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Radon-222 and Other Naturally-Occurring Radionuclides in Private
Drinking Water Wells and Radon in Indoor Air in Buncombe, Henderson,
and Transylvania Counties, North Carolina, 2005

Ted R. Campbell

ABSTRACT

High levels of carcinogenic radionuclides — most notably radon-222 (radon) -
naturally occur in ground water drinking supplies in the Blue Ridge and Piedmont
Provinces of Western North Carolina. This is problematic because about half of the
residents in the region rely on ground water as their principal potable supply. Further,
eight counties in North Carolina - all in Western North Carolina — are classified as EPA
Zone 1 counties, with predicted indoor air radon concentrations above the action level of
4 picocuries per liter (pCi/L). The main source of these radionuclides is uranium rich
rock — including granites and gneisses — prevalent across much of the region.

Ground water samples collected from 103 private wells within Buncombe,
Henderson, and Transylvania Counties were found to contain ubiquitously high levels of
radon (109 to 45,600 pCi/L; median = 6060 pCi/L). Radon exceeded EPA's proposed
maximum contaminant level (MCL) of 300 pCi/L in 98 percent of the wells, and
exceeded the proposed alternate MCL of 4000 pCi/L in 64 percent of the wells. Uranium
(maximum = 63 ug/L) and gross alpha activity (maximum = 56 pCi/L) exceeded the EPA
MCL in about 2 to 3 percent of wells. Radium-226, -224, and -223 were relatively low in
all sampled wells (less than 1.4 pCi/L).

Radon was significantly higher in wells located in meta-igneous rocks (median =
7480 pCi/L; maximum = 45,600 pCi/L) than in meta-sedimentary rocks (median = 4040
pCi/L; maximum = 14,300 pCi/L). One exception to this was the migmatitic biotite
gneiss, a meta-sedimentary rock, which had median radon levels (8110 pCi/L)
comparable to that of the meta-igneous gneisses. Although maximum levels of uranium
and gross alpha were significantly higher in wells in meta-igneous rocks than meta-
sedimentary rocks, little difference was noted between the two rock types for median
levels. Radium-226 levels were comparable in the two rock types. Granite and granitic
gneiss formations such as the Henderson Gneiss, granite gneiss, and Caesars Head
Granite generally were associated with elevated radionuclides in well water.

Wells in oxidizing ground waters (n = 98) were significantly higher in radon and
uranium (average = 8018 pCi/L and 1.8 ug/L, respectively) and lower in Ra-226 (average
=0.15 pCi/L) than wells in reducing ground waters (n = 5) (radon average = 1930 pCi/L;
uranium average = near zero; Ra-226 average = 0.37 pCi/L). This corroborates findings
of other researchers who have shown that uranium is more soluble in oxidizing ground
water, while Ra-226 is less soluble. The plated Ra-226 serves as a continuing source of
radon to the ground water.



Radon was positively correlated with the uranium/radium-226 ratio, suggesting
that the ground water conditions which dissolve and mobilize uranium may in turn result
in sorption of radium-226 on fracture walls acting as an ongoing source of direct radon
emanation to ground water in the vicinity of the well. Further, radon was 3 to 5 orders of
magnitude higher than radium-226, implying that the vast majority of radium-226 - the
source of radon - was sorbed on bedrock fractures near the well. Because of the very
large disequilibrium between radon and its parent radium-226, any changes in ground
water geochemistry near the well could result in dissolution and mobilization of radium,
and subsequent impact of the drinking supply.

Uranium and gross alpha activity were positively correlated with pH and
alkalinity (as bicarbonate). Radium isotopes tended to increase as DO decreased.
Radon was inversely correlated with Ra224/Ra223 (R=-0.45), suggesting that, as
expected, rock with a presumed higher uranium content (parent of Ra-223 and radon)
than thorium content (parent of Ra-224) resulted in higher dissolved radon
concentrations. Radium-223 was positively correlated with Ra-224 (R=0.76) and well
depth (R=0.38) and inversely correlated with casing depth (R=-0.38), DO (R=-0.37) and
ORP (R=-0.35). Radium-224 was positively correlated with well depth (R=0.37) and
inversely correlated with DO (R=-0.44) and Ra-226/Ra-223 (R=-0.48). Wells were
grouped into hydrologic/topographic settings of either ground water recharge, mid-slope,
or ground water discharge, and differences in radionuclide concentrations between the
three settings were not noted.

Indoor radon ranged from 0.3 to 22.8 pCi/L, with a median value of 2.7 pCi/L.
About one third of the sampled homes had indoor air radon above the EPA action level of
4 pCi/L. Data obtained from a commercial laboratory for 15,280 homes in the three
county study area showed indoor radon levels between 0.4 and 2146 pCi/L with a median
value of 3.2 pCi/L.

INTRODUCTION

Elevated levels of naturally occurring carcinogenic radionuclides are found in
ground water and indoor air (radon) in the Blue Ridge and Piedmont Provinces of
Western North Carolina. This is due to the presence of uranium rich rocks — including
granites and gneisses - across much of the region. Ductile and brittle faulting also is
common in the area and may increase the mobility of radionuclides in ground water and
air.

About half of the citizens of Western North Carolina rely on ground water as their
principal drinking supply (U.S. Geological Survey, website
http://nc.water.usgs.gov/wateruse/data/Data_Tables_2000.html, accessed May 22, 2006).
Existing data from public and private wells in the region indicate that elevated
concentrations of dissolved uranium, radium, and gross alpha-particle activity occur
locally, and elevated concentrations of dissolved radon-222 (radon) are widespread. (In
this report, “radon-222”, “radon”, and Rn-222" are used interchangeably.) Anecdotal
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evidence suggests that few residents are aware that their domestic ground water supply
may be contaminated with elevated levels of naturally occurring radon or other
radionuclides.

Radionuclides are human carcinogens and have been linked to bone, kidney, and
lung cancers, among others. To protect the public from these health hazards, public
water suppliers are required to collect radionuclide samples at regular intervals as part of
the U.S. Environmental Protection Agency’s (EPA) “Radionuclides Rule” (EPA, 2000).
This rule defines maximum contaminant levels (MCLs) for various radionuclides in
public water supplies (table 1). Although the MCLs do not specifically apply to private
(domestic) drinking water supplies, the standards often are used as guidelines in
determining potential health risks associated with consuming drinking water from
domestic wells.

To date, studies of radionuclides in ground water in Western North Carolina have
been limited in scope. Further, the correlation between radionuclide content in parent
rock and radionuclide concentrations in ground water and air is not well understood. A
study conducted from 1991 to 1993 found that the average radon concentration in 277
private wells sampled in the mountain region was about 2000 picocuries per liter (pCi/L)
(University of North Carolina, 1993); a study in 1975 found that the average radon
concentration in 20 wells sampled in the mountain region was about 4100 pCi/L (Aldrich
and others, 1975).

Homes, schools, and businesses in Western North Carolina also are susceptible to
elevated levels of indoor air radon. Eight counties in North Carolina - all in Western
North Carolina — are classified as EPA Zone 1 counties, with predicted indoor radon
concentrations above the EPA recommended action level of 4 pCi/L (EPA Radon Map,
accessed via internet, 8/19/05, http://www.ncradon.org/zone.htm).

Because radionuclides are known to occur in the region and because they are
linked to increased risk of cancer, several key questions must be addressed. What is the
occurrence and distribution of dissolved radionuclides in the region? Are the observed
levels safe to drink? Are the dissolved radon levels high enough to cause a substantial
increase in the overall exposure to inhaled radon? Is it possible to develop regional
radionuclide susceptibility maps on the basis of knowledge of local geology, geochemical
conditions, and topographic settings? Are well owners aware of the implications of
elevated levels of dissolved radionuclides in their drinking water? Is current policy
regarding radionuclides in drinking water adequately protective of public health?

This study was designed to evaluate the extent to which rock types, geologic
structure, topographic setting, and other hydrogeochemical factors are associated with
elevated radionuclide concentrations in air and ground water. The study was targeted to
specific areas of Western North Carolina and therefore is limited in scope. It is part of a
multi-phased approach to help officials and the public to understand the quality of the
ground water supply and the extent to which radionuclides may pose a health threat to the
citizens of Western North Carolina. Findings in this report will help the planning,
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regulating, scientific, and well owner communities to more fully understand the
mechanisms and settings that contribute elevated radionuclides to the region’s ground
water supplies and indoor air. This study is a direct response to the North Carolina
Division of Water Quality’s mandate to help ensure that North Carolina’s ground water
resources are safe and sustainable. This study was made possible by a grant from the
EPA, and carried out in consultation with the North Carolina Division of Environmental
Health’s Radiation Protection Section.

Purpose and Scope

The purpose of this report is threefold. First, the report documents the occurrence
and distribution of selected radionuclides in drinking water collected from private wells
in targeted areas of Buncombe, Henderson, and Transylvania Counties of Western North
Carolina. Second, the report describes the extent to which elevated radionuclide
concentrations are associated with local geology (rock type, structure, depth to bedrock),
geochemistry (dissolved oxygen (DO), pH, specific conductance (SC), alkalinity as
bicarbonate (alk), iron, manganese, and selected individual radionuclides), and (or) well
characteristics (topographic setting, and others). And third, the report provides
background information on the occurrence and behavior of radionuclides common in
Western North Carolina, and touches on associated health risks, and therefore serves as a
useful reference for planners and citizens of the region.

Data used to draw conclusions in this report were obtained from raw, untreated,
unfiltered ground water samples collected using a consistent method at 103 private
drinking water wells and one abandoned public supply well. All wells sampled in the
study were open boreholes completed in fractured bedrock with the overlying soil and
regolith sealed by polyvinyl chloride or steel casing. The wells were sampled for total
uranium (uranium), gross alpha-particle activity, radium isotopes (radium-226 (Ra-226),
radium-224 (Ra-224), and radium-223 (Ra-223)), radon-222, iron, manganese, lead,
arsenic, and field parameters. Additional data obtained at the wells included well-
construction details, yield, latitude and longitude, topographic setting, and surrounding
rock type and structure information.

In addition, indoor air radon was measured in 67 of the 103 homes associated
with the sampled private wells. To augment the indoor radon dataset, AirChek, Inc.
provided an additional 15,280 indoor air radon results for homes in the three-county
study area. Finally, historic compliance monitoring data obtained from public water
suppliers across Western North Carolina also were evaluated.

Areas sampled during this study were selected because of their proximity to
uranium-rich geologic formations and because of their location within a county that has
been identified as having predicted indoor radon screening potential greater than the EPA
action level of 4 pCi/L (EPA Radon Map, accessed via internet, 8/19/05,
http://www.ncradon.org/zone.htm). EPA Radon Zone Map, accessed via internet,
8/18/05, http://www.ncradon.org/zone.htm). A number of other areas of Western North
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Carolina also are suspected to contain potentially elevated radionuclide concentrations
(the area of Whiteside Granite in Macon County, for example), and these areas may be
addressed in subsequent phases of investigation.
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Background on Radionuclide Chemistry and Occurrence

Radionuclides are naturally occurring elements that undergo radioactive decay.
This decay occurs when an unstable “parent” element releases energy and becomes a new
“daughter” element (progeny) with new properties. Energy released during this decay
process occurs as ionizing particles (alpha or beta particles) or rays (gamma rays).
Naturally occurring radionuclides are found primarily found to originate from one of
three decay chains: uranium-238, uranium-235 (rare), and thorium-232 (common, but
mostly insoluble). An example of the decay process is that of uranium-238, which
decays through a series of intermediate daughter elements (with each decay step releasing
either alpha or beta particles) and ends as a stable form of lead.

Radiation is a measure of the rate of radioactive decay, which is also referred to
as activity. Activity is expressed as the “curie”, a measure of the number of
disintegrations per unit time (one curie = 3.7 x 10'* atomic disintegrations per second).
Activity in water is expressed in pCi/L, where one pCi/L is equivalent to 2.2 atomic
disintegrations per minute per liter of water. A very large mass of a slowly decaying
radionuclide can have a lower overall radiation than a very small mass of rapidly
decaying radionuclide. Each type of radiation has unique properties, but, generally
speaking, most are energetic enough to break chemical bonds and potentially result in
tissue damage.
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Radionuclides are colorless, odorless, and tasteless. They are ubiquitous in rock,
soil, and water. Their concentration and occurrence in ground water are controlled, in
large part, by geochemical conditions and by the degree to which the local geology
contains original sources of all radionuclides, namely uranium or thorium. Radionuclides
include the very slow decaying elements that originally were incorporated into the earth’s
crust (uranium and thorium), as well as their shorter-lived progeny. Every radioactive
element has a unique “half-life” which is a measure of the amount of time required for
half of the initial amount of the substance to decay. Half-lives vary widely, as shown in
figure 1 which illustrates the two most common decay series, uranium-238 and thorium-
232, as presented from Hall and others (1985).

Because radioactive elements have different radiochemical properties, they tend
to behave differently in the subsurface. Among the properties that vary are solubilities,
decay rates, sorption rates, physical states (gas or solid), and geochemical reactivity. As
a result, observed concentrations of a parent element are not necessarily correlated with
observed concentrations of its daughter elements. For example, high concentrations of
dissolved radon are not necessarily correlated with concentrations of dissolved Ra-226.
Further, because the geochemical properties of uranium-238 differ from those of Ra-226,
they are mobilized under different conditions and their co-occurrence is not common
(Szabo and Zapecza, 1991; Menetrez and Watson, 1983).

Adverse health affects are associated with long-term exposure of radionuclides, so
the EPA has established drinking water standards for selected constituents (table 1). In
1991 the EPA proposed an MCL standard for radon in water of 300 pCi/L, and in 1999
proposed an alternate MCL of 4000 pCi/L for water suppliers that have established an
indoor radon mitigation program. The primary radon health risk is from inhalation
exposure rather than ingestion, and radon-rich water can slightly increase levels of indoor
air radon as it volatilizes during routine in-home water usage. As of the date of this
report, these proposed levels have not yet been enacted.

Studies have shown that radionuclide concentrations in ground water and indoor
air in Western North Carolina are above EPA MCLs and are therefore high enough to
pose potential health risks. Anthropogenic sources of radionuclides (from nuclear
testing, radiopharmaceuticals, and mining) are not a significant source of contamination
to ground water supplies in the region.

The radionuclides of interest in this study include uranium, Ra-226, radon, and
gross alpha-particle activity. Radium-228 is a common constituent that was not included
in this study due to cost and laboratory constraints. Thorium-232 is another common
radionuclide with its own decay series, but was not analyzed directly during this study.
Instead, Ra-224, a decay product of thorium-232, was used as a proxy to identify
potential thorium sources. Thorium is relatively insoluble in most ground waters.
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Figure 1. Schematic showing radionuclide decay chains with parent
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from Hall and others (1985).
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Table 1. EPA maximum contaminant levels for selected radionuclides.

Radionuclide USEPA MCL
Radon, in pCi/L 300* / 4000**
Uranium, in ug/L 30
Radium-226, in pCi/L 5***
Radium-228, in pCi/L 5rxx
Gross Alpha, in pCi/L 15%*
Gross Beta, in millirems/yr 4
Indoor air radon, in pCi/L grrrex

*

proposed MCL

proposed alternate MCL

combined value, radium-228 + radium-226
**** excluding uranium and radium-226

***** air standard is an "action level"

MCL, maximum contaminant level

pCi/L, picocuries per liter

ug/L, micrograms per liter

*k

*kk

Radium-223, a daughter of uranium-235, also was analyzed. Descriptions are
provided below for the environmental occurrence of selected radionuclides.

Gross alpha-particle activity

Gross alpha-particle activity is a measure of the total amount of radioactivity in a
sample that is attributable to the decay of alpha-emitting radionuclides (refer to fig. 1).
Both short-lived and long-lived radionuclides emit alpha particles, therefore the length of
time between sample collection and laboratory analysis can greatly affect the results that
are obtained. Gross alpha activity often is used as a screening tool to predict the presence
of other regulated radionuclides such as Ra-226 and uranium, or isotopes that are not yet
regulated but pose concern because of widespread occurrence, such as Ra-224 (Focazio
and others, 2000). Exposure to elevated levels of alpha emitters is linked to an increased
likelihood of incidence of cancer. The EPA has established an MCL of 15 pCi/L for
gross alpha activity, excluding uranium and Ra-226, which are regulated separately.

Uranium

Uranium is a naturally occurring radionuclide that is common in crustal rocks
around the world. It is a reactive metal and combines with other elements in the
environment to form various uranium compounds. It is the parent (source) of a long
series of intermediary progeny, including Ra-226, radon, and others. Because it has an
extremely long half-life of 4.5 billion years, it is present in quantities similar to those that
existed when the earth was formed. Long-term exposure to uranium has been linked to
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increased incidence of liver and kidney toxicity and cancer. The EPA has established an
MCL of 30 ug/L for uranium.

