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Abstract 

Drinking water, including water from public water systems and private well systems, are 

expected to contain some levels of contaminants. This project focuses on the water quality of 

the Public Water Systems (PWSs) in North Carolina by examining the Consumer Confidence 

Report (CCR) that is required by the Safe Drinking Water Act (SDWA). Data was collected from 

EPA and USGS websites. By using GIS, this study assesses the spatial distribution of radioactive 

elements and disinfection by-products violations in North Carolina. After calculating the typical 

radon activities of various rock types, the result indicates that the of radon level are higher in 

groundwater near granite bedrock.  It is therefore recommend to monitoring the water quality 

of private wells. 
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Chapter 1 Introduction 

1.1 Introduction 

Drinking water, including water from public water systems and private well systems, are 

expected to contain some levels of contaminants. As water travels through the land surface and 

the ground, it could dissolve minerals that would include radioactive material and also be 

affected by microbial contaminants. As a result, water could vary quality varies widely from 

different geological formations or land uses. However, the presence of various contaminants 

does not necessarily indicate that the drinking water poses health risks to humans. 

 In order to make sure that drinking water is safe for the public, the U.S. Environmental 

Protection Agency (EPA) establishes regulations such as maximum contaminants level (MCL) 

that limits the amount of specific contaminants in water provided by various public water 

systems (PWSs). Bottled water is regulated by the U.S. Food and Drug Administration (FDA). 

Bottled water is not discussed in this study. 

The Safe Drinking Water Act (SDWA) requires water suppliers to provide an annual 

Consumer Confidence Report (CCR), which includes basic information of drinking water quality 

in terms of the level of health risk contaminants such as antinomy, arsenic, radium, and 

disinfection byproducts (DBPs) exceed the MCL in some tap water systems.  These violations 

could pose health risks to the local residents. CCR is the sources of information that water users 

can find about their water quality. This study investigates the relationship between different 

types of PWSs and the drinking water quality. The study aims to see if there is any difference in 

water quality and surface/groundwater sources.  
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The goal of this study is to assess water quality violation cases in NC with respect to 

geographic distribution. By examining the CCR and other publically available information, this 

study lays out a comprehensive overview of drinking water quality from different sources. As a 

result, maps in this study show high risk areas with low water quality of various types of 

pollutants. Reporting and monitoring water quality in these areas is highly recommended and 

should be brought into attention to state level policy makers.  

This study is organized into four sections: chapter 1 provides a literature review; chapter 

2 outlines the methodology and data sources; chapter 3 presents results and discussion, and 

chapter 4 provides a conclusion of the data.  

1.2 Objective 

The objectives of this project are: 

 Analysis of the relationship between the violations and public water systems  

 Identify the potential water quality issues of groundwater and surface water source. 

1.3 Literature Review 

1.3.1 The Safe Drinking Water Act (SDWA) 

The Safe Drinking Water Act (SDWA) is the primary federal law that ensures the quality 

of drinking water. The SDWA was passed by Congress in 1974 to protect public health from 

both naturally-occurring and man-made contaminants by regulating the public drinking water 

supply. Moreover, the SDWA requires EPA to set health based standards for drinking water 

quality. The SDWA amended in 1986 and 1996 requires EPA to take various actions to protect 

the source of drinking water, such as rivers, lakes, reservoirs, and public groundwater wells. 
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However, the SDWA does not regulate non- public water systems such as private wells which 

serve fewer than 25 individuals.  

The percentage of the U.S. population accessing drinking water from PWSs has 

increased steadily from 62% in 1950 to 86% in 2005.1 Nevertheless, the PWSs only served 74% 

of the population in NC.2 The remaining population obtained their supplies from groundwater 

sources for domestic use.  Because a large amount of population actually depends on 

groundwater in NC, groundwater quality deserves more attention. 3  

1.3.2 The Consumer Confidence Report (CCR)  

Each Community Water System (CWS) is required by the SDWA to provide consumers 

with an annual water quality report, also known as the Consumer Confidence Report. This 

report informs the residents about their drinking water quality and enables them to make 

decisions on whether they choose to drink from their tap water or not.  Non-community water 

systems providing waters used in schools and restaurants are not required by law to publish an 

annual CCR report. Instead, the non-community water systems are required to publish an 

annual public notice (PN) to inform users about their water quality. In this study, CCR and PN 

are the primary sources for pubic accessible information and are analyzed. CCR are searchable 

from the EPA website. 

