DANA P. LOOM S. An Investigation of Radon in North Carolina

G oundwater and Its Relationship to Rock Type. (Under the
direction of JAMES E. WATSQN) .

Pr evi ous studi es of radon-222 in North Carolina
groundwat er supplies have shown that the state has sone of
t he hi ghest radon concentrations in the United States.

Reanal ysi s of existing environmental sanpling data from 272
public water systens shows that the distribution of radon in
North Carolina follows distinct geographical and geol ogi cal
patterns; a sinple average concentration based on these
sanpl es woul d not provide a neaningful estimate of public
exposure to radon.

Vari ations in radon concentration are associated, in
particular, with rock type. The highest radon
concentrations in North Carolina groundwater supplies are
found in waters fromareas in the Piednont and Bl ue Ridge
regions underlain by granites, and the | owest concentrations
(generally < 500 pCi/1) occur in aquifers of the coasta
plain. Concentrations in nost of the Piednont region are
intermedi ate (generally between 1000 and 5000 pCi/1). There
appears to be no systematic rel ationship between radon

concentration and water systemsize in North Carolina.
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I NTRODUCTI ON

Environnental radon in air and water has recently been
recogni zed as a major source of public exposure to ionizing
radiation, largely as a result of neasurements show ng that
radon concentrations in drinking water supplies and indoor
at nospheres are high enough to produce a radiation dose
significantly above that from outdoor background |evels (e.
g. Gessell, 1983; Hess et. al., 1985; Nero, 1983). Radon
whi ch may enter buildings in drinking water is transferred
to air by househol d water uses such as showering and
cleaning (Gessell and Prichard, 1980). 1In this way radon in
drinking water may cause three types of radiation exposure
whi ch can potentially affect human health; an externa
whol e- body dose, an ingestion exposure through drinking
radon- bearing water, and an inhal ation exposure from
breathing the radon emtted to the indoor atnosphere. The
ai rborne exposure pathway is of the greatest public health
concern because the inhalation dose is |arger by far than
tfie dose fromother pathways (Cross et al., 1985).

Radon may enter indoor air by direct emanation fromthe
ground, from outdoor air, and from contam nated buil di ng
materials as well as fromwater; the relative inportance of

radon contributed by these sources is not well understood.
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Even if other sources of indoor radon are disregarded,
however, many water supplies contain sufficiently high radon
concentrations to provide a radiation dose which exceeds
that from ot her environnental sources, both natural and
artificial (Cross et al., 1985). Because of the w despread
occurrence and often high concentrations of radon in ground
wat er supplies this radiation dose presents a significant
risk of lung cancer to the U S. population. The lifetinme

| ung-cancer risk fromradon in drinking water has been
estimated (e. g Cross et al., 1985; Hess et al., 1985),

al t hough wi th consi derabl e uncertainty (Crawf ord-Brown and
Cot hern, 1985), as approaching the total risk of [ung cancer
anong U.S. non-snokers for radon concentrations which are
common in North Carolina groundwaters, and nmay be nuch

hi gher for individuals using waters with extrenely high
radon concentrations. Because of the magnitude of this
estimated risk, it is inportant to understand the natura
factors which control the distribution of environnental
radon and are responsi ble for high radon concentrations in
groundwat er suppl i es.

North Carolina has sone of the highest concentrations
recorded in groundwater in the United States (Hess et. al.,
1985; Horton, 1983; Sasser and Watson, 1978). Earli er
studies of radon in North Carolina (Aldrich et. al., 1975;
Sasser and Watson, 1978; U.S. EPA, 1982) showed that
concentrations in the state range fromnear zero to over

46,000 pCi /1, but the distribution of radon concentration

c-ind the factors that control it have not previously been
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i nvesti gated on a statew de basis.

This study was undertaken for the G oundwater Section
of the North Carolina Departnent of Natural Resources and
Communi ty Devel opnent to gain a better understandi ng of the
distribution of radon in North Carolina groundwater, and to
exam ne the rel ati onshi p between radon concentrati on and
aquifer lithology to determne if lithology could be used as

a criterion for the identification of areas in North

Car ol i na where groundwat er use ni ght be inpacted by high

radon concentrati ons. Reanal ysis of radon data from ot her
studies (Aldrich et. al., 1975; U. S. EPA, 1982) shows t hat
radon concentration is related to aquifer lithol ogy, and

that distinct average radon concentrati ons are associ at ed
with nmaj or rock types. Groundwater fromthe North Carolina
coastal plain has the | owest average radon |level in the
state, while the Piednont and nountain regi ons have hi gher
|l evel s. The hi ghest concentrati ons occur in areas in the
Pi ednont underl ain by granitic rocks. These broad

lithol ogic associations also inply variation in other

geol ogi ¢ and hydrol ogi c vari ables which are related to rock
type, such as grain size, porosity, and groundwater fl ow
rate (Tanner, 1964a) .

Thi s knowl edge can be used for water nmanagenent- and
heal t h-rel at ed purposes which include identifying high-risk
areas, estinating radon concentrations in water supplies
such as private wells which are not routinely nonitored for

radi ol ogical quality and estimating the cost and
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effictiveness of potential water quality standards for
radon. In addition, the understandi ng gai ned through this
i nvestigation of the broad geologic affinities of radon in
North Carolina groundwater nay help to identify other

factors which account for variability in radon

concentrati on.

RADON | N DRI NKI NG WATER

Radon in U S. Drinking Water Supplies

The distribution of radon in U. S. drinking water
suppl i es has been reported by the U S. Environnental
Protecti on Agency (U.S. EPA, 1982; Horton, 1983) and by Hess
et al. (1985). Radon concentration in drinking water varies
over several orders of nmgnitude, from near zero to over
100,000 pCi/1. In general, surface waters contain virtually
no measur abl e radon, but high concentrations nay occur in
groundwaters. The hi ghest concentrations recorded in the
US. are in private wells in M ne and New Hanpshire whi ch
exceed 300,000 pC /1 (Brutsaert et al., 1981). Table 1
shows geonetri c nean radon concentrations in public and
private groundwater supplies from40 states. The hi ghest
concentrations in groundwater occur, in addition to New
Engl and, in the Appal achian states, the Rocky Mountain
states, and California (Hess et al., 1985; Horton, 1983).
Groundwaters in the Atlantic-Qulf coastal plain and the

m dwest region have substantially | ower radon concentrations
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Table 1. Radon in US  drinking water supplies,
modified from Hess at al. (1985).

CGeonetric mean Rn-222 in pG/1; nunber of sanples
in par ent heses.

