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Abstr act
Kennet h Ladr ach
THE OCCDRRENCE OF RADON

I N SOVE NORTH CARCLI NA GROUNDWATER SUPPLI ES
(Under the direction of Dr. Janes E. Watson)

Approxi mately one hundred small public groundwater sup-
plies in North Carolina were sanpl ed. Anal yses for
radon-222 were performed by two nethods, emanation and a
newer liquid scintillation counting (LSC) nmethod. Two
primary goals were involved in this work, (1) conparing the
two anal ysis methods |isted above and (2) testing for an
associ ation between radon concentration in groundwater and
t he geol ogy of the sanpled site. The data show
statistically significant differences in radon
concentrations neasured by the two nmethods. In 75 percent
of the cases the liquid scintillation result was |ower,
i ndi cating the possible need for refinenment of this
techni que. The precision of liquid scintillation results
was tested by conparing dual sanples fromeach site. A
paired difference T-test on the dual LSC measurenents
I ndi cates that the nean difference between dual LSC

measurenents is equal to zero. Forty three of fifty two
differences are less than 10 percent different. The radon
concentration data show in general, higher radon
concentrations associated with granite and gnei ss/schi st
rock formations over those in mafic and netavol canic

formations. Sanples fromthe coastal plain area had the
| owest radon concentrations nmeasured.
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I NTRODUCTI ON

Two primary objectives were addressed in the study pre-
sented in this technical report. The first question this
report addresses is whether two nmethods used in the
Radi ol ogi cal Hygi ene Laboratory to neasure radon
concentrations in water sanples provide conparable results.
The standard procedure of enmanating radon from a gl ass
sanpl e col l ection bubbler into an al pha scintillation cel
for counting (Lucas 1957) has been used by a nunber of
researchers in the past (APHA 1976, Lee 1979, M chel 1980,
Mtsch 1982). Previous work by Radi ol ogi cal Hygi ene
students (Strain 1978, Mtsch 1982 and Hayes 1984) utilized
this type of equi pnent and procedures for emanation anal yses
of groundwater sanples fromwells in the phosphate m ni ng
region of eastern North Carolina. For the current project
t he emanati on apparatus and procedures were used to neasure
radon concentrations in well water sanples coll ected
st atewi de. However we wanted to inplenent an alternative
anal ytical technique that woul d be reasonably accurate,
reliable and less tine intensive. The liquid scintillation
counting nethod described by Prichard and Gesell (Prichard
1977) and subsequently used in a nationw de study (Horton
1983) seenmed a good candi date. Sample collection for liquid
scintillation counting analysis is easy to perform but
anal ysis requires a liquid scintillation counter plus blank
and standard activity vials. Since a programmble |iquid

scintillation counter is present in the Radiol ogical Hygiene
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Laboratory an appropriate counting regi men was all that was
needed. A synopsis of the procedures used by the
Envi ronmental Protection Agency in their nationw de study of
radon in drinking water (Horton 1983) was obtai ned from
Larry Kani pe (personal conmunication, current address:
Tennessee Val l ey Authority, Miscle Shoals, Al abama 35660).
A good liquid scintillation counting procedure would provide
an excellent alternative to emanati on because nore sanpl es
could be analyzed in a shorter period of tine w thout
requiring the presence of soneone to operate the equi pnent.
An inportant question is whether the liquid scintillation
counting procedure perforns accurately and reliably in
conparison to the emanation procedure. This is the reason
for conmparison of emanation and liquid scintillation
counting results in this report.
The second question this report is concerned with is

the distribution of radon concentrations in groundwater as a
function of different geol ogical regions of the state. This
t echni cal report exam nes radon concentrations in water
sanples fromwell sites classified in five major geol ogi ca
groups across North Carolina. A statistical test for
significant differences in radon concentrati ons between
geol ogi cal groups is performed. The | onger range goal of
this type of work is to be able to predict with confidence
t he concentration of radon to be expected in a given
groundwat er sanpl e based on site geol ogical characteristics

and other well site parameters. A separate report published


NEATPAGEINFO:id=6A848E3C-67B0-4E83-B362-E1D8E8358237


by the Water Resources Research Institute (Loom s 1987) goes
into nore detail ed analysis of the distribution of radon
concentrations as a function of geology and ot her hydrol ogic

par anet ers.
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LI TERATURE REVI EW

Anal yti cal techni ques

For years the standard anal ytical technique for the

determ nati on of radon concentration in water has been
emanati on of radon fromthe water i nto an evacuat ed
scintillation cell for counting (APHA 1985). Mire recently,

liquid scintillation counting (LSC) techniques have been
used to neasure radon concentrations. For exanple, the air
in a cave in Japan was anal yzed for radon by counting
scintillation fluid after bubbling air through it in a
scrubbi ng bottle (Amano 1985). In another study, thoron and
radon gas bubbling froma hot spring was collected in a
syringe, liquid scintillator was added and the m xture
transferred to a vial for counting (Yoshi kawa 1986). Two
researchers used LSC in conjunction with other nethods of
anal ysis to study radon concentrations in groundwater
(Ghnuma 1982, diveira de Sanpa 1980). Radon concentrations
nmeasured by LSC were conpared with concentrati ons neasured
using an ionization chanber (Chnuma 1982). The coefficient
of variation in LSC neasurenents was given as 4.9 percent
and the correl ation between the two nethods was given as
0.966 (Chnunma 1982). diveira de Sanpa (1980) fabricated
scintillation cells by internally lining the walls of
Erl enneyer flasks wth silver activated zinc sulfide.

Sanmpl es were then anal yzed by emanati on and LSC. Both

met hods were reported to yield high efficiency and
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reproducible results. Only 0.06 percent of the radon in the
sanpl e was reported to be lost by retention in the emanation
system and 95 percent of the radon in the sanple was
reported to remain dissolved in the liquid scintillation
cocktail (diveira de Sanpa 1980).

