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ABSTRACT
TOTTEN, KAYLA. An Analysis of Water Quality in Public Water Systems, Private Wells, Groundwater, and Surface Water in North Carolina. (Under the direction of Dr. Stephen Graham).

Clean drinking water is essential for human life. The quality of publicly supplied drinking water is regulated by the Safe Drinking Water Act with maximum contaminant levels established for over ninety contaminants; however, the quality of private well water is not regulated. In this study, the quality of publicly supplied water and private well water was compared for nine counties in North Carolina with a focus on lead, copper, arsenic, iron, and manganese. Additionally, the quality of surface water and groundwater was analyzed for the nine counties since they serve as sources for the drinking water. Water quality data were obtained from publicly available sources including the North Carolina Department of Health and Human Services, Annual Drinking Water Quality Reports, and the United States Geological Survey Water Quality Portal. Upon analysis, private well water was found to have higher concentrations of lead, arsenic, iron, and manganese than publicly supplied water, thus highlighting the disparity between those relying on private well water and those with access to publicly supplied water. Private well water was found to have higher concentrations of lead than groundwater, indicating that lead likely enters the water from the corrosion of older plumbing systems that used metal pipes and plumbing. Copper also likely enters drinking water through the corrosion of older plumbing systems since private well water and publicly supplied water were found to have higher concentrations of copper than groundwater and surface water. Rural counties had higher concentrations of copper in publicly supplied water compared to urban counties, suggesting that the rural counties may have older plumbing systems. Publicly supplied water is filtered during drinking water treatment, likely removing arsenic, iron, and manganese. This was evidenced because the surface water, which publicly supplied water is sourced from, had higher concentrations of these contaminants compared to the publicly supplied water. Location played a role in the concentration of contaminants with high levels of arsenic found in counties known to have arsenic-containing rocks underground and counties in the Piedmont region having high concentrations of manganese. Overall, those relying on private wells are more likely to be exposed to drinking water contaminants than those with publicly supplied water, although it is important for all to have their water tested regularly to ensure it is safe and to help limit exposure to contaminants.
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CHAPTER 1

Introduction
Drinking Water Regulations and Testing
Access to clean drinking water is essential for human life. Water can be supplied by public water systems, or where people do not have access to public supply, via private wells. Drinking water is primarily obtained from fresh water sources; however, only 2.5% of the total water on Earth is fresh water (Gleick, 1996). In the United States, a total of 306 billion gallons of fresh water is withdrawn daily for use (Maupin et al., 2014). To fill this need, fresh water used for drinking and other human activities is obtained from surface water and groundwater sources. 
Of the total fresh water on Earth, only 0.3% is surface water while 30.1% is groundwater (Gleick, 1996). Surface water is sourced from lakes, reservoirs, streams, and wetlands while groundwater is sourced from underground aquifers via wells. In North Carolina, more surface water is used daily compared to groundwater with a total of 10,400 million gallons of fresh surface water withdrawn per day and 694 million gallons of fresh groundwater withdrawn per day (Maupin et al., 2014). An additional 1.36 million gallons of saline water are withdrawn daily from surface water sources (Maupin et al., 2014). 
Of the total water withdrawn daily in North Carolina, 960 million gallons are used for public supply while 231 million gallons are used for self-supplied domestic purposes (Maupin et al., 2014). Public supply is the water withdrawn by suppliers that provide water to at least 25 people or that have at least 15 connections (EPA, 2023). In North Carolina, about 6.2 million people (65% of the total population) rely on publicly supplied water (Maupin et al., 2014). On the other hand, about 3.3 million people (35% of the total population) in North Carolina rely on self-supplied water (Maupin et al., 2014). Self-supplied domestic water is primarily withdrawn from private wells (Maupin et al., 2014). The remaining water withdrawn daily in North Carolina is used for irrigation, livestock, aquaculture, industrial purposes, mining, and thermoelectric power (Maupin et al., 2014). Over half of the total water withdrawn in North Carolina is used to produce thermoelectric power (Maupin et al., 2014). 
Water supplied through public water systems in the United States is regulated by the Safe Drinking Water Act (SDWA) and enforced by the United States Environmental Protection Agency (EPA). The SDWA was passed in 1974 to protect human health by regulating the public drinking water supply (EPA, 2024). The SDWA gives authority to establish and enforce drinking water standards to ensure water distributed by the approximately 150,000 public supply systems is safe for consumption (EPA, 2023). Currently there are over ninety health-based standards for contaminants in drinking water in the United States (EPA, 2009).
The National Primary Drinking Water Regulations are mandatory water quality standards aimed at limiting contaminants in drinking water. The primary contaminants include disinfectants, disinfection byproducts, inorganic chemicals, microorganisms, organic chemicals, and radionuclides. These contaminants have a potential for health effects following long-term exposure when above certain concentrations. These primary standards establish maximum contaminant levels (MCL) which are the highest level of the contaminant allowed in drinking water (EPA, 2009). The MCL is a legally enforceable standard that takes into consideration the potential adverse health effects of exposure as well as the treatment technology available and its cost (EPA, 2009). The primary standards also establish a maximum contaminant level goal (MCLG) that is the level of contaminant in drinking water at which there is no adverse health risk (EPA, 2009). The MCLG is a non-enforceable public health goal that is generally lower than the MCL (EPA, 2009).
The National Secondary Drinking Water Regulations are non-mandatory water quality standards that guide public water systems’ management of drinking water. These standards are mainly aimed at cosmetic and aesthetic conditions including taste, color, and odor. Since they are non-enforceable, public water systems are not required to test for them on an annual basis. There are fifteen secondary standards including aluminum, chloride, fluoride, iron, manganese, pH, and total dissolved solids (EPA, 2009).
Those who do not have access to a supply of public water at their residence rely on private groundwater wells for their source of drinking water. Only about 14 percent of people rely on self-supplied water in the United States; however, North Carolina is the third highest state in terms of its percentage of population that relies on self-supplied water (Maupin et al., 2014). In North Carolina, 35 percent of people rely on self-supplied water as their main drinking water source while 65 percent of people have access to publicly supplied water (Maupin et al., 2014).  Private well water quality is not regulated by the SDWA or most state governments. North Carolina is one such state that does not regulate the water quality of existing private wells. Thus, private well owners of existing wells are responsible for regular testing to ensure the water is safe for personal use and consumption. According to the North Carolina Department of Health and Human Services (NCDHHS), all new drinking water wells in North Carolina that were constructed since 2008 are required to undergo testing for the presence of bacterial and chemical contamination before they are deemed safe as a source of drinking water (NCDHHS, 2021). The state of North Carolina recommends that existing private wells are tested annually for total and fecal coliform bacteria, every two years for heavy metals, nitrates, nitrites, lead, and copper, and every five years for pesticides and volatile organic compounds (NCDHHS, 2021). Despite the recommendation for regular water testing to ensure private wells continue to be safe for use over time, fewer than 200,000 wells in North Carolina were tested for contaminants between 2000 and 2010 (NCDHHS, 2021). Most self-supplied sources of drinking water in North Carolina are obtained from groundwater while many public water systems are supplied by surface water. 
It is recommended by the NCDHHS that all private wells be tested regularly. The NCDHHS directs well users to contact their local health department or a state-certified commercial laboratory for well water testing. However, services provided to well users have been found to be offered inconsistently throughout the state (Wait et al., 2020). The inconsistencies in services include the number of local health department staff with rural counties having lower numbers of staff, the cost and availability of well water testing, and the degree of communication between local health departments and well users (Wait et al., 2020). Furthermore, high-income households are 10 times more likely to test their private wells compared to low-income households (George et al., 2023). 