PRI VATE PUBLI C
ATE V\EL L. GROUNDWATER SUPPLY
AL 120 (22) 70 132)
AR 230 ( 2) 12 ( 22)
AZ - 250 124)
CA 43 ( 6) 470 ( 15)
co 230 ( 76)
DE - 30 ( 72
FL 6000 (34) 30 (327)
GA 2100 (2 67 (225)
I A - 220 85)
I D 99 (155)
e - 95 (314)
I'N - 35 (185)
KS - 120 47)
KY 1500 (10) 32 (104)
MA 1000 ( 8) 500 (212)
NVE 7000 (24)
MN 1400 (1) 130 (233)
MO o ( 2 24 (138)
Ms - 23 (104)
Mr 4300 ( 8) 230 71)
ND . 35 (133)
NH 1400 (18) 940 ( 52
NJ - 300 38)
NM 59 (59) 55 (171)
NV - 190 57)
NY 1500 ( 4) 52 (292)
OoH - 79 (165)
K - 93 ( 33)
OR 450 (18) 120 69)
[ *A 910 (16) 380 (105)
RI 6500 (69) 2400 (575)
scC 1100 (23) 130 (384)
SD 4300 (2 210 (155)
™™ 0 (2 12 ( 98)
ur 150 195)
VA 560 (42) 350 (284)
VT 210 (23) 660  ( 71)
w 730 (40) 150 (278)
VW - 330 32)

us 920 (434) 130 (6298)
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(Hess et. al., 1985; Horton, 1983).

In addition to this geographic variation, nationw de
studi es suggest that radon concentration varies anong water
systens of different sizes. Radon levels in private wells
are often several times concentrations in public water
supplies (Table 1), and anong public water systens radon
concentration tends to decrease as the size of the
popul ation served increases (Hess et al., 1985). This
systematic difference between small and | arge water systens
I's apparently due to the longer retention tines of water in
| arge systenms which allow some fraction of original radon to
decay or escape to the atnosphere before the water is used
(Brutsaert et al., 1981; Hess et al., 1985).

The frequency distribution of radon in U S. public
groundwat er supplies is shown in Figure 1. The figure shows
that radon concentrations in nost of these systems (85% is
bel ow 1000 pCi /1 and that a substantial proportion (32% are
bel ow 100 pG /1. A though the percentage of water systens
havi ng extremely high radon concentrations over 10,000 pC /1
is quite snmall, users of these waters bear a risk far above
sassoci ated with average | evels of radon exposure.

Al t hough the radon content of drinking water varies
geographically and with water systemsize the |argest
variations are related to geologic factors. Radon in water
has been shown, in particular, to be strongly associ ated
with rock type. Because radon concentration is so

intimately related to geol ogi c variabl es average radon
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Fi gure 1. Frequency of Rn-222 concentrations in U S. public

wat er supplies (nodified fromHess et al., 1985)
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concentrations and their associ ated radi ati on exposures mnmust

be determ ned in respect to these factors.

Sour ces of Radon i n Groundwat er
The occurrence of radon in water is governed in |arge
part by the concentration of its parent nuclides, uranium

and radium in rock and soil, and by physical vari abl es

whi ch control the em ssion of radon fromsolid materi al s
into water. The concentration of parent nuclides in rocks
is a function of geologic history and of the geocheni stry of
t he urani um decay chain. Uaniumis widely distributed in
the Earth's crust, and average urani um concentrations in
many mnerals and rocks are well known. The foll ow ng
abundances are from Rogers and Adans (1969); urani um
concentrations from1l, to 10 ppmare characteristic of

silicic igneous rocks, (granites, rhyolites, quartz

nonzonites, etc.); sonewhat | ower concentrations are
charactristic of internediate rocks, and nuch | ower

concentrations, typically from.001 to 1 ppm are found in

mafic and ultramafi c rocks. Vari ati on between di fferent
rock bodies of the sane type, or even within a single

pl uton, may be consi derabl e, however. Sedimentary rocks
have generally | ower values, for exanple 0.45 ppmfor quartz
sandstones and 2.2 ppm for |imestones, but narine
phosphorites and sone unusual shal es nmay contain
concentrations in excess of those found in normal granites.
The uranium content of netanorphic rocks is quite variable

as mght be expected fromtheir diverse origins.
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Factors affecting radon concentrati on

Patterns of radon occurrence in groundwater reflect, in
general, the major differences in the uranium content of
conmon r ocks. The consi stent associ ati on of concentrati ons
exceedi ng 100,000 pCi/1 with granitic terranes has been
observed repeatedly (Asikainen and Kahl os, 1979; Brutsaert
et. al, 1981; Snihs, 1973). Lower concentrations (generally
< 500 pG /1) have been observed in various sedi nentary rocks
(Andrews and Wod, 1972; CGorgoni et al., 1982; Fukui and
Kat surayama, 1983; King et al., 1982; Mtsch et al., 1984).
It nmight appear fromthese relationships that rock type is
t he deternm nant of radon concentration in water. In fact,
many vari abl es, only sone of which are covari ates of
l'ithol ogy, intervene between decay of urani um and
measurenent of radon in a well water sanple. These
i nternedi ate factors i ncl ude
1) Geonetry and nass of the radon source. Radon
concentrations in water may be affected not only by the
concentration of parent nuclides in surrounding rocks, but
by the absolute quantity of parent present. The ability of
radon to enter water may be affected, in addition, by the
spatial distribution of nuclides within the rock.
2) Urani umradi um geochenistry. The extent to which
radium the imedi ate parent of radon, is in equilibrium
with its progenitor uraniumin geologic materials is largely
a function of the degree to which the parent and its

daught er products have been separated by geocheni cal
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processes. Pew data are available on radiumin common
rocks, but its chemcal behavior is quite different from
that of uranium so geochenical separation of parent and
daughter m ght be expected in certain situations.

3) Emanation Fraction. Not all of radon produced by the
decay of radiumin rocks escapes into air or water; the
rati o of radon escape to production is frequently called the
emanation fraction. The enmanation fraction has been
measured in the |laboratory for a variety of mnerals, rocks,
and soils and varies considerably anmong mineral ogi ¢ and
l'ithologic types irrespective of uranium concentration
(Baretto, Clark, and Adans, 1975). Emanation fraction is
inversely proportional to grain size (Andrews and Wod,
1972), and is enhanced by deep weat hering or pervasive

rai crofracturing, and when parent nuclides are distributed
near the surface of mneral grains (Tanner, 1964a).