In a review of nethods for radiol ogi cal anal yses of
drinking water, Blanchard (1985) cites four investigators
who have used LSC to determ ne radon concentrations (Noguch
1964, Homma 1977, Prichard 1977 and Horton 1983). Hi gh
vol unme extraction of radon fromwater followed by LSC was
perforned by Noguchi (1964) and Honmma (1977). This
technique was used to indirectly neasure radium 226 in
environnental sanples. Sinplified procedures have been used
to directly nmeasure radon in water collected in | ow vol une
sanpl es using commercially available liquid scintillation
counters (Prichard 1977 and Horton 1983). Broad spectrum
energy wi ndows were used by both investigators; however,
different scintillation cocktails were enployed. The
preci sion of paired LSC nmeasurenents in the study by Horton
(1983) was assessed by plotting the average range between
pai red neasurenents agai nst average concentration. A |inear
fit to the data produced a slope of 0.054, indicating about
5 percent degree of precision over the range of
concentrations neasured. The accuracy of the LSC technique
was checked through participation in an interlaboratory
study at the University of Texas in Houston and a conparison

study with the University of South Carolina Departnment of
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CGeol ogy. EPA results in the interl aboratory study conpared
well with the known val ues of controls. For the conparison
study with USC, a set of ten sanples was anal yzed by LSC
(EPA- EERF | ab) and by emanation (USC Geol ogy | ab). The

correl ati on between the two sets of neasurenents was 0. 998.
The use data were found to be about 10 percent | ower than
t he EPA data as observed in a scatter plot of the two
dat asets. The LSC net hod used by the EPA (Horton 1983) was
used in this study for conparison with the emanati on net hod
because of the ease of sanpling and analysis as well as the
previ ously denonstrated nmeasurenent capabilities of the
t echni que.

In the renmai nder of the literature review the hazard of
radon exposure is described in terns of increased risk of
| ung cancer induction, and a relationship is presented
bet ween the hazard of indoor radon and the potenti al
contri bution of radon in groundwater to this hazard.
Finally, the question of the influence of geology on the
radon content of groundwater is expl ored.

Radon hazard

Radon gas and associ at ed daughter products have been a
concern for sone tine. On the average, radon daughters
contribute the | argest fraction of annual |ung dose from al
t he sources of natural background radiation (NCRP #45 1975 &
#77 1984), see table 1. In table 1 the category "inhal ed
radi onucl i des" refers primarily to inhaled radon daughters.

In order to attenpt to quantify the hazard from i nhal a-
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Radi ati on source Dose equi val ent

Cosm c radiati on 28

Cosnogeni ¢ radi onucl i des

External terrestri al 26
I nhal ed r adi onucl i des 450 (3000)
. . . n
Radi onucl i des in the body 24 (40) !
Rounded totals 500 (3000)

Al l owi ng for 10% shi el di ng by buil di ngs.
Al'l owi ng for 20% shi el di ng by buil dings and 20% by t he body.

Does not include thoron and its daughters. The nodified value alloxvts
for indoor exposure to radon daughter inhalation and a change in
quality factor from 10 to 20 for al pha radiation.

Allows for a change in quality factor from 10 to 20 for al pha radiation.

Table 1. Summary of |ung dose equivalents (in nremyr) fromvarious
sources of natural background radiation. Doses are to the
bronchi al epithelium Values in parentheses are |atest estinates.
Adapt ed from NCRP #77, 1984.
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tion of radon daughters the National Council on Radiation
Protecti on and Measurenents studi ed the avail abl e data on
the effects of radon inhal ati on experi nents i nvol ving
animal s and data on the effects of radon inhal ati on anong
under ground urani um m ne workers. Their exam nation of data
on effects of inhaling radon daughters found that ani nal
study results parallel epidemological studies of mne
wor kers inhaling radon daughters. Several inportant points
are made. First, very high cunul ati ve exposures, over 1000
wor ki ng | evel nonths (WM, are |less effective at |ung
cancer induction per W.Mthan are nore noderate cumnul ati ve
exposures. Secondly, the highest | ung cancer ri sk
coefficients for humans (50 x | CE -6 |ung cancers/yr/W.M
were found anong those exposed to radon daughters later in
their lives (NCRP #78 1984). Finally, the regions of the
human | ung receiving the greatest absorbed dose from radon
daughters are the basal cells of the epithelial tissue in
t he upper airways of the tracheobronchial tree. In fact
human | ung cancers do appear predom nantly in the upper
ai rways of this region (NCRP #78 1984).

NCRP report #78 adopts an average |ung cancer risk co-
efficient of 10 X | CE -6 cancers/yr/person/ W.M aver aged over
all age and exposure groups. Through a tinme integrating
ri sk nodel NCRP converts this to a lifetinme risk of about
1.5 X I CE -4 lung cancers per WLM averaged over all age and
exposure groups. This is conparable to a range given by the

I nt ernational Comm ssion on Radiol ogical Protection of 1.5
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to 4.5 X1 OE -4 lung cancers per WLM (I CRP 1981). The nopde

uses the average risk coefficient of 10 x | OE-6
cancers/yr/ person/ W.M as well as an exponential termto
account for the decrease in cancer appearance rate due to
cellular repair and cell death over tinme. NCRP #78 presents
tabulated Ilifetine lung cancer risks for environnental
| evel s of radon daughter exposure per pCi/r% or per W.M per
year for different ages of first exposure and different
durati ons of exposure, see tables 2 and 3. The risks at the
|l ower radon daughter |evels found under environnental
condi ti ons have been extrapol ated down fromthe ri sks
obt ai ned from the higher radon daughter |evels of the
uranium m ner data. The NCRP justifies this extrapol ati on
by taking the conservative position that |ung cancer
i nduction is a stochastic or non-threshold type of response
and therefore there is sone ri sk even at the | ower doses
delivered by environnental |evels of radon daughters.

The tabul ated risk coefficients can be used directly to
determine the lifetime risk for devel opi ng | ung cancer given
age at first exposure and duration of exposure as in the
foll owi ng exanple (NCRP #78 1984). Let the average
envi ronnent al exposure equal 0.2 WM yr (NCRP #78 1984).
Using table 3 at a lifetine exposure duration begi nning at
age one, the lifetinme lung cancer risk equals 9.1 x | OE 3
per WLM per year. The lifetine risk for devel opi ng | ung
cancer would be the product of the exposure level tines the

lifetine |lung cancer risk per W.M per year or (0.2
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X0

Lifetim [ung cancer risk under environmental conditions' per pO ""*Re/mf. Lifetime risk as a function of age and duration of

exposure
Lifetime Lung Cancer Risk

Eﬁ?gfi”;,? Age at First Exposure ofa 1}?)?plu'|e?tslm?sr]'
1 10 20 30 40 50 o) 70
1 Year 2.5 X 10-" 3.6 X 10-» 5.0 X 10-' 7.1 X 10-» 8.3 X 10-« 6.7 X 10-' 4.8 X 10-' 2.7 X 10-" 0. 0051
5 Years 1.3 X 10- 1.9 X10" 2.7 X 10-' 3.8 X 10-' 4.0 X 10" 3.1 X 10-' 2.1 X 10-' 1.1 X 10-* 0.026
10 Years 2.9 X10" 4.2 X1Q"' 5.8 X 10-' 8.1 X 10" 7.5 X 10-' 5.6 X 10-' 3.6 X 10-' 1.5 X 10-' 0.051
30 Years 1.3 X 10-« 1.8 X 10-« 2.1 X 10-~ 2.1 X 10-' 1.6 X 10-' 1.0 X 10-' 4.8 X 10-' 1.5 X 10-' 0.14
Life 3.6 X 10"~ 3.5 X 10" 3.0 X 10-' 2.5 X 10-' 1.7 X 10-' 1.0 X 10" 4.8 X 10-' 1.5 X 10" 0.21