1.3.3 The Freedom of Information Act (FOIA) 

Drinking water information that is not available online can be requested by the public 

under the Freedom of Information Act (FOIA). In order to make the fullest possible disclosure of 
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information, any individual can request information under FOIA. Several PWSs may have 

published CCR in the past, but did not publish online. The researcher reached out to EPA and 

obtained this information and the data is included in the analysis. 

1.3.4 Drinking Water Systems  

PWSs withdraw water from ground and surface water sources, and provide water to at 

least 25 people or a minimum of 15 connections. Water withdrawn by a PWS may be delivered 

to users for domestic, commercial, industrial, and thermoelectric purposes.  

Public Water Systems can be further divided into three categories: 

1. Community Water Systems (CWS): 

o Community Water Systems have at least 15 connections or regularly serve at 

least 25 year-round residents. 

2. Non-Transient Non-Community Water Systems (NTNCWS): 

o A Non-Transient Non-Community Public Water Systems serve the same 

individuals every day in facilities, such as schools and factories. 

3. Transient Non-Community Public Water System (TNCWS): 

o A Transient Non-Community Public Water Systems serve different individuals 

each day in facilities, such as a restaurants, motels, or highway rest areas. 
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Figure 1-1 Concept diagram of drinking water systems 

Water Systems Classification by Scale:  

 System Size Population  Numbers in NC, 20094  

1 Very small water systems 25-500  5459  

2 Small water systems 501-3,300  442  

3 Medium water systems 3,301-10,000  136  

4 Large water systems 10,001-100,000  117  

5 Very Large water systems 100,001+  12  

 

Chapter 2 Materials and Methods 

This study collects the drinking water quality and river water quality data from the EPA 

database5 6 and USGS websites7 to analyze the characteristic of water quality. The relationship 

between water quality and geological formations is investigated. All collected data were 

compiled and imported to Arc GIS.  

In Arc GIS, several radioactive risk maps were produced. The most commonly used 

method to date to produce radioactive risk maps is using geological information, such as the 
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radium and radon concentrations of the underlying geology. In this study, the methodological 

approaches are: 

1. Select the geological variables (layers) related to radon activities8 

2. Covert these variables into a digital format projected in the 

NAD_1983_Stateplane_North_Carolina_FIPS_3200, datum D_North_American_1983 

3. Calculate four major rock types including granite, schist ,metavolcanic and coastal plain, 

by a weighted average 

Chapter 3 Results and Discussions 

3.1 Population growth and NC water shortage 

North Carolina ranks sixth in the nation in average annual precipitation. Historically, NC 

has been considered as a water-rich state, benefiting from an abundant rainfall. However, in 

recent years, residents have faced water shortage due to a rapid population growth and 

persistent droughts in certain areas. The population of NC increased rapidly from 5 million to 

almost 9 million in the past 35 years. Additionally, the total population served by PWSs of 2005 

has increased by 2.5 times relative to 1970. On the other hand, the amount of public water 

supply per capita of 2005 has decreased 21% from the 1980’ level. It represents the potential 

water shortage in NC if the rate of population growth is still consistent in the future (Fig 3-1).  
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Fig. 3-1 NC population, total served population & public supply per capita & precipitation9  

3.2 PWSs Characteristics 

According to the data from CCR, in NC, 74% of the population was served by PWSs. 

Among all PWSs, 5% of community water systems serve more than 10,000 people (Fig.3-2). 