4) Dissolved radium Radon nay al so be concentrated in
wat er by decay of radiumalready in solution. 1In general,

di ssol ved radium|levels are far |ower than needed to support
observed radon concentrations and nost investigators have
concl uded that there is no relationship between dissol ved
radi um and radon (Tanner, 1964b; Sni hs, 1972). No such

rel ati onshi p has been observed in studies of radi um and
radon in nost areas in North Carolina (Lee, Watson, and
Fong, 1979), but correlation between Ra and Rn has been
reported in the eastern Phosphate district of North Carolina
(Strain, Watson, and Fong, 1979) and between | ogRa and | ogRn
in South Carolina (King, Mchel, and More, 1982).
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5) Radon Mgration. Radon atons which enter water-filled
pores may nove fromtheir original site by diffusion, in

whi ch the radon atom noves relative to the water, or by
transport, in which the radon atomis carried by noving

wat er. Because radon is chemcally inert it is not renoved
from groundwat er by process other than diffusion and

radi oactive decay. The factors which affect radon mgration
through rocks are primarily hydrol ogic ones; these factors

i ncl ude the diffusion constant of radon in water, degree of
saturation, groundwater flow rate, and the size and geonetry
of pore spaces in the rock matrix (Tanner, 1964a).

Mgration is nore rapid through fractures than in
intergranul ar porosity. |In saturated, porous rock and
soil, diffusion is inefficient and groundwater flowis the
dom nant factor in radon migration (Tanner, 1964a); the
anount of radon transported fromits original site is

determ ned by the bal ance between flow rate and decay in

whi ch high flow rates favor the maintenance of radon
activity near its original level (Andrews and Wod, 1972).
6) Tenporal variations. Several investigators have
reported conflicting findings on the tenporal stability of
radon concentration in wells repeatedly sanpled over tine.

M chel and Moore (1980) reported stable radon concentrations
during one year of observation of wells in the South
Carolina coastal plain, but variation by a factor of 2-3 was
reported in continuously nonitored wells in Japan (Fukui and

Kat surayanma, 1983) and in England (Andrews and Wod, 1972).
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Radon concentration in these wells was positively correl ated

with rainfall, suggesting, perhaps, nmore efficient transport

due to higher flow rates.

7) Well and water system design and use. Since groundwater
sanpl es nmust, in general, be obtained fromwells, a nunber
of variables related to well design and use may al so affect
the radon content neasured in water sanples. In addition to
the inverse relationship of radon concentrati on and water
systemsize (Hess et. al., 1985), Brutsaert et. al. (1981)
reported a negative correlation between radon concentration
and yield of 136 wells in Maine, and a positive correlation
bet ween radon concentration and well depth. Snihs (1973)
found no evidence for the latter relationship in 37 wells in
Sweden. Well punping patterns may al so affect the radon
concentration of water sanples; Fukui and Katsurayama (1983)
reported small but consistent increases in radon activity
after several hours punping, presumably because induced flow

br ought new radon-1aden water to the well bore.

NORTH CAROCLI NA GEOLOGY AND HYDROLOGY

North Carolina can be geologically divided into a
series of northeast-trending belts as shown in Figure 2.
The boundaries of the major belts correspond to the three
nat ural physiographic regions of North Carolina; the coastal
plain, the Piedmont, and the Blue Ridge region. About half

of the state is covered by |ate-Mesozoic and Cenozoic


NEATPAGEINFO:id=84B7C209-3DF2-4DCD-8E62-93835C789A45


Figure 2. Ceologic map of North Carolina (nodified fromHeath, 1980)
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sedi nentary rocks of the Atlantic coastal plain; these
strata forma sedi ment wedge which thickens eastward to over
10,000 ft at Cape Hatteras (Stuckey, 1965). The coastal
plain sequence is divided into many formally-named geol ogic
units, but a sonewhat sinpler systemof nomenclature is
general Iy used in hydrologic reports. Goundwater is
obtained fromfour major aquifers in the coastal plain,
which are known informally as the Cretaceous aquifer, the
Castle Hayne aquifer. The Yorktown aquifer and the surficial
aqui fer, in decreasing order of depth (Heath, 1980). The
relative positions of these aquifers in the geol ogic
sequence reflect the order of their formally-designated
counterparts, but the boundaries of these aquifers do not
correspond precisely to those of the formal geologic units.
The Castle Hayne aquifer is the principal water source
in the eastern coastal plain (Cederstromet al., 1979;
Heath, 1980). It is a confined aquifer of sem -consolidated
i mestone and shell beds which stores and transmts
groundwater in voids created by |inestone solution. Large
wel I's which may yield over 1000 gal/mn are conmon in the
Castl e Hayne aquifer (Heath, 1980). 1In the western portion
of the coastal plain the Castle Hayne is absent and
groundwat er is obtained instead fromsand and gravel
aquifers in the Cretaceous, Yorktown, and surficial units.
Many wells in this area are conpleted in multiple water-
bearing zones and may mx groundwaters fromaquifers of
different ages and lithologies. The Cretaceous aquifer is
particularly inportant in the southern portion of the inner
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coastal plain (Heath, 1980) where the Yorktown Formation has
been renoved by erosion (Stuckey and Conrad, 1958). The
aquifer consists of three fornmal geologic units; the

Tuscal oosa Formation, the Black Creek Formation and the
Peedee Formation (Heath, 1980). The Peedee and Bl ack Creek
formations are lithol ogically conplex units containing
sands, clay, and shell beds (Stuckey and Conrad, 1958), but
are not highly productive as aquifers (Cederstromet al.
1979). The nane Tuscal cosa is to be elimnated fromfornal
use on the latest geologic map of North Carolina (in press).
Nevert hel ess, because of its long use in the state and its
frequent citation in hydrologic reports it will be used

t hroughout this report. The Tuscal oosa is a highly
productive sand aquifer which is a najor groundwater source
t hroughout the Atlantic-Qlf coastal plain (Cederstrom et
al., 1979). \Were it is exposed in North Carolina the
Tuscal oosa consists of sedinentary material derived from
erosion of Piedmont crystalline rocks, including granites,
gnei sses, and schists (Stuckey and Conrad, 1958).