RaA
* Radon to radon daughter ratio Rn/RaA'RaB/RaC equal to 1/0.9/0.7/0.7; unattached wrequal to 0.07.
" For a popul ation with age characteristics equal to that in the whole United States in 1975,

Table 2. Lifetime lung cancer risks for various ages of first exposure and
durations of exposure. Reproduced from # 78 1984,

Lifetime lung cancer risk under environmental conditions per WM per year." Lifetime risk as a function of age and duration of

exposure
Lifetine Lung Cancer Risk Lung Cancers in
Exposur e Age at First Exposure a Popul ati on
Dur ati on of 10* Persons'
1 10 20 30 40 50 60 70
1 Year 6.4 X 10-' 9.1 X 10-' 1.3 X 10-* 1.8 X 10-* 2.1 X10* 1.7 X 10-* 1.3 X 10-* 7.0 X 10-* 13
5 Years 3.4 X1Q" 5.0 X 10-' 6.9 X 10-* 9.8 X 10-* 1.0 X 10-' 8.4 X 10"* 5.5 X 10-* 2.8 X 10-* 66
10 Years 7.7 X 10-* 1.1 X 10-' 1.5 X 10-' 2.1 X 10-' 2.0 X 10-' 1.4 X 10-' 9.1 X 10-* 3.8 X 10-* 130
30 Years 3.4 X 10-' 4.8 X 10-' 5.5 X 10-' 5.5 X 10-' 4.2 X 10-' 2.5 X 10-' 1.3 X 10-' 3.8 X 10-* 380
Life 9.1 X 10-' 9.1 X 10-' 7.7 X 10-' 7.7 X 10-' 4.5 X 10-' 2.7 X 10-' 1.3 X 10-' 3.8 X 10-* 560

* For radon daughters measured under environnental rather than under,qround mni.ng conditions.
® For a population with age characteristics equal to that in the whole United States in 1975,

Table 3, Lifetine lung cancer risks for various aﬁgg at first exposure and
durations of exposure. Reproduced from NCRP # 75 1984.
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wayi/yr)(9.1 x 1CE --3 per W.M per year) = 1.8 x | CE -3 lung
cancers. This risk nultiplied by the size of the U S.

popul ation would yield the nunmber of excess |ung cancers to
be expected in a lifetine due to exposure to average
environnental |evels of radon daughters. The 0.2 WM yr
exposure can be expressed as continuous exposure to a radon
concentration of 0.8 pG /L by the conversion shovm bel ow

(assum ng 50 percent eguilibriumof radon daughters).
OlgV\LM 36[|\/|_ WPC'/L oO_A” "/\+\'/\"//\\

By the sanme conversion process an exposure |evel of 1.0
W.M yr corresponds to a concentration of 4 pCGi/L which is
t he i ndoor radon concentration at which renedial action is
recommended by the E.P. A, assum ng 50% equilibrium of radon
daughters (EPA 1986).

The source of airborne radon is radium 226 decay in the
earth's crust (NCRP #45 1975, NCR? #77 1984, NCRP #78 1984).
The chemcally inert gas enmanates from porous rocks and
soils into the air above ground. Hones which are | ocated on
top of soils with high emanation rates are effective at
trapping significant anounts of the emanating radon if their
ventilation rates are low. Relatively high indoor radon
concentrations (4 pG/L or nore) can be reduced roughly to
t he outdoor concentration by a ventilation rate of about
four air changes per hour (NCRP #78 1984) . The average
out door radon concentration is often given as 0.2 pG/L
(NCRP #78 1984, EPA 1986). Most dwellings seldomattain the
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hi gh ventilation rate necessary to ensure | ow i ndoor radon
concentrations. As a result, houses in many areas of the
United States have high radon concentrations indoors. It is
estimted that about two percent or 1.0 to 1.6 mllion of
the houses in the U S. have indoor radon concentrations at
or above 8 pCi /L, see figure 1 (Nero 1986) . This is
equi valent to about 2.0 WM yr which is the exposure limt
reconmended by the NCRP for an individual of the general
popul ation (NCRP # 77 1984). The exposure |[imt for a
radi ation worker is 4 WM yr (NCRP #77 1984).

Radon i n groundwat er

Al t hough the greatest contribution to indoor radon is
fromsoil emanation, radon will also emanate from buil di ng
materials if significant anmounts of uranium 238 decay
products are present and fromthe honme's water supply if it
contains significant concentrations of radon. The latter
possibility is of concern in this groundwater sanpling
proj ect conducted in North Carolina.

A chemcally unreactive gas is retained in water only
to the degree that it is soluble in water. Radon is
slightly soluble in water and can therefore be transported
by water. But it can also easily escape fromthe water into
the airspace above it if the water |lies stagnant, or even
nore so if the water is agitated or aerated. The water
supply to a house enters via a seal ed system of pl unbing
that prevents escape of radon, but at points of direct water

use there is usually considerable aeration and therefore
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Figure 1.

= -

Radon- 222 concentration in pG/L

Di stribution of radon concentrations in U S. hones.
Reproduced from Nero 1986.

13
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opportunity for the radon to be released into the hone
envi ronment. Bathroom laundry and kitchen facilities are
maj or sites where radon fromthe water supply could enter
t he hone.