Drinking Water Contaminants
Drinking water is obtained from ground or surface water sources and can become contaminated from natural or anthropogenic inputs. The contaminants in drinking water can cause a variety of health effects depending on the concentration of the contaminant, the frequency, pattern, and duration of exposure, and the health of the individual being exposed. Long term exposure to drinking water contaminants above the MCL can cause adverse health effects. Lead is one such water contaminant that can have adverse health effects on exposed populations. The EPA established the Lead and Copper Rule in 1991 to further protect the public from lead and copper exposure through drinking water (EPA, 2020). The Lead and Copper rule set an action level for lead of 15 µg/L and a public health goal of 0 µg/L (EPA, 2009). The public health goal of 0 µg/L was established since there is no risk-free level of lead exposure (EPA, 2020). Lead enters drinking water through the corrosion of household plumbing, lead pipes used in public water supply systems, or through the erosion of natural deposits (EPA, 2009). To minimize the amount of lead entering drinking water from lead plumbing, some water providers are required to add corrosion control chemicals to water (EPA, 2020). Long term exposure to lead can cause kidney problems and high blood pressure in adults (EPA, 2009). Children are especially susceptible to lead exposure and can experience irreversible adverse neurological outcomes such as developmental delays, attention span deficits, and decreased learning ability (EPA, 2009). 
There have been several instances throughout United States history where cities experienced very high levels of lead in drinking water. For example, Washington D.C. had high levels of lead from 2000 to 2004 after they switched the drinking water disinfectant they used from chlorine, which had been inhibiting the release of lead into the water, to chloramine (Roy and Edwards, 2019). In 2001, the 90th percentile of water lead levels was 79 µg/L and the highest reported lead concentration in drinking water was 48,000 µg/L (Roy and Edwards, 2019). These high levels of lead in drinking water exposed about 42,000 children to lead and are associated with a possible increase in miscarriage and fetal death rates during this time (Roy and Edwards, 2019). Another example of high lead levels in drinking water occurred in Fint, Michigan from 2014 to 2016. The city of Flint switched its primary water source from Lake Huron to the Flint River, which was more corrosive and had a high chloride to sulfate mass ratio (Roy and Edwards, 2019). As a result, lead leached from the plumbing into the drinking water and resulted in a 90th percentile of water lead levels of 28.6 µg/L (Roy and Edwards, 2019). The highest reported lead concentration in drinking water in Flint, MI during this time was >20,000 µg/L (Roy and Edwards, 2019). The high lead concentrations in water doubled the percentage of children in Flint with elevated blood lead levels (Roy and Edwards, 2019).
There are known disparities in lead exposure through drinking water between those relying on publicly supplied water versus private well water. Children residing in Wake County NC homes that rely on private well water have a 25% increased risk of elevated blood lead levels compared to children living in houses that have publicly supplied water (Gibson et al., 2020). The increased blood lead levels found in this study were suspected to be the result of private well owners rarely using corrosion control additives in their water while providers of publicly supplied water often use these additives to prevent lead from leaching from the pipes into the water (Gibson et al., 2020). 
[bookmark: _Hlk163627421]Copper is the other contaminant regulated under the Lead and Copper Rule. Copper can also enter drinking water through the corrosion of household plumbing or the erosion of natural deposits (EPA, 2009). The EPA has established an action level and public health goal for copper of 1,300 µg/L (EPA, 2009). Short term exposure to copper can result in gastrointestinal issues while long term exposure can cause liver and kidney damage (EPA, 2009). Arsenic is another important drinking water contaminant that is regulated by the EPA. Arsenic can enter drinking water through the erosion of natural deposits or as runoff from industrial facilities (EPA, 2009). The MCL for arsenic is 10 µg/L while the public health goal is 0 µg/L (EPA, 2009). Exposure to arsenic above the MCL can result in skin damage, circulatory system issues, and increased risk of cancer (EPA, 2009).
Iron and manganese are two of several drinking water contaminants that are monitored under the National Secondary Drinking Water Regulations. Iron is a naturally occurring element that can enter groundwater through the erosion of natural deposits. Exposure to iron in drinking water is not expected to cause negative health effects, but it can impact the taste of water or cause stains to sinks, clothes, and teeth (NCDHHS, 2010). The MCL for iron is 300 µg/L (EPA, 2009). Manganese is also a naturally occurring element that enters drinking water through the erosion of natural deposits. The MCL for manganese is 50 µg/L (EPA, 2009). High concentrations of manganese can cause headaches, weakness, and insomnia while long-term exposure can impact the nervous system (NCDHHS, 2010).
In a 2022 study on private well water in North Carolina, 117,960 well water tests were conducted over a 20-year period to look for 28 metals/metalloids (Eaves et al., 2022). Inorganic arsenic and lead were detected at concentrations above the EPA standards in over 2,500 and 3,000 tests, respectively (Eaves et al., 2022). Manganese was detected above the secondary MCL in 24.3 % of wells tested (Eaves et al., 2022). This study found that over the course of the 20 years of tests conducted, metal levels were high with specific areas of concern throughout the state (Eaves et al., 2022). Another study including over 32,000 well water samples across 80 North Carolina counties found that 34.1% of the samples tested positive for total coliform (Morris et al., 2022). A 1995 study including 171 water samples from rural domestic wells in eastern North Carolina found the presence of herbicides in about 15% of the samples (Maas et al., 1995). Other studies in North Carolina investigating contaminants in well water have found contamination in greater than 67% of the samples with these exceeding federal or state standards or public health goals (George et al., 2023). The North Carolina Department of Environmental Quality comprised data from private wells tested from 2018 to 2019 and found exceedances of water standards (NCDEQ, 2024). The contaminants that exceeded the standards most often include manganese, iron, pH, arsenic, chromium, and lead with 28.0%, 16.9%, 12.4%, 2.3%, 1.7%, and 1.2% of samples exceeding the standards, respectively (NCDEQ, 2024). Since private well water is not regulated by the SDWA, there is no regulation in North Carolina that requires action to reduce the levels of contaminants in private wells used for drinking water. 
The purpose of this project is to assess and compare the drinking water quality of water provided by public water systems and through private wells in several North Carolina counties. Since public water systems and private wells are often supplied by surface water and groundwater, respectively, these sources will also be compared in North Carolina. In addition, based on the differences in services provided and their frequency of use, comparison will be made between the water quality found in rural versus urban areas. 
[bookmark: _Hlk161232186]
Methods
Selection of Counties
[bookmark: _Hlk161231731]Water quality data were obtained for nine selected counties in North Carolina. The counties were selected to represent several key attributes of the state (e.g., populations, geographic location, etc.). To select these counties, the one-hundred counties in North Carolina were first divided into three categories based on the percentage of water they obtain from self-supplied sources versus public water systems (0-33%, 33-66%, or 66-99% self-supplied water) (Dieter et al., 2018). From each of those three categories, three counties were selected based on their population to represent a county of small, medium, and large relative populations within each category of water usage (North Carolina Demographics, 2024). Then following their selection, the major water provider for each selected county was identified. The nine counties selected, their population and self-supplied water usage categorizations, and their public water suppliers are provided in Table 1. Figure 1 shows the locations of the selected counties in North Carolina. Two of the counties are in the Western Region, six of the counties are in the Piedmont Region, and one of the counties is in the Eastern Region of North Carolina

Table 1. Selected counties and major water providers in North Carolina based on self-supplied water usage and relative populations. 
	