Natural uranium occurs as three isotopes that are found in the following
predictable percentages, by weight: 99.28% uranium-238; 0.72% uranium-235; and
0.006% uranium-234 (International Atomic Energy Agency, website
http://www.iaea.org/NewsCenter/Features/DU/du_gaa.shtml, accessed May 23, 2006).
Uranium-238 and uranium-234 are part of the same decay chain (that is, uranium-238 is a
parent of uranium-234) and are much more common in terms of mass and radioactivity,
respectively, than uranium-235, which is part of the highly radioactive and rare actinium
decay chain. Because these isotopes and their daughter progeny occur in predictable
percentages when in radioactive equilibrium, a comparison of ratios can reveal the
predominant original source of radionuclides which can, in turn, lead to a greater
understanding about the geologic influence on radionuclide occurrence in ground water.
For example, in equilibrium daughter progeny occur in the following relative ratios: Ra-
223 (uranium decay series) 0.05 : Ra-226 (uranium decay series) 1.0 : Ra-228 (thorium
decay series) 1.5 : Ra-224 (thorium decay series) 1.5. Measuring these daughter
elements can reveal whether thorium or uranium is the primary geologic influence on
radionuclide occurrence.

Szabo and others (2001) found elevated concentrations of uranium in a large
number of wells across the Appalachian Physiographic Province. These elevated levels
were associated with ground water of moderate DO and neutral to alkaline pH.
Concentrations of dissolved uranium were as high as 100 ug/L at some locations and
tended to be highest in private wells (Landmeyer and Rueber, 2001).

Uranium is particularly soluble in the presence of oxygenated ground water,
though it can, in some rare cases, be soluble in reducing environments. Zapecza and
Szabo (1988) observed that uranium is particularly soluble in oxidizing, bicarbonate-rich
ground water. Uranium concentrations also are associated with oxidizing waters low in
iron and manganese and high in sulfate and bicarbonate. Uranium tends to precipitate out
of solution and sorb onto fracture openings under reducing conditions, as iron- and
sulfate-reducing bacteria reduce the soluble form of uranium (VI) to the insoluble form
(IV) (Sani and others, 2004). The presence of carbonates (from the geologic matrix or
bacterial respiration) and neutral or alkaline pH will tend to dissolve uranium into very
stable uranium (VI)-carbonate complexes (Hsi and Langmuir, 1985) . That is, the
dissolution of uranium is limited in many geochemical environments and is controlled in
large part by adsorption and complexation reactions. In short, dissolved uranium
generally is associated with somewhat increased levels of DO, pH, alkalinity, and sulfate
and bicarbonate, and generally is associated with somewhat decreased levels of iron and
manganese.
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Radium

Radium, a naturally occurring reactive metal linked to bone cancer, occurs in the
form of four primary isotopes that are produced during the decay of uranium (Ra-226 and
Ra-223) and thorium (Ra-228 and Ra—-224) (fig 1). This study is concerned with Ra-226,
Ra-224, and Ra-223. Radium-223 typically occurs at very low concentrations in ground
water because it originates from uranium-235, the least abundant of the long-lived parent
nuclides. Nevertheless, Ra-223 was measured to help identify parent source rock. Due
to budget constraints, Ra-228 was not measured. The EPA has established an MCL of 5
pCi/L for combined Ra-226 plus Ra-228.

Radium-226 is a daughter of uranium-238 and has a half-life of 1622 years (fig.
1). Radium-224 is a daughter of thorium-232 and has a half-life of 3.6 days. Radium-
223 has a half-life of 11.4 days and is a daughter of uranium-235. Radium-228 is a
daughter of thorium-232 and has a half-life of 5.75 years.

Radium concentrations in ground water are dependent on concentrations of parent
elements, geochemical conditions that control dissolution and sorption, travel time versus
half-life decay, and the occurrence of alpha recoil (Szabo and Zapecza, 1991). Radium
forms as parent elements decay, and parent concentrations depend on rock type and
solubility. Geochemical conditions also are critical in determining whether radium is in
solution or sorbed onto soil/rock. Sorption depends in part on the ionic strength of the
solution. As ion concentrations in ground water increase, there is greater competition for
sorption sites and solubility of radium tends to increase. Sorption also depends on the
particle surface area, with greater surface area (manganese oxides, for example) leading
to increased sorption. Dissolved concentrations also are controlled by half-lives, with the
longer lived isotopes traveling “unsupported” (in the absence of the parent element)
further than short lived ones. Finally, alpha recoil can account for varying radium
concentrations dissolved in ground water. When a parent element decays to the daughter
radium isotope, it emits an alpha particle (a positively-charged helium atom). By virtue
of the conservation of momentum, the newly created radium atom will “recoil” in the
opposite direction. If the decay occurs close enough to the surface of the solid phase
(soil, rock, fracture plating) surface, then the recoil action can propel the atom out of the
mineral surface and into solution (Fleischer, 1983).

Radium tends to be only slightly soluble, and concentrations have been associated
with reducing waters high in iron and manganese and low in sulfate (Szabo and Zapecza,
1991). The solubility of radium generally is low, but increases with decreasing pH
(Szabo and others, 2005). Thus, solubility is controlled mostly by sorption conditions
that are controlled largely by pH. Increased concentrations of total dissolved solids also
increase the solubility of radium as other ions compete for limited sorption sites, a
phenomenon known as the “common ion effect”.

Radium-226 is a daughter produced by the decay of uranium-238. Because

uranium-238 is distributed widely and can readily dissolve and move in ground water, its
daughter elements such as Ra-226 and radon tend to be common in ground water.
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Because Ra-226 has different geochemical properties (sorption, solubility, and
complexation) than its parent uranium-238, their co-occurrence is not common.
Similarly, Ra-226 concentrations often are not correlative with radon concentrations
(Szabo and Zapecza, 1991).

In Western North Carolina, 128 public water supplies had an average Ra-226
concentration of 0.5 pCi/L (written communication, M. Fillinger, North Carolina
Department of Environmental Health, Public Water Supply, Jan 12, 2005). Radium-226
has been found in elevated concentrations in ground water along the Fall Line in states
from Georgia to New Jersey (Zapecza and Szabo, 1988). These aquifers tend to be
composed, in part, of unconsolidated sand fragments that are rich in uranium minerals
derived from the Blue Ridge and Piedmont provinces. In a study by Szabo and others
(2001), elevated concentrations of radium were associated with reducing or acidic
conditions and with quartz, sandstone, and shales.

Radium-224 is a daughter produced by the decay of thorium-228 (thorium-228 is
a decay element of thorium-232). Although the abundance of thorium is higher than that
of uranium, the solubility of thorium is very limited, and the occurrence of Ra-224
generally is less widespread than that of Ra-226 (Focazio and others, 2000). The short
half-life of Ra-224 (3.64 days) also limits its occurrence in ground water. While some
studies have shown that Ra-224 can be two times higher than Ra-228, their
concentrations were nearly the same (1:1 ratio) in a study of 99 wells across the US
(Focazio and others, 2000). This study also found radium to be somewhat mobile in the
presence of ground water with low DO, high total dissolved solids, and high chloride
content. Due to the common ion effect, high radium also was found in disturbed
agricultural recharge areas where competing ions such as H, Ca, and Mg were present
(Szabo and others, 1997).

Radium-223 is a daughter of the rare uranium-235 (part of the actinium decay
series). Historic Ra-223 data from ground water samples collected in Western North
Carolina could not be located, though Focazio and others (2000) measured concentrations
less than 1 pCi/L in a limited national reconnaissance.

In 1983, Menetrez and Watson (1983) examined radionuclide data from North
Carolina public water supply systems and found that about 2.5% of the 2089 samples
were above regulatory standards for either combined Ra-226 plus Ra-228 (39 were above
the MCL of 5 pCi/L) or gross alpha activity (12 were above the MCL of 15 pCi/L), and
over half the systems with elevated gross alpha activity (above 15 pCi/L) also had
elevated uranium concentrations (for example, above 10 pCi/L). Results of well
sampling in the Piedmont of S.C. indicated that elevated Ra-226 concentrations were not
strongly associated with elevated uranium-238 concentrations (South Carolina
Department of Health and Environmental Control, website
http://www.scdhec.net/eqc/water/html/urotest.html, accessed January 12, 2004).

Radium isotope ratios may be used to evaluate the sources of radium in ground
water. For example, the ratio of Ra-224/Ra-223 is used to determine whether thorium
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(the parent element of Ra-224) or uranium (the parent element of Ra-223) is
predominant. Radium isotope ratios also may be used to evaluate the different processes
that affect the emanation/leaching of radium from the rock into the ground water.
Because the ratio of uranium-238 to uranium-235 is constant in nature, the ratio of
daughter elements is likewise expected to be constant. Therefore, the ratio of Ra-223 to
Ra-226 should be constant under equilibrium conditions and should equal 0.046. If the
ratio is greater than the expected 0.046 then the shorter-lived isotope Ra-223
predominates suggesting that recoil processes are more important than dissolution.
However, if the ratio is less than 0.046 then the longer lived isotope Ra-226 predominates
suggesting that dissolution processes are more important than recoil.

A typical granitic rock, such as those common in Western North Carolina,
contains 3.6 disintegrations per minute per gram (dpm/g) of uranium-238, 0.17 dpm/g of
uranium-235, and 5.3 dpm/g of thorium-232 (International Atomic Energy Agency,
website International Atomic Energy Agency, website
http://www.iaea.org/NewsCenter/Features/DU/du_gaa.shtml, accessed May 23, 2006).
Therefore, at equilibrium, the rock will contain 3.6 dpm/g of Ra-226 (a daughter of
uranium-238), 0.17 dpm/g of Ra-223 (a daughter of uranium-235) and 5.3 dpm/g of Ra-
224 and Ra-228 (daughters of thorium-232). At equilibrium, the ratios would be
expected to be 1.0:0.05:1.5:1.5 for Ra-226:Ra-223:Ra-224:Ra-228. If the ratios are
substantially different, the system is in non-equilibrium and it may be inferred that
preferential transport is occurring for one or more radium or thorium isotopes.

Radon-222

Radon-222 (radon) is a naturally occurring radioactive gas that is invisible,
mobile, and dissolves in water. It is produced during the decay of uranium (fig. 1).
Uranium-238 decays through several daughter elements to Ra-226, and Ra-226 decays
directly to radon. Radon is found nearly everywhere in soil, air, and water; even outdoor
air contains very low levels of radon (typically about 0.4 pCi/L).

Radon is a known human lung carcinogen and is the second leading cause of lung
cancer in the US (National Academy of Sciences, 1999). It is estimated that radon is
responsible for 15,000 to 20,000 lung cancer deaths per year in the U.S. (National
Academy of Sciences, 1999). It is the largest source of radiation exposure to the public
and is considered a serious health risk.

By far, the primary health risk for radon is exposure through inhalation, not
ingestion. Drinking radon-rich water appears to result in only a very minor increase in
the risk of stomach cancer (National Research Council, 1999). The primary concern of
exposure to radon-rich water is its contribution to radon in indoor air as it volatilizes out
of the water phase. This occurs during normal household water use, particularly during
showers and during the washing of dishes and clothes (Cothern and others, 1986;
Fitzgerald and others, 1997; Prichard, 1987). Some research has shown that acute doses
of de-gassed radon (during showering, for example) may spike at levels that could
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increase the overall long-term exposure (and therefore health risk) over that of ambient
indoor radon levels alone (Fitzgerald and others, 1997; Bernhardt and Hess, 1996).

Most radon that is inhaled is also exhaled, but radon’s daughter progeny are
readily retained in the lung. These daughter progeny, over the long term, can damage
sensitive lung tissue. Even very small exposures to radon can, over time, result in lung
cancer, and researchers have not yet been able to determine a safe lower threshold.
Smokers exposed to elevated levels of radon are particularly susceptible to contracting
lung cancer because of the synergistic relationship between radon, smoking, and lung
cancer. Generally speaking, health risks associated with radon are due to long-term
exposure, from about 5 to 25 years (National Academy of Sciences, 1999).

The EPA has proposed an MCL for radon in water of 300 pCi/L, and an alternate
MCL of 4000 pCi/L for public water suppliers that have radon mitigation programs for
their customer base (EPA, 1999). Radon dissolved in public water supply systems
nationwide averages about 250 pCi/L (National Research Council, 1999).

The source of radon gas is uranium-rich rock. Rock types that contain higher than
normal amounts of uranium are granites, felsic volcanic rocks, black shales, phosphate-
rich sedimentary rocks, and metamorphic rocks derived from these rocks (U.S.
Geological Survey, 2000). Western North Carolina is underlain by many of these, most
notably granitic and metamorphic rocks. Along these lines, rock type has been strongly
associated with concentrations of dissolved Radon, with ground water in granites often
containing high levels, up to 100,000 pCi/L (Asikainen and Kahlos, 1979; Brutsaert and
others, 1981; Snihs, 1973) and ground water in sedimentary rocks often containing much
lower levels, often less than 500 pCi/L (Andrews and Wood, 1972; King and others,
1982; and Mitsch and others, 1984).

Because of its relatively short 3.8-day half-life, radon typically is not transported
long distances from its source. Because radon cannot move long distances without
decaying, and because radon often is found in the absence of dissolved uranium and
radium, it may be concluded that radon concentrations often are derived from fracture
coatings that contain uranium and radium precipitate. In general, elevated radon
concentrations generally are associated with fractured, uranium-rich bedrock and thin or
highly permeable, well drained, overlying soils. There tends to be little relationship
between dissolved concentrations of radon and Ra-226.

Radon is mostly chemically inert (non-reactive) and is soluble in water. Because
it is a gas, it is much more mobile than other radionuclides such as radium and uranium.
Radon migrates from areas of higher pressure to those of lower pressure. For example,
radon tends to move from underlying rock and soil into buildings (through foundation
cracks and utility openings), particularly into basements. This effect is pronounced in
buildings situated on cut-slope embankments (LeGrande, 1987).

Radon also is drawn into the low pressure zone within a pumping well’s cone of
depression. In the Piedmont and Mountains of North Carolina the cone of depression
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often is overlain by a semi-confining clayey saprolite. As the well pump cycles off and
on, the water table fluctuates up and down creating turbulent conditions, particularly
pronounced at the zone between unsaturated and saturated conditions. The result is that
radon is drawn from remote crevices and fractures into the low-pressure zone and pump
(LeGrande, 1987). In the absence of pumping, radon in the unsaturated zone tends to be
pushed downward with the infiltration of rainfall and then upward as the water table rises
after being recharged by a rainfall event. Because radon moves more quickly in air than
water its mobility may tend to increase as the soil dries, resulting in increased indoor
concentrations. An increase in soil moisture content after a precipitation event also
effects soil radon emanation. For buildings whose water is supplied by a well, radon
dissolved in ground water can enter through the water distribution system, becoming
volatilized into the indoor air space as the water is used, especially showers and washing
machines (Fitzgerald and others, 1997).

Dissolved radon tends to be higher in private wells than in public systems (Hess
and others, 1985). Private wells are small, closed systems that can result in radon build
up, while public systems generally have a longer residence storage time with longer
distribution systems which allows for some decay before consumption.

Radon concentrations also can be affected by the timing of recent rainfall, volume
purged from a well before sampling, volume purged from a well in recent days prior to
sampling, depth of water table, and other factors. Radon levels tend to be less influenced
by geochemical (dissolution) conditions than radium and uranium because radon is
relatively inert, whereas dissolved radium and uranium are observed only when they are
solubilized from the solid phase into water. Dissolved radon levels may increase
somewhat when the water table is higher (when the soil is saturated) because alpha recoil
in dry grains can result in radon particles becoming embedded in adjacent soil grains
rather than becoming freed into the pore-water space between grains.