The questions of interest then become, how nmuch radon
Is present in a typical water supply and how nuch radon is
rel eased indoors froma given |level of radon in the water?
These are difficult questions to answer accurately and
require collecting a lot of data. It has been estinmated
that a radon concentration of 10,000 pG/L in a home's water
supply will contribute approximately 1 pC /L radon indoors
(Duncan 1976). This relationship is an average and w ||
vary sonewhat as characteristics vary fromhouse to house in
ternms of their ability to trap the enmanating radon

I n addressing the question of radon concentrations in
wat er supplies the first consideration should be the source
of the water. Dwellings that draw on open bodies of water
such as | akes or rivers should not exhibit a high radon
concentration in their water because nost of the gas wll be
rel eased through the large surface area avail able for
emanation before the water enters the hone. Homes supplied
by large groundwater systens should also be less likely to
show hi gh radon concentrations in the water entering them
because the size of the systemusually results in long tinme
periods between extraction of the water fromthe ground, and

its use in individual hones. This tinme factor affords

greater opportunity for natural decay of radon and radon
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daughters and emanation of radon fromthe water while stored
in tanks or towers. By contrast, in snall groundwater
supplies water is used in honmes nuch sooner after renoval
fromthe ground. If the formati ons containing the
groundwater are rich in the parent nuclides of radon and if
the rock i s porous enough radon can easily dissolve in the
wat er and be transported to sites where the water is tapped
for human use.

Ceol ogi cal influence

The question regarding how nmuch radon is in a ground-

wat er supply relates to the |Iong range goal nentioned
earlier, the forrmulation of a predictive nodel of radon
concentrati on based on site characteristics and wel |l
paraneters. In order to describe such a nodel different
factors that influence radon concentrati ons need to be

identified.

One factor is the type of rock fromwhich the ground-
water originates. Since radon is a link in the natural
urani um decay series, water comng fromrock formations rich
in uranium 238 or its decay products is likely to contain a
| ot of radon. Previous studies have found significantly
el evat ed radon concentrations in North Carolina groundwater
supplies (Sasser and Watson 1978, Horton 1983) with one
third of the sanples in the former study show ng radon
concentations over 2000 pC /L and several sanples in the
range of tens of thousands of pG /L. A review of radon

concentration in U S. groundwater supplies found sonme of the
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hi ghest concentrations to be in the Appal achi an- Pi ednont
regions of the eastern states (Hess 1985) which includes a
| arge portion of North Carolina. The Appal achi an- Pi ednont
area is conprised of granite rock formations which are
characteristically high in uranium?2 38 fromwhich radon is
f or ned.

Conparison of radon concentrations measured in North
Carolina (neasured in previous studies) with site geol ogy
showed radon concentration to be associated with rock type.
The hi ghest concentrations were found in groundwater from
sites located in granite formations (geonetric mean equal s
5900 pG /L, Loom s 1985). Gneiss, schist and netavol canic
regions of North Carolina contained groundwater with | ower
radon concentrations with a geometric nmean of about 1200 to
1300 pG /L and the rock types of the coastal plain area
showed the | owest radon concentrations in groundwater
sanmpl ed (Loom s 1985). The associ ati on between site geol ogy
and radon concentration in groundwater is exam ned as one of
the two objectives of this report. A statistical test for
di fferences in neasured radon concentrati ons between the
geol ogi cal groups sanpled in North Carolina is applied in
the data anal ysis section of this report.

QO her factors besides geol ogy could influence varia-
tions in radon concentrations in groundwater. Anong them
are the porosity of rock strata, the ratios of parent
nuclides of radon in the rock, the quantity of water present

in the rock, the rate at which the water is punped fromthe
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ground and time or climatic variations. Sone of these are
addressed in the report to the Water Resources Research
Institute (Loom s 1987) but are not given any nore attention
her e.

For this study it was decided that small public water
supplies woul d be used for sanple collection. In North
Carolina these are systems serving 25 persons or nmore wth
water fromone to several wells located in the vicinity of
the user popul ation. An advantage of sanpling public water
supplies is that the state requires that public records be
kept for each well in such a supply. This neant that owner
contact information and i nformati on needed to | ocate
potential sanpling sites was on file. These are inportant
itens of information to have in conducting a statew de
sanpling project of this size. Also available on file were
the driller's punping tests. These were used to obtain
I nformation about each well for calculation of hydrologic

paranmeters under consideration for the predictive nodel of

radon concentrati on.
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MATERI ALS AND METHODS

Two hundred and nineteen wells were selected for poten-
tial sanpling. The goal was to actually sanple 100 of them
for the final dataset (20 from5 geol ogical groups). Al
sites were wells that serve as small public water supplies.
Al though it was not a requirenment that they were actually
being used at the time of sanpling, this was usually the
case. Choosing frompublic well water supplies facilitated
gat hering owner contact information, punping capacity data
and geol ogical information for each site frompublic
records.

Data on individual wells needed for contacting the
owner and locating the well were obtained by Dana Loom s
fromthe state's Division of Health Services Water Supply
Branch conputer files. The owners were initially contacted
by mai| describing the sanpling project and soliciting
permssion to collect a sanple fromtheir well. A copy of
the driller's well record was al so obtai ned fromthe G ound
Water Section of the North Carolina Department of Natural
Resources and Comunity Devel opnent for each well selected.
These provided data on exact location, total depth, drilling
date and the driller's punping test. Punp test data were
used to cal cul ate val ues of hydrol ogical parameters for each
wel | .

Each site was assigned to one of five generalized geo-
| ogi cal categories or rock types. This was based on surface
geology at the site as determned fromU. S. Geol ogi cal
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Survey maps. The final dataset was conprised of wells
sanpled fromgranite rocks, gneiss and schist rocks,
met avol cani ¢ rocks, mafic rocks and the rocks of the coastal
plain region of North Carolina.

Fromthe selected sites a sample of 100 was randomy
chosen (20 in each of the 5 rock groups) . Their |ocations
were marked on a state map to organize sanpling trips that
woul d maxi m ze collection efficiency. Omers of wells were
contacted by tel ephone to arrange specific meeting times for
sanpling each well.

Two sanpl e anal ysis techniques were used during this
work. The technique of radon emanation into a scintillation
cell was perfornmed on all sanples, and a |liquid
scintillation counting procedure was performed concurrently

on about half of the sanpled sites (Horton 1983). The
emanation process will be discussed first.

Emanat i on
Sanpl e collection for analysis using the emanation

technique was made at a water faucet |ocated as close to the
wel [ head as possible. Every attenpt was nmade to obtain
sanpl es that were representative of fresh groundwater. This
meant avoiding water from pressure tanks, storage tanks,
water towers or outlets distant fromthe well head. In
addition the punp in the well was switched on and the
col l ection valve was opened to allow water to flow fromthe
wel | for several mnutes before sanple collection. To
collect the sample the flowrate was greatly reduced and a
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rubber hose was fitted to the faucet. The other end of the
hose was attached at the collection stopcock S3 of the
emanation bubbl er shown in figure 2. Water was allowed to
enter the bubbler displacing the air through the open
stopcock at the top of the bubbler (stopcock SI). Stopcock

32 remai ned closed. |If turbul ence was evident the water was
di scarded and the flow rate reduced further until a sanple
was obtained without aeration. Since radon is a chemcally
unreactive gas it nmay be lost rather easily fromthe sanple
if there is nuch aeration of the water during collection.
When t he bubbl er was approximately three quarters full
coll ection was stopped by rapidly closing stopcocks S3 and
SI in that order. The bubbler was then di sconnect ed,
| abel | ed and carefully stored for transportation. Time and
date of collection were noted for each sanple. One sanple
for emanation anal ysis was taken at each site. Sanples were
transported back to the Radiol ogi cal Hygiene Laboratory for
anal ysis as soon as possible. Samples were emanated within
one to two days of the time of collection.