	0-33% Self-Supplied Water Usage
	33-66% Self-Supplied Water Usage
	66-99% Self-Supplied Water Usage

	Small Relative Population
	Orange County /
Orange Water and Sewer Capacity
	Macon County /
Town of Franklin
	Swain County /
Town of Bryson City

	Medium Relative Population
	Guilford County /
City of Greensboro
	Nash County /
City of Rocky Mount
	Yadkin County /
Town of Yadkinville

	Large Relative Population
	Wake County /
City of Raleigh
	Randolph County /
City of Asheboro
	Franklin County /
Town of Louisburg


(Dieter et al., 2018)

[image: A map of the state of california
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Figure 1. Nine selected counties in North Carolina. Image obtained and modified from (North Carolina Maps, 2024).

The population of the selected counties, the percentage of the population relying on self-supplied water, the county classification, and the source of public water for each county is shown in Table 2. The county classification was obtained from the NCDHHS Office of Rural Health (NCDHHS Office of Rural Health, 2019). Rural was defined as a non-metropolitan or outlying metropolitan area while urban was defined as a central metropolitan area (NCDHHS Office of Rural Health, 2019). For all the selected counties, publicly supplied water is obtained from surface water sources including lakes, reservoirs, rivers, and creeks. 

Table 2. County populations, the percentage of the population relying on self-supplied water, the county classification, and the sources of publicly supplied water for each of the selected counties.
	[bookmark: _Hlk162953975]County
	County Population
	Population on Self-Supplied Water (%)
	County Classification
	Water Sources for Publicly Supplied Water

	Wake
	1,175,021
	13.42
	Urban
	Falls Lake, Lake Benson

	Guilford
	546,101
	19.50
	Urban
	Lake Brandt, Lake Townsend, Lake Higgins

	Orange
	150,477
	26.71
	Urban
	Cane Creek Reservoir, Tranquil University Lake

	Nash
	95,789
	36.93
	Urban
	Tar River Reservoir, Tar River

	Randolph
	146,043
	42.07
	Rural
	Lake McCrary, Lake Bunch, Lake Lucas, Lake Reese

	Macon
	38,065
	61.14
	Rural
	Cartoogechaye Creek

	Franklin
	74,539
	66.83
	Rural
	Tar River

	Yadkin
	37,463
	68.51
	Rural
	South Deep Creek

	Swain
	13,967
	69.00
	Rural
	Deep Creek


(North Carolina Demographics, 2024; Dieter et al., 2018; NCDHHS Office of Rural Health, 2019)

Obtaining Private Well Water Quality Data
Water quality data for private well water were obtained from publicly available data provided by the North Carolina Department of Health and Human Services (NCDHHS, 2019). Private well water samples were tested by the North Carolina State Laboratory of Public Health from 1998 to 2010 and average concentrations of water contaminants were available by county. Data were obtained for the nine selected counties and imported to a Microsoft Excel file utilizing the “Get Data” function. The Excel file was organized with separate tabs for each county.

Obtaining Publicly Supplied Water Quality Data
Water quality data for municipal water were obtained from publicly available reports produced by the major water provider in each selected county. The number of years of reports available for each water provider varied. The sources of water quality data reports and years available for each selected county are listed in Table 3. The data from each report were imported to a Microsoft Excel file utilizing the “Get Data” function. The Excel file was organized by county and year. 

Table 3. Sources of water quality data for publicly supplied drinking water in the selected counties in North Carolina.
	County
	Source of Water Quality Data
	Years

	Wake
	City of Raleigh Drinking Water Quality Report
(City of Raleigh, 2021, 2022)
	2021-2022

	Guilford
	City of Greensboro Water Quality Report
(City of Greensboro, 2018, 2019, 2020, 2021, 2022)
	2018-2022

	Orange
	Orange Water and Sewer Authority Annual Water Quality Report Card
(OWASA, 2020, 2021, 2022)
	2020-2022

	Nash
	City of Rocky Mount Annual Water Quality Report
(Rocky Mount Water Resources, 2022)
	2022

	Randolph
	City of Asheboro Annual Drinking Water Quality Report
(City of Asheboro, 2018, 2019, 2020, 2021, 2022)
	2018-2022

	Macon
	Town of Franklin Annual Drinking Water Quality Report
(Town of Franklin, 2021, 2022)
	2021-2022

	Franklin
	Town of Louisburg Annual Drinking Water Quality Report
(Town of Louisburg, 2020, 2021, 2022)
	2020-2022

	Yadkin
	Town of Yadkinville Annual Drinking Water Quality Report
(Town of Yadkinville, 2016, 2017, 2018, 2019, 2020, 2021, 2022)
	2016-2022

	Swain
	Town of Bryson City Annual Drinking Water Quality Report
(Town of Bryson City, 2019, 2020, 2022)
	2019-2020; 2022




Obtaining Surface Water Quality Data
Surface water data were obtained from the Water Quality Portal from the National Water Quality Monitoring Council (USGS, 2024). The data were filtered based on each of the selected North Carolina counties evaluated within this study (i.e., Wake, Guilford, Orange, Nash, Randolph, Macon, Franklin, Yadkin, and Swain) and filtered by selecting “Lake, Reservoir, Impoundment” and “Stream” for the site type. The data were filtered to “water” for the sample media and given a date range of 01-01-2010 to 12-05-2023. The following characteristic groups were selected: “Organics, Pesticide,” “Inorganics, Major, Metals,” “Inorganics, Major, Non-metals,” “Inorganics, Minor, Metals,” “Inorganics, Minor, Non-metals,” “Nutrients,” “Organics, BDEs,” “Organics, Other,” “Organics, PCBs,” “Organics, PFAS,” “PFAS, Perfluorinated Alkyl Substances,” “PFOA, Perfluorooctanoic Acid,” “Physical,” and “Physical, Habitat.” The data sources “NWIS (USGS),” “STEWARDS (ARS),” and “WQX (EPA)” were selected, and the Sample Results (physical/chemical metadata) were exported as .csv files.

Obtaining Groundwater Quality Data
Groundwater data were also obtained from the Water Quality Portal from the National Water Quality Monitoring Council (USGS, 2024). As was done with the surface water, the data were filtered based on county in North Carolina (i.e., Wake, Guilford, Orange, Nash, Randolph, Macon, Franklin, Yadkin, and Swain) and filtered to “Subsurface” and “Well” for the site type. The data were filtered to “water” for the sample media and given a date range of 01-01-2010 to 12-05-2023. The following characteristic groups were selected: “Organics, Pesticide,” “Inorganics, Major, Metals,” “Inorganics, Major, Non-metals,” “Inorganics, Minor, Metals,” “Inorganics, Minor, Non-metals,” “Nutrients,” “Organics, BDEs,” “Organics, Other,” “Organics, PCBs,” “Organics, PFAS,” “PFAS, Perfluorinated Alkyl Substances,” “PFOA, Perfluorooctanoic Acid,” “Physical,” and “Physical, Habitat.” The data sources “NWIS (USGS),” “STEWARDS (ARS),” and “WQX (EPA)” were selected, and the Sample Results (physical/chemical metadata) were exported as .csv files.