Studies show that radon concentrations in ground water vary widely across North
Carolina, from detection limits to over 45,600 pCi/L (Campbell, 2006; Aldrich and
others, 1975; Sasser and Watson, 1978; Loomis and others, 1987; Loomis, 1987a;
Horton, 1983; 1985). Loomis (1987b) found that regional variability in dissolved radon
concentrations was mostly consistent with relative abundances of uranium-bearing rocks.
Additional research was recommended to evaluate the variabilities found within given
rock types. Loomis and others (1987) also reported a high degree of variability between
radon concentrations within any given rock type. For example, wells in granites had the
highest and the lowest dissolved radon concentrations. Rock type and geologic region,
taken in combination, were the best predictors of elevated dissolved radon
concentrations. Highest radon concentrations were found in settings characterized by
granites and gneisses within the Blue Ridge, Inner Piedmont, and Raleigh Belt regions.
Lesser concentrations were found in mafics and metavolcanic settings. In their study
pumping well factors such as discharge, specific capacity, depth, and casing length were
not significant predictors of radon concentrations. In a study by Senior (1998), radon
activities did not correlate with well characteristics such as depth or yield, nor with pH,
dissolved major ions, or other chemical constituents in water.
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Radon concentrations in ground water in North Carolina have been among the
highest observed in the U.S. (Hess and others, 1985; Horton, 1983; 1985; Aldrich and
others, 1975; Mitsch and others, 1984; Strain and others, 1979). A 1993 study reported
that of 400 private wells sampled across North Carolina, 67% had radon concentrations
above 300 pCi/L, and 11% were above 4000 pCi/L (University of North Carolina, 1993).
Of the 277 wells sampled within the mountain region, the average radon--222 was about
2000 pCi/L, 83% were above 300 pCi/L, 56% were above 1000 pCi/L, and 10% were
above 5000 pCi/L. In general, the highest concentrations of radon in ground water across
the U.S. occur in New England, Southeastern Appalachian and Piedmont provinces,
Rocky Mountain States, and California (Hess and others, 1985; Horton, 1985). Hess and
others (1985) noted that dissolved radon concentrations in surface water typically are
very low due to volatilization of radon into the atmosphere. As a result, communities that
rely on surface water reservoirs for their drinking water supply typically have little cause
for radon concern.

Another isotope of radon known as thoron (or “radon-2207) is a very short-lived
daughter of thorium. Because of its short half life (54.5 seconds) it is very difficult to
measure. Its short half life also prevents it from traveling more than very short distances
(perhaps several feet) from its source. For this reason, exposure to thoron typically is
limited. Thoron was not addressed in this study, and all references to “radon” in this
report are to radon-222.

Indoor air radon

Ambient air radon concentrations range from less than 0.1 pCi/L to about 30
pCi/L (U.S. Geological Survey, 2000). The amount of radon in a given sample of air is
dependent on many factors, including the proximity of source material, soil porosity,
moisture, and interconnectivity (permeability), depth to ground water, barriers to upward
movement such as clay confining layers or well-sealed slab foundations, interior
ventilation, and others. The EPA has established an action level of 4 pCi/L for indoor
radon.

Eight counties in North Carolina are listed as Zone 1, counties that are projected
to have indoor radon levels greater than 4 pCi/L on average. These include Watauga,
Alleghany, Mitchell, Buncombe, Henderson, Transylvania, Cherokee, and Rockingham
Counties (fig. 2). According to a statewide statistical survey of indoor air in homes
(North Carolina Radiation Protection Division, 1990), average radon concentrations for
94 samples in Buncombe County were 2.18 pCi/L, for 8 samples in Cherokee were 3.44,
45 samples in Henderson were 4.46, 5 samples in Mitchell were 1.76, and for 17 samples
in Transylvania were 4.44. Concentrations were somewhat higher in a statewide non-
statistical data compilation study. It is suggested that an estimated 10,000 pCi/L of
Radon dissolved in ground water supplied to a home results in about 1 pCi/L of Radon in
indoor air (Prichard, 1987). Indoor radon concentrations obtained from a commercial
laboratory ranged from 0.4 to 1082 pCi/L (written communication, S. Price, Airchek,
Inc., March 8, 2005) (fig. 3).

23



Coastal
Piedmont  Plain
a Q%‘
e

LT

Blue
Ridge

Figure 2. EPA Zone 1 counties in North Carolina (in red) with predicted indoor
radon levels of 4 pCi/L or higher, and North Carolina physiographic provinces (in
inset).
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Figure 3. Indoor air radon in homes in Buncombe, Henderson, and Transylvania
Counties, North Carolina (data obtained from Airchek, Inc., written

communication, 2005).
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Contribution of geology and geologic structures

Most uranium bearing minerals contain only trace amounts of uranium as an
accessory to other major constituents, and rocks with mineable quantities of uranium are
relatively rare. Uranium-bearing minerals include pitchblende, uraninite, carnotite,
torbernite, tyuyamunite, autunite, uranophane, and brannerite. Other minerals contain
only trace amounts of uranium and include davidite, samarskite, and euxenite. The
mineral monazite occurs in North Carolina and is thorium bearing. Uranium rich
minerals often occur in pegmatites, for example, or in deposits of sedimentary rocks
(pitchblende). In intrusive and metamorphic terrains, uranium concentrations may vary
widely depending on the composition and geologic history of the local rock. Often
uranium will occur in oxide minerals that may resist chemical alteration and breakdown.
Conversely, uranium may be found in secondary minerals coating fractures and were
formed as precipitates from circulating ground water or convection of hydrothermal
fluids.

Aeroradiometric mapping was completed by Duval and others (1989) using
NURE flight line data, and high levels of radioactivity (greater than 2.5 equivalent
uranium parts per million) were found to be associated with granites, granitic and meta-
sedimentary gneisses, pegmatites, monazite-rich rocks and sediments, and major faults.
The North Carolina Geological Survey compiled a geochemical atlas of the State
showing areas of elevated uranium activity in stream sediment (Reid, 1993).

In the Blue Ridge Belt, uranium rich rock occurs in the Henderson and granitic
gneisses and other meta-igneous rocks of Transylvania County, Henderson County, and
others, the graphitic phyllite and schist of the Grandfather Mountain Window, the Wilson
Creek Gneiss (along North Harper Creek in Avery County) (Feiss and others, 1989), the
Spruce Pine pegmatite district (containing allanite and monazite), and the Alligator Back
Formation north of the Bowens Creek Fault (a northern extension of the Brevard zone).
Granitic bodies may contain several uranium bearing minerals including spene, zircon,
uraninite, allanite, monazite, and other more obscure uranium and thorium minerals
(Costain and others, 1986). In the Inner Piedmont, uranium rich rock is attributable
largely to the mineral monazite found in high-grade metamorphic rocks and late-stage
granitic intrusive rocks. Monazite is particularly abundant in the sillimanite-bearing
schists and gneisses of this region.

The average concentration of uranium in soil is about 2 parts per million (ppm)
(about 2 grams of uranium in 1000 kg of soil or rock). Rogers and Adams (1970)
reported uranium concentrations for various types of rock (table 2). Acidic rocks with a
high silicate content — such as granitic rocks - tend to have a higher than average uranium
content. An average granite, a rock type common to Western North Carolina and the
most common in the earth’s continental crust, produces about 3.6 disintegrations per
minute per gram (dpm/g) of uranium-238, 0.17 dpm/g of uranium-235, and 5.3 dpm/g of
thorium-232.
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Table 2. Ranges of typical uranium content in various rock types (Rogers and Adams,
1970).

Rock classification Rock type Uranium content, ppm*
Igneous Granite, rhyolite, quartz monzonite 1-4

Igneous Mafic, ultra mafic 0.001 —1
Metamorphic Various Varies widely
Sedimentary Quartz sandstone 0.45
Sedimentary Shale 2.2

* parts per million

Geologic structural features also may contribute to elevated radionuclide
concentrations in air and ground water. For example, brittle and ductile fault zones have
been linked to elevated radionuclide concentrations (Gundersen, 1991). A terrestrial
gamma-ray survey for the conterminous U.S. (Phillips and others, 1993) showed that
equivalent uranium-238 concentrations were elevated along the northeast trending
Brevard fault zone that cuts through Western North Carolina. Ductile shearing of rocks
containing uranium rich minerals such as allanite, monazite, zircon, and titanite results in
alterations of the microstructure, porosity, permeability, and chemical composition of the
parent rock, and thereby increases the potential for higher radon concentrations in indoor
air and ground water (Gundersen, 1991). And while the Brevard zone primarily exhibits
ductile shearing, other areas of the zone show evidence of brittle deformation (Hatcher
and others, 1989) that also may contribute to elevated concentrations of radionuclides in
ground water.

Several physiogeochemical effects occur during the shearing process that may
cause increased radionuclide concentrations. For example, as the grain diameters are
reduced during shearing, the radionuclide atoms inside the grains are moved closer to the
surface and are able to release a greater percentage of radioactive particles that would
otherwise remain bound up within the grains (surface area to volume ratio increases).
Further, radionuclides are redistributed into the foliation where they are more likely to be
in close contact with weathering and transmissive zones, further increasing the rock’s
overall emanation potential. Ductile shearing also imparts a fabric to the rock that can
lead to increased weathering and greater permeability, increasing the rock’s transmissive
properties. And finally, the shearing process can introduce uranium-rich fluids into the
highly transmissive shear zone.

Faulting also causes distinctive physiogeochemical changes in the rock that result
in an increase in weathering. Increased weathering is evidenced by the metal oxide
“stains” common in fault and shear zones. These oxides (most notably iron and
manganese) serve to sorb radionuclides that are present as charged ions or ion pairs such
as uranium and radium, for example. Thus, decay elements of uranium and radium
(radon, for example) are produced “on site” from the solid phase material and become
available for transport in ground water by emission, desorption, or dissolution from the
surface of the secondary mineral (Gundersen, 1991).
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Data Collection and Analytical Methods

Ground-water samples were collected between May and August 2005, from 103
private wells within the study area (fig. 4). In addition, 67 indoor radon samples were
collected from the homes associated with the sampled wells. The remaining 36 homes
did not participate in the indoor-air radon sampling or did not obtain reliable results.
Collecting samples in well-defined target areas helped to maximize limited resources by
focusing on areas that were presumed to be among those with the greatest radionuclide
concentrations. Newspaper advertisements and word of mouth were used to solicit
volunteers for the study.

Each ground water sample was analyzed for total uranium, Ra-226, gross alpha-
particle activity, radon, iron, manganese, lead, arsenic, alkalinity, bicarbonate, pH, DO,
specific conductance, and temperature. Twenty-one samples also were analyzed for Ra-
223 and Ra-224. Quality control replicate samples were collected and analyzed at nine
wells. The sample collected from the abandoned public water supply well was not
analyzed for total uranium, Ra-226, or gross alpha because historic data already existed
for these constituents. Each well samples was identified by a sequential number from 1
to 103 (fig. 4).

Other than the small number of quality-control samples, each well was sampled
on one occasion. Therefore, data collected in this study represent a “snap shot” of
radionuclide concentrations at a point in time, and do not account for potential temporal
variations due to long-term, seasonal, or pumping-related fluctuations. A single sample
does not necessarily represent the overall quality of the ground water resource over a long
period of time at that location, but it does provide an indication of the quality of the local
ground water contributing water to the well for the time at which it was sampled.

Indoor air radon samples generally were obtained from a walkout basement (if
present) or a first floor room with minimal ventilation. As such, the results represent
what are believed to be worst-case levels. One indoor air sample was collected per site
on one occasion, over a three-day period. Because of this, the sample did not account for
changes that may occur due to long-term or seasonal fluctuations. Factors that may affect
the observed concentration over time include height of the water table, timing and
amount of recent rainfall, degree of indoor ventilation and fresh air circulation, variations
in well operation and its proximity to the home, and other factors. Nevertheless, the
sample represented a value obtained under normal conditions.

Rock type and structure were identified by on-site observation or by statewide or
local scale geologic maps (North Carolina Geological Survey, 1985). Because of the
geologic complexity of the region, in some cases the geologic setting of a particular home
or well had to be inferred. Nevertheless, the designations used in this study were
believed to be reasonable characterizations that allowed meaningful evaluations of
geologic influence on radionuclide concentrations.
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Figure 4. Private wells sampled during study, superimposed on map of meta-
igneous versus meta-sedimentary rocks, Buncombe, Henderson, and Transylvania
Connties. North Carolina. 2005.

Ground-water data collected in this study were augmented by historic public
water supply data obtained during compliance monitoring of public well systems (written
communication, M. Fillinger, North Carolina Department of Environmental Health,
Public Water Supply, Jan 12, 2005). Information about rock type and structure in the
vicinity of the public water supply systems was obtained from geologic maps or site-
specific knowledge of the researchers. In many cases a given public water system is
connected to several supply wells; a varying number of these wells were sampled for
radionuclides. To maintain a consistent dataset, only one value — the maximum — and
one location were used per public water supply system, regardless of the number of
source wells that supply the system.
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Sample-collection methods

A ground water sample was collected as an unfiltered, raw water sample as close
to the wellhead as possible. The sample was collected after the pump had been operating
for at least 20 minutes and after about 80 gallons or more of water had been removed.
This helped to ensure that the sampled water was from the formation and not from a
stagnant water column from within well bore. Ground water was placed in a 1-liter
plastic container for the analysis of total uranium, gross alpha activity, and Ra-226. The
sample date, time, and location were written on the sample container and on the chain of
custody form. The sample was shipped by overnight mail to a certified contract
laboratory in Oklahoma. Radon samples were collected using a special procedure
designed to prevent aeration. Specifically, 40-milliliter glass radon vials were carefully
submerged, filled, and sealed inside a 1.8 liter glass beaker that had been slowly filled
with well water. The radon samples were iced and shipped to the certified laboratory by
overnight mail in order to meet the 4-day holding time requirement. The metals samples
(arsenic, lead, manganese, and iron) were preserved using ultra-pure nitric acid prior to
shipment to the laboratory.

For Ra-224 and Ra-223 analyses, groundwater samples were collected and
allowed to flow through manganese-impregnated acrylic fiber (Mn-fibers), which extracts
radium from the solution (Moore, 1976). Typically about 40 liters of sample water was
transferred at a rate of less than 2 L/minute through 10 grams of Mn-fibers packed in a
25-cm long filter cartridge. After the radium sample was collected, the water volume that
was filtered was recorded, along with the date, time sampling ended, and any other
pertinent information. The Mn-fiber was removed, sealed in a plastic bag, and shipped
overnight to Stanford University for Ra-224 and Ra-223 measurements. At Stanford
University, the Mn-fiber samples were placed in a photomultiplier tube—based counting
system for the determination of Ra-223 and Ra-224 by delayed coincidence counting
(Moore and Arnold 1996). An initial counting period measured the radon-219 and radon-
220 produced by the decay of Ra-223 and Ra-224, respectively, which were adsorbed
onto the Mn-fibers.

Field parameters such as DO, specific conductance, pH, ORP, and temperature,
were measured in the field using a calibrated YSI 556 MPS multimeter. Information
about well construction (depth, casing depth, yield, and others) was noted and recorded in
the field. Survey-grade Global Positioning System (GPS) receivers were used to identify
the locations of the private water supply wells sampled, and the resulting data were
entered into Geographic Information System (GIS) data files. Duplicates were collected
for about 10 percent of all radionuclide samples and were analyzed and found to vary by
less than 15 percent.

Indoor air radon samples were collected using deployable activated carbon air-
sample kits. The sampler was placed in the lowermost unventilated area of the home —
typically a walkout basement if it existed - and left undisturbed for 72 hours. The
sampler was then sealed and shipped overnight to the laboratory for analysis of the radon
concentration.
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Laboratory analytical methods

Radon in water was analyzed using a procedure based on Standard Method 7500-
Rn (EPA, 1999b). In this method, radon is partitioned selectively into a mineral-oil
scintillation cocktail immiscible with the water sample. The sample is dark-adapted,
equilibrated, and then counted in a liquid scintillation counter using a region or window
of the energy spectrum optimal for the specific alpha particles emitted from radon. Gross
alpha-particle activity was analyzed using EPA method 900.0 (EPA, 1980). This method
is a screening technique for monitoring water supplies for alpha activity according to the
limits set forth by the Safe Drinking Water Act. Counting occurred between day 30 and 35
after the sample was collected, and, therefore, did not account for contributions of radon and
Ra-224 (with half lives of 3.8 and 3.6 days, respectively) that were present in the sample at
the time of collection. Radium-226 was analyzed using a modification of method SM7500
Ra (EPA, 1995). The method uses alpha spectroscopy. Total uranium was analyzed using
method KPA ASTM 5174M (ASTM, 1994). The sample was digested with nitric acid and
peroxide and measured by the laser-based kinetic phosphorescence analyzer (KPA).

STUDY AREA SETTING

The study area is comprised of three counties in Western North Carolina -
Buncombe, Henderson, and Transylvania — and straddles the Blue Ridge and Inner
Piedmont physiographic provinces (fig. 5). The topography of the Blue Ridge province
was formed by uplift, erosion, and rock resistance, and is characterized by steep, rugged,
incised, mountainous terrain, intermontane basins, and valleys. Part of the Appalachian
Mountain system, the Southern Blue Ridge province has a large number of peaks, some
with elevations of over 6000 ft above sea level (asl). The topography of the Inner
Piedmont was formed through the same earth processes and is characterized by gently
rolling, rounded hills, long low ridges, and shallow valleys, with elevations ranging from
about 600 to 1500 ft asl.