The sediments of the coastal plain overlie nuch ol der
Precanbrian and Pal ezoi ¢ i gneous and met anor phi ¢ rocks which
emerge from beneath the coastal plain sequence along a
nort heast-trending zone called the fall-line. These
conpl exly faulted and deformed rocks formthe bedrock of the
Pi edmont region, and include the rocks of the Carolina Slate

Belt and the Inner Piednont Belt (Fig.2). The Carolina

Slate Belt consists of |owrank nmetavol cani c and associ at ed
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met asedi mentary rocks, while the Inner Piednont belt
consists principally of gneisses and schists (King, 1955)
met anor phosed up to the sillimanite zone (Butler, 1972;
Overstreet, 1955). These rocks are intruded by clusters of
Pal eozoi ¢ plutons (Fullagar, 1971) which formthe Ral ei gh
belt and Charlotte belt (Fig. 2). These plutonic rocks are
primarily granitic, but the Charlotte belt also includes
significant areas of mafic igneous rocks (King, 1955). In
several areas rocks of the Carolina Slate Belt and Inner

Pi ednont Belt are overlain by unmetanorphosed sedi nentary
rocks of Triassic age, deposited in northeast-trending
basins (Fig. 2) bounded by faults. The lithology of the
Triassic rocks is variable and includes sandstones,

congl onerates, shales, siltstones and small amounts of

|'i mestone and coal (Stuckey, 1965). Small areas underlain
by other rocks, including marbles and quartzites and

congl omerates are also present in the Piedmont (Overstreet,
1955)

The Blue Ridge Belt in the far west is underlain by
Precanbrian granites and gnei sses and Precanbrian to early
Pal eozoi ¢ metasedi nentary rocks (King, 1955). Al of the
Bl ue Ridge Belt rocks are netanorphosed to sone extent.
Bl ue Ridge granites and gneisses are simlar in general to
those in the Piednont, and vary in degree of metanorphism
frombiotite to sillimanite zone (Butler, 1972). The
Precanbrian netasedi mentary rocks of the Blue Ridge belt are

significantly different fromother netasediments in North

Carolina, however. These rocks underlie a large area in
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sout hwestern North Carolina including Cherokee, G aham and
Swai n counties and adjacent areas (Fig. 2). These rocks,
formal |y assigned to the Qcoee Supergroup, were derived from
the erosion of crystalline rocks simlar to the granites and
gnei sses now exposed in the Blue Ridge, and their bulk
conposition is approximately that of granitic igneous rocks
(Hadl ey, 1970). Small areas of other metasedi mentary rocks
are also exposed in the Blue Ridge Belt (King, 1955; Stuckey
and Conrad, 1958).

Al though the geol ogy of the Piedmont and Bl ue Ridge
regions is quite conplex the hydrol ogic behavior of the
maj or rock units is so simlar that they can be regarded as
a single hydrologic region (Heath, 1980). The crystalline
rock aquifers of the Piedmont and Bl ue Ridge regions are
much | ess productive than coastal plain sedinments; typica
wel | yields in the Piednont are | ess than 100 gal /mn
(Cederstromet al., 1979). In areas underlain by
crystalline rocks groundwater is stored prinmarily in the
saprolite (highly weathered rock material) which overlies
bedrock and transmtted to discharge areas and wells by
networks of fractures within the bedrock (LeG and, 1967,
Heath, 1980). Well yields tend to be higher in areas of
dense fracturing where fractures are interconnected
(Cederstromet al., 1979). 1In general, rocks of the Ccoee
Series and the Inner Piednont Belt are the nost productive
hydrol ogic units in the region and the Triassic basins and

Carolina Slate Belt are |east productive (Heath, 1980).
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PREVI OQUS RESEARCH

Several studies have been conducted on radon in North
Carolina groundwater. Strain et al. (1979) and Mtsch et
al. (1984) exam ned the local effects of phosphate ore
extraction and processing in eastern North Carolina.

Mtsch et al. found large variations in the radon content of
groundwat er sanples from 116 wells producing from severa
aquifers in the phosphate district, but concluded that there
was no pattern of radon distribution which could be
attributed to the activities of the phosphate industry.

The occurrence of radon in groundwater has been surveyed
statewi de in two environnental sanpling progranms; one
conducted by the Radiation Protection Section of the North
Carolina Department of Human Resources (Al drich et al.

1975; Sasser and Watson, 1978) and the other by the U S

Envi ronnental Protection Agency (U.S. EPA, 1982; Horton,

1983) .
Bot h st at ewi de studi es showed that neasurabl e
quantities of radon are present in many North Carolina
groundwat ers, and that the concentration of radon in these
waters has a range of at |east four orders of nagnitude,
fromnear zero to over 46,000 pG /1. Geological data were
not systematically collected and no geol ogic analysis of the
radon data was presented in reports of either study. In
spite of the simar conclusions which may be drawn from
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these two studies, they differ significantly in intent and
met hodol ogy.

Differences in sanmpling philosophy, in particular,
appear to have had a major effect on the conposition of the
two data sets. The North Carolina Department of Human

Resources (DHR) study of radon (Aldrich et al., 1975) was
intended primarily to identify areas of high radon

concentration. The investigators used prior know edge to

| ocate and sanple wel|ls where radon concentrations could be
expected to be high (Aldrich et al., 1975, Felix S. W Fong,
personal comunication, 1985). The |ocations sanpled in
this study are predomnantly in the Piednont and Bl ue Ridge
regions of North Carolina, and are clustered in several
counties which account for a large proportion of the sanple.
Wake County contains 10% of the |ocations and Catawba,

Rocki ngham Rowan, and Surry counties were also heavily
sampled. The field procedures used in the DHR study were
designed to obtain a sanple of water as produced at the
well. The reported concentrations can therefore be expected
to represent the maxi mum concentrations to which users of
water fromthe sanpled wells could be exposed. Only
groundwat er supplies were sanpled in the NC DHR study, and
most of the sanples were taken fromsmall public water
systems serving several hundred people, or less, such as
trailer parks and subdivisions. Because of the selection of
areas of known high radon concentration, the predom nance of
sanpl e locations in the Piednont and the generally small
size of the water systens surveyed data from
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Figure 3. Frequency of Rn-222 concentrations in NC DHR data
of Aldrich et al. (1975).
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the DHR study coul d be expected, a priori, to be biased
toward high radon concentrations. Figure 3 shows the
frequency distribution of radon concentrations fromthis
study and the nunber of observations fromcoastal versus
Pi ednmont and mountain counties. The expected predoni nance

of high values is manifested in the |arge nunber of
observations in the 1000-10,000 pG /1 range.