The enmanation apparatus used for analysis is shown in
figure 3. It consists of stainless steel seam ess tubing
(1.D. of 0.25 inches), clear plastic tubing and hose cl anps
of various sizes, glass stopcocks, silicone sealant, \Witey
val ves, Swagel ok fittings, calciumsulfate desiccating
material and a Fisher vacuum gauge. Prior to use each day

the systemwas evacuated in order to assess its ability to
mai ntain sufficient vacuum The | oss of a maxi num of 3


NEATPAGEINFO:id=46CC8FF2-8999-4F1F-ABC1-4131D4DF91E7


21
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(Reproduced from Mtsch 1982)
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i nches nercury over thirty mnutes was judged as acceptable.

The scintillation cell to be used for the emanation of a
given sanple was flushed and filled several tinmes with
hel i um gas and counted for background for thirty m nutes
just prior to the emanation. Heliumwas used during
background counting because heliumwas also used during the
emanati on. The emanation was perforned follow ng the
procedure outlined in the technical report of Barry Mtsch
(Mtsch 1982). The sanple bubbler and scintillation cel

(wth all stopcocks closed) were attached to the emanation
system as shown in figure 3. The helium supply was then
attached, valves VI through V3 were opened, stopcock S4 was
cl osed and the systemwas evacuated by switching on a vacuum
punp attached as indicated in the figure. Stopcock S5 on
the scintillation cell was then opened and the drop in
vacuum was noted to be certain the cell was evacuat ed.

After 1 to 2 mnutes the systemwas sealed off fromthe punp
by cl osing valve V2. The vacuum punp was returned to
at nospheric pressure by opening stopcock S4. The emanati on
was initiated by very slightly opening stopcock Si at the
top of the bubbler. The difference in pressure draws gases
out of the water and into the system Once the pressure
equal i zed the stopcock was opened fully. The bubbling was
mai ntai ned by slightly opening stopcock S2 on the bubbler to
all ow pressurized heliumto continually flow through the
bubbl er and the system The rate of heliumflow was used to

govern the bubbling for the remainder of the emanation.
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During the emanati on, radon and helium gas pass through
filter paper barriers and desiccating naterial where water
vapor and radon progeny attached to particul ates becone
trapped. Care nust be taken not to let water rise up into
the systemduring emanation or the desiccant and filters are
rendered usel ess. After a thirty mnute bubbling tine the
process was stopped by cl osing stopcock S5 on the
scintillation cell sealing in any radon that was transferred
fromthe sanple. Next, stopcocks SI and S2 were closed to
seal the water in the bubbler. The rest of the system was
returned to roompressure and the cell was di sconnected and
stored in a light tight box to allow equilibration between
radon and radon progeny. A mninumequilibration tine of
four hours was al ways used.

The el ectronic counting systemused is depicted in fig-
ure 4. The conponents used are indicated. For a conplete
description of equi pnent settings used see appendix |.
Prior to any background or sanple counting for the day and
at the end of counting the consistency of the system was
tested. A standard activity scintillation cell was used for
this testing. Ten one m nute counts were recorded and
averaged. For background and sanple counting, scintillation
cells were counted for thirty mnutes. Since emanation was
performed for thirty mnutes, a series of several sanples
could be efficiently analyzed by sinultaneously enanating
one sanple into a scintillation cell while counting the

background in the next cell. Each sanple scintillation cel


NEATPAGEINFO:id=02A58FE5-6546-4207-AF7B-9F0B079A803D


110 volts
Bertan Associ ates
Model 313
hi gh vol tage supply
hi gh vol t age
Phot o- Canberra
mul tiplier si gnal node
t ube
light shield T

1405 /i SBM

preanplifier anmplifier

QUTPUT

Tennel ec TC 5A5A A _

. N
counter-ti mer
si gna
Canberr a
si gnal nodel 1431

si ngl e channel

anal yzer

Figure 4. Bl ock diagramof electronics systemused for counting scintillation cells.
Cell V7as placed inside light shield on top of photonultiplier tube. For a

conpl ete description of settings, see appendix |

Adapted from M tsch 1982
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was counted once after a m ni mum four hour ingrow h.
Liquid scintillation

Sanpl e collection for liquid scintilltion analysis was
made i nmedi ately after and at the sane outl et where sanples
were taken for emanati on analysis. To coll ect the sanple
the water flow rate was reduced, clear plastic tubing was
fitted to the outlet and a four inch dianeter funnel was
attached to the free end of the tube. Hol ding the funnel
upright the water was allowed to pool and slowy overfl ow
the edges until all air pockets had been purged fromthe
t ubi ng and no turbul ence was evident in the water. A 20 cc
syringe with 18 gauge needl e was inserted one to two inches
bel ow t he water surface. As the water continued to flow the
syringe was flushed a few tines discarding the water each
time. The final 10 m sanple was drawn into the syringe and
i medi ately expelled at the bottomof a 20 ml glass liquid
scintillation counting vial already containing 10 ms of a
m neral oil based scintillation fluid. Care was taken to
draw the water into and expel it fromthe syringe slowy to
m nimze aeration of the sanple. The dense water | ayer
remains at the bottomof the vial and the organic |ayer on

top hel ps prevent the escape of radon as the water is

i ntroduced into the vial. Two vials were filled at each
site and the tine and date of coll ection were noted. Once

transported to the Radiol ogical Hygi ene Laboratory the vials

were counted within one to two days of the tine of

coll ecti on.
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Counting was done using a Packard Tri-Carb 300 |iquid
scintillation counter preprogramred to count each vial for
50 minutes or until the percent deviation was down to 2
percent. The energy w ndows were set to count fromO to
2000 KeV. Two background vials were counted with each batch
of sanples. One background vial contained only 10 m of
scintillation fluid and the other contained scintillation
flurd plus 10 mM of distilled water. No standard activity
vials were counted with sanpl es because none were avail abl e
when sanpling for liquid scintillation counting began. Just
prior to starting counting, each vial was shaken for about
15 seconds to mix the two fluid phases. According to the
EPA protocol (Horton 1983) the radon in the water sanple
preferentially dissolves in the organic scintillator |ayer
and any radi um present remains dissolved in the aqueous
| ayer. The batches of vials were counted after four hours
in order to allow for equilibration of radon daughters. See
appendi x Il for step by step details of the liquid
scintillation counting procedure used.