These are considered as medium, large and very large water suppliers. A small amount of PWSs 

serves the majority amount of people in NC. In contrary, about 2,000 small community water 
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systems serve 3,300 or fewer people. These systems provide water to just 10% of the total 

population.10 These smaller systems face technological and managerial challenges in meeting a 

growing number of federal drinking water regulations due to limited budget.11 

 

Fig.3-2 Served population and numbers of PWSs in NC 

Groundwater is used by two types of users, one served by the PWSs and the other by 

non-PWSs. Non-PWSs including privately owned wells which are not subject to federal 

regulations. The results in Fig.3-3 represent that the total population served by PWS, broken 

down by ground water and surface water sources. The groundwater served percentage by 

public supply in North Carolina is lower than national average by 11%. However, the total 

groundwater served percentage including the non-PWS in North Carolina is 43%, which 

represents a large amount of population use private wells as their water sources (Fig.3-4). 
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Fig.3-3 Population of public supply (groundwater vs. surface water) 

 

 

Fig.3-4 NC with the non-PWS population 

The population served by PWSs has increased since 1980’s, both surface water and 

groundwater (Fig.3-5). Population served by groundwater remained a 20%-70% increasing rate 

from 1980 to 2005.12 13 
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Fig.3-5 Population served by groundwater and surface water from 1970-2005 

3.3 Violation Cases of Drinking Water Quality 

Water quality standard is determined by EPA. There are several indicators to determine 

the quality of water. PWSs are required by law to test their drinking water quality to see if the 

water is within the safe level.  Violations are documented and improvement of water quality is 

recommended. Furthermore, if PWSs failed to report or release water quality information, they 

are considered as violating the law. Failure to meet these two types of standard, level of 

indicators in water and reporting requirement, are documented as violation of SDWA.  

According to EPA data, total violations of drinking water quality in NC had decreased 

rapidly since 2001 (Fig.3-6). Nevertheless, PWSs in North Carolina still shares a 5.86% of the 

total violations in the U.S. in 2006.  Taking a closer look, PWSs in NC is 4.83% of the U.S total 
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and Disinfection Byproduct Rule (DBPR).These three rules are reported in concentration. In 

addition, there are two health-based standards: Surface Water Treatment Rule (SWTR) and 

Lead and Copper Rule (LCR). The majority of violations in 2007 are actually failure to monitor 

and report drinking water standard which accounted for 55.48% of total violation (Fig.3-7). This 

number is higher around 2 percent than national average.15  

 

Fig.3-6 MCL & total violations trend from 2001 to 2006 in NC 

 

Fig.3-7 Total violations, NC 2007 
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The Fig 3-8 shows a comparison between the U.S national average and NC in terms of 

different MCL standards. In North Carolina, the percentage of Chemistry violations is the 

highest and much higher than the national average. Meanwhile, DBPR is slightly higher than the 

national average and TCR is lower than national average by 17%.  

 

Fig.3-8 Six types of health-based violations in 2006 (NC & USA) 
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symptoms. Furthermore, coliforms may pose a serious health risk to specific groups, such as 

infants, young children, and people with severely compromised immune systems. 

In this study, coliform level in groundwater and surface water is compared. In general, 

coliforms do not show to occur naturally in aquifers. Bacteria washed into the ground by rainfall 

are usually filtered out through the soil so that coliforms are usually not detected in properly 

constructed water wells. However, bacteria can persist within slime formed by naturally 

occurring ground water microorganisms. Unplugged and abandoned wells can also carry 

coliform bacteria into deeper aquifers. Moreover, septic systems near the well can potentially 

contaminate the groundwater source.16 17 The majority of TCR MCL violations occur in 

southeastern NC (Fig.3-9). There are 7 incidents when groundwater is detected with high 

coliform level. It is 41.2% of the total MCL violations in NC. In comparison, there are 10 MCL 

violations of surface water contamination. This shows that surface water is more susceptible 

from coliform contamination than groundwater (Table 3-1). 

 

Fig.3-9 PWS with TCR MCL violations from 2000 to 2010 in NC (over 10,000 people PWS) 
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  Violations # Percentage 

Ground 7 41.18% 
Surface 10 58.82% 

Total 17 100.00% 

Table 3-1 TCR MCL violations in NC (over 10,000 people PWS) 

3.3.2 Disinfection Byproducts Rule (DBPR) 

Disinfection is usually a chemical process used in PWSs to eradicate pathogens. 