The EPA study of radon in North Carolina groundwater
was part of a nationwi de programto estimate popul ation
exposure to radon and other naturally-occurring
radionuclides in public water supplies (Horton, 1983). The
design of the EPA study enphasized collecting a sanple
representative of the water actually consuned by the
majority of groundwater users in the United States. EPA's
sanpling criteria called for the collection only of finished
wat er frompublic systems serving 1000 people or nore.
Sanpl es were collected as close to the water source as
possible, to mnimze the effects to radioactive decay, and
conposi te sanples were taken fromnultiwell systems. In
North Carolina several of the systems sanpled did use
surface water or a mxture of surface and groundwaters, and
many were smaller than the 1000 customer criterion. Actual
sanpl e col I ection was done for EPA by the Radiation

Protecti on Secti on of NC DHR

EPA's sanpling criteria resulted in the collection of a

more geographical |y uniformsanple than in the DHR study,
but nost of the sanple |ocations nevertheless tended to be
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in the coastal plain counties (Fig.4) , perhaps because of
the relative scarcity of large groundwater systens in the
western portion of North Carolina. Qher studies indicate
that radon concentrations are generally lowin the Atlantic
coastal plain (Hess et al., 1985; Horton, 1983; King et al.,
1982). As expecxted the EPA data (Fig. 4) shows nostly | ow
radon concentrati ons.

In addition to these large differences in sanmpling
criteria, the DHR and EPA radon studies al so enpl oyed
different analytical methods for determning radon activity.
EPA used a liquid scintillation counting technique, while NC
DHR use a gas-emanation (Lucas cell) technique. Al though
measurements by the two techniques shoul d be conparable and
calibration tests performed for the EPA research (Horton,
1983) indicate no significant differences between anal yses
nmeasured with liquid scintillation versus other techniques,
the conparabitly of North Carolina data using different
anal ytical methods has been questioned (Fong and Penny,
1981). The conparability of these methods is discussed

further in the description of methods used in the present
st udy.
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METHODS

The conclusions of this study are based on anal yses of
all available North Carolina environmental radon data

collected in earlier statew de studies (Aldrich et al.

1975; Sasser and \Watson, 1978; U S. EPA, 1982). Names and
localities of the sanpled water systens were obtained
directly fromNC DHR and EPA. EPA also provided field data
sheets for each water sample, giving a brief description of
the sanpled water systemincluding nunber of wells in the
system number of individuals served, and for some systens,
wel | depth and punped aquifer. Al of the water sanples
were collected frompublic water systens, so detailed
information on systemlocation, water source, and nunber of
custoners coul d be obtained through the Water Supply Branch
of NC DHR, which maintains extensive records on all public
wat er systems. Systens |isted in Water Supply Branch
records as using surface water or a mxture of surface water
and groundwater were elimnated fromthe data set, leaving a
working data set of 295 radon anal yses.

For geol ogi ¢ anal ysis, radon concentrations were
plotted on a 1:500, 000 geol ogic map of North Carolina (N C
Dept. of Conservation and Devel opment, 1958) using well
| ocation information fromrecords of the NC DHR Vter Supply
Branch and wel | conpletion reports obtained fromthe
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G oundwat er . Section of the NC Department of Natural
Resources and Community Devel opnent (NC DNRCD). Each of 272
sanpl es which coul d be plotted on the map was assigned to
one of the lithologic categories in Table 2 according to its
| ocation on the geologic map. An initial attenpt was nade
to obtain lithologic descriptons of aquifers in each of the
sanpled wells through the well records of the NC DNRCD
Groundwat er Section, but this procedure had to be abandoned
because data were only available for a small proportion of
the wells and these were mostly in the formof unreliable
drillers' logs. Athough detailed lithologic descriptions
of producing aquifers could not be obtained for most of the
well's, the units shown on the geologic map are a
sufficiently reliable and consistent reflection of the
conmposition of aquifers in the Piednont and nountain regions
where groundwaters are drawn fromcrystalline rock bodies or
fromsaprolite derived fromthem Coastal plain |ocations
were sinply assigned to the general coastal plain

| i thol ogic group because the data which coul d be obtained
for most wells were insufficiently detailed to allow
aquifers in the sedinentary sequence to be differentiated.
The practice of combining observations fromdifferent
aquifers is inprecise, but should not distort the results of
this study because differences between the radon

concentrations of groundwater sanples fromthe coastal plain
relative to other areas can be expected to be larger than
differences anong the aquifers whch make up the coastal
plain group. The few coastal plain wells for which aquifer
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Tabl e 2. Lithol ogi c groups

GROUP

Gr ani t es

Pr ecanbri an

sedi nent ary
r ocks

Gnei ss & Schi st

Met avol cani c
r ocks

Mafi c i gneous
r ocks

Met asedi nent ary
r ocks

Coastal plain
sedi nent s

DESCRI PTI ON

Pal eozoi ¢ and Precanbrian granitoid
rocks of the Piednont and Bl ue Ri dge.

sandst one, congl onerate, graywacke and
ot her sedi nentary and netasedi nentary
rocks of the Ccoee Supergroup

all gnei sses and schists of Piednont
and Bl ue Ridge, including Brevard

Schi st, Henderson Gneiss, Cranberry
Gnei ss, and ot hers.

early Pal eozoi ¢ netavol cani c and

associ ated netasedi nentary rocks of
the Carolina slate belt.

gLP{ite and gabbro of the Charlotte

quartzite, marble, and associ ated

nmet asedi nentary rocks of the King's
Mount ai n and Mur phy belts.

all Mesozoic and Cenozoic clastic
and carbonate sedinents (primarily

marine) and surficial deposits of
t he coastal plain.
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data were available were also treated separately with
respect to aquifer in the data anal ysis.

The working data set was al so examned to determne if
| oss of data might have altered its geographic or
quantitative distribution. The frequency distribution of
the radon concentratons in unaggregated data taken fromthe
NC DHR and EPA studies is virtually the same as the
distribution in the original studies. Likewse, the
relative proportion of the sanple in each North Carolina
county is virtually unchanged in the final data set. The
cl ose match between the original data and those used in this
study with respect to radon concentration and geographic
distribution means that the results of the present study are
unlikely to be biased by loss of data. This inplies, in
addition, that differences between the conclusions of this
study and any which mght be drawn from separate
consi deration of either prinmary data set are due to the
effects of conbining the earlier data and to the
different analytic approach of this study.