Cal i brati ons

In order to calcul ate sanple radon concentrations from
count rate data collected by either analysis technique a
calibration factor was needed relating count rate to
activity present in the sanple. This was obtai ned by
anal yzing a sanple of known activity in exactly the same way
t hat unknown sanpl es were anal yzed. The net count rate

observed was then divided by the known activity contained in


NEATPAGEINFO:id=83C01536-ED84-49D6-B709-7D13D96B29EB


28

t he standard. This factor (counts per mnute per unit
activity) was then divided into the count rate from an
unknown sanple to convert to sanple activity.

Separate standard activity sources were needed for the
two anal ysis procedures. Two standard bubbl ers nade
previously by a Radi ol ogi cal Hygi ene student were initially
used for the emanation system (Carver 1980). By allow ng
the source to remain sealed for approximately thirty days
the activity of radon equilibrates with that of the radi um
The bubbler is then processed as if it were a sanple of
unknown activity. Calibration factors obtai ned from
anal yses on the two standard bubblers were inconsistent with
val ues obtained in previous work by Barry Mtsch (Mtsch
1982) .

Since the conpletion of sanpling, two other sources of
radi um have been obtained. The first was through
participation in an interlaboratory quality control program
wi th Lockheed Engi neering and Managenent Services, Las
Vegas, Nevada. The program was designed to assess the
reliability of environnental radon neasurenent efforts by
| aboratories across the country and to test the performance
of a new radi um 226 source package they had fabricated. W
were provided with a bottle containing a known anmount of
radi um 226 activity dried on a piece of filter paper which
was seal ed between two pieces of clear plastic. The seal ed
source packet was imersed in the bottle full of water.

Radon generated fromthe radiumdiffuses through the plastic
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seal into the water while the radi um does not (as |ong as
the water tight plastic seal renains intact). By all ow ng
the bottle to remain sealed for thirty days the radon
activity equilibrates with the radi um activity. The
standard activity water was anal yzed by carefully
transferring aliquots to bubblers and counting vials. The
procedure can be repeated by sinply refilling the source
bottle and allowi ng for ingrowth again.
The second new r adi um source was obtai ned from the

Envi ronnental Protection Agency in Las Vegas, Nevada in the
form of an aqueous solution. Fromthis solution dilutions
were nade in two bubblers and five sealed |liquid
scintillation counting vials. See appendix IIl for a step
by step description of the dilution procedure used to nake

t hese standards. Calibration factors obtained from anal yses

of these dilutions were used for final cal cul ati on of radon

concentrati ons.
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DATA ANALYSI S

One hundred sanpled wells are included in the fina

dataset. Al wells were sanpled for emanati on anal ysi s.

Only fifty two were sanpled for liquid scintillation
anal ysi s because sanpli ng began before the |liquid
scintillation counting procedure had been set up. Sanpl es

were coll ected from May t hrough Novenber 1986. The radon
concentrati on data obtai ned for the 100 sites are shown in
appendi x I1'V. The data are sorted by five geol ogi cal

classifications of sites sanpled. Radon concentrations in
pC /L were calcul ated from net count rates obtained from

sanpl e anal yses. The relationship used is shown bel ow.

Rn-222 cone. (pG/L) = --1----- Aooe MEA[A AN ARE)

wher e;

net count rate (cpm
calibration factor (cpm pG)
sanpl e volune (mM)
= radi ol ogi cal decay constant for radon
(1.8 X | Oe-1 daysE-1)
= el apsed tinme fromsanple collection to m dpoint
of count (days).

v < <X X
I n

~—+

Cal i brati on factors

As stated in the nethods section, sanples of known ac-
tivity were anal yzed to obtain calibration factors in counts
per m nute per picocurie (cpmpC). Calibrations for the

emanati on system obtained from anal yses of two existing
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enmanati on standards were i nconsistent. One value (4.73
cpm pC) agreed well with previous results while the other
did not (3.27 cpmpC) . It was concluded that these old
emanati on standards were no |l onger reliable, and that an
average calibration factor from previous work (4.61 cpnf pG)
shoul d be assuned (Mtsch 1982) until the old standards
coul d be repl aced.

A new seal ed radi um 226 source froman interl aboratory
qual ity control study provided a conveni ent neans of
generati ng water contai ni ng a known radon activity.
Aliquots of this water were di spensed i nto emanati on
bubbl ers and liquid scintillation counting vials and
anal yzed in the usual nmanner. Results of this work are
shown in table 4. Results from ot her | aboratori es
participating in the study are shown in table 5.

In additi on, an aqueous radi um 226 source obtai ned from
t he Environnental Protection Agency in Las Vegas was dil uted
into a stock soluti on which was used to nake seal ed standard
bubbl ers and vials. The procedure used for this is given in
detail in appendix Ill. Results from anal yses of these new
st andards are shown in table 6. The enmanati on cali brati on
factor in table 5 (4.89 cpnipC ) agrees well w th val ues
obtained in earlier work (Mtsch 1982). However, this val ue
and the liquid scintillation calibration fromtable 5 were
not used to cal cul ate radon concentrati ons because of the
potential for |oss of radon during handling of the standard

activity water. The average calibrations listed in table 6
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anal ytical = . source calibration #1
met hod activity (pG)

Lucas cel |

emanat i on 832 4.84 + 0.039

liquid, .
scintillation

832 8.68 + 0.097

Table 4. Calibration factors obtained with

(cpm pGi)

calibration #2 calibration #3 average calibration
(cpnl pGi) (cpm pG) (cpm pG)

4,93 + 0.039 4,91 + 0.039 4,89 + 0.039

8.62 + 0.096 7.60 + 0.087 8.30 + 0.093

radi um 226 source frominter|aboratory study.
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Enmanati on net hod

Labor at ory Cal i brati on factor
(cpm pG)
5 3.79 + 0.08
8 4.24 += 0.04
14 2.50 + 0.04
16 4.78 + 0.13
*17 4.89 jL 0.04
19 4. 67 Ji 0.21
21 4.66 + 0.15
24 4.57 + 0.24
25 1.53 + 0.13
28 0. 105
Liquid scintillation nethod
(cpm pG)