Precipitation in the study area ranges from about 45 to 60 inches per year, but
approaches 100 inches in localized areas. Ground water is particularly important to this
region, and about half of the residents rely on it as their principal drinking supply. Yields
from private wells typically range from about 1 to 50 gallons per minute (gpm), with
averages of about 10 to 15 gpm (Daniel and Dahlen, 2002). Figure 6 shows a cross
section of a typical well in the study area.
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Figure 5. Physiographic provinces in North Carolina and three-county study area.
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Figure 6. Schematic showing construction of typical private drinking water well in study area.
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In the broadest sense, rocks in the study area can be grouped into either meta-
igneous or meta-sedimentary rocks, as shown in fig. 7. Meta-igneous rocks are of
igneous origin, and meta-sedimentary rocks are of metamorphosed sedimentary origin.
Minor amounts of igneous metavolcanic rocks may occur within the rocks grouped as
meta-sedimentary in nature. In the three-county study area, meta-igneous rocks consist
largely of granitic gneisses that underlie a large swath of Henderson and southeastern
Transylvania Counties. The meta-sedimentary rocks are metamorphosed sedimentary
rocks of the Ashe Metamorphic Suite - Tallulah Falls Formation and they underlie a large
portion of central Buncombe and northern Transylvania County.

Buncombe

E/ &

10 miles

Henderson

Transylvania

[ Meta-igneous
[] Meta-sedimentary/meta-volcanic
I Brevard Fault Zone

Figure 7. Meta-igneous versus meta-sedimentary rock in study area, Buncombe,
Henderson, and Transylvania Counties, North Carolina.
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The meta-igneous and meta-sedimentary rocks in the study area may be further
divided into individual formal and informal rock units. Meta-igneous rocks include
Henderson Gneiss, Toxaway Gneiss, biotite granitic gneiss, migmatitic biotite-
hornblende gneiss, granite gneiss, (meta)granodiorite, Caesars Head Granite, and
amphibolite (fig. 8). Meta-sedimentary rocks include migmatitic biotite gneiss, garnet-
mica schist, metagraywacke, biotite gneiss, muscovite-biotite gneiss, and rocks of the
Brevard Fault Zone (fig. 9).
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Figure 8. Meta-igneous rock in study area, sub-grouped by individual rock
formation, Buncombe, Henderson, and Transylvania Counties, North Carolina.
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Figure 9. Meta-sedimentary rock in study area, sub-grouped by individual rock
formations, Buncombe, Henderson, and Transylvania Counties, North Carolina.

The 500 million year old rocks of the Henderson Gneiss are of igneous origin
(Lemmon and Dunn, 1975) and crop out just south of the Brevard Fault Zone in all three
counties in the study area. These rocks are variably mylonitized biotite granitic gneiss
that contains medium to coarse-grained, rounded or elongated porphyroclasts (augens) of
feldspar, in a finer-grained matrix of quartz, feldspar, biotite, muscovite, epidote, and
minor amounts of titanite. The Henderson Gneiss is a biotite granitic augen gneiss. The
more mylonitic version is finer grained and thinly laminated with microcline
porphyroclast. The Henderson Gneiss varies in composition and texture, and
distinguishable deformation gradients occur within and across the Brevard Fault Zone,
from protomylonite to ultramylonite (Bobyarchick, 1999). The area around Rosman,
North Carolina contains Henderson Gneiss along with brecciated phyllonite and
ultramylonites.

The Toxaway Gniess in southwestern Transylvania county consists of the 1.15

billion year old granitic gneisses that were formed during the earliest episode of mountain
building in the southern Appalachian range. These rocks occur as either layered biotite
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granitic gneiss, a gneiss that exhibits distinct, alternating layers of dark colored biotite-
rich and light colored quartz and feldspar-rich bands, or megacrystic biotite granitic
gneiss, a gneiss that contains abundant, large eye-shaped porphyroclasts (augen) of
feldspar. Rocks of the Toxaway Gneiss are likely of a felsic igneous intrusive origin and
were metamorphosed during the Middle Proterozoic Grenville orogeny about one billion
years ago (Carrigan and others, 2003). More recent Paleozoic metamorphism and
mylonitization has altered and realigned the original constituent minerals.

The 950 to 1250 million year old biotite granitic gneiss located in northwestern
Buncombe County is granitic to quartz monzonitic, massive to well foliated, and includes
variably mylonitized orthogneiss and paragneiss and interlayered amphibolite. The 1214
million year old migmatitic biotite-hornblende gneiss located in northern Buncombe
County consists of layered biotite-granite gneiss, biotite-hornblende gneiss, and
amphibolite. The 438 million year old granite gneiss is a poorly foliated intrusive rock
located in the southeastern part of the study area and contacts the Henderson Gneiss in all
three counties. The 390 million year old (meta)granodiorite located in western
Transylvania contains biotite, muscovite, and xenocrysts. The 409 million year old
Caesars Head Granite located in southern Henderson and southeastern Transylvania
Counites is massive to well foliated and contains biotite and muscovite. And locally
occurring amphibolite is massive to well foliated, consists of interlayered intrusive and
extrusive mafic rock, and may include meta-sedimentary rock.

Meta-sedimentary rocks of the 500 million year old Ashe Metamorphic Suite-
Tallulah Falls Formation occur in central Buncombe and northern Transylvania Counties
and are represented by mica schist, metagraywacke, and paragneiss (Hatcher, 1971).
These rocks are interlayered with mafic metavolcanic rocks. Similar rocks also occur in
southeastern Henderson County as Inner Piedmont metamorphic formations. They
typically are migmatitic and interlayered and grade into other rock types. The mica
schists are derived from metamorphosed siltstones and shales and are medium- to coarse-
grained, lepidoblastic, and composed of quartz, feldspar, biototite, muscovite, and garnet.
The metagraywackes are derived from metamorphosed muddy sandstones and are fine- to
medium-grained, granoblastic, and composed of quartz, feldspar, biotite, muscovite,
garnet, epidote, and apatite. The paragneisses include biotite-muscovite gneiss and
biotite gneiss that extend across a large portion of central Buncombe and northern
Transylvania Counties. Migmatitic biotite gneiss (a porphyroblastic gneiss) occurs in
southeastern Henderson County.

Rocks of the Brevard fault zone lie in a northeast trending belt between the Ashe
Metamorphic Suite-Tallulah Falls Formation and the Henderson Gneiss, and include
early Paleozoic to late Proterozoic aged metagraywacke, marble, metasiltstone, phyllite,
phyllonite, and graphitic breccia (Hatcher, 1969). Original deposition occurred between
500 and 600 million years ago. Mylonites and ultramylonites are prevalent within and
along both sides of the Brevard Fault Zone (fig. 9). Some areas on the northwest edge of
the Brevard Fault Zone show evidence of brittle deformation (Hatcher and others, 1989).
These areas are being evaluated for their potential to result in higher concentrations of
radionuclides due to increased permeability and foliation exposure.
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A number of uranium-bearing minerals are found in Western North Carolina,
primarily as minor constituents. Rock types in the region that typically contain elevated
levels of uranium include meta-igneous rocks (pegmatites, diorites, granites, and granitic
gneisses, for example) of the Blue Ridge Belt and the Inner Piedmont. The paragneisses
formed by the metamorphism of sedimentary rocks may also contain elevated levels of
uranium, but typically at somewhat lower levels than those of intrusive parent rocks.

Geochemical results obtained during the study are summarized in Table 3. The
table also provides information on casing depth, a proxy used in this study to estimate the
regolith thickness, and well depth. Taken as a whole, sampled ground water tended to be
slightly acidic (median pH = 6.2), oxygenated (median DO = 7.4 mg/L), and minimally
conductive (median SC = 65 uS/cm). The buffering capacity of the ground water was
fairly low (median alk = 23 mg/L), and the levels of iron and manganese also were low
(median Fe < 25 ug/L and median Mn < 5 ug/L). Raw oxidation-reduction potential
(ORP) values were moderately high (median raw ORP = 308 mV).

Table 3. Descriptive statistics for field parameters and well characteristics measured in

study wells in Buncombe, Henderson, and Transylvania Counties, North Carolina,
2005.

Median  Maximum  Minimum
Parameter No. of samples value value value
pH 38 6.2 8.0 <4
Specific conductivity, in uS/cm |water may become 65 328 <10
Temperature, in degrees Celsius oxygenated inside 14.8 >18 12.7
Dissolved oxygen, in mg/L  [the well bore due 7.4 9.7 0.4
Oxidation reduction potential, in njq water level 308 758 -186
Lead, in ug/L fluctuations <10 (DL) 24 <10 (DL)
Arsenic, in ug/L caused <5 (DL) <5 (DL) <5 (DL)
Iron, in ug/L TUZ <25 (DL) 15000 <25 (DL)
Manganese, in ug/L 102 <5 (DL) 100 <5 (DL)
Alkalinity, in mg/L 103 23 120 <1 (DL)
Casing depth, in feet 57 65 196 2
Well depth, in feet 81 305 905 27
Well yield, in gpm 72 5.5 100 0
uS/cm, microSiemens per centimeter
mg/L, milligrams per liter
mV, millivolts
ug/L, micrograms per liter
gpm, gallons per minute

