERRY DR 53 6/15/2005 0.002 0.088 
336 COURTYARD LANE 54 6/15/2005 0.024 0.091 
1104 GLEN REILLY RD 55 6/15/2005 0.002 0.094 
4517 WESTFIELD RD 56 6/15/2005 0.002 0.097 
205 BEDELL PLACE 57 6/15/2005 0.002 0.098 
337 RANDOLPH AVE 58 6/15/2005 0.002 0.098 
5314 CHURCH ST 59 6/15/2005 0.009 0.100 
6859 TOWBRIDGE RD 60 6/15/2005 0.002 0.106 
1861 GEIBERGER DR 61 6/15/2005 0.002 0.107 
5575 LOCKRIDGE RD 62 6/15/2005 0.002 0.110 
6809 TOWBRIDGE RD 63 6/15/2005 0.003 0.127 
640 ROCKSPRING RD 64 6/15/2005 0.018 0.142 
3500 HASTINGS DR 65 6/15/2005 0.002 0.158 
6205 LAKE BLUFF 
PLACE 66 6/15/2005 0.002 0.166 
1223 STANSFIELD DR 67 6/15/2005 0.012 0.202 
575 CROOKED CREEK 
CT 68 6/15/2005 0.002 0.241 
2731 RIVERCLIFF RD 69 6/15/2005 0.007 0.377 
3499 HASTINGS DR 70 6/15/2005 0.073 0.657 
468 KINGSFORD RD 71 6/15/2005 0.004 0.834 
3521 BIRKDALE CT 72 6/15/2005 0.017 1.983 
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UTILITY C SAMPLE DATA 
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APPENDIX H 
GIS Water Age Maps and Values for Utilities A, B, C, and D 
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