1 8.88 + 0.00
2 8.25 J~ 0.23
3 7.26 +. 0.19
4 8.45 JI  0.05
6 8.13 J~ 0.34
7 7.50 +. 0.23
10 8.59 + 0.06
11 7.51 t 0.45
13 6.75 Ji 0.08
15 7.70 i 0.17
*17 8.30 Ji 0.49
18 8. 40 + 0.08
18 8.12 <+ 0.37
20 8.08 jL 0.10
21 8.19 i 0.05
21 9.12 jt 0.09

23 6.82 <+ 0.003
26 9.00 =+ 0.09

27 3.64

27 3.34 + 0.47

* indi cates Radiol ogi cal Hygi ene Lab

Table 5. Calibration factors obtained by participants in
interlaboratory study. Adapted from personal comuni -
cation fromE L. Wittaker, Lockheed Engi neering and
Managenent Servi ces Conpany, Environnental Prograns

Ofice, 1050 E. Flam ngo Road, Suite 120, Las Vegas,
Nevada 89119.
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Lucas Cell Emanati on

Activity (pG) Calibration (cpm pCG)
238 5. 67 == O. 032
A76 5. 38 O. O=22

* 5,53 £ 0.027 (average)

Liquid Scintillation Counting
Activity (pCG) Calibration (cpnl pG)

2338 10. 87 =« O. 11
476 10. 96 JL O. 1.1
7 1A 10. 85 =+ O. 11
o522 10. 78 = O. 11
1190 10. 84 == O. 11

10.86 £ 0.11 (average)

Table 6. Calibration factors obtained with dilutions from

aqueous radi um 226 source fromthe Environnental
Protection Agency in Las Vegas, Nevada.

* Anal yses of the two standard activity emanation
bubbl ers has been repeated. The resulting calibrations
were 5.61 cpm pC_ for the 238 pG standard and 5. 11
cpm pCG for the 476 pG standard. The overall average
is 5.44 cpm pG or 81 percent efficiency.
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for emanation and liquid scintillation counting were used

for final cal culations of radon concentration. The
standards from whi ch these data were obtained are seal ed and
do not require handling of an aliquot prior to analysis.

The final average calibration factor used to cal culate
the emanation radon concentrations (table 6) represents a
20% i ncrease over the average value of 4.61 cpm pG
previously used (Mtsch 1982) . Although this is a
significant increase, it should be noted that quality
assurance emanation experinments perforned at U NC in
cooperation with the E.P. A in Las Vegas produced
consistently high radon neasurenents (Mtsch 1982). It was
proposed that error in the calibration factor was the
greatest contributor to these high radon measurenents (Hayes
1984). Consistently high radon neasurenents coul d be
expl ai ned by the calibration factor being too | ow (see
previous expression for calculating radon concentration).
The quality assurance radon neasurements performed by Mtsch
were an average of 23 percent too high.
Expl oratory data anal ysis

The data in appendix IV include radon concentrations
determ ned by both emanation and liquid scintillation
analysis for fifty two out of one hundred sites sanpled. An
objective of this study was to determ ne whether the liquid
scintillation counting procedure produced results consistent
with those of the standard emanation method. An exploratory
exam nation of the data in figures 5a and 5b does not
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Figure 5a. Box plots of radon concentrations as deternm ned
by emanation versus liquid scintillation analysis.
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Figure 5b. Relative frequency histograns of radon con-
centrations as determned by emanation versus |iquid
scintillation analysis
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indicate great differences in radon concentrations between
the two datasets. However, the histograns indicate that the
data for both anal ytical techniques are not normally
distributed. In addition, the box plots show that there are
outlying data points present. The box in the figure
represents the interquartile range (IQR) or the mddle 50
percent of the data. The line across the box is the nmedian
value (50th quartile) , the ends of the box represent the
25th and 75th quartiles. The length of each stemrepresents
up to 1.5 tines the IQR depending on where values fall in
this area. Shorter stens result when data points are
| acking in the stemregion. Values extendi ng beyond the
stens are called outlying data points. Qutliers may be
present regardless of the length of the stem The nonnorna
di stribution of the data violates an assunption of the
classical statistical test enployed in this section to
conpare the two anal ysis techniques. This indicates that a
transformati on of the data or other robust nethod of
statistical analysis will be needed. The hypothesis testing
section wll describe this in greater detail
Figure 6 shows a scatter plot of radon concentrations

measured in the groundwater of the fifty two sites anal yzed
by both emanation and liquid scintillation counting nethods.
|f the two anal ysis procedures produce simlar results for
the sane sites sanpled, then the slope of the best fit line
through the data in the scatter plot should be equal to one.

Sinmple linear regression of the liquid scintillation data
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Figure 6. Radon concentrations as detern ned by emanation versus
liquid scintillation analysis. Slope of the |ine
through the data is equal to one.
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(dependent variable) on the emanation data (independent
variable) yields a slope of 0.94 indicating that on the
average the emanation results are slightly higher. A
Pearson correlation matrix for the two variables generated a
correlation coefficient of 0.98, which is highly
significant.

The other primry objective of this study was to de-
termne whether there were significant differences in radon
concentrations in groundwater sanpled fromdifferent
geol ogical formations. Figures 7a and 7b show the radon
data grouped in five geol ogical classifications for
emanation and liquid scintillation counting analysis
respectively. Exam nation of the grouped data shows
nonnormal distributions (note off center |ocations of
medi ans), outlying data and inequality of variance between
groups (note different |ength boxes). Again, because the
data do not satisfy test assunptions well, robust nethods
will be used in the next section to test the influence of
geol ogy on radon concentration.