Data Processing
The USGS (2024) surface water and groundwater data were first pre-processed to select for the appropriate water samples only (i.e.,’Sample-Routine’) from the ‘ActivityTypeCode’ field. This approach was used to filter out samples that were included in the database that were not of interest for the analysis (e.g., field samples, quality control blanks). Non-numeric values found in the ‘ResultMeasureValue’ and ‘DetectionQuantitationLimitMeasure/MeasureValue’ fields were deleted (e.g., NA, ND, etc.). Data files were then imported and processed using SAS v 9.4 (SAS, 2024). Within each county, all sites and years of data were used to generate typical descriptive statistics for each chemical including the minimum, mean, median, and maximum, along with the total number of samples, the number of samples having chemical concentrations above the detection limit, and the detection limit for each chemical. Data summaries for the surface water and groundwater data were exported into a Microsoft Excel file, having tabs for each county. For quality control measures, the number of samples (i.e., those detected and below detection) found in the post-processed data set was compared with the total number of samples found in the pre-processed data set for several chemicals (~5% of the data, dependent on the number of samples present). 
Within the private well and publicly supplied water data obtained, the data were organized by county. For quality control measures, the data imported into the Excel spreadsheet were compared with the original datasets available in the NCDHHS datasets and annual water quality reports for the private well water data and publicly supplied water data, respectively (~20% of the data, dependent on the number of samples present).

Data Analysis
Water quality characteristics were compared across the nine selected North Carolina counties, between private well water and publicly supplied water, and between surface water and groundwater for the water quality characteristics where sufficient data were available. More specifically, concentrations of lead, copper, arsenic, iron, and manganese were compared. These contaminants were selected because they are included in the National Primary/Secondary Drinking Water Regulations, and they consistently had the most exceedances of the MCLs in the private well water samples across all counties. For the surface water and groundwater data, the dissolved concentrations of the contaminants were utilized. Comparisons were made graphically using boxplots with the counties organized with increasing reliance on private well water going from left to right (i.e., Wake < Guilford < Orange < Nash < Randolph < Macon < Franklin < Yadkin < Swain). Comparisons were also made using tables. Concentrations of the contaminants were compared to their respective MCLs and MCLGs/public health goals in all sources of water. 
[bookmark: _Hlk162987269][bookmark: _Hlk164027207]





Results and Discussion
Lead
Average lead concentrations between 1998-2010 in private well water in the nine selected counties are shown in Figure 2. Guilford County had the highest reported lead concentration of 61.4 µg/L, which is above the National Primary Drinking Water Regulation action level of 15 µg/L. In Guilford County, 3,398 wells were sampled for lead and 175 of the sampled wells (5.2%) had reported concentrations above the action level. The minimum lead concentration detected was 2.5 µg/L while the maximum concentration was 105,440 µg/L. Randolph County had an average lead concentration of 13.8 µg/L, which is close to the action level of 15 µg/L. In Randolph County, 2,102 wells were sampled for lead and 97 of the sampled wells (4.6%) had concentrations above the action level. The maximum concentration of lead detected in Randolph County was 9,710 µg/L. In all the selected counties, the minimum lead concentration detected in private wells was at least 0.5 µg/L which is above the public health goal of 0 µg/L. 

Figure 2. Average concentrations of lead in private well water in the nine selected counties in North Carolina. According to the National Primary Drinking Water Regulations, the lead action level is 15 µg/L while the public health goal is 0 µg/L.

None of the publicly supplied water in any of the selected counties had concentrations of lead at or near the lead action level of 15 µg/L (Table 4). Five of the counties did not have any lead detected in the publicly supplied water samples (Table 4). Lead concentrations were reported as the 90th percentile of samples. In most of the counties, water samples were not analyzed for lead on an annual basis. For instance, the 2022 reports for the Orange Water and Sewer Capacity (Orange County), City of Rocky Mount (Nash County) City of Asheboro (Randolph County), and Town of Yadkinville (Yadkin County) all reported concentrations of lead that were measured in 2020. The City of Raleigh (Wake County) did not report concentrations of lead in their 2022 Drinking Water Quality Report. 

Table 4. Reported lead concentrations in publicly supplied water in the nine selected counties in North Carolina in 2022.
	County
	Major Water Provider
	2022 Reported Lead Concentration, µg/L

	Wake
	City of Raleigh
	NR

	Guilford
	City of Greensboro
	<3

	Orange
	Orange Water and Sewer Capacity
	0

	Nash
	City of Rocky Mount
	ND

	Randolph
	City of Asheboro
	<2.0

	Macon
	Town of Franklin
	0.005

	Franklin
	Town of Louisburg
	ND

	Yadkin
	Town of Yadkinville
	0

	Swain
	Town of Bryson City
	0


Concentrations above the public health goal of 0 µg/L are noted in red. 
None of the providers exceeded the lead action level of 15 µg/L.
ND = Not Detected
NR = Not Reported

Within the annual drinking water quality reports for publicly supplied water, most of the counties include educational information about the risks associated with elevated levels of lead in drinking water. The reports mention that elevated lead levels can cause adverse health effects, especially in susceptible groups like pregnant women and children. The reports also inform the public that lead primarily enters drinking water from service lines and plumbing, which the provider is not responsible for. They then recommend flushing the tap for 30 seconds to two minutes before using water to minimize the risk of lead exposure if the water has not been used in several hours. Finally, it states that if you are concerned about lead in your drinking water, you should have the water tested.
Data on the dissolved lead concentration in surface water were available for eight of the selected counties (Table 5). Of the eight counties, six counties did not detect lead in any of the surface water samples and only Guilford County and Randolph County did detect dissolved lead in the surface water samples (Table 5). Guilford County had a mean concentration of dissolved lead in the detected samples of 4.9 µg/L while Randolph County had a mean of 3.4 µg/L (Table 5). All eight counties with data available had more non-detects than detects for dissolved lead in the surface water samples. The minimum detection limit for dissolved lead in surface water was 2 µg/L which is above the public health goal of 0 µg/L, so it is possible that more of the samples did contain lead at concentrations below the detection limit. Data on the dissolved lead concentration in groundwater were available for four of the counties (Table 5). Of the four counties, one county (Yadkin) did not detect lead in the groundwater samples. For the counties that did have lead detected, the mean concentration of lead in the detected samples ranged from 0.04 µg/L in Randolph County to 1.3 µg/L in Swain County. For the four counties that did analyze dissolved lead in groundwater, only one or two samples were taken. Thus, the mean of the detects was simply the concentration of the one detected sample. If more samples were collected and analyzed, a more representative concentration of dissolved lead in groundwater may have been determined. The minimum detection limit for dissolved lead in groundwater was 0.04 µg/L. The lower detection limits in groundwater samples compared to surface water samples may have contributed to a higher percentage of the counties having groundwater with detectable concentrations of dissolved lead. All the groundwater samples had lower mean concentrations of dissolved lead compared to the surface water samples, which may have also been impacted by the difference in detection limits. Overall, none of the counties had a mean lead concentration above the lead action level of 15 µg/L in either surface water or groundwater.

Table 5. Number of dissolved lead detections and mean concentration of dissolved lead in surface water and groundwater in the nine selected counties in North Carolina.
	