Substances commonly used in the process are chlorine, ozone, and chlorine dioxide and a 

combination of chlorine and ammonia (chloramines). Naturally present organic matter (NOM), 

known as the "total organic carbon" concentration (TOC) or the "dissolved organic carbon" 

concentration (DOC), is the predecessor of Disinfection Byproducts (DBPs) in treated water. 

DBPs are usually formed during the disinfection with bromide and natural organic matter such 

as humic acid and fulvine acid in water. DBPs formation is a function of various factors, such as 

TOC, bromide, pH, temperature, and alkalinity.18 19 Treatment conditions, such as disinfectant 

dose, contact time, removal rate of NOM also determine the DBP level. However, the specific 

mechanism of DBPs formation remains unclear due to the complexity of chemical structure of 

humic acids. Different disinfectants produce various types of DBPs including trihalomethanes 

(TTHM), haloacetic acids (HAAs), bromate, and chlorite. High bromodichloromethane could be 

associated with abortion.20 

According to Fig. 3-10, most DBPR violations of over 10,000 people PWSs occur in 

coastal plain in eastern and central NC. Table 3-2 shows that 73.08% of DBPs MCL violations is 

from surface water sources, while only 23.92% is from groundwater. The DBPR violations take 
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place mostly in surface water systems in NC. Besides, among groundwater violations, six PWSs 

are in the coastal plain and only one PWS is located in eastern slate belt surrounded by coastal 

plain (Fig.3-11, Table 3-3).  

 

Fig.3-10 PWS with DBPR MCL violations from 2000 to 2010 in NC (over 10,000 people PWS) 

  Violation # Percentage 

Surface 19 73.08% 
Ground 7 26.92% 

Total 26 100.00% 

Table 3-2 DBPs MCL violations in NC (over 10,000 people PWS) 
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Fig.3-11 Relation between geological belts and DBPs MCL violations (Groundwater PWS) 

Geological Belt DBPs violations Percentage 

Blue Ridge 0 0.0% 
Carolina slate 0 0.0% 

Charlotte and Milton 0 0.0% 
Coastal Plain 6 85.7% 
Eastern Slate 1 14.3% 

Inner Piedmont 2 0.0% 
Kings Mountain 0 0.0% 

Raleigh 0 0.0% 
Triassic 0 0.0% 

Table 3-3 Relation between belts and DBPs violations (Groundwater PWS) 

Durham experienced system-wide MCL violations of HAAs, which is one of the above 

mentioned disinfection byproducts (DBPs). These violations occurred when several factors 

combined simultaneously. DBPs were developed when naturally occurring organic materials 

reacted with residual disinfectants in the distribution system. As a result of the drought in 2007 
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(Fig.3-12), the organic materials in Lake Michie were at a relatively high level. Due to historically 

high amounts of organic materials in water, elevated level of HAAs was detected in the public 

water distribution system during 2008 (Fig.3-13). It also reveals the high correlation between 

TOC of untreated water and level of TTHMS. 

 

Fig.3-12 Average precipitation and levels of TTHMS and HAAs 

 

Fig.3-13 TOC (Treated & Untreated) and levels of TTHMS  
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DBPs violation may come from added chemicals in the water treatment systems, 

naturally geological formation or persistent drought resulted in high level of organic matter. 

Because of the complexity of this issue, monitoring water quality becomes an important step in 

the water supply distribution.  

3.3.3 Chemistry (Chem) 

Chem violations include high pollutions levels of organic, inorganic and radioactive 

elements. According to Fig.3-14, radioactive elements account for the majority of MCL 

violations 91.1% in 2006. Among them, the most violations result from the excess of radium-

226 and radium-228. 

 

Fig.3-14 Chem Violations in NC 

3.3.3.1. Radioactive Elements 

Various types of rocks, such as granite and marble, naturally contain certain radioactive 
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daughter elements. For instance, polonion-218 is a product result from the decay of radon-222 

(Fig.3-15). 