Because of moderately high DO levels, low dissolved iron and manganese, and

moderately high ORP levels, most ground water in the study area was considered to be
oxidizing. It should be noted that in some cases otherwise anoxic ground (formation)
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water may become oxygenated inside the well bore due to water level fluctuations caused
by intermittent pumping, and to a “cascade effect” that occurs when water enters the bore
hole from a fracture located above the water level in the well. Reducing or moderately
reducing conditions were observed in five sample locations (well 21 in metagraywacke,
well 97 in schist, well 40 in Henderson Gneiss, well 27 in schist, and well 23 in schist
(fig. 5)), where DO values ranged from 0.4 to 0.8 mg/L, ORP values ranged from –186 to
124 mV, and SC values ranged from 108 to 266 uS/cm (higher on average than the study
area as a whole).
Lead was below the detection limit of 10 ug/L in all but three of the 103 samples,
and exceeded the EPA MCL of 15 ug/L in only one well (24 ug/L). Arsenic was below
the detection limit of 5 ug/L in all samples.
OCCURRENCE AND DISTRIBUTION OF SELECTED RADIONUCLIDES IN
PRIVATE DRINKING WATER WELLS
Samples of raw, untreated ground water were collected at 103 private wells in the
study area comprising parts of Buncombe, Henderson, and Transylvania Counties, North
Carolina (fig. 4). Analytical results are provided in the following section and in tabular
form in Appendix 1. Concentrations of uranium, Ra-226, Ra-224, Ra-223, and gross
alpha activity were elevated in a small number of samples. However, dissolved radon
was found at elevated concentrations in almost all samples. Methods of data analysis are
discussed in the following section.
Methods of Data Analysis
Data were analyzed using descriptive statistics, correlative statistics, and
geospatial techniques. The 5th, 25th, 50th (median), 75th, and 90th percentiles were
calculated for selected radionuclides, as were the minimum, maximum, mean, standard
deviation, and number of samples exceeding the regulatory standard. Radionuclide levels
also were compared in different geologic settings and in different counties.
Because only pH values were normally distributed in the study dataset,
correlations/associations between parameters were evaluated using the non-parametric
Spearman Rank Order Correlation. The Spearman Rank Order Correlation is useful
when assessing the strength of an association between pairs of variables using a dataset in
which the residuals (distances of the data points from the regression line) are not
normally distributed with constant variance. With the Spearman method, no distinction is
made between the independent and dependent variable. Only correlations at or above a
95% confidence level were considered to have meaning for purposes of this study. Most
correlations in the study dataset, if present, were not particularly strong but warranted
inclusion during this initial phase of data interpretation to avoid inadvertently
overlooking a potentially important hydrogeochemical influence. As additional sets of
data become available in subsequent phases of study, stricter correlation criteria may be
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employed when assessing which factors are most important in determining and (or)
predicting the occurrence and distribution of radionuclides in the ground water of
Western North Carolina.
The non-parametric Mann-Whitney Rank Sum test was used to test whether the
difference between population medians for non-paired samples was statistically
equivalent. This test was conducted for samples (radon and others) collected in metaigneous
rocks versus meta-sedimentary/volcanic rocks. In other words, the test was used
to determine whether a fundamental difference exists between radionuclide
concentrations observed in meta-igneous rocks versus those observed in metasedimentary/
volcanic rock.
ESRI ArcMap software was used to map selected values of radon, uranium,
radium isotopes, and gross alpha activities and to evaluate geologic and other spatial
influences on the observed data. The data were plotted on a geologic map of North
Carolina (N.C. Geological Survey, 1985) and assessed for distributions and trends.
Concentrations and Distribution in Ground Water
Table 4 shows the detection rates (percentage of samples that were above the
laboratory’s method detection limit) for radon, uranium, Ra-226, and gross alpha activity
in the study area. Table 5 shows summary data (maximum, minimum, median) and
number of samples exceeding the EPA standard for radon, uranium, Ra-226, Ra-224, Ra-
223, gross alpha, and indoor radon. More detailed descriptive statistics are shown in
Appendix 3, including the maximum, minimum, median, and 5, 25, 75, and 90th
percentiles, and the number of samples exceeding the EPA standard for radon, uranium,
Ra-226, Ra-224, Ra-223, gross alpha, and indoor radon. Because of cost constraints,
only about a third of the samples were analyzed for Ra-223 and radium–224, and only
two thirds of the indoor air radon samples were reported (some owners did not deploy
their indoor sampler, and some samplers were deployed incorrectly).
Radionuclide
%
detection
rate
Detection limit
(approximate)
Radon 100 100 pCi/L
Uranium 25 1 ug/L
Radium-226 58 0.01 pCi/L
Gross alpha 85 0.1 pCi/L
pCi/L, picocuries per liter
ug/L, micrograms per liter
Table 4. Detection rates for radionuclides in private drinking water wells sampled
in Buncombe, Henderson, and Transylvania Counties, North Carolina 2005.
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Wells with radionuclides above the EPA standards are shown in figure 10. A
major finding of this study is that nearly all of the wells sampled during the investigation
contained radon concentrations well above the EPA proposed standard of 300 pCi/L, and
about two-thirds were above the EPA proposed alternate standard of 4000 pCi/L. The
large majority of wells contained low or non-detectable concentrations of uranium,
radium isotopes, and gross alpha activities. About a third of the measured homes
contained indoor air radon concentrations above the EPA action level of 4 pCi/L.
Radon-222
Radon concentrations ranged from 109 to 45,600 pCi/L, with a median value of
6060 pCi/L (table 5). Of 103 sampled wells, 101 exceeded the proposed EPA MCL of
300 pCi/L, and 66 exceeded the EPA proposed alternate MCL of 4000 pCi/L. As
discussed in a later section titled ‘Controls on Radionuclide Concentrations’, radon
concentrations in wells drilled in meta-igneous rock (median = 7480 pCi/L) were
significantly higher than radon in wells drilled in meta-sedimentary rocks (median = 4040
pCi/L) (fig. 11).
For purposes of this study, ground water with radon above the 90th percentile was
considered anomalously high; although the data were not normally distributed, the 90th
percentile was represented by a value of 14,340 pCi/L. Ten locations had radon above
this threshold (fig. 12). The ten anomalies (and locations with radon above 4000 pCi/L)
are shown superimposed on a map of meta-igneous versus meta-sedimentary rock (fig.
12). All ten anomalies were located in meta-igneous rock. The ten anomalies (and
locations with radon above 4000 pCi/L) also are shown superimposed on a map of
Table 5. Summary of radionuclide results obtained from study wells in Buncombe,
Henderson, and Transylvania Counties, North Carolina, 2005.
Radionuclide
No. of
samples Median Max Min USEPA MCL
% above
standard
Radon, in pCi/L 103 6060 45600 109 300* / 4000** 98/64
Uranium, in ug/L 102 <1 63.3 <1 30 2
Radium-226, in pCi/L 102 0.096 1.4 <0.01 5*** 0
Radium-224, in pCi/L 33 0.021 0.17 0.0011 -- --
Radium-223, in pCi/L 32 0.001 0.03 <0.0001 -- --
Gross Alpha, in pCi/L 102 1.0 56.2 <0.1 15 3
Indoor air radon, in pCi/L 67 2.7 22.8 0.3 4**** 34
* proposed MCL MCL, maximum contaminant level
** proposed alternate MCL pCi/L, picocurie per liter
*** combined value with Ra228 ug/l, micrograms per liter
**** air standard is an "action level"
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Figure 10. Study wells with radionuclide concentrations above EPA standards,
superimposed on map of meta-igneous versus meta-sedimentary rock, Buncombe,
Henderson, and Transylvania Counties, North Carolina, 2005.
Meta-igneous rocks
Meta-sedimentary rocks
Buncombe
Henderson
Transylvania
N
10 miles
Wells with gross alpha above EPA MCL of 15 pCi/L
Wells with radon above proposed EPA MCL of 300 ug/L
Wells with uranium above EPA MCL of 30 ug/L
Wells with radon above proposed alternate EPA MCL of 4000 ug/L
Note: All Ra-226 analyses were at or below 1.4 pCi/L.
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individual rock formations (fig. 13). Eight anomalies were located in Henderson Gneiss
in central Henderson and southeastern Transylvania Counties, and two were located in
granite gneiss in northeastern Henderson County.
Gross alpha activity
Gross alpha activity is a measure of alpha particle energy emitted during
the decay of dissolved radioactive elements. In this study, gross alpha activities were
measured after a 30-day holding time in order to ensure that the radionuclide activity
within the sample was in “equilibrium” with long-lived progeny, that short-lived
radionuclides and progeny had decayed, and that a consistent analytical method was
maintained. Equilibrium is defined as a balance between in-growth of daughter elements
produced in-situ while the sample is being held (after collection and prior to analysis) and
the decay of these same daughter elements. Therefore, any contribution to the gross
alpha activity by short-lived daughter elements that were already present in the original
sample (such as, for example, radon with a half life of 3.8 days, or Ra-224 with a half life
of 3.6 days) was avoided because the original amount of the short-lived element would
Radon, pCi/L Radon concentrations in private well water
Fig. 11. Comparison of radon-222 concentrations from study wells in
meta-igneous versus meta-sedimentary rock, Buncombe, Henderson, and
Transylvania Counties, North Carolina, 2005.
Wells in metaigneous
rocks
Wells in metasedimentary
rocks
43
Figure 12. Study wells with anomalously high levels of radon-222 (above 14,300
pCi/L, the 90th percentile of all locations) and wells with radon-222 above the
proposed alternative EPA MCL of 4000 pCi/L, superimposed on map of metaigneous
versus meta-sedimentary rock, Buncombe, Henderson, and Transylvania
Counties, 2005.
N
10 miles
Wells with anomalously high radon (above 14,300 pCi/L, the 90th percentile of all locations)
Wells with radon above proposed alternate EPA MCL of 4000 pCi/L
Wells with radon below 4000 pCi/L
Meta-igneous rocks
Meta-sedimentary rocks
Buncombe
Henderson
Transylvania
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have decayed before the sample was analyzed. As such, gross alpha activities measured
in this study represented original dissolved activities primarily of uranium-238, uranium-
234, thorium-230, Ra-226, thorium-232, and thorium-228. For this reason, gross alpha
activities measured in this study may appear somewhat lower than recent studies of
aquifers in the Mid-Atlantic Coastal Plain of Maryland and New Jersey where analysis of
Toxaway
Gneiss
Buncombe
Henderson
Transylvania
N
10 miles
Figure 13. Study wells with anomalously high levels of radon-222 (above 14,300
pCi/L, the 90th percentile of all locations) and wells with radon above the proposed
alternative EPA MCL of 4000 pCi/L, superimposed on map of individual rock
formations, Buncombe, Henderson, and Transylvania Counties, North Carolina,
2005.
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Ra-224-rich samples within 72 hours has shown that gross alpha-particle activity with the
short-lived isotopes present can exceed 75 to 100 pCi/L (Szabo and others, 2005).
We would expect that gross alpha activity, as analyzed in this study, would
approximately equal the sum of uranium plus Ra-226; however, for most of the 103
samples the actual value of gross alpha tended to be higher than the combined value of
uranium+Ra-226. (Note that uranium is reported in units of ug/L and can be converted to
pCi/L using a conversion factor of 0.67 for purposes of comparison with gross alpha and
Ra-226.) Evaluating the cause of this discrepancy must be undertaken with the
understanding that the accurate interpretation of low levels of gross alpha activity - less
than about 4 or 5 pCi/L - is inherently difficult due to error ranges and “noise” at the
detection limits (oral communication, R. Eidson, Outreach Labs, Oct 12, 2005). Fifteen
of the 103 samples had alpha activities at 4 pCi/L or above, so these were evaluated to
see how the alpha activities compared with the sum of uranium plus Ra-226. On average,
these samples showed that gross alpha activity was about 50 percent higher than the sum
of uranium plus Ra-226, suggesting that an alpha contribution other than uranium and its
daughter elements may have been present in the study area ground water. This suggests
that alpha emissions from the thorium decay series, including the decay of Ra-228, could
be present.
Gross alpha activities ranged from the analytical detection limit (about 0.1 pCi/L)
to 56.2 pCi/L, with a median value of about 1 pCi/L (table 5). Although the data were
not normally distributed, the 90th percentile was represented by a value of about 4.5
pCi/L. This result is less than 5 pCi/L, the level at which analysis for Ra-226 is
recommended. For purposes of this study, locations in which the alpha activity was
above the 90th percentile value of 4.5 pCi/L were considered to be anomalously high.
Ten locations had anomalously high levels, and three of these exceeded the EPA MCL of
15 pCi/L (fig. 14). One anomaly was located in the rocks of the Brevard Fault Zone, a
meta-sedimentary rock unit. The remaining nine anomalies were located in meta-igneous
rocks, including six in the Henderson Gneiss in southeastern Transylvania County, one in
the Caesars Head Granite in southern Henderson County, and two in the granite gneiss in
northeastern Henderson County.
Uranium
Total uranium concentrations ranged from below the analytical detection limit (about 1
ug/L) to 63.3 ug/L, with a median value of less than 1 ug/L (table 5). Although the data
were not normally distributed, the 90th percentile was represented by a value of about 2.5
ug/L. For purposes of this study, locations with uranium above this level were
considered anomalously high. Ten locations had anomalously high levels, and two of
these exceeded the EPA MCL of 30 ug/L (fig. 15). Similar to gross alpha activity, the
locations with anomalously high total uranium were seven wells in the Henderson
Gneiss in central and eastern Transylvania County, one well in the Caesars Head Granite
in southern Henderson County, and two wells in the granite gneiss of northeastern
Henderson County.
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Figure 14. Study wells with anomalously high levels of gross alpha activity (above
4.5 pCi/L, the 90th percentile of all locations) and gross alpha activity above the EPA
MCL of 15 pCi/L, superimposed on map of individual rock formations, Buncombe,
Henderson, and Transylvania Counties, North Carolina, 2005.
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Radium isotopes
Radium-226 concentrations ranged from less than the analytical detection limit
(about 0.01 pCi/L) 0 to 1.4 pCi/L, with a median value of about 0.1 pCi/L (table 5).
Although the data were not normally distributed, the 90th percentile was represented by a
value of 0.4 pCi/L. For purposes of this study, ground water with Ra-226 above 0.4
pCi/L was considered anomalously high. Ten locations had anomalously high levels, but
Figure 15. Study wells with anomalously high levels of total uranium (above 2.5
ug/L, the 90th percentile of all locations) and total uranium above the EPA MCL of
30 ug/L, superimposed on map of individual rock formations, Buncombe,
Henderson, and Transylvania Counties, North Carolina, 2005.
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none exceeded the EPA MCL of 5 pCi/L (combined Ra-226 plus Ra-228) (fig. 16).