The two original data sets were also tested for
conparabil ity because different nethods of sanple analysis
were used in the NC DHR and EPA studies, as discussed abhove.
Thi's conparison was facilitated by the fact that twenty-one
wat er systens were sanpled in both studies. Regression
anal ysi s of EPA versus NC DHR results (Fig. 5) yields a
slope of 0.75 and a highly-significant (P < 0.0001) Pearson
correlation coefficient of 0.75. Results fromthe two

methods are highly correlated and al though the slope is not

mMuk
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equal to 1 this does not appear to inply that there is a
systematic difference in val ues between the studies. Visua
I nspection of the plot shows that nost of the values fal
approximately along a 1:1 line and that the deviation of the
cal culated slope from1l is due primarily to several outliers
inthe data. In addition, a paired t-test for the
difference in mean Radon concentration in the systemns
sanmpled in both studies yielded a non-significant value of t
(t = 0.0123) , indicating that the data sets are

I ndi stingui shable at the 90% confidence |evel. Because of

these results the data fromboth studies were used in raw

formw thout any adjustment for differences in methodol ogy.

RADON | N NORTH CAROLI NA GROUNDWATER

The frequency distribution of radon concentrations in
272 groundwat er sanples from North Carolina public water
supplies is shown in Figure 6. Note that conbining data

fromthe earlier studies snoothes the skewed distributions

(Figs. 3 and 4) that resulted fromsanpling bias in these
st udi es.

The distribution of radon in North Carolina is quite
different fromthat for the entire United States (Fig. 1) in

that a much higher proportion (41% of the water systens
sanpl ed contain over 1000 pG Rn-222/1. This difference
suggests that popul ati on exposure to radon in North Carolina

may be higher than average for the United States. A
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geometric nmean radon concentration of 180 pC /1 for 6300
public water supplies in the United States has been reported
by Hess et al. (1985). Although it mght be of interest to
cal cul ate such an average for North Carolina using these
data, the result would not be neaningful because the sanple
I's not random zed on geol ogi ¢ variables. A nore meani ngf ul
estimate can be nade by exam ning radon concentration in

relation to lithol ogy.

Li t hol ogy and radon concentration

Aver age radon concentrations and concentration ranges
for eight North Carolina rock groups are shown in Table 3.
Most of the radon values (94% are from coastal plain
sedimentary rocks, gneiss and schist, netavol canic rocks,
and granites; these rock types together make up nost of
North Carolina's land area (Fig. 2). Several other
l'ithologic groups, including Precanbrian sedimentary rocks
of the Ccoee Supergroup, sedimentary rocks of Triassic
basins, and mafic igneous rocks, which account for a mnor

proportion of the state's area, are also included in the
sanpl e.

The | owest radon concentrations are found in the
coastal plain. Low values are also associated with nafic
I gneous rocks (5 observations) in the Charlotte Belt. The
hi ghest average concentration, as well as the highest

neasured val ues, are found in areas in the Piednont
underlain by granites. |Intermediate average radon

concentrations occur in the netavol canic rocks, gneisses.
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Tabl e 3. Radon concentration (pC/l) and lithol ogy.

I THOLOGY

GRANI TE
PRECANMBRI AN SED.
GNEIl SS/ SCHI ST
MVETAVOLCANI C
TRI ASSI C
METASEDI MENTARY
MAFI C

COASTAL PLAI N

NUVMBER

24
2
71
21
6

5
139

CASTLE HAYNE AQUI FER 22
PEEDEE- BLACK CREEK 6

TUSCALOOSA AQUI FER

15

10562.
7090.
2244.
1348.

909.
834.
527.

426

93.
40.
563. 01

Not decectabl e above background.

ARl TH. MEAN

6

65
38
86
75
25
35

6
55

59009.
52509.
1502.
1183.
499.
645.
263.

GEOM  MEAN

7
99
35
9

12
05
99

48. 28

14. 07
7.52

215. 53

5th

515.
2335.
170.
481.
41.
303.

PCT.

67
13
66
52
69
22

34,12

ND

ND
ND
ND

95t h

43871.
1186.
7703.
3354.
1766.
1510.
1139.

2508.

642.
178.
2278.

PCT.
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and schi sts which underlie nost of the Piednont and Bl ue
Ri dge regions. Al though the radon |evels associated with
t hese widel y-exposed rocks are | ow conpared to those in
granitic areas they are still significantly higher than the
U S. average. Figure 7 shows the influence of the major
rock groups on the distribution of radon in groundwater.
(bservations fromthe coastal plain domnate the |ower part
of the concentration range, while values fromigneous and
met anor phic terranes in the Piednont and Bl ue Ridge popul ate
the upper part of the range, and virtually all of the high
val ues over 10,000 pG /1 are associated with granitic areas.

The variation in average radon concentrations shown in
Tabl e 3 shows that radon concentration in groundwater is a
function of lithology in North Carolina. Qher variables,
sone of which are thenselves related to lithology, may al so
have | arge effects on radon concentration. One such factor
whi ch has been cited by other investigators is water systen
size; the relationship of radon concentration with water

systemsize in North Carolina is discussed in the follow ng

secti on.

Effects of water system size

Sonme investigators have found evidence of an inverse
rel ationship between water systemsize (i.e., nunber of
I ndi vidual s served) and radon concentration (Brutsaert et
al ., 1981; Hess et al., 1985). This relationship may be
more than fortuitous. Hess et al. (1985) have nade

estimates of U S. cancer nortality based on average radon
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Figure 7. Frequency of Rn-222 in North Carolina groundwater
by lithology (data as " in Fig. 6).
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concentrations in water systems serving popul ations of
different sizes. This approach presunes that radon
concentration is systematically related to systemsize and
that radon levels can be predicted by population. It can be
argued that such a functional relationship should exi st
bet ween water system size and radon concentration because
radon is more likely to escape to the atnosphere during the
aeration that typically acconpanies water treatment in
| arger public water systens, or to decay before it is
transmtted to users through extensive distribution
systens.  Because of the potential inportance of water
systemsize as a predictor of radon concentration. North
Carolina radon data were also anal yzed with respect to this
variable to determne if systemsize is systematically
related to radon concentration in the state.

Tabl e 4 gives average radon concentrations for
popul ation classes simlar those used by Hess et al (1985).
These values in the table decrease with water systemsize.
But, Table 5 shows mean popul ation sizes of water systenms by
lithologic group. It is apparent fromthis table that nean
systemsize varies anmong |ithologic groups, and that systens
in the coastal plaintend to be larger than those in other
parts of North Carlina. Therefore, the apparent variation
of radon concentration with systemsize in Table 4 is not
| ndependent of lithology. To examne the relationship of
wat er systemsize and radon concentration independent of
lithology, sinple linear regressions were perforned on data


NEATPAGEINFO:id=E29CCC44-D98E-4882-9842-B0C37EDB1805


TABLE

4

36


NEATPAGEINFO:id=73879C93-0A18-484E-A61D-7E2A08F580D8


Tabl e 4. Radon concentration and water system size.

| NDI VI DUALS SERVED

< 100
100- 1000
1000- 5000
5000- 10000
> 10000

n

36
102
110

16

Radon (pCi/l)

ARITH MEAN GEOM MEAN  MN.