 

Fig.3-15 Schematic picture of radioactive elements21 

3.3.3.2 Radium 

In NC, most radium violations of PWSs over 3,000 people occur in Wake, Hoke, Moore 

and Wayne counties that are mostly located in coastal plain and Raleigh belt (Fig.3-16, Fig.3-17). 

The national MCL of radium-226 and radium-228 is 5 piC/L.  
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Fig.3-16 Ra-226& Ra-228 violation in over 3000 people PWS in NC, 2000-2010  

 

 

Fig.3-17 Ra-226& Ra-228 violation in over 3000 people PWS in NC, 2000-2010 (County) 

3.3.4 Radon 
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Radon is a colorless, odorless, tasteless and radioactive gas. It is formed during the 

decay of natural uranium (U). It has been reported as one of the most significant carcinogens in 

air and water.22 Once inhaled, these particles may stay in lung tissues and potentially cause lung 

cancer.23 Radon gas is detected in groundwater.  When groundwater is used during showers 

and other domestic uses, radon gas may be introduced into ambient air. The EPA reported a 

median radon activity of 246 pCi/L in water supplied by PWSs for about eighty-one million 

people in the U.S. 24 

Inhalation of radon gas is considered to be the primary exposure pathway. It is 

recommended that homeowners in areas with high radon gas test the ambient air in their 

houses and the action level of EPA is 4 pCi/L. There is currently no standard for radon in water.  

The National Cancer Institute estimates that approximately 10 percent of lung cancer 

deaths (15,000 deaths each year) in the United States are related to residential radon 

exposure.25 In addition, reports indicate that children are at higher risk for certain cancers from 

radon exposure than adults. The combination of smoking and radon inhalation raise the 

potential health risks.26 

Still now, health risks associated with drinking water containing radon gas are not well 

understood. According to early literature, risks from drinking water with elevated radon level 

may cause cancer.27 The radon gas affects human health because the radioactive decay to the 

exposed tissue within the body. Additionally, alpha particles emitted by radon in water quickly 

lose their energy before drinking therefore it does not pose a health concern.  
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 Radon is a heavy gas, 7.5 times heavier than air, and is very soluble in water.28 Radon 

and many other radionuclides are associated with rocks containing uranium. Igneous and 

metamorphic rocks, like those in the Blue Ridge, commonly contain more uranium than other 

types of rocks. Radon is one of the various daughter elements that result from the radioactive 

decay of uranium-238 to lead- 206.29  

The proposed MCL for radon (300 pCi/L) and alternative MCL (4,000 pCi/L) in water are 

still under reviewed from EPA. There is currently no MCL of radon neither at the federal level 

nor in NC state regulations. However, nine states have regulations for radon in drinking water. 

Among them, New Jersey has the most stringent levels of MCL: 300 pCi/L. Several studies by 

the National Academy of Sciences (NAS) are proposed to be the basis of the new national MCL 

standard. Generally, the East Coast has higher radon activity in groundwater than the West 

Coast of the U.S. (Fig.3-18) 

 

 

Fig.3-18 Radon in groundwater in the U.S.30 



26 
 

Because the risks associated with drinking water containing radon are considered much 

lower than the risks associated with the inhalation of radon, control methods for radon in 

drinking water have not received as much attention as control methods for radon in indoor air, 

regardless in most cases, radon in drinking water can be reduced effectively by treatment. 

Another way to reduce health risks posed by radon in water is to install aeration systems or 

tanks in vented place. This installation could significantly reduce the radon level before the 

water enters the house.31 Another solution is to install granular activated carbon filter systems, 

which have been very effective in lowering radon levels in groundwater. These systems are 

considered to be the most effective treatment systems for reducing radon levels in water; 

however, high levels of radiation can accumulate on filters over time, so filters must be 

disposed properly.  

In the past, several nationwide studies have shown a relation between geology and 

radon activity/uranium concentrations.32 33 34 35The geological formations vary in North Carolina 

and radon concentrations vary considerably in groundwater among the state’s aquifers. 