	Surface Water
(Dissolved Lead, µg/L)
	Groundwater
(Dissolved Lead, µg/L)

	County
	Number of Detects
	Number of Non-Detects
	Mean of Detects
	Number of Detects
	Number of Non-Detects
	Mean of Detects

	Wake
	0
	192
	ND
	NM
	NM
	NM

	Guilford
	2
	194
	4.9
	NA
	NA
	NA

	Orange
	NM
	NM
	NM
	NM
	NM
	NM

	Nash
	0
	120
	ND
	1
	0
	0.8

	Randolph
	2
	231
	3.4
	1
	0
	0.04

	Macon
	0
	184
	ND
	NA
	NA
	NA

	Franklin
	0
	48
	ND
	NA
	NA
	NA

	Yadkin
	0
	78
	ND
	0
	1
	ND

	Swain
	0
	46
	ND
	1
	1
	1.3


Concentrations above the public health goal of 0 µg/L are noted in red. 
The lead action level is 15 µg/L.
NA = Data Not Available
ND = Not Detected
NM = Not Measured

[bookmark: _Hlk163992002]Guilford County and Randolph County had the highest reported concentrations of lead in the private well water and they were also the only two counties with detectable concentrations of dissolved lead in the surface water samples (Figure 2, Table 5). Guilford County did not have groundwater data available, so a comparison is unable to be made between the high concentration of lead in private well water and the concentration in groundwater. These two counties were also serviced by the only water providers that reported the concentration of lead in their publicly supplied water not as discrete numbers (i.e., <3 µg/L and <2.0 µg/L) (Table 4). Because of this, the actual concentration of lead measured or the number of sampled sites above the public health goal of 0 µg/L are unknown for Guilford County and Randolph County.
All the counties had higher mean reported concentrations of lead in private wells compared to the publicly supplied water, surface water, and groundwater. This reveals that in North Carolina, those who rely on private well water may be especially susceptible to lead exposure. Further, the reported concentrations of dissolved lead in groundwater were much lower than the reported concentrations in private well water, which also draw water from underground aquifers. This suggests that the lead in private well water in North Carolina likely enters the water primarily from the corrosion of older metal-based plumbing systems. Private well users rarely utilize corrosion control additives in their water that would help prevent the leaching of lead into the water (Gibson et al., 2020). On the other hand, public water providers use corrosion control additives, which likely contributed to the low and non-detected levels of lead in the publicly supplied water.

Copper
 Average copper concentrations between 1998-2010 in private well water in the nine selected counties are shown in Figure 3. None of the counties had a mean copper concentration above the National Primary Drinking Water Regulation action level of 1,300 µg/L. Wake County had the highest reported copper concentrations of 184.9 µg/L. In Wake County, 2,576 wells were sampled for copper and 49 of the sampled wells (1.9%) had concentrations above the action level. The minimum copper concentration detected was 25 µg/L while the maximum copper concentration was 94,060 µg/L.  

Figure 3. Average concentrations of copper in private well water in the nine selected counties in North Carolina. Note, the National Primary Drinking Water Regulation action level is 1,300 µg/L. 

None of the publicly supplied water in any of the selected counties had concentrations of copper at or near the copper action level of 1,300 µg/L (Table 6). The City of Raleigh (Wake County) did not report the levels of copper in their 2022 Drinking Water Quality Report. Randolph County had the highest reported level of copper in 2022 in the publicly supplied water at a concentration of 380 µg/L, which is higher than the mean concentrations of copper in private wells in any of the counties (Table 6). Similar to the lead data, the concentrations of copper were not measured annually by each water provider with many of the providers reporting sampling dates of 2020 or 2021 in their 2022 water quality reports. 




Table 6. Reported copper concentrations in publicly supplied water in the nine selected counties in North Carolina in 2022.
	County
	Major Water Provider
	2022 Reported Copper Concentration, µg/L

	Wake
	City of Raleigh
	NR

	Guilford
	City of Greensboro
	<50

	Orange
	Orange Water and Sewer Capacity
	29

	Nash
	City of Rocky Mount
	95.4

	Randolph
	City of Asheboro
	380

	Macon
	Town of Franklin
	73

	Franklin
	Town of Louisburg
	242

	Yadkin
	Town of Yadkinville
	149

	Swain
	Town of Bryson City
	71


The copper action level is 1,300 µg/L.
NR = Not Reported

Data on the dissolved copper concentration in surface water were available for eight of the selected counties (Table 7). One county (Swain) did not detect copper in any of the surface water samples. For the counties that did have copper detected, the mean concentration of copper in the detected samples ranged from 2.3 µg/L in Yadkin County to 8.9 µg/L in Franklin County (Table 7). Most of the counites had more non-detects than detects for dissolved copper in the surface water samples except for Guilford County which had 124 detects and 71 non-detects. The minimum detection limit for dissolved copper in surface water was 2 µg/L. Data on the dissolved copper concentration in groundwater were available for four of the counties (Table 7). Of the four counties, two counties (Randolph and Yadkin) did not detect copper in the groundwater samples. For the counties that did have copper detected, the mean concentration of copper in the detected samples ranged from 3.3 µg/L in Nash County to 16.3 µg/L in Swain County. Similar to the lead data, for the four counties that did analyze dissolved copper in groundwater, only one or two samples were taken. Thus, the mean of the detects was simply the concentration of the one sample that did detect copper. If more samples were collected and analyzed, a more representative concentration of dissolved copper in groundwater may have been determined. The minimum detection limit for dissolved copper in groundwater was 0.8 µg/L. Overall, none of the counties had a mean copper concentration above the copper action level and public health goal of 1,300 µg/L in either surface water or groundwater.

Table 7. Number of dissolved copper detections and mean concentration of dissolved copper in surface water and groundwater in the nine selected counties in North Carolina. 
	
	Surface Water
(Dissolved Copper, µg/L)
	Groundwater
(Dissolved Copper, µg/L)

	County
	Number of Detects
	Number of Non-Detects
	Mean of Detects
	Number of Detects
	Number of Non-Detects
	Mean of Detects

	Wake
	35
	157
	3
	NM
	NM
	NM

	Guilford
	124
	71
	3.7
	NA
	NA
	NA

	Orange
	NM
	NM
	NM
	NM
	NM
	NM

	Nash
	9
	111
	2.7
	1
	0
	3.3

	Randolph
	38
	194
	3.4
	0
	1
	ND

	Macon
	5
	177
	2.6
	NA
	NA
	NA

	Franklin
	1
	47
	8.9
	NA
	NA
	NA

	Yadkin
	2
	76
	2.3
	0
	1
	ND

	Swain
	0
	46
	ND
	1
	1
	16.3


The copper action level is 1,300 µg/L.
NA = Data Not Available
ND = Not Detected
NM = Not Measured

The reported levels of copper in private well water and publicly supplied water were higher than the levels in surface water and groundwater. This suggests that in North Carolina most of the copper in drinking water enters the water from the corrosion of plumbing systems. Wake County had the highest reported mean concentration of copper in private well water, but the concentration of copper was not reported for the publicly supplied water or measured in groundwater, so comparisons are unable to be made. The three highest concentrations of copper detected in publicly supplied water were in Randolph, Franklin, and Yadkin counties, which are all rural counties. This could suggest that rural counties have older plumbing systems that more readily leach copper into drinking water compared to urban counties.
Arsenic
Average arsenic concentrations between 1998-2010 in private well water in the nine selected counties are shown in Figure 4. Randolph County had the highest reported arsenic concentration of 3 µg/L, which is below the National Primary Drinking Water Regulation MCL of 10 µg/L. In Randolph County, 1,793 wells were sampled for arsenic and 88 of the sampled wells (4.9%) had concentrations above the MCL. The minimum arsenic concentration detected in Randolph County was 0.5 µg/L while the maximum concentration was 106 µg/L. None of the counties exceeded the MCL for arsenic. In all the selected counties, the minimum arsenic concentration detected in private wells was at least 0.5 µg/L which is above the public health goal of 0 µg/L. 


Figure 4. Average concentrations of arsenic in private well water in the nine selected counties in North Carolina. According to the National Primary Drinking Water Regulations, the MCL for arsenic is 10 µg/L while the public health goal is 0 µg/L.

Out of the nine selected counties, only four of the public water providers reported arsenic concentrations in their annual water quality reports for 2022 (Table 8). Of those, three reported that they did not detect arsenic and the City of Greensboro (Guilford County) reported their concentration of arsenic as <5 µg/L. The water quality reports state that they include drinking water contaminants that were detected in the last round of sampling. Thus, arsenic was probably measured in the five counties that did not report arsenic concentrations in their report, but they likely did not detect arsenic in the water. 