3342.
3006.
583.
276.
42.

72
02
33
56
13

1652. 43 30. 39
671. 82 ND
92.76 ND
21. 33 ND
39. 3 26. 9

35552.
46644.
5830.
1598.

45
53
41
03


NEATPAGEINFO:id=5E41845E-7A04-471B-A09B-AEF9C329FC2E


37

wi thin each lithol ogic group using the nodel:

radon = A + B (popul ation).
Regression coefficients are given in Table 5. If there is a
systematic negative effect of population on radon
concentration independent of |ithology the slope (b) should
be negative in each group and radon should be negatively
correlated with population. Among |ithologic groups,
however, the regression |ines have both positive and
negative slopes and the degree of correlation between radon
and population is low (Table 5). This suggests that in
North Carolina water systemsize does not affect radon
concentration independently of |ithology. The apparent
inverse relationship between water systemsize and radon
concentration in Table 4 is due to differential distribution
of different-size water systens anong |ithol ogic groups.
This is largely a result of the different hydrol ogic
properties of these rock groups. Because of the |ow
productivity of nost Piedmont aquifers, large nunicipal
water systens in that part of North Carolina nust generally
use surface water, and only relatively small public water
supplies rely on groundwater. Larger systems in the coasta
plain, on the other hand, typically do use groundwater. The
distinctly different hydrologic characteristics of Piedmont
and coastal plain regions thus have a large effect on the
overal | relationship of radon concentration and water system
size in North Carolina. Essentially the sane aquifers and
simlar patterns of groundwater use are present throughout
the southeastern United States (Cederstromet al., 1979) and
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TABLE 5. Regression nodels for radon and water system size.

LI THOLOGY

coastal plain
gnei ss/ schi st
granite

mafi c i gneous
net asedi nent s
net avol cani cs
triassic
TOTAL

Sl ZE

n MEAN
139 2659
71 644
24 343
5 1503

4 495
21 1208
6 1056
272 1715

3323
760
304

1230
507

1422
920
157

585.
2467.
6543.

318.
1406.
13565.

723.

2305

8
4
67
58

43
66

Model : radon = A + (B)nunber of individuals

size = nunmb
n = nunber o

. 06
- 0.

8.
.21
-1.
- 0.
.18
- 0.

27
52

15
o1

29

er of jndividuals served by water system

sanpl es.

.16

. 25
. 35
. 95
.01
. 24
.18

©cooooocoo

. 07
.42

25
56
05
96

. 65
. 003

00
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may simlarly affect radon distribution throughout the
regi on.

These results further enphasize the inportant influence
of geologic and hydrol ogic variables on radon concentration,
and strongly suggest that water systemsize is not an
I ndependent predictor of radon concentration.

Di scussi on

The radon concentration of groundwaters fromthe
aqui fers considered here is largely consistent with results
in other areas and with known relative average urani um
concentrations for each rock type. The association of very
high radon concentrations with granites has been observed in
other areas (e.g., Asikainen and Kahl os, 1979; Brutsaert,
1981; Snihs, 1973), but the high values fromthe
net asedi nentary rocks of Qcoee Supergroup (2 observations)
may be surprising. Although the estinmated average
concentration in this group i s unstable, high radon
concentrations mght reasonably be expected to occur in this
aqui fer because its mneralogic conposition is simlar to
granite (Hadley, 1970). In addition, the Ccoee is
net amor phosed to high rank (sillimanite zone) in some areas.
Brutsaert et al. (1981) reported an arithmetic nean radon
concentration of 13,630 pG/1 in sillimnite-grade aquifers
in Mine. The relative radon concentrations of groundwaters
fromother mnor aquifers also appear to be generally
consistent with relationships between |ithology and radon
concentration observed el sewnhere. The average radon
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concentration of groundwater fromthe Triassic basins (6
observations) reflects the overall lithologic simlarity of
the Triassic sedinments to the Piednont rocks from which they
were derived. Additional sanples would probably be required
to characterize the full range and distribution of radon
concentration in the Triassic rocks because they are quite
lithologically diverse. The |ow radon concentration of
mafic igneous rock aquifers (5 observations) is consistent
with the known average urani umconcentration of these rocks,
which is orders of magnitude bel ow that of granite.

G oundwat ers from met anorphic rock aquifers in the
Pi ednont and Bl ue Ridge together with those from coast al
plain aquifers account for nost of the observations in the

sanpl e; average radon concentrations fromthese groups show
that a distinct break exists between radon levels in the

coastal plain versus the Piednont and Bl ue Ridge regions.
The gap in average radon concentration between coastal
plain and Piednont aquifers in North Carolinais simlar in
magni tude to the discontinuity reported in geonetric nean
radon concentrations of 158.5 and 2511.9 pG /1,
respectively, in the South Carolina coastal plain and
Piedmont (King et al., 1982). In spite of their distinct
differences fromeach other, the coastal plain,

gnei ss/schist, and metavol canic |ithologic groups are broad
categories which include rocks with different chem cal

conposi tions and physical and hydrol ogi ¢ properties which
may affect radon concentration. Sufficient geologic data
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could not be obtained to eval uate other geol ogic and
hydrol ogi ¢ sources of variability in radon concentration
within [ithologic groups in the Piedmont and Bl ue Ridge
because wel | records are poor in crystalline rock areas of
North Carolina. It was possible, however, to conduct a
nore detailed anal ysis of the coastal plain sanple.

The coastal plain group, with 139 observations, is the
| argest and perhaps the nost geol ogically varied of the
| i thol ogic groups considered here. Several aquifers of
different age and lithology are utilized in the coastal
plain, and prinmary data on the aquifers being punped were
available for a few of the sanpled wells. Average radon
concentrations were determned separately for each aquifer
for which data were available (Table 3). The differences
bet ween these average concentrations are geol ogically
significant. The average radon content of the Castle Hayne
aqui fer which supplies water to a large portion of eastern
North Carolina is quite low (Table 3); this average is
simlar to that observed by Mtsch et al. (1984) in the
Castle Hayne. The higher concentrations in the Tuscal oosa
aqui fer may be a result of its conpositional simlarity to
the Piedmont crystalline rocks it overlies (Stuckey and
Conrad, 1958). Differences between the average radon
concentrations of coastal plain aquifers are a potentia
source of variability within the conbined coastal plain
group. There is also a spatial pattern to variations in

concentrati on.