Three of the anomalies are located in central Buncombe County in muscovite-biotite
gneiss, a meta-sedimentary gneiss of the Ashe Metamorphic Suite-Tallulah Fall
Formation. One anomaly is located in the Caesar’s Head Granite in southern Henderson
County, four are located in the Henderson Gneiss in eastern Transylvania County, one is
located in migmatitic biotite gneiss of southern Henderson County, and one is located in
the rocks of the Brevard Fault Zone in northeastern Transylvania County.
Figure 16. Study wells with anomalously high levels of Ra-226 (above 0.4 pCi/L,
the 90th percentile of all locations), superimposed on map of individual rock
formations, Buncombe, Henderson, and Transylvania Counties, North Carolina,
2005.
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Interestingly, a fairly high percentage – about a third - of all wells sampled in the
muscovite-biotite gneiss were anomalously high in Ra-226, and the only well sampled in
the Caesars Head Granite was anomalously high. Because of the low number of wells
sampled in these rock types, it is not clear whether this trend and these percentages would
hold for other wells drilled in these rock types. Concentrations of Ra-224 and Ra-223
were well below those of Ra-226 in all sampled wells.
Concentrations and Distribution of Indoor Air Radon
Indoor air radon concentrations from well owners’ homes ranged from 0.3 to 22.8
pCi/L, with a median value of 2.7 pCi/L (table 5). Of all of the 67 homes in which
indoor-air radon was measured, 23 exceeded the EPA MCL of 4 pCi/L (fig. 17).
Although the data were not normally distributed, the 90th percentile was represented by a
value of 8 pCi/L. For purposes of this study, homes with indoor radon above this level
were considered anomalously high. Seven locations had anomalously high levels (fig.
17), all of which exceeded the EPA MCL of 4 pCi/L. All seven anomalies were located
in the Henderson Gneiss in northeastern Henderson County and eastern Transylvania
Counties.
CONTROLS ON RADIONUCLIDE CONCENTRATIONS IN STUDY AREA
To understand the factors that control radionuclide concentrations in the study
area, comparisons were made between radionuclide concentrations observed in different
conditions. Qualitative comparisons were made using descriptive statistics, and
quantitative statistical tests were made for varying geology, county setting, and
topographic/hydrologic setting. As expected, geology is one of the important influences
on radiochemistry as described in the following section.
Geochemistry
Comparisons were made between radionuclide concentrations in wells in
oxidizing ground waters (n = 98) versus wells in reducing ground waters (n = 5) (table 6;
fig 18). Wells in oxidizing ground waters were significantly higher in radon and uranium
(average = 8018 pCi/L and 1.8 ug/L, respectively) and lower in Ra-226 (average = 0.15
pCi/L) than wells in reducing ground waters (radon average = 1930 pCi/L; uranium
average less than 1 ug/L; Ra-226 average = 0.37 pCi/L) (table 6). This was expected
because uranium tends to dissolve in oxidizing conditions while Ra-226 is sorbed. The
plated Ra-226 then acts as a continuing source of radon to the ground water. These
geochemical controls on uranium and Ra-226 occurrence are consistent with the results
from the Piedmont of New Jersey (Szabo and Zapecza, 1991).
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Figure 17. Locations of sampled homes with anomalously high levels of indoor air
radon (above 8 pCi/L, the 90th percentile of all locations) and indoor air radon above
the EPA Action Level of 4 pCi/L, superimposed on map of individual rock
formations, Buncombe, Henderson, and Transylvania Counties, North Carolina,
2005.
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Figure 18. Study wells characterized by oxidizing or reducing ground water,
superimposed on map of individual rock formations, Buncombe, Henderson, and
Transylvania Counties, North Carolina, 2005.
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Geology
To evaluate the influence of geology on dissolved radionuclide occurrence, wells
were sorted into one of two general rock settings: meta-igneous or meta-sedimentary.
Dissolved radionuclide concentrations from wells in meta-igneous rock were then
compared to dissolved radionuclide levels from wells in meta-sedimentary rock (table 7).
The median value of dissolved radon for wells in meta-igneous rock (7480 pCi/L)
was significantly higher than the median value for wells in meta-sedimentary rock (4040
pCi/L). Wells in meta-igneous rock also had a significantly higher maximum value than
wells in meta-sedimentary rock of dissolved uranium (63.3 versus 2.4 ug/L), Ra-226 (1.4
versus 1.05 pCi/L), and gross alpha activity (56.2 versus 6.6 pCi/L). Interestingly
however, median values of dissolved uranium, Ra-226, and gross alpha activity were
similar in both rock settings. The same was true of indoor-air radon: the maximum value
in homes in meta-igneous rock was significantly higher than the maximum value in
Table 6. Radon-222, Ra-226, uranium, and field parameters observed in study wells in
oxidizing versus reducing ground water in Buncombe, Henderson, and Transylvania
Counties, North Carolina, 2005.
Ground water
geochemistry
No. of
samples
Radon
pCi/L
Radium-
226
pCi/L
Uranium
ug/L
DO
mg/L
SC
uS/cm
ORP
mV
Oxidizing 98 8018 0.15 1.8 6.8 71 302
Reducing or
moderately reducing 5 1930 0.37 < 1 0.6 188 39
pCi/L, picocuries per liter ORP, oxidation reduction potential
mV, millivolts ug/l, micrograms per liter
DO, dissolved oxygen uS/cm, microSiemens per centimeter
SC, specific conductance mg/L, milligrams per liter
Average values
Table 7. Radon-222, uranium, Ra-226, and gross alpha activity observed in study wells (and
levels of indoor air radon in homes) located in meta-igneous versus meta-sedimentary rock,
Buncombe, Henderson, and Transylvania Counties, North Carolina, 2005.
Rock Origin n median max n median max n median max n median max n median max
Meta-igneous 63 7480 45600 62 <1 63.3 62 0.08 1.40 62 0.7 56.2 43 2.7 22.8
Meta-sedimentary 40 4040 14300 40 <1 2.4 40 0.11 1.05 40 1.1 6.6 24 2.8 6.5
RADON, pCi/L URANIUM, ug/L RADIUM-226, pCi/L GROSS ALPHA, pCi/L INDOOR RADON, pCi/L
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homes in meta-sedimentary rock (22.8 versus 6.5 pCi/L), but the median values for the
two settings were very similar.
Sampled wells also were sorted into rock formations as defined by the Geologic
Map of North Carolina (1985) to evaluate the influence of individual formations on
dissolved radionuclide levels. In the study area, meta-igneous rocks consisted of
Henderson Gneiss (45 wells), Caesars Head Granite (1 well), Toxaway Gneiss (5 wells),
granodiorite (3 wells), granite gneiss (5 wells), amphibolite (3 wells), and biotite granitic
gneiss (1 well) (fig. 8). Meta-sedimentary rocks consisted of metagraywacke (7 wells),
garnet-mica schist (5 wells), rocks of the Brevard Fault Zone (7 wells), migmatitic biotite
gneiss (8 wells), biotite gneiss (4 wells), and muscovite-biotite gneiss (9 wells) (fig 9).
Table 8 shows that radon was significantly higher in wells located in metaigneous
rocks (median = 7480 pCi/L; maximum = 45,600 pCi/L) than in metasedimentary
rocks (average = 4040 pCi/L; maximum = 14,300 pCi/L). One exception to
this was the migmatitic biotite gneiss, which had median radon levels (8110 pCi/L)
comparable to that of the metaigneous gneisses. Although maximum levels of uranium
and gross alpha were significantly higher in wells in meta-igneous rocks than metasedimentary
rocks, little difference was noted between the two rock types for median
levels. Radium-226 levels were comparable in the two rock types. In general, granite
and granitic gneiss formations such as the Henderson Gneiss, granite gneiss, and Caesars
Head Granite were associated with elevated radionuclides in well water.
A quantitative, statistical approach also was used to evaluate potential differences
between meta-igneous and meta-sedimentary rock types. The Mann-Whitney Rank Sum
Test was used to determine whether statistically significant differences exist between
radionuclide concentrations (median values) in the two contrasting rock classes. Results
of this test showed that the difference in median radon values between the two rock
groups – meta-igneous rocks versus meta-sedimentary rocks – is greater than would be
expected by chance. However, the same test showed no statistically significant
differences between the two rock groups for uranium, Ra-226, nor alpha activity.
The finding that dissolved radon is higher in meta-igneous rock than in metasedimentary
rock is consistent with the fact that igneous parent rocks tend to have higher
uranium content (the source of radon) than those of sedimentary parent rocks. One might
also expect dissolved uranium, Ra-226, and gross alpha to be higher in meta-igneous rock
than in meta-sedimentary rock for the same reason. However, this was not the case. This
is likely due, in part, to the fact that these constituents generally were observed in both
rock types at concentrations at or near the analytical detection limit where precision is
reduced. Moreover, uranium, Ra-226, and gross alpha values reported by the lab as
“below detection limit” were assigned, for purposes of the statistical analysis
calculations, the value of one-half the detection limit. This resulted in a large number of
wells having the same low value, which may have obscured our ability to detect potential
variability. In short, a lack of precision stemming from very low levels of these
constituents limited the ability to detect potential variability between the two tested rock
types.
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rock formation n median max
% above proposed
MCL of 300
% above proposed
alternative MCL of
4000
meta-igneous
granite gneiss 5 14200 29800 100 100
granidorite 3 7910 10700 100 100
Henderson Gneiss 45 7770 45600 100 80
Caesars Head Granite 1 5210 5210 100 100
amphibolite 3 2080 8960 67 33
Toxaway Gneiss 5 1110 3360 100 0
biotite granititc gneiss 1 718 718 100 0
meta-sedimentary
migmatitic biotite gneiss 8 8110 14300 100 75
garnet-mica schist 5 5720 9780 100 60
metagraywacke 7 5310 8000 100 71
biotite gneiss 4 4340 5380 100 50
rocks of Brevard Fault Zone 7 3110 10600 86 75
muscovite-biotite gneiss 9 1740 5460 100 11
RADON, pCi/L
n, number of samples min, minimum
max, maximum MCL, maximum contaminant level
pCi/L, picocuries per liter ug/L, micrograms per liter
Rock Formation n med max n med max n med max n med max n med max
meta-igneous
granite gneiss 5 14200 29800 4 2.2 35.7 4 0.14 0.30 4 5.9 56.2 2 2.3 2.7
granodiorite 3 7910 10700 3 1.4 2.5 3 0.08 0.40 3 2.0 4.1 nd nd nd
Henderson Gneiss 45 7770 45600 45 <1 63.3 45 0.07 0.60 45 0.8 56.0 36 3.3 22.8
Caesars Head Granite 1 5210 5210 1 15.8 15.8 1 1.40 1.40 1 18.9 18.9 1 0.7 0.7
amphibolite 3 2080 8960 3 <1 <1 3 0.09 0.17 3 0.5 0.8 2 3.6 5.6
Toxaway Gneiss 5 1110 3360 5 <1 <1 5 0.11 0.14 5 0.1 1.5 2 2.2 4.0
biotite granititc gneiss 1 718 718 1 <1 <1 1 0.07 0.07 1 0.4 0.4 nd nd nd
meta-sedimentary
migmatitic biotite gneiss 8 8110 14300 8 <1 2.4 8 0.12 0.52 8 1.2 3.9 4 1.1 3.5
garnet-mica schist 5 5720 9780 5 <1 1.8 5 0.11 0.36 5 1.5 4.3 4 5.1 5.8
metagraywacke 7 5310 8000 7 <1 <1 7 0.10 0.21 7 1.4 1.9 4 1.4 3.1
biotite gneiss 4 4340 5380 4 <1 <1 4 0.09 0.14 4 <0.1 0.7 1 1.2 1.2
rocks of Brevard Fault Zone 7 3110 10600 7 <1 2.4 7 0.04 0.60 7 1.0 6.6 5 4.7 5.1
muscovite-biotite gneiss 9 1740 5460 9 <1 <1 9 0.23 1.05 9 1.9 3.0 6 2.6 6.5
GROSS ALPHA, pCi/RADON-222, pCi/L URANIUM, ug/L RADIUM-226, pCi/L L INDOOR RADON, pCi/L
Table 8. Radon-222, uranium, Ra-226, and gross alpha activity observed in study wells (and levels of
indoor air radon in homes) in different rock formations, Buncombe, Henderson, and Transylvania
Counties, North Carolina, 2005.
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County Setting
A comparison was made between the radionuclide levels found in wells in the
three-county study area (Buncombe, Henderson, and Transylvania Counties). Table 9
shows maximum and median values for selected radionuclides found in wells in each of
the counties. As shown, wells located in Henderson and Transylvania Counties tended to
have higher radionuclide concentrations than wells located in Buncombe County. This
result is due to the nature of the underlying geology in the three counties. Buncombe
County has a lower percentage of meta-igneous rocks than Henderson or Transylvania,
and therefore has a higher likelihood that wells will be drilled in meta-sedimentary rocks
that tend to contain lower amounts of uranium, radon’s parent.
Topographic Setting
Three categories of topographic-hydrologic setting were compared to determine
their potential influence on radionuclide concentrations in the study area: recharge
(hilltop), mid-slope, and discharge (valley). These settings were determined by field
observation on the basis on the well’s position in the topographic terrain and nearby
County n max median min
% above proposed
MCL*
% above proposed
alternate MCL**
Henderson 34 37300 7275 1200 100 79
Transylvania 55 45600 5380 109 96 60
Buncombe 14 8000 3785 531 100 43
Radon, pCi/L
County
No. of
samples Max Median Max Median Max Median Max Median
Henderson 34 35.7 <1 1.4 0.10 56.2 0.8 10.2 (n=22) 1.9
Transylvania 55 63.3 <1 0.6 0.09 56.0 1.0 22.8 (n=37) 4.0
Buncombe 14 5.0 <1 1 0.04 2.9 1.6 6.2 (n=8) 1.6
Uranium, ug/L Radium-226, pCi/L Gross Alpha, pCi/L Indoor Radon, pCi/L
Table 9. Comparison, by county, of radionuclide concentrations observed in study wells,
Buncombe, Henderson, and Transylvania Counties, North Carolina, 2005.
ug/l, micrograms per liter MCL, maximum contaminant level max, maximum
pCi/L, picocuries per liter * US EPA proposed MCL = 300 pCi/L n, number of samples
pCi/L, picocuries per liter ** US EPA proposed alternate MCL = 4000 pCi/L SD, standard deviation
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surface water features. Additional information was not available to confirm these
determinations. The Kruskal-Wallis One Way Analysis of Variance on Rank, a non
parametric test, was used to determine whether differences in median radionuclide values
(considered one at a time) obtained in each of the three settings were statistically
significant or whether they were due to random sampling variability. Statistically
significant differences were not found between the three hydrologic settings for radon,
uranium, Ra-226, gross alpha, or indoor radon. Therefore, in the study area,
hydrologic/topographic setting is not a predictor of observed radionuclide concentrations.
Radionuclide Relationships and Other Observed Correlations
Radon was 3 to 5 orders of magnitude higher than Ra-226, implying that the
vast majority of Ra-226 - the source of radon - was sorbed on fractures near the well or
on the borehole wall or plumbing system. Moreover, increased uranium/Ra-226 was
associated with increased radon, again implying that radium in the sorbed phase was the
predominant source of radon. The very large disequilibrium between radon and its parent
Ra-226 indicates the large amount of Ra-226 present at grain and (or) fracture surfaces.
Any changes in ground water geochemistry near the well could result in dissolution and
mobilization of radium from the large reservoir of sorbed radium and subsequent
contamination of the drinking supply.
The non-parametric Spearman Rank Order Correlation Test was used to
determine whether statistically significant relationships existed between selected
parameters (which included field parameters, radionuclides, and others). Parameters that
were tested included radon, uranium, Ra-226, Ra-224, Ra-223, gross alpha activity,
indoor radon, pH, DO, SC, water temperature, ORP, Fe, Mn, casing depth, well depth,
and well yield. For purposes of this study parameters considered to be associated were
significantly correlated at the 95 percent confidence interval and had a strength of at least
0.3 or higher. It should not be concluded that parameters that were correlated necessarily
have a causal relationship; instead, parameters that were correlated are statistically