Table 8. Reported arsenic concentrations in publicly supplied water in the nine selected counties in North Carolina in 2022.
	County
	Major Water Provider
	2022 Reported Arsenic Concentration, µg/L

	Wake
	City of Raleigh
	ND

	Guilford
	City of Greensboro
	<5

	Orange
	Orange Water and Sewer Capacity
	NR

	Nash
	City of Rocky Mount
	NR

	Randolph
	City of Asheboro
	NR

	Macon
	Town of Franklin
	ND

	Franklin
	Town of Louisburg
	ND

	Yadkin
	Town of Yadkinville
	NR

	Swain
	Town of Bryson City
	NR


Concentrations above the public health goal of 0 µg/L are noted in red. 
The MCL for arsenic is 10 µg/L.
ND = Not Detected
NR = Not Reported

Data on the dissolved arsenic concentration in surface water were available for eight of the selected counties (Table 9). Four counties (Macon, Franklin, Yadkin, and Swain) did not detect arsenic in any of the surface water samples. For the counties that did have arsenic detected, the mean concentration of arsenic ranged from 2.1 µg/L in Wake County to 5.4 µg/L in Randolph County (Table 9). All the counties had more non-detects than detects for dissolved arsenic. The minimum detection limit for dissolved arsenic in surface water was 2 µg/L, which is greater than the public health goal of 0 µg/L. Because of this, it is possible that more of the samples did contain arsenic at concentrations below the detection limit. Data on the dissolved arsenic concentration in groundwater were available for four of the counties (Table 9). Of the four counties, one county (Swain) did not detect arsenic in the groundwater samples. For the counties that did have arsenic detected, the mean concentration of arsenic in the detected samples ranged from 0.3 µg/L in Yadkin County to 0.8 µg/L in Randolph County. The minimum detection limit for dissolved arsenic in groundwater was 0.1 µg/L, which is less than the detection limit for the surface water samples. This may have contributed to the higher percentage of samples without detected arsenic in the surface water dataset. All the groundwater samples had lower mean concentrations of dissolved arsenic compared to the surface water samples, which may have also been impacted by the difference in detection limits. Overall, none of the counties had a mean arsenic concentration above the MCL of 10 µg/L in either surface water or groundwater.

Table 9. Number of dissolved arsenic detections and mean concentration of dissolved arsenic in surface water and groundwater in the nine selected counties in North Carolina. 
	
	Surface Water
(Dissolved Arsenic, µg/L)
	Groundwater
(Dissolved Arsenic, µg/L)

	County
	Number of Detects
	Number of Non-Detects
	Mean of Detects
	Number of Detects
	Number of Non-Detects
	Mean of Detects

	Wake
	1
	191
	2.1
	NM
	NM
	NM

	Guilford
	47
	149
	3.8
	NA
	NA
	NA

	Orange
	NM
	NM
	NM
	NM
	NM
	NM

	Nash
	4
	116
	2.3
	1
	0
	0.5

	Randolph
	53
	180
	5.4
	1
	0
	0.8

	Macon
	0
	184
	ND
	NA
	NA
	NA

	Franklin
	0
	48
	ND
	NA
	NA
	NA

	Yadkin
	0
	78
	ND
	1
	0
	0.3

	Swain
	0
	46
	ND
	0
	2
	ND


Concentrations above the public health goal of 0 µg/L are noted in red.
NA = Data Not Available
ND = Not Detected
NM = Not Measured


Out of the nine counties, Randolph County had the highest reported levels of arsenic in private well water, surface water, and groundwater at concentrations of 3, 5.4, and 0.8 µg/L, respectively (Figure 4, Table 9). Guilford County had the second highest reported mean concentration of arsenic in any of the water samples at 3.8 µg/L in surface water (Table 9). Arsenic is a naturally occurring element that can enter drinking water through the erosion of minerals. The central Piedmont region of North Carolina, where Randolph County and Guilford County are located, is known to have arsenic-containing volcanic rocks underground (North Carolina Environmental Quality, 2024). Because of the rock type, this region in North Carolina has the largest number of groundwater wells with elevated arsenic levels (North Carolina Environmental Quality, 2024). Naturally occurring arsenic levels in groundwater in North Carolina can be as high as 800 µg/L (North Carolina Environmental Quality, 2024). The highest reported level of arsenic in private well water was in Guilford County at a concentration of 325 µg/L. Because the public health goal for arsenic in drinking water is 0 µg/L and due to the naturally occurring arsenic in groundwater throughout the state, it is important for wells to be tested for arsenic to ensure they are safe to be used for drinking water. Additionally, most of the providers of publicly supplied water in the selected counties did not report detected arsenic in the water. Water providers often utilize water treatment processes to remove arsenic from water, especially since it is naturally occurring and can be toxic at low levels. This likely reduced the reported concentrations of arsenic in the publicly supplied water to undetectable levels. On the other hand, all the counties had minimum concentrations of arsenic in private well water above the public health goal of 0 µg/L. This reveals another disparity between private well users and those utilizing publicly supplied water and may result in higher exposure to arsenic for those with private wells. 
Iron
[bookmark: _Hlk162628726]Average iron concentrations between 1998-2010 in private well water in the nine selected counties are shown in Figure 5. Iron has a National Secondary Drinking Water Regulation maximum contaminant level of 300 µg/L. The mean iron concentration in all the selected counties was higher than the MCL. Guilford County had the highest iron concentration of 8,302.3 µg/L which is over 27 times higher than the MCL. In Guilford County, 3,241 wells were sampled for iron and 700 of the sampled wells (21.6%) had concentrations above the MCL. The minimum iron concentration detected in Guilford County was 25 µg/L while the maximum concentration was 1,908,000 µg/L which is over 6,000 times higher than the MCL. Out of the selected counties, Franklin County had the lowest mean iron concentration of 496.9 µg/L which is still greater than the MCL. In Franklin County, 1,017 wells were sampled for iron and 218 of the sample wells (21.4%) had concentrations above the MCL. Concentrations of iron in Franklin County ranged from 25 µg/L to 23,000 µg/L. 

Figure 5. Average concentrations of iron in private well water in the nine selected counties in North Carolina. The maximum contaminant level according to the National Secondary Drinking Water Regulation is 300 µg/L which all the counties exceeded. 

Out of the nine selected counties, only five of the public water providers reported iron concentrations in their annual water quality reports for 2022 (Table 10). Of those, three reported that they did not detect iron and the City of Greensboro (Guilford County) and City of Asheboro (Randolph County) reported their concentration of iron as <10 µg/L and <50 µg/L, respectively. Iron is guided under the National Secondary Drinking Water Regulations, so it is not mandatory to test for iron annually in public water systems.