Anomal ously high radon concentrations up to 12,000
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pCG /1 occur along the fall line at the dissected western
edge of the coastal plain. Several of the highest anonal ous
val ues occur in wells |ocated where the western edge of the

coastal plain overlaps Piednont granites. The coastal plain
sedinentary rocks are thin near the fall line and it is
possi bl e that some of the anomal ous wells may have been
drilled through the coastal plain sedinents to granites
beneath. Hi gh radon concentrations in coastal plain
aquifers may al so be due to sedi mentol ogi cal concentration
of rock and mneral fragments eroded from Pi ednont
crystalline rocks in sedinmentary units such as the

Tuscal oosa which overlie crystalline rocks. Alternatively,
M chel and More (1980) suggested that urani um from Pi ednont
crstalline rocks may be geochemcally concentrated in the
upper coastal plain. Anomal ous concentrations of radium
the i medi ate parent of radon, have al so been observed al ong
the fall line in North Carolina (Menetrez and Watson, 1983)
and South Carolina (Mchel and More, 1980). Al though the
reasons for these radiological anonalies are not clear, it
appears that an average radon concentration which excl uded
observations fromalong the fall |ine would be nore
representative of the region. Renoving neasurements from
along the fall line, including those which were not

anomal ously high, reduces the average radon concentrations

and the range of concentrations significantly as shown in

Tabl e 6.
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Table 6. Rn-222 in Coastal Plain mnus fall-line sanples,
n ARITH. MEAN GEOM MEAN  MAXI MUM M N MUM

127 148.72 72.2 2727. 33 ND*

Not detectabl e above background.

I't should be enphasized that although these revised val ues
my be nore representative of the coastal plain as a whole,
the high concentrations along the fall line are an inportant
determ nant of radon exposure in that area.

The inportance of other variables, in addition to
| i thol ogy, which affect radon concentration should also be
consi dered al though they can not be evaluated directly from
the data used here. The observed rel ationship between
| ithol ogy and radon concentration may be a function, in
part, of other factors which are correlated with Ilithology.
Perhaps the nost inportant of these lithol ogy-related
variables are the large differences between the hydrol ogic
characteristics of aquifers in the coastal plain and the
rest of North Carolina. Al of these factors need
addi tional study. These differences in hydrologic
characteristics are so large that they may overwhel mthe
effects of other variables and create correlations between
apparently unrelated factors Iike lithology and water system
size. Athough sone investigators have found rel ationships
between, for exanple, well yield and radon concentration, an
overal | analysis of this relationship in North Carolina
m ght be deceptive because, as is the case with water

systemsize, it would reflect primarily the differences in
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average yields between coastal plain and crystalline rock
aquifers. A nore useful treatment of this relationship
m ght exam ne the relationship between well yield and radon

levels within lithologic or hydrologic units.

NMANAGENMENT CONSI DERATI ONS

The relationship of radon in groundwater to aquifer
lithology is potentially useful in risk assessnent and
managenent. Average concentrations indicate that
groundwater in the North Carolina coastal plain has radon
concentrations which are significantly |lower than the 180
pC /1 United States average reported by Hess et al (1985).
The | ow radon concentrations of the coastal plain contrast
with concentrations on the order of 1000 to 5000 pC /1 in
| arge areas of the Piednont and Appal achi an portions of
North Carolina which are underlain by gnei sses, schists and
met avol canic rocks, and with smaller areas underlain by
granite where radon concentrations nmay exceed 10,000 pG /1.
These radon |l evels are significantly above average for the
U s.

The | arge di screpancy between radon concentrations in
the coastal plain and the remai nder of the state dictates
that any efi”orts to evaluate or mtigate the risk associ ated
with radon in groundwater should be focussed in the Piednont
and mountains initially. Ganite bedrock areas should be of

particul ar concern because groundwater users in these areas
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are at the greatest risk fromradon exposure. The inpact of
radon on private wells should al so be given additional
consideration. Data fromother studies (Hess et al, 1985)

i ndicate that radon concentrations tend to be higher in
private wells than in public water supplies. Since none of
the water sanmples considered in this study were fromprivate
wel l's, the applicability of predictive criteria for radon
levels in private supplies needs to be assessed by further
sanpling. The relationship between |ithology and radon
concentration shows that geologic factors which contro

radon concentration, rather than factors |ike water system
size, should be considered in efforts to estinmate radon
exposures or their associated risks.

A conpl ete assessnment of radon exposure requires, in
addition to know edge of the geol ogic and hydrol ogic factors
whi ch control radon concentrations in water, a determ nation
of the nunber of individuals exposed to specific
concentrations of radon. This nunber coul d be obtained by
estimating the nunber of groundwater users with wells in a
particular aquifer and then applying average radon
concentrations fromeach aquifer to the appropriate nunber
of individuals to produce a geol ogical |l y-wei ghted esti nate.

SUMVARY

In North Carolina the highest concentrations of radon

In groundwater occur in areas underlain by granite, and the
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| owest concentrations are found in the coastal plain and in
areas where bedrock consists of mafic igneous rocks.
Anonal ously high radon concentrations also occur inmediately
downdip of the fall line, but the reasons for these high
val ues are not apparent. In general radon concentrations
are less than 500 pC /1 in the coastal plain and between
1,000 and 5,000 pG /1 in the Piednont and Bl ue Ridge
regions. Typical radon concentrations in the coastal plain
are bel ow average for the United States, while
concentrations in the Piednont and Bl ue Ridge are above
average. This distinct break in radon concentrations
reflects the large differences in the lithologic and
hydrol ogi ¢ characteristics between the coastal plain and the
remai nder of North Carolina. There is no overall systematic
rel ationshi p between radon concentration and water system
size in North Carolina

Rel ati onshi ps between |ithol ogy and radon concentration
in North Carolina groundwater are consistent with relative
concentrations that m ght be expected fromthe relative
average uranium concentration in comon rocks. However
lithology is related to such factors as grain size,
weat hering, and many hydrol ogic properties which also affect
radon concentration. Therefore the observed relatiohship
bet ween |ithol ogy and radon may be due in part to these
other factors which are correlated with |ithol ogy.

Addi tional study is needed to eval uate the inportance of

t hese vari abl es. /
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