associated. In other words, the increase (or decrease) in one parameter does not
necessarily cause the other to increase (or decrease). Instead, the increase (or decrease)
of one parameter is associated with the increase (or decrease) of the other parameter.
Radon was positively correlated with U/Ra226 (R=0.34), suggesting that the
ground water conditions which dissolve and mobilize uranium may in turn result in
radium sorption on fracture walls. The sorbed Ra-226 would directly emanate
concentrations of radon into the water-filled fractures near the well. Radon was inversely
correlated with Ra224/Ra223 (R=-0.45), suggesting that, as expected, rock with a
presumed higher uranium content (parent of Ra-223 and radon) than thorium content
(parent of Ra-224) resulted in higher dissolved radon concentrations.
Uranium, as expected, was positively correlated with gross alpha (R=0.6), in large
part because gross alpha was measured after a 30-day hold time, thus retaining the longer
lived elements such as uranium and omitting the shorter lived daughters such as radon
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and radon’s daughters that were present as the sample was collected. Uranium also was
positively correlated with alkalinity as bicarbonate (R=0.36) and pH (R=0.34). The
positive correlation of uranium with alkalinity was consistent with findings by Hsi and
Langmuir (1985) in which laboratory experiments showed that alkalinity (as carbonate) is
necessary to solubilize/desorb uranium from sorption sites. Radium-223 was positively
correlated with Ra-224 (R=0.76) and well depth (R=0.38) and inversely correlated with
casing depth (R=-0.38), DO (R=-0.37) and ORP (R=-0.35). Radium-224 was positively
correlated with well depth (R=0.37) and inversely correlated with DO (R=-0.44) and
Ra226/Ra223 (R=-0.48). Gross alpha was positively correlated with pH (R=0.36),
alkalinity (R=0.36) and well depth (R=0.42), and inversely correlated with well yield
(R=-0.34).
After determining data associations, multiple linear regressions were used to
attempt to develop a mathematical model that relates one parameter with others. Because
dissolved radon was present and elevated in nearly all samples, attempts were made to
predict its occurrence using easily obtained field parameters. Initial analysis suggests
that the dataset of 103 samples was not large enough to discern meaningful mathematical
relationships between parameters that are necessary for predictions.
Radium isotopes were used to help evaluate the predominant rock type that is
contributing radionuclide concentrations to a sampled well. Specifically, concentrations
of Ra-224, a daughter element in the thorium decay series, were compared to Ra-223, a
daughter element in the uranium (as actinium) series. If the ratio of Ra-224 to Ra-223
was greater than that which occurs at equilibrium in nature, then the sample was inferred
to be in disequilibrium and influenced more by uranium than thorium, for example.
Under conditions of equilibrium in nature, Ra-224/Ra-223 is expected to be about 30;
therefore, for purposes of this study, samples with ratios greater than 44 or less than 16
were identified as having a “ratio signature”. These values were well above or below the
equilibrium value and were selected accordingly. In other words, only those samples
with ratios that varied significantly from “equilibrium” were inferred to provide
meaningful information using this method of analysis.
Three wells had Ra-224:Ra-223 ratios greater than 44 (fig. 19), suggesting that a
thorium source may be contributing a significant percentage of radionuclides to the
ground water at these locations. Two of these wells were located along the Brevard Fault
Zone and the other was located in the Toxaway Gneiss. Ten wells had Ra-224:Ra-223
ratios less than 16 (fig. 19), suggesting that a uranium source may be contributing a
significant percentage of radionuclides to the ground water at these locations, most of
which were in the Henderson Gneiss formation. The remaining locations had Ra-224:Ra-
223 ratios that were closer to equilibrium.
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SUMMARY
Elevated levels of naturally occurring radionuclides are known to occur in ground
water and indoor air (radon) in the Blue Ridge and Piedmont Provinces of Western North
Carolina. This occurrence is due to the presence of uranium rich rocks – including
Figure 19. Study wells with Ra-224/Ra-223 ratios suggestive of a dominant
radionuclide parent of uranium (Ra-224/Ra-223 < 16) or a dominant radionuclide
parent of thorium (Ra-224/Ra-223 > 44) in source rock, superimposed on map of
individual rock formations, 2005.
Buncombe
Henderson
Transylvania
N
10 miles
garnet-mica
schist
rocks of
the Brevard
Fault Zone
muscovitebiotite
gneiss
biotite
gneiss
migmatitic
biotite
gneiss
metagraywacke
biotite
granitic
gneiss
Henderson
granodiorite Gneiss
Caesars
Head Granite
granite
gneiss
Toxaway
Gneiss
Wells with Ra-224/Ra-223 above 44 (thorium dominant in source rock)
Wells with Ra-224/Ra-223 near natural equilibrium
Wells with Ra-224/Ra-223 below 16 (uranium dominant in source rock)
156
44
132
Ra-224/Ra-223
59
granites and gneisses - across much of the region. Faulting and shearing also are
common in the area and can increase the mobility and occurrence of radionuclides in
ground water and air. Radionuclides are human carcinogens and have been linked to
bone, kidney, and lung cancers, among others. About half of the citizens of Western
North Carolina rely on public and private ground water wells for their principal drinking
water supply. Indoor air in Western North Carolina is susceptible to elevated levels of
radon, and eight counties in North Carolina - all in Western North Carolina – are
classified as EPA Zone 1 counties, with predicted indoor radon concentrations above the
action level of 4 pCi/L (EPA Radon Map, accessed via internet, 8/19/05,
http://www.ncradon.org/zone.htm).
This study was designed to begin to address the scale of the problem in the region,
and to evaluate the extent to which rock types, geologic structure, topographic setting,
and other hydrogeochemical factors are associated with elevated radionuclide
concentrations in air and water. The study is part of a multi-phased approach to help
officials and the public to understand the quality of the ground water supply and the
extent to which radionuclides may pose a health threat to the citizens of Western North
Carolina.
Ground water samples collected from 103 private wells within Buncombe,
Henderson, and Transylvania Counties were found to contain ubiquitously high levels of
radon (109 to 45,600 pCi/L); median = 6060 pCi/L). Radon exceeded EPA's proposed
maximum contaminant level (MCL) of 300 pCi/L in 98 percent of the wells, and
exceeded the proposed alternate MCL of 4000 pCi/L in 64 percent of the wells. Uranium
(maximum = 63 ug/L) and gross alpha activity (maximum = 56 pCi/L) exceeded the EPA
MCL in about 2 to 3 percent of wells. Radium-226, -224, and -223 were relatively low in
all sampled wells (less than 1.4 pCi/L).
Radon was significantly higher in wells located in meta-igneous rocks (median =
7480 pCi/L; maximum = 45,600 pCi/L) than in meta-sedimentary rocks (median = 4040
pCi/L; maximum = 14,300 pCi/L). One exception to this was the migmatitic biotite
gneiss, a meta-sedimentary rock, which had median radon levels (8110 pCi/L)
comparable to that of the meta-igneous gneisses. Although maximum levels of uranium
and gross alpha were significantly higher in wells in meta-igneous rocks than metasedimentary
rocks, little difference was noted between the two rock types for median
levels. Radium-226 levels were comparable in the two rock types. Granite and granitic
gneiss formations such as the Henderson Gneiss, granite gneiss, and Caesars Head
Granite generally were associated with elevated radionuclides in well water.
Wells in oxidizing ground waters (n = 98) were significantly higher in radon and
uranium (average = 8018 pCi/L and 1.8 ug/L, respectively) and lower in Ra-226 (average
= 0.15 pCi/L) than wells in reducing ground waters (n = 5) (radon average = 1930 pCi/L;
uranium average = near zero; Ra-226 average = 0.37 pCi/L). This corroborates findings
of other researchers who have shown that uranium is more soluble in oxidizing ground
water, while Ra-226 is less soluble. The plated Ra-226 serves as a continuing source of
radon to the ground water.
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Radon was positively correlated with the uranium/radium-226 ratio, suggesting
that the ground water conditions which dissolve and mobilize uranium may in turn result
in sorption of radium-226 on fracture walls acting as an ongoing source of direct radon
emanation to ground water in the vicinity of the well. Further, radon was 3 to 5 orders of
magnitude higher than radium-226, implying that the vast majority of radium-226 - the
source of radon - was sorbed on bedrock fractures near the well. Because of the very
large disequilibrium between radon and its parent radium-226, any changes in ground
water geochemistry near the well could result in dissolution and mobilization of radium,
and subsequent impact of the drinking supply.
Uranium and gross alpha activity were positively correlated with pH and
alkalinity (as bicarbonate). Radium isotopes tended to increase as DO decreased.
Radon was inversely correlated with Ra224/Ra223 (R=-0.45), suggesting that, as
expected, rock with a presumed higher uranium content (parent of Ra-223 and radon)
than thorium content (parent of Ra-224) resulted in higher dissolved radon
concentrations. Radium-223 was positively correlated with Ra-224 (R=0.76) and well
depth (R=0.38) and inversely correlated with casing depth (R=-0.38), DO (R=-0.37) and
ORP (R=-0.35). Radium-224 was positively correlated with well depth (R=0.37) and
inversely correlated with DO (R=-0.44) and Ra-226/Ra-223 (R=-0.48). Wells were
grouped into hydrologic/topographic settings of either ground water recharge, mid-slope,
or ground water discharge, and differences in radionuclide concentrations between the
three settings were not noted.
Indoor radon ranged from 0.3 to 22.8 pCi/L, with a median value of 2.7 pCi/L.
About one third of the sampled homes had indoor air radon above the EPA action level of
4 pCi/L. Data obtained from a commercial laboratory for 15,280 homes in the three
county study area showed indoor radon levels between 0.4 and 2146 pCi/L with a median
value of 3.2 pCi/L.
Subsequent investigation will seek to evaluate the occurrence and distribution of
radionuclides in additional areas of concern in Western North Carolina. The latter would
include areas in the Grandfather Mountain Window, pegamatitic bodies in the Spruce
Pine district, Whiteside Granite in Macon and Jackson Counties, and other areas of
potential concern. Subsequent investigation will also evaluate potential changes in
radionuclide concentrations over time.
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APPENDIX 1. Raw data collected during study of 103 private drinking water wells in
Buncombe, Henderson, and Transylvania Counties, North Carolina, 2005. [ft = feet; ND
= no data; I = meta-igneous; S = meta-sedimentary; PVC = polyvinyl chloride; U =
uranium, Ra-226 = Ra-226; Ra-223 = radium-223; Ra-224 = radium-224; GA = gross
alpha activity; pCi/L = picocuries per liter; ug/L = micrograms per liter; Rn = radon; ns =
not sampled; BDL = below detection limit; gpm = gallons per minute; uS/cm =
microsiemens per centimeter; T = temperature; C = degrees Celsius; DO = dissolved
oxygen; mg/L = milligrams per liter; ORP = oxidation reduction potential; mV =
millivolts; alk = alkalinity as bicarbonate; Pb = lead, As = arsenic.]
Appendix 1. Locations of private wells sampled during study, superimposed on
map showing individual rock formations, Buncombe, Henderson, and Transylvania
Counties, North Carolina, 2005.
Meta-igneous rocks
Meta-sedimentary
Buncombe
Henderson
Transylvania
N
10 miles
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Well County Rock Type
Rock
Origin
Hydrologic
Setting
Well
Casing
Material
Casing
Depth, ft
1 Buncombe muscovite-biotite gneiss S midslope ND 78
2 Buncombe muscovite-biotite gneiss S recharge ND 66
3 Buncombe metagraywacke S recharge PVC ND
4 Buncombe Henderson Gneiss I recharge PVC ND
5 Buncombe metagraywacke S midslope PVC ND
6 Buncombe metagraywacke S recharge PVC ND
7 Buncombe metagraywacke S midslope PVC 183
8 Henderson Henderson Gneiss I midslope PVC ND
9 Henderson granite gneiss I midslope PVC 50
10 Henderson Henderson Gneiss I recharge ND ND
11 Henderson granite gneiss I midslope Steel 76
12 Henderson metagraywacke S recharge PVC ND
13 Transylvania Henderson Gneiss I midslope PVC 84
14 Transylvania Henderson Gneiss I midslope Steel ND
15 Transylvania Henderson Gneiss I recharge PVC ND
16 Henderson granite gneiss I recharge PVC 86
17 Henderson muscovite-biotite gneiss S midslope PVC ND
18 Henderson Henderson Gneiss I recharge Steel ND
19 Henderson Henderson Gneiss I midslope Steel 70
20 Henderson amphibolite I recharge PVC 70
21 Buncombe metagraywacke S midslope ND ND
22 Buncombe metagraywacke S discharge Steel 80
23 Buncombe muscovite-biotite gneiss S recharge PVC 27
24 Henderson garnet-mica schist S recharge PVC 30
25 Buncombe biotite granititc gneiss I midslope PVC 37
26 Buncombe muscovite-biotite gneiss S recharge ND ND
27 Buncombe muscovite-biotite gneiss S recharge PVC 64
28 Henderson Henderson Gneiss I recharge PVC 5
29 Henderson Henderson Gneiss I midslope Steel 84
30 Henderson migmatitic biotite gneiss S midslope PVC 50
31 Henderson Henderson Gneiss I recharge ND ND
32 Transylvania Henderson Gneiss I midslope PVC ND
33 Transylvania Henderson Gneiss I midslope ND ND
34 Transylvania Henderson Gneiss I midslope PVC 46
35 Transylvania Henderson Gneiss I midslope ND ND
36 Transylvania muscovite-biotite gneiss S discharge Steel ND
37 Transylvania Henderson Gneiss I recharge ND ND
38 Buncombe muscovite-biotite gneiss S recharge ND ND
39 Transylvania garnet-mica schist S midslope PVC ND
40 Transylvania Henderson Gneiss I midslope Steel 116
41 TransylvaniaRocks of Brevard Fault Zone Zone S midslope PVC 105
42 Transylvania Henderson Gneiss I midslope PVC 52
43 Transylvania Henderson Gneiss I midslope PVC ND
44 Transylvania Henderson Gneiss I recharge PVC ND
45 Henderson Henderson Gneiss I recharge Steel 120
46 Transylvania Rocks of Brevard Fault Zone S midslope Steel 42
47 Transylvania Henderson Gneiss I recharge ND ND
48 Transylvania Henderson Gneiss I midslope Steel 75
49 Transylvania Henderson Gneiss I recharge PVC 85
50 Transylvania Henderson Gneiss I midslope Steel ND
51 Transylvania Henderson Gneiss I discharge Steel ND
52 Transylvania Henderson Gneiss I midslope PVC 72
Appendix 1.
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Appendix 1. Continued.
Well County Rock Type
Rock
Origin
Hydrologic
Setting
Well
Casing
Material
Casing
Depth, ft
53 Transylvania Henderson Gneiss I recharge PVC 38
54 Transylvania Henderson Gneiss I recharge PVC 36
55 Transylvania Toxaway Gneiss I midslope Steel 60
56 Transylvania Toxaway Gneiss I midslope Steel 64
57 Transylvania amphibolite S discharge Steel 95
58 Transylvania biotite gneiss S recharge PVC 78
59 Transylvania Rocks of Brevard Fault Zone S midslope Steel 25
60 Transylvania Henderson Gneiss I midslope PVC 99
61 Transylvania Henderson Gneiss I discharge Steel 80
62 Transylvania Henderson Gneiss I recharge PVC 101
63 Transylvania Henderson Gneiss I discharge PVC 44
64 Transylvania muscovite-biotite gneiss S recharge Steel 84
65 Transylvania Henderson Gneiss I midslope Steel 25
66 Transylvania Toxaway Gneiss I recharge PVC 86
67 Transylvania Henderson Gneiss I midslope Steel ND
68 Transylvania amphibolite S midslope Steel ND
69 Transylvania Henderson Gneiss I recharge PVC ND
70 Transylvania granidorite S midslope Steel ND
71 Transylvania granidorite I discharge Steel ND
72 Transylvania granidorite I midslope Steel 142
73 Transylvania biotite gneiss I midslope PVC 63
74 Transylvania Rocks of Brevard Fault Zone S midslope PVC 60
75 Transylvania Henderson Gneiss I discharge Steel ND
76 Transylvania Henderson Gneiss I recharge PVC 20