Because the velocity of groundwater flow is relatively slow, radon can’t travel for long distances 

with short half-life which is 3.8 days; high radon concentration is not common in surface waters 

due to volatilization. In this study, the radon risk map could provide estimation for insufficient 

radon data of groundwater. Consequently, the radon risk map is helpful to define the high risk 

area where residents should monitor radon level in water regularly. 

The radon risk map is calculated with four major rock types such as granite, schist, 

metavolcanic and coastal plain by a weighted average. According to Fig. 3-19, groundwater 
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users in central area such as Lincoln, Gaston, Anson and Richmond Counties appear to be at 

higher risks from radon exposure. In addition, the distribution of the highest risks of elevated 

radon is not similar to the radium violations in NC. 

Rock type/mineral Activity (piC/L ) 

Granite 5909 
Gneiss/schist 1502 
Metavolcanic 1184 

Coastal Plain sediments 48 

Table 3-4 Activities of radon in water supplies from various rock types in North Carolina 

(Modified from Loomis, 1987. Sample # 24, 71, 21, 139.) 

 

Fig.3-19 Potential radon concentration map of NC 

Chapter 4 Conclusion 

The majority of PWSs violations occurred in NC in recent years were due to failure to 

report and monitor. Failure to monitor and report creates huge uncertainty as to whether PWSs 

meet the applicable health-based standards or not. In addition, the majority of violations 

occurred at PWSs serving less than 500 people. This is worth noting. Because of the small scale 
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of these PWSs, regulatory agencies encounter difficulties to enforce regulation. Also because 

smaller systems tend to use groundwater not surface water as sources.  

In general, drinking water from groundwater PWSs, which has more Chemistry 

violations, is more dangerous than the drinking water from the surface water PWSs. 

Groundwater from western NC has more potential elevated radioactive concentration than 

groundwater from eastern NC. Additionally, many counties still have very limited radon data of 

groundwater, due to the fact that the majority of them use water from non-PWSs. In the future, 

PWSs may cover larger geographic areas in NC, but before the infrastructures are in place, 

regularly groundwater monitoring of non-PWS plays an important role for public health. This 

study also reveals the high correlation between TOC of untreated water and level of TTHMS in 

surface water. During droughts, DBPs tend to increase with elevated TOC in Lake Michie. 

One of the persistent drinking water issues is the capacity and amount of water systems 

to comply with drinking water regulations. The Congressional Budget Office (CBO) concluded in 

2003 that “current funding from all levels of government and current revenues generated from 

ratepayers will not be sufficient to meet the nation’s future demand for water infrastructure.” 

The CBO estimated the nation’s needs for drinking water investments at between $10 billion 

and $20 billion over the next 20 years. 

Drinking water is essential to life and economic development. Drinking water quality is 

critical for human health. The MCL regulations of several elements based on normal adult 

metabolism should not only be more stringent, but also be practical and affordable. In 

particular, specific groups, such as infants, people with HIV/AIDS, chemotherapy and organ 

transplants may be more vulnerable to contaminants in drinking water than an average person.  
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Additionally, the lack of investment contributes to the lack of overall system resilience. 

Investment prioritization must take into consideration of system vulnerabilities, 

interdependencies, improved efficiencies in water usage via market incentives, system 

robustness, redundancy, failure consequences, and ease and cost of recovery. 
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Abbreviations Table 
 

  

CCR Consumer Confidence Report  

CWS                Community Water System 

 IOC  Inorganic Chemical  

LCR  Lead/Copper Rule   

MCL  Maximum Contaminant Level  

MRDL        Maximum residual disinfectant level 

M/R          Monitoring/Reporting Violation 

PWS   Public Water System 

RAD  Radionuclide   

RTC  Returned to Compliance  

SOC  Synthetic Organic Chemical  

SWTR Surface Water Treatment Rule  

TCR  Total Coliform Rule  

VOC  Volatile Organic Chemical  

DBP  Disinfection Byproducts  

PN  Public Notice  
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