Table 10. Reported iron concentrations in publicly supplied water in the nine selected counties in North Carolina in 2022. 
	County
	Major Water Provider
	2022 Reported Iron Concentration, µg/L

	Wake
	City of Raleigh
	ND

	Guilford
	City of Greensboro
	<10 µg/L

	Orange
	Orange Water and Sewer Capacity
	NR

	Nash
	City of Rocky Mount
	NR

	Randolph
	City of Asheboro
	<50

	Macon
	Town of Franklin
	ND

	Franklin
	Town of Louisburg
	ND

	Yadkin
	Town of Yadkinville
	NR

	Swain
	Town of Bryson City
	NR


ND = Not Detected
NR = Not Reported

Data on the dissolved iron concentration in surface water were available for all nine of the counties (Table 11). All the counties had iron detected in the surface water samples. The mean concentration of dissolved iron in the samples ranged from 119.3 µg/L in Yadkin County to 982.4 µg/L in Nash County (Table 11). Most of the counties had more detects than non-detects for dissolved iron in the surface water samples and three of the counties (Orange, Nash, and Franklin) had iron detected in all the samples. Five of the counties had a mean iron concentration in surface water above the MCL of 300 µg/L. The minimum detection limit for dissolved iron in surface water was 50 µg/L. Data on the dissolved iron concentration in groundwater were available for six of the selected counties (Table 11). Of the six counties, two of the counties (Nash and Swain) did not detect iron in the groundwater samples. For the counties that did have iron detected, the mean concentration of dissolved iron in the detected samples ranged from 12.2 µg/L in Randolph County to 2,247 µg/L in Wake County. Two of the counties had a mean iron concentration in groundwater above the MCL of 300 µg/L. The minimum detection limit for dissolved iron in groundwater was 10 µg/L in Wake County and 4 µg/L in the other five counties. Overall, five of the counties had a mean iron concentration in surface water above the MCL and two counties had a mean iron concentration in groundwater above the MCL of 300 µg/L.

Table 11. Number of dissolved iron detections and mean concentration of dissolved iron in surface water and groundwater in the nine selected counties in North Carolina. 
	
	Surface Water
(Dissolved Iron, µg/L)
	Groundwater
(Dissolved Iron, µg/L)

	County
	Number of Detects
	Number of Non-Detects
	Mean of Detects
	Number of Detects
	Number of Non-Detects
	Mean of Detects

	Wake
	187
	5
	407.1
	9
	8
	2247

	Guilford
	150
	8
	219.7
	NA
	NA
	NA

	Orange
	29
	0
	640.8
	35
	13
	30.5

	Nash
	120
	0
	982.4
	0
	1
	ND

	Randolph
	222
	11
	370.6
	1
	0
	12.2

	Macon
	46
	138
	127.1
	NA
	NA
	NA

	Franklin
	48
	0
	620.7
	NA
	NA
	NA

	Yadkin
	44
	34
	119.3
	1
	0
	397

	Swain
	2
	44
	296
	0
	2
	ND


Concentrations above the MCL of 300 µg/L are noted in red. 
NA = Data Not Available
ND = Not Detected
NM = Not Measured

Although iron is a naturally occurring element that can enter water systems through erosion, high levels of iron in drinking water are undesirable since it can impact the taste of water and can stain teeth, clothes, and sinks. Five of the counties had reported levels of dissolved iron in surface water above the MCL. None of the publicly supplied water, which draws from surface water sources, had iron concentrations above the MCL. This suggests that the water providers filter out iron. On the other hand, the mean reported iron concentration in private well water exceeded the MCL for all the counties. This again highlights the disparity between those relying on private well water versus those that have access to publicly supplied water. 

Manganese
Average manganese concentrations between 1998-2010 in private well water in the nine selected counties are shown in Figure 6. Manganese has a National Secondary Drinking Water Regulation maximum contaminant level of 50 µg/L. The mean manganese concentration in five of the nine selected counties was higher than the MCL. Guilford County had the highest manganese concentration of 140.4 µg/L which is over 2 times higher than the MCL. In Guilford County, 3,265 wells were sampled for manganese and 561 of the sampled wells (17.2%) had concentrations above the MCL. The minimum manganese concentration detected in Guilford County was 15 µg/L while the maximum concentration was 46,300 µg/L which is 926 times higher than the MCL. The four counties whose mean manganese concentrations did not exceed the MCL in private well water are rural counties with the greatest percentage of the population relying on self-supplied water (>60% of the county population relying on private wells). The five counties whose manganese concentrations did exceed the MCL in private well water have the lowest percentage of the population relying on self-supplied water (<45% of the county population relying on private wells) and four of these counties are urban counties. 

Figure 6. Average concentrations of manganese in private well water in the nine selected counties in North Carolina. The maximum contaminant level according to the National Secondary Drinking Water Regulation is 50 µg/L, which five out of the nine counties exceeded. 

Out of the nine selected counties, six of the public water providers reported manganese concentrations in their annual water quality reports for 2022 (Table 12). Of those, three reported that they did not detect manganese. Manganese is guided under the National Secondary Drinking Water Regulations, so it is not mandatory to test for manganese in public water systems.

Table 12. Reported manganese concentrations in publicly supplied water in the nine selected counties in North Carolina in 2022. 
	County
	Major Water Provider
	2022 Reported Iron Concentration, µg/L

	Wake
	City of Raleigh
	ND

	Guilford
	City of Greensboro
	<10

	Orange
	Orange Water and Sewer Capacity
	NR

	Nash
	City of Rocky Mount
	4.8

	Randolph
	City of Asheboro
	<50

	Macon
	Town of Franklin
	ND

	Franklin
	Town of Louisburg
	ND

	Yadkin
	Town of Yadkinville
	NR

	Swain
	Town of Bryson City
	NR


ND = Not Detected
NR = Not Reported
Data on the dissolved manganese concentration in surface water were available for eight of the selected counties (Table 13). All the counties had manganese detected in the surface water samples. The mean concentration of dissolved manganese in the samples ranged from 14.1 µg/L in Yadkin County to 241.5 µg/L in Nash County (Table 13). Most of the counties had more detects than non-detects for dissolved manganese in the surface water samples and two of the counties (Wake and Frankin) had manganese detected in all the samples. Five of the counties had a mean manganese concentration in surface water above the MCL of 50 µg/L. The minimum detection limit for dissolved manganese in surface water was 10 µg/L. Data on the dissolved manganese concentration in groundwater were available for five of the selected counties (Table 13). Of the five counties, one county (Nash) did not detect manganese in the groundwater. For the counties that did have manganese detected, the mean concentration of dissolved manganese in the detected samples ranged from 133 µg/L in Yadkin County to 210 µg/L in Swain County. Four of the counties had a mean manganese concentration in groundwater above the MCL of 50 µg/L. The minimum detection limit for dissolved manganese in groundwater was 0.2 µg/L in Wake County and 0.4 µg/L in the other four counties. Overall, five of the counties had a mean manganese concentration in surface water above the MCL and four counties had a mean manganese concentration in groundwater above the MCL of 50 µg/L.






Table 13. Number of dissolved manganese detections and mean concentration of dissolved manganese in surface water and groundwater in the nine selected counties in North Carolina.
	
	Surface Water
(Dissolved Manganese, µg/L)
	Groundwater
(Dissolved Manganese, µg/L)

	County
	Number of Detects
	Number of Non-Detects
	Mean of Detects
	Number of Detects
	Number of Non-Detects
	Mean of Detects

	Wake
	192
	0
	98.1
	17
	0
	153.3

	Guilford
	194
	1
	80.6
	NA
	NA
	NA

	Orange
	NM
	NM
	NM
	NM
	NM
	NM

	Nash
	117
	3
	241.5
	0
	1
	ND

	Randolph
	211
	22
	87.9
	1
	0
	192

	Macon
	57
	126
	36.7
	NA
	NA
	NA

	Franklin
	47
	0
	144.5
	NA
	NA
	NA

	Yadkin
	21
	57
	14.1
	1
	0
	133

	Swain
	1
	45
	32
	1
	0
	210


Concentrations above the MCL of 50 µg/L are noted in red. 
NA = Data Not Available
ND = Not Detected
NM = Not Measured

Manganese is another naturally occurring element that can enter water systems through erosion. Five of the counties had reported levels of dissolved manganese in surface water above the MCL. None of the publicly supplied water, which draws from surface water sources, had manganese concentrations above the MCL. Like the iron data, this suggests that manganese is filtered out by the public water provider. The mean reported manganese concentrations in private well water exceeded the MCL in five of the counties. Again, the differences between the water quality of private well water and publicly supplied water are highlighted here. Further, the highest concentrations of manganese in private well water were found in Guilford, Randolph, Orange, Nash, and Wake Counties. Most of these counties are in the Piedmont region of North Carolina, which is known to have high concentrations of manganese in groundwater due to soil weathering (Gillispie et al., 2016). Additionally, the four urban counties all had a mean manganese concentration in private well water above the MCL whereas most of the rural counties did not exceed the MCL for manganese. 
County Comparisons
Guilford County had the highest reported mean concentrations of lead, iron, and manganese in private well water. Randolph County, which is adjacent to Guilford County, had the second highest reported mean concentrations of lead and manganese and the highest concentration of arsenic in private well water. Both counties are located in the central Piedmont region of North Carolina. Swain County had the highest reported concentrations of lead, copper, and manganese in the groundwater samples compared to the other selected counties. Overall, the geographic location of each county tended to have a greater influence on the water quality than did the county classification of rural or urban.