77 Transylvania Toxaway Gneiss I discharge PVC ND
78 Transylvania biotite gneiss I recharge PVC 52
79 Transylvania biotite gneiss I recharge PVC 34
80 Transylvania Toxaway Gneiss I midslope Steel ND
81 Henderson Rocks of Brevard Fault Zone S recharge PVC ND
82 Transylvania Henderson Gneiss I recharge PVC 105
83 Transylvania Henderson Gneiss I recharge Steel ND
84 Transylvania Henderson Gneiss I recharge PVC ND
85 Transylvania Rocks of Brevard Fault Zone S midslope Steel ND
86 Henderson granite gneiss I midslope Steel 7
87 Henderson granite gneiss I midslope Steel ND
88 Henderson Henderson Gneiss I midslope Steel ND
89 Henderson migmatitic biotite gneiss S midslope PVC 30
90 Henderson garnet-mica schist S discharge PVC 196
91 Henderson migmatitic biotite gneiss S recharge PVC 46
92 Henderson migmatitic biotite gneiss S midslope PVC ND
93 Henderson migmatitic biotite gneiss S midslope PVC ND
94 Henderson Caesars Head Granite I recharge PVC 21
95 Henderson garnet-mica schist S recharge ND ND
96 Henderson Henderson Gneiss I recharge PVC ND
97 Henderson garnet-mica schist S midslope PVC 2
98 Henderson Henderson Gneiss I recharge PVC 65
99 Henderson migmatitic biotite gneiss S recharge PVC 78
100 Henderson migmatitic biotite gneiss S recharge Steel ND
101 Henderson migmatitic biotite gneiss S midslope PVC ND
102 Transylvania Rocks of Brevard Fault Zone S recharge PVC 145
103 Henderson Henderson Gneiss I midslope PVC 35
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Appendix 1. Continued.
Well
Rn-222,
pCi/L
GA,
pCi/L
U,
ug/L
Ra-226,
pCi/L
Ra-223,
pCi/L
Ra-224,
pCi/L
Indoor
Rn,
pCi/L
1 3820 2.86 BDL 0.51 NS NS <0.3
2 5460 1.96 BDL BDL NS NS NS
3 6700 0.96 BDL 0.04 NS NS NS
4 7590 0.84 BDL 0.04 NS NS 2.0
5 7900 1.78 BDL BDL NS NS NS
6 2270 1.85 BDL 0.17 NS NS 2.4
7 8000 1.42 BDL 0.10 NS NS NS
8 4470 0.60 BDL 0.02 NS NS 8.8
9 15100 56.20 35.70 0.19 NS NS 2.7
10 14500 BDL BDL 0.06 NS NS 1.8
11 14200 2.60 1.74 0.05 NS NS ns
12 5310 1.14 BDL 0.07 NS NS <0.3
13 22700 1.53 BDL 0.03 NS NS 13.9
14 1640 0.11 BDL 0.04 NS NS NS
15 11400 0.38 BDL 0.07 NS NS 3.1
16 8390 0.39 BDL 0.08 NS NS 1.9
17 1440 0.45 BDL BDL NS NS 3.1
18 8720 BDL BDL 0.11 NS NS 2.0
19 6060 0.60 BDL 0.01 NS NS 5.9
20 2080 0.45 BDL BDL NS NS 1.5
21 3750 BDL BDL 0.21 NS NS 3.1
22 4110 1.73 BDL 0.16 NS NS <0.3
23 531 1.88 BDL 0.31 NS NS 1.2
24 2480 0.76 BDL 0.36 NS NS 1.3
25 718 0.42 BDL 0.07 NS NS 1.2
26 3360 0.97 BDL 0.77 NS NS NS
27 1550 2.70 BDL 1.05 NS NS 6.2
28 9680 BDL BDL 0.13 NS NS 10.2
29 7190 4.17 2.15 0.14 NS NS 1.0
30 3380 3.87 2.44 0.52 NS NS <0.3
31 3700 3.11 BDL 0.27 NS NS NS
32 20900 1.80 BDL 0.06 0.0009 0.0173 2.7
33 13500 5.61 2.90 0.10 0.0018 0.0169 1.8
34 45600 1.75 BDL 0.03 0.0014 0.0095 0.6
35 13800 3.99 BDL 0.17 NS NS 1.0
36 899 2.96 BDL 0.14 0.0000 0.0047 2.0
37 10300 1.21 BDL 0.12 0.0075 0.0399 7.8
38 1740 0.53 BDL 0.03 0.0315 0.0573 NS
39 8880 1.51 BDL 0.11 NS NS 4.7
40 2610 2.15 BDL 0.02 0.0053 0.1723 1.9
41 4480 3.92 BDL BDL 0.0015 0.0321 4.7
42 9190 3.65 3.58 0.04 0.0022 0.0424 6.6
43 9350 1.20 BDL BDL 0.0035 0.0644 12.4
44 9020 0.61 BDL 0.03 0.0005 0.0186 7.3
45 7480 0.29 BDL 0.07 0.0004 0.0113 NS
46 10600 BDL BDL 0.04 0.0012 0.0120 1.1
47 29900 0.75 BDL 0.08 0.0127 0.0574 1.0
48 21700 1.53 1.53 0.03 0.0005 0.0091 10.0
49 4980 2.53 BDL 0.39 0.0006 0.0135 8.2
50 7770 0.45 BDL 0.57 0.0011 0.0251 4.6
51 11700 0.67 BDL 0.45 0.0006 0.0050 2.6
52 7530 9.71 9.13 0.60 NS NS 22.8
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Appendix 1. Continued.
Well
Rn-222,
pCi/L
GA,
pCi/L
U,
ug/L
Ra-226,
pCi/L
Ra-223,
pCi/L
Ra-224,
pCi/L
Indoor
Rn,
pCi/L
53 6670 1.53 BDL 0.14 0.0028 0.0891 NS
54 5040 6.35 3.75 0.41 0.0014 0.0046 4.7
55 591 1.54 BDL 0.14 0.0006 0.0243 4.0
56 1790 BDL BDL 0.11 0.0018 0.0357 NS
57 8960 0.82 BDL 0.17 0.0008 0.0135 5.6
58 3970 BDL BDL 0.01 0.0025 0.0463 NS
59 994 1.01 BDL 0.60 0.0045 0.1580 4.7
60 10300 1.64 BDL BDL 0.0008 0.0214 3.6
61 4570 0.70 BDL 0.04 NS NS 1.2
62 3330 0.55 BDL BDL 0.0003 0.0070 1.8
63 3880 1.07 BDL 0.20 0.0013 0.0364 4.2
64 2440 BDL BDL 0.23 0.0001 0.0231 6.5
65 3710 0.58 BDL 0.02 NS 0.0015 NS
66 1110 0.12 BDL 0.13 0.0011 0.0216 0.3
67 9130 0.34 BDL 0.24 0.0010 0.0145 NS
68 109 BDL BDL 0.09 0.0002 0.0011 NS
69 16100 4.59 4.66 0.13 NS NS 4.0
70 7910 0.05 BDL 0.06 NS NS NS
71 10700 2.01 1.36 0.08 NS NS NS
72 6060 4.11 2.45 0.40 NS NS NS
73 4710 BDL BDL 0.05 NS NS NS
74 3110 1.22 1.52 0.10 NS NS 5.1
75 10200 0.17 BDL 0.06 NS NS NS
76 2680 5.17 6.38 BDL NS NS 1.5
77 3360 BDL BDL 0.03 NS NS NS
78 1130 BDL BDL 0.14 NS NS NS
79 5380 0.72 BDL 0.13 NS NS NS
80 518 0.12 BDL 0.07 NS NS NS
81 6490 0.83 BDL BDL NS NS NS
82 5430 BDL BDL 0.12 NS NS 7.0
83 1930 0.34 1.91 BDL NS NS NS
84 2750 56.00 63.30 0.33 NS NS 1.8
85 216 BDL BDL 0.33 NS NS 0.7
86 13400 ND ND ND NS NS NS
87 29800 9.11 2.66 0.30 NS NS NA
88 10700 0.55 1.86 0.03 NS NS NS
89 9430 0.53 BDL 0.12 NS NS 1.5
90 9780 BDL 1.28 0.10 NS NS NS
91 5380 0.27 BDL 0.26 NS NS NS
92 10200 1.07 BDL 0.11 NS NS 3.5
93 14300 2.59 1.62 0.13 NS NS 0.7
94 5210 18.90 15.80 1.40 NS NS 0.7
95 5720 4.26 1.79 0.09 NS NS 5.8
96 6900 BDL BDL 0.09 NS NS 0.3
97 1200 2.03 BDL 0.24 NS NS 5.4
98 7360 BDL BDL 0.11 NS NS 1.0
99 2580 1.27 BDL 0.12 NS NS NS
100 6790 2.48 1.75 0.04 NS NS NS
101 12800 0.24 BDL BDL NS NS NS
102 1190 6.56 2.35 0.04 NS NS NS
103 37300 4.43 1.39 0.03 NS NS 3.4
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Well
Well Depth,
ft
Well Yield,
gpm pH
SC,
uS/cm
Temp,
C DO, mg/L ORP, mV
1 245 2.0 6.4 120 14.2 1.6 180
2 240 1.0 5.7 44 13.4 9.1 374
3 ND 13.0 5.4 20 13.7 8.8 214
4 360 12.0 6.9 100 13.4 5.1 341
5 ND ND 5.7 35 13.6 8.6 329
6 600 ND 6.2 44 14.3 6.9 351
7 205 12.0 6.4 47 14.6 8.0 370
8 110 10.0 6.6 142 15.5 8.7 364
9 305 2.0 6.8 138 15.2 6.1 362
10 ND ND 4.6 21 13.2 8.5 323
11 205 100.0 7.6 75 14.2 6.2 329
12 ND ND 5.6 28 14.4 8.6 172
13 605 1.0 6.2 60 15.2 7.5 286
14 ND ND 5.5 53 16.1 7.3 329
15 600 ND 5.4 75 14.0 8.1 339
16 245 3.0 6.0 106 14.8 6.4 341
17 165 ND 6.8 59 14.6 4.9 190
18 ND ND 6.0 58 14.7 8.0 362
19 228 30.0 5.7 71 15.1 8.2 339
20 305 2.0 7.0 122 16.8 2.0 268
21 ND ND 7.6 108 14.0 0.5 -186
22 600 1.5 6.5 61 15.2 1.6 72
23 545 15.0 7.3 199 16.0 0.6 38
24 460 0.5 5.0 76 19.3 7.8 346
25 292 60.0 6.9 136 14.3 6.7 258
26 ND ND 6.6 113 15.0 0.5 758
27 565 3.0 7.3 233 14.9 0.8 102
28 205 5.0 5.7 109 15.0 8.9 335
29 445 2.5 6.4 110 15.4 7.9 363
30 425 1.0 6.1 48 14.6 7.5 258
31 380 ND 4.0 20 15.5 8.6 216
32 ND ND 5.7 68 14.0 5.0 264
33 ND ND 6.7 35 14.1 8.3 198
34 330 15.0 5.9 46 13.5 7.4 276
35 ND ND 6.5 50 15.2 6.7 272
36 90 ND 6.4 55 13.7 8.0 293
37 307 ND 4.9 18 13.6 8.3 123
38 180 ND 5.8 60 15.0 5.9 303
39 252 1.0 5.4 24 13.7 8.4 138
40 333 30.0 7.9 132 15.5 0.7 115
41 ND 1.0 7.0 126 15.5 4.9 272
42 255 75.0 6.4 52 13.7 5.5 250
43 500 1.8 6.3 50 15.2 6.8 258
44 380 3.0 6.1 64 15.0 8.0 329
45 280 7.0 6.9 104 14.9 7.0 272
46 107 50.0 6.3 42 13.0 0.0 115
47 ND ND 5.7 42 16.3 0.0 154
48 145 10.0 6.8 77 16.0 0.0 84
49 645 0.5 6.6 2 16.9 8.2 269
50 27 5.0 6.3 48 15.1 7.7 329
51 ND ND 6.1 31 14.3 8.2 200
52 485 6.0 7.9 6 16.5 7.8 595
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Well
Well Depth,
ft
Well Yield,
gpm pH
SC,
uS/cm
Temp,
C DO, mg/L ORP, mV
53 500 1.0 5.4 80 15.0 7.1 292
54 317 0.3 6.7 91 16.6 9.2 253
55 165 3.0 5.1 23 18.8 9.3 157
56 205 40.0 5.1 65 14.9 8.1 268
57 145 30.0 5.4 97 14.4 8.6 166
58 405 8.0 5.4 101 13.9 8.6 287
59 650 4.0 6.3 128 15.5 3.0 257
60 280 5.0 6.4 51 14.7 9.1 280
61 205 25.0 6.6 108 15.7 7.0 331
62 445 31.0 6.0 46 13.8 8.2 348
63 360 8.0 7.4 95 15.7 3.8 308
64 185 15.0 5.4 27 15.0 7.6 396
65 305 5.0 6.7 64 15.6 6.2 333
66 655 2.0 4.3 22 16.1 8.8 267
67 135 ND 6.2 88 14.0 6.8 400
68 104 ND 5.9 34 14.7 9.7 316
69 135 15.0 6.7 74 14.1 8.1 328
70 ND ND 2.5 15 13.9 9.4 333
71 300 40.0 6.4 61 12.7 6.1 361
72 345 3.0 6.1 33 14.8 5.2 270
73 265 6.0 4.8 32 13.9 6.8 380
74 305 8.0 5.1 121 15.0 6.8 461
75 ND ND 5.3 37 13.7 9.1 424
76 905 1.0 6.6 159 13.4 5.8 341
77 ND ND 4.6 19 13.6 8.1 297
78 230 25.0 7.1 20 15.5 3.0 156
79 145 10.0 5.5 33 14.1 6.0 370
80 ND ND 5.0 72 13.6 4.3 332
81 ND 12.0 7.5 60 20.9 7.1 310
82 305 ND 6.4 66 14.8 4.7 352
83 860 1.0 6.7 81 15.0 7.9 359
84 840 5.0 8.0 126 16.3 5.8 316
85 90 ND 6.7 141 15.2 5.2 393
86 305 ND 5.5 122 15.4 6.0 409
87 ND 30.0 6.1 80 15.6 6.3 357
88 ND ND 6.8 67 15.1 5.9 271
89 195 30.0 4.3 76 15.7 8.4 409
90 280 5.0 7.1 86 14.8 7.6 358
91 125 30.0 4.7 30 13.7 8.5 281
92 140 2.5 5.5 40 13.8 8.3 309
93 305 1.5 4.7 58 14.3 7.9 403
94 705 1.5 7.4 191 15.2 5.5 100
95 600 ND 6.5 68 15.5 8.0 340
96 96 5.0 4.5 59 14.3 7.5 242
97 265 6.0 7.5 266 14.4 0.4 124
98 205 20.0 4.9 100 13.6 9.3 270
99 408 10.0 5.3 85 15.0 7.4 288
100 ND ND 5.8 81 14.6 7.9 357
101 100 40.0 4.3 39 13.8 8.7 506
102 305 3.0 7.1 328 14.8 3.2 125
103 325 2.0 6.0 88 14.7 7.0 440
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Well Alk, mg/L As, ug/L Pb, ug/L
1 45 <5 <10
2 11 <5 <10
3 5 <5 <10
4 31 <5 <10
5 5 <5 <10
6 20 <5 <10
7 21 <5 <10
8 60 <5 <10
9 66 <5 <10
10 2 <5 <10
11 37 <5 <10
12 7 <5 <10
13 21 <5 <10
14 15 <5 <10
15 9 <5 <10
16 29 <5 <10
17 23 <5 <10
18 26 <5 <10
19 17 <5 <10
20 49 <5 <10
21 44 <5 <10
22 22 <5 <10
23 60 <5 <10
24 6 <5 <10
25 62 <5 <10
26 42 <5 <10
27 87 <5 <10
28 17 <5 <10
29 32 <5 <10
30 17 <5 <10
31 <1 <5 <10
32 19 <5 <10
33 12 <5 <10
34 12 <5 <10
35 19 <5 <10
36 27 <5 <10
37 7 <5 <10
38 14 <5 <10
39 8 <5 <10
40 59 <5 <10
41 57 <5 <10
42 27 <5 <10
43 23 <5 <10
44 30 <5 <10
45 40 <5 <10
46 15 0.00 0.00
47 16 <5 <10
48 28 <5 <10
49 35 <5 <10
50 28 <5 <10
51 11 <5 <10
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Well Alk, mg/L As, ug/L Pb, ug/L
52 29 <5 10.00
53 11 <5 <10
54 34 <5 <10
55 4 <5 <10
56 11 <5 <10
57 8 <5 <10
58 15 <5 <10
59 47 <5 <10
60 21 <5 <10
61 45 <5 <10
62 17 <5 <10
63 37 <5 <10
64 7 <5 <10
65 28 <5 <10
66 6 <5 <10
67 23 <5 <10
68 14 <5 <10
69 32 <5 <10
70 2 <5 <10
71 24 <5 <10
72 13 <5 <10
73 7 <5 <10
74 42 <5 <10
75 9 <5 <10
76 70 <5 <10
77 1 <5 <10
78 19 <5 <10
79 7 <5 <10
80 22 <5 <10
81 29 <5 <10
82 28 <5 <10
83 29 <5 <10
84 48 <5 <10
85 64 <5 <10
86 26 <5 <10
87 29 <5 <10
88 27 <5 <10
89 24 <5 <10
90 32 <5 <10
91 8 <5 <10
92 9 <5 <10
93 21 <5 <10
94 93 <5 <10
95 29 <5 <10
96 19 <5 <10
97 120 <5 <10
98 28 <5 <10
99 21 <5 <10
100 32 <5 <10
101 11 <5 14.00
102 120 <5 24.00
103 37 <5 <10
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APPENDIX 2. Spearman rank order correlations for selected radionuclides and field
parameters measured during study of private drinking water wells in Buncombe,
Henderson, and Transylvania Counties, North Carolina, 2005. [R = correlation
coefficient; P = probability; n = number of samples; Fe = iron; Mn = manganese; Alk =
alkalinity as bicarbonate; SC = specific conductance; temp = temperature; DO = dissolved
oxygen; ORP = oxidation reduction potential; Ra223 = radium-223; Ra224 = radium-224;
Ra226 = radium-226.]
uranium radium-226 gross alpha radium-223 radium-224
radon 0.21 -0.16 0.15 0.16 -0.08
0.03 0.12 0.14 0.38 0.66
102 102 102 32 33
uranium 0.12 0.6 0.09 -0.18
0.25 0 0.64 0.33
102 102 32 33
radium-226 0.2 -0.14 -0.08
0.04 0.45 0.65
102 32 33
gross alpha 0.17 0.03
0.36 0.85
32 33
radium-223 0.76
0
32
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Appendix 2. Continued.
Fe Mn Alk indoor radon casing depth
radon -0.1 -0.19 -0.2 0.13 0.1
0.34 0.06 0.05 0.29 0.48
102 102 102 67 57
uranium 0.08 0.07 0.36 0.01 -0.07
0.4 0.51 0 0.91 0.62
101 101 101 67 56
radium-226 -0.02 0.16 0.11 -0.08 -0.26
0.86 0.1 0.3 0.5 0.06
101 101 101 67 56
gross alpha 0.09 0.17 0.36 0.05 -0.06
0.36 0.08 0 0.78 0.65
101 101 101 67 56
radium-223 0.07 0.24 0.03 -0.08 -0.38
0.69 0.19 0.86 0.7 0.1
31 31 32 25 20
radium-224 0.04 0.24 0.02 0.19 0.02
0.85 0.19 0.9 0.35 0.94
32 32 33 25 21
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pH SC Temp DO ORP
radon -0.14 -0.19 -0.24 0.27 0.17
0.17 0.05 0.02 0.01 0.08
103 103 103 100 103
uranium 0.34 0.22 0.1 -0.12 0.12
0 0.03 0.32 0.25 0.22
102 102 102 99 102
radium-226 0.05 0.05 0.23 -0.15 -0.11
0.59 0.64 0.02 0.13 0.25
102 102 102 99 102
gross alpha 0.36 0.18 0.18 -0.2 -0.14
0 0.07 0.07 0.05 0.17
102 102 102 99 102
radium-223 -0.05 0.23 0.08 -0.37 -0.35
0.79 0.21 0.66 0.05 0.05
32 32 32 29 32
radium-224 -0.18 0.22 0.19 -0.44 -0.18
0.31 0.22 0.28 0.02 0.32
33 33 33 30 33
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well depth yield Ra224/Ra223 Ra226/Ra223 U/Ra226
radon -0.13 0.12 -0.45 -0.26 0.34
0.26 0.32 0.01 0.15 0
81 72 32 32 90
uranium 0.28 -0.16 -0.29 0.03
0.01 0.19 0.11 0.88
80 72 32 32
radium-226 0.11 -0.16 0.08
0.35 0.18 0.68
80 72 32
gross alpha 0.42 -0.34 0.06 -0.11 0.15
0 0 0.75 0.55 0.17
80 72 32 32 90
radium-223 0.38 -0.08 0.25
0.05 0.71 0.21
27 23 28
radium-224 0.37 -0.04 -0.48 -0.02
0.05 0.84 0.01 0.93
28 24 32 29
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APPENDIX 3. Descriptive statistics for radionuclides observed in study wells and indoor air
radon in Buncombe, Henderson, and Transylvania Counties, North Carolina, 2005.
RADON
pCi/L
URANIUM
ug/L
GROSS
ALPHA
pCi/L
RADIUM-
226
pCi/L
RADIUM-
224
pCi/L
RADIUM-
223
pCi/L
INDOOR
AIR
RADON
pCi/L
No. of samples 103 102 102 102 33 32 67
USEPA MCL 300* / 4000** 30 15 5 -- -- 4****
% above MCL 101 2 3 0 -- -- 23
Minimum value 109 <1 <0.1 <0.01 0.0011 <0.0001 0.3
Maximum value 45600 63.3 56.20 1.40 0.17 0.032 22.8
Std. Dev 7474 7.4 8.0 0.22 0.04 0.006 3.8
5% (approximate) 600 <1 <0.1 <0.01 0.0013 0.0001 0.6
25% 2840 <1 0.3 0.04 0.011 0.001 1.2
50% (median) 6060 <1 1.0 0.10 0.021 0.001 2.7
75% 9755 <1 2.5 0.17 0.041 0.002 5.3
90% (approximate) 14300 2.5 4.4 0.40 0.064 0.005 8.0
* proposed MCL MCL, maximum contaminant level
** proposed alternate MCL pCi/L, picocuries per liter
*** combined value with Ra228 ug/l, micrograms per liter
**** air standard is an "action level"
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n median max min SD n median max min SD
Meta-igneous
granite gneiss 5 14200 29800 8390 8047 4 2.2 35.7 <1 17.1
granodiorite 3 7910 10700 6060 2336 3 1.4 2.5 <1 1.0
Henderson Gneiss 45 7770 45600 1640 9010 45 <1 63.3 <1 9.4
Caesars Head Granite 1 5210 5210 5210 -- 1 15.8 15.8 15.8 --
amphibolite 3 2080 8960 109 4647 3 <1 <1 <1 0.0
Toxaway Gneiss 5 1110 3360 518 1171 5 <1 <1 <1 0.0
biotite granititc gneiss 1 718 718 718 -- 1 <1 <1 <1 --
Meta-sedimentary
migmatitic biotite gneiss 8 8110 14300 2580 4286 8 <1 2.4 <1 0.8
metagraywacke 7 5310 8000 2270 2194 7 <1 <1 <1 0.0
garnet-mica schist 5 5720 9780 1200 3786 5 <1 1.8 <1 0.6
biotite gneiss 4 4340 5380 1130 1869 4 <1 <1 <1 0.0
Rocks of Brevard Fault Zone 7 3110 10600 216 3695 7 <1 2.4 <1 0.7
muscovite-biotite gneiss 9 1740 5460 531 1586 9 <1 <1 <1 0.0
RADON-222, pCi/L URANIUM, ug/L
n median max min SD n median max min SD
Meta-igneous
granite gneiss 4 0.14 0.30 0.05 0.12 4 5.9 56.2 0.4 26.3
granodiorite 3 0.08 0.40 0.06 0.19 3 2.0 4.1 <0.1 2.0
Henderson Gneiss 45 0.07 0.60 <0.01 0.15 45 0.8 56.0 <0.1 8.3
Caesars Head Granite 1 1.40 1.40 1.40 -- 1 18.9 18.9 18.9 --
amphibolite 3 0.09 0.17 <0.01 0.08 3 0.5 0.8 <0.1 0.4
Toxaway Gneiss 5 0.11 0.14 0.03 0.05 5 0.1 1.5 <0.1 0.7
biotite granititc gneiss 1 0.07 0.07 0.07 -- 1 0.4 0.4 0.4 --
Meta-sedimentary
migmatitic biotite gneiss 8 0.12 0.52 <0.01 0.16 8 1.2 3.9 0.2 1.3
metagraywacke 7 0.10 0.21 <0.01 0.07 7 1.4 1.9 <0.1 0.6
garnet-mica schist 5 0.11 0.36 0.09 0.12 5 1.5 4.3 <0.1 1.6
biotite gneiss 4 0.09 0.14 <0.01 0.06 4 <0.1 0.7 <0.1 0.3
Rocks of Brevard Fault Zone 7 0.04 0.60 <0.01 0.23 7 1.0 6.6 <0.1 2.4
muscovite-biotite gneiss 9 0.23 1.05 <0.01 0.37 9 1.9 3.0 <0.1 1.1
RADIUM-226, pCi/L GROSS ALPHA ACTIVITY, pCi/L
n median max min SD
Meta-igneous
granite gneiss 2 2.3 2.7 1.90 0.60
granodiorite nd nd nd nd nd
Henderson Gneiss 36 3.3 22.8 0.30 4.70
Caesars Head Granite 1 0.7 0.7 0.70 --
amphibolite 2 3.6 5.6 1.50 2.90
Toxaway Gneiss 2 2.2 4.0 0.30 2.60
biotite granititc gneiss nd nd nd nd nd
Meta-sedimentary
migmatitic biotite gneiss 4 1.1 3.5 0.30 1.40
metagraywacke 4 1.4 3.1 0.30 1.40
garnet-mica schist 4 5.1 5.8 1.30 2.10
biotite gneiss 1 1.2 1.2 1.20 --
Rocks of Brevard Fault Zone 5 4.7 5.1 0.70 2.20
muscovite-biotite gneiss 6 2.6 6.5 0.30 2.60
INDOOR RADON, pCi/L
APPENDIX 4. Radionuclide concentrations in study wells in various rock types in
Buncombe, Henderson, and Transylvania Counties, 2005.