Unregulated Contaminants
The City of Raleigh (Wake County), Orange Water and Sewer Authority (Orange County), and City of Rocky Mount (Nash County) all tested for the presence of several unregulated chemicals in their 2022 water quality testing. All three counties, which are urban counties, tested for the presence and concentration of some per- and polyfluoroalkyl substances (PFAS). The City of Raleigh also tested for the presence of synthetic organic chemicals, nitrosamines, and others. The City of Raleigh provides drinking water to Wake County, which had the highest population out of the nine selected counties. Wake County also has the lowest percentage of its population relying on self-supplied water, and thus has the highest percentage utilizing publicly supplied water compared to the other eight counties. None of the rural counties tested for the presence of additional, unregulated water contaminants. Thus, those who live in urban areas are more likely to have their publicly supplied water undergo more extensive testing compared to those living in rural areas.
[bookmark: _Hlk164027228]Conclusions
Uncertainties and Study Limitations
This study was limited by the availability of water quality data. Since data were accessed from public reports and published data sources, the study was limited by which contaminants were tested in the water. Also, the years of data available differed between the datasets for the different types of water, which may have contributed to some inconsistencies in the comparisons that were made. For instance, the private well water data was from 1998 to 2010, the surface water and groundwater data were from 2010 to 2023, and the publicly supplied water data ranged from 2016 to 2022. Thus, it is possible that some of the high reported levels of contaminants in private well water may have decreased since 2010 and would be closer to the levels detected in the other water sources.
Water quality data for publicly supplied water is available on most water providers’ websites in an annual drinking water quality report. However, the availability of data varied amongst the providers with differing years of data available. Some counties only had one or two years of data accessible while other counties had up to seven years of data available. Further, within each water quality report, there were differences in formatting and differences in the water quality characteristics included. This made it challenging to compare water quality data between the water providers due to the inconsistencies between the types of data available. 
The private well water quality data for the selected counties may have been skewed by some extremely high measurements. The available data included the number of wells tested, minimum concentration, maximum concentration, average concentration, number of wells tested above the MCL, and percentage of wells tested above the MCL. The standard deviation, median value, and raw data sets were not provided. Some of the counties that had high mean concentrations for some of the contaminants may have been skewed by high maximum concentrations. For instance, Guilford County had the highest reported lead concentration at an average of 61.4 µg/L, which was over 4 times higher than any of the other counties. The minimum concentration of lead was 2.5 µg/L while the maximum concentration was 105,440 µg/L. This maximum concentration is over 7,000 times higher than the lead action level. Since no additional data, such as the median value, are provided for the lead concentration in Guilford County, it is unclear if the high mean concentration was the result of one extremely high maximum value or if the mean was a true representation of the dataset. 
Another uncertainty in the dataset came from the differences in detection limits between the surface water and groundwater samples. The surface water and groundwater data had different detection limits for the same contaminant (e.g., dissolved lead, dissolved copper, dissolved arsenic, dissolved iron, and dissolved manganese). For instance, the detection limit for dissolved lead in surface water was 2 µg/L and was 0.04 µg/L for dissolved lead in groundwater. The groundwater samples had a higher percentage of the counties having detectable concentrations of dissolved lead, which may have been due to the lower detection limit compared to surface water. Also, the groundwater had lower mean concentrations of dissolved lead compared to surface water, which may have be due to the lower detection limit in groundwater. If the surface water samples had been processed with a technique that had the same detection limit as the groundwater samples, there may have been a higher number of counties with detectable concentrations of lead. Thus, more counties would likely have exceeded the public health goal of 0 µg/L for lead. Further, since publicly supplied water is primarily obtained from surface water sources, the lower detection limit and possible increase in detected concentrations of lead would have allowed us to more accurately compare the concentrations of lead in surface water and publicly supplied water. This would allow for identification of if lead was removed from the surface water source via filtration during drinking water treatment. 
An additional uncertainty in the dataset was the way the surface water and groundwater contaminants were averaged. The mean concentration of each contaminant in surface water and groundwater was calculated as the average concentration of the detected samples. The non-detected samples, which were less than the detection limit and close to a concentration of 0 µg/L, were not included in the average concentration. This caused the mean concentration for the surface water and groundwater samples to be skewed high. For instance, Guilford County had the highest mean concentration of dissolved lead in surface water at 4.9 µg/L. Guilford County had 194 samples that did not detect lead and 2 samples that did detect lead. Thus, the true mean concentration of lead would have taken into consideration the 194 samples that had concentrations of lead below the detection limit and close to 0 µg/L. 

Conclusion
Overall, this study identified disparities in water quality between private well water and publicly supplied water. Private well water consistently had higher concentrations of contaminants including lead, arsenic, iron, and manganese compared to publicly supplied water. Because of this, those relying on private wells are more likely to be exposed to drinking water contaminants compared to those with publicly supplied water. This study highlights the need for those relying on a private well to undergo regular water testing to ensure their water is safe for personal use and consumption.
Additionally, some contaminants like lead and copper likely entered the drinking water from plumbing systems. This was deduced since the concentrations of lead and copper in the surface water and groundwater sources were less than the concentrations in the publicly supplied water and private well water. On the other hand, some of the contaminants including arsenic, iron, and manganese likely entered the drinking water from natural sources such as the erosion of natural deposits. This was determined since the concentrations of these contaminants were also high in surface water and groundwater. However, drinking water treatment for publicly supplied water likely removes many of these contaminants whereas private well water may not undergo the same filtration process. For example, all the counties exceeded the MCL for iron in private well water, but none of the counties exceeded the MCL for iron in publicly supplied water. More of the surface water samples had concentrations of iron above the MCL compared to groundwater, so the surface water likely undergoes water treatment that removes iron before it is utilized as publicly supplied drinking water. 
The geographic location of the county tended to have a greater influence on the quality of drinking water and presence and concentration of contaminants compared to the county classification of rural or urban. However, urban counties tended to test for more unregulated drinking water contaminants in publicly supplied water compared to the rural counties. 
In conclusion, since water quality in private wells is not regulated by the Safe Drinking Water Act and since the private well water analyzed in this study tended to have higher concentrations of contaminants compared to publicly supplied water, it is crucial to get drinking water wells tested regularly. Additionally, since the reports from public drinking water providers are not individualized, it is important for those utilizing publicly supplied water to get their water tested as well to know exactly what is in their water. Knowing what is in your drinking water can help you make informed decisions about filtration or water treatment options you may need to consider to lower your exposure to drinking water contaminants.
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