Hy pot hesi s testi Nng 1

Hypot hesis tests are used to answer experinmental ques-
tions on a statistical or probabilistic basis, and to make
I nferences about a popul ati on based on a sanple fromthe
popul ation. Each question is expressed in the formof two
hypot heses concerning a popul ati on paraneter selected to
represent the popul ation. The hypothesis tests establish a

nul | hypothesis and an alternative hypothesis, and then
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Figure 7a. Box plots of radon concentrations, %rouped by rock tyﬁ)e,
as determned by emanation analysis. Rock types: CP=coasta
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produce a test statistic calculated fromparaneters of the
sanple. The test statistic is conpared to a tabul ated
critical test statistic of a specified confidence |evel,
whi ch assunes the null hypothesis. The decision to accept
or reject the null hypothesis is made based on whether the
sanpl e statistic exceeds the critical value. Before a test
can be perforned, certain prior conditions nust be satisfied
as nearly as possible. Checking to see if these conditions
were nmet was the purpose of the exploratory analysis, which
reveal ed that certain assunptions were not well satisfied.
The question which asks whether liquid scintillation

anal ysi s produced results conparable to standard emanation
analysis is tested by |ooking at the differences between the
two measurenents for each site sanpled. A one sanple paired
T-test is used because the sanples were collected at each
site in pairs (Koopmans 1987). The null hypothesis states
that the nean difference (in the popul ation) equals zero,
meani ng the two techniques yield the same results. The
alternative states that the nean difference does not equa
zero. The test statistic is calculated using sanple
estimators of the popul ati on paraneters. Exploratory
analysis of the fifty two pairs of emanation and |iquid
scintillation data in figures 5a and 5b indicated the need
for a nodified hypothesis testing nmethod. Figure 8 shows a
box plot of the differences in radon concentrations measured
by the two anal ytical techniques. The outlying data points

at each end can have disproportionate influence on the nean
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of the differences and therefore can reduce the power of the
T-test. Trimmng outliers fromthe dataset before
performng the test restores nuch of the power (Koopmans
1987). The outliers are trinmed so that the data better fit
the conditions of the hypothesis test used. The term
outlier is being used to describe data points which deviate
fromthe nmean to a nuch greater degree than nost of the
data. It is not inplied that outliers are data which are
suspected of being the result of inproper experinental

anal yses. The T-statistic calculated fromthe trimed data

is shown bel ow.

T

T= 2.954

where: X = 10%trimed nmean difference =79.6 pG/L
Sy= trimmed standard deviation = 170.5 pG /L

Np= trimed sanple size =40

The critical value at the 95 percent confidence |evel for
this test is 2.042. Since the sanple statistic exceeds
this, the null hypothesis is rejected with 95 percent
confidence. Therefore it is inferred, based on the sanple,
that there is a significant difference in radon
concentrations nmeasured by the two techni ques.

Figure 9 shows a box plot of the differences expressed

as percents. Despite the result of the paired T-test,
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exam nation of the percent differences in appendix |V and
their distribution in figure 9 shows that only five val ues
are greater than 45 percent difference. Alternatively,
forty five of fifty two values are bel ow 35 percent
difference and forty values are bel ow 25 percent difference.
Al t hough there are statistically significant differences
bet ween emanation and liquid scintillation results, the
maj ority of them can be considered relatively small on a
practical basis.

Wth nodification of sanpling materials and procedures
used, these differences could be substantially reduced.
Noting the signs of percent difference val ues in appendi x
IV, in 75 percent of the cases it is positive, indicating
that the enanation result is greater than the liquid
scintillation result. The sanple collection techni que for
liquid scintillation analysis could provide insight as to
why these results were often lower. During collection a
water sanple is drawn froma gently flow ng, nonaerating
pool of water using a syringe. Careful attention nust be
paid to this procedure. The degree of success achieved in
executing this step with mniml radon | oss may partially
account for the lower liquid scintillation results. By
conpari son, sanples for emanation analysis were collected
directly froma faucet, via rubber tubing, into the bubbler
The potential for loss of radon during this collection
process is lower. The vials into which liquid scintillation

sanpl es were di spensed may have contributed to | ower results
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as well. dass vials and plastic caps wth paperbacked foi
liners were used in this study. Vial caps with better
sealing capabilities would reduce the |ikelihood of radon
| oss due to |l eakage. It is also inmportant to keep in mnd
that the emanation result for each site is based on only one
sanple while each liquid scintillation result is the average
of two neasurenents. Although it would require a
significant anount of extra time for analysis, it would be
best to obtain an average emanation result for each site.
By taking the follow ng neasures, substantial reductions in
the differences in radon concentrations neasured may be
possible. Strict attention nust continue to be given to
liquid scintillation sanmpling technique. To further reduce
the potential for radon |oss after sanpling, inproved
collection vials should be used. Finally, an average result
for both anal ytical techniques should be obtained for each
site.

The ot her objective of the study, which asks whet her
site geology has an influence on radon concentration, is
tested by | ooking at the variation in concentrations between
the five geol ogical groups sampled. This is acconplished
usi ng one way anal ysis of variance (Koopmans 1987). The
nul | hypothesis states that there is no difference in mean
radon concentration between any of the five groups. The
alternative is that there is a difference between at |east
two of the groups. Exploratory analysis of the data in

figures 7a and 7b indicated the need for a nodification of
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the data prior to testing. In this case, the data are
transformed by taking their natural logarithnms. Figures 10a
and 10b show the effect of the transformation on the data.
The data fit the test assunptions better, however outlying
data points persist in a nunber of the groups. Applying the
trinm ng technique to each group of the enanation data
| nproves the power of the test further. The anal ysis of
variance tables in table 7 show significant differences
bet ween groups for both the emanation and liquid
scintillation counting data (the null hypothesis is rejected
in both cases). The liquid scintillation counting data were
not trimed follow ng the transformation because of the |ack
of enough data in each group (see figure 7b for group sanple
sizes) . The small sample sizes in sone of the groups as
wel |l as the variation in sanple size between groups of the
liquid scintillation data has undoubtedly affected the power
of the analysis of variance test.

The anal ysis of variance indicates that for both eman-
ation and liquid scintillation analysis at |east two groups
have di fferent nmean radon concentrations. In order to tell
whi ch groups are different, each nmean is conpared to the
other four individually by a |east significant difference
nmet hod (Koopnmans 1987). Results of these individual
conparisons are depicted in figure 11. The rock groups are
arranged in order of increasing nean radon concentrati on.
Groups that are inside sets of brackets were not

significantly different. Al other pairs of groups were
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Dependent variable; In emanation result

sum of squares degrees freedom mean square
bet ween
gr oups 64.1 16
Wi t hin
gr oups 70. 2 71 0. 99

Dependent variable; In liquid scintillation result

sum of squares degrees freedom mean square
bet ween
gr oups 20. 4 5.1
wi thin
gr oups 44.5 47 0.95
Table 7. Analysi s of variance tables for emanation  and

F-statistic p~val ue

16, 211 0. 001
(reject null hypothesis)

F-statistic p-val ue

5. 385 0. 001
(reject ntill hypothesis)

liquid scintillation analysis.
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Emanat i on

Low radon- 222 Hi gh radon-222

These two groups were not significantly different,

3
9

g
5

These two groups were not significantly different.

Liquid scintillation

CcP w VA GR GN
Low r adon- 222 H gh radon-222
[ cp W ] These two groups were not significantly different.
W VA ] These two groups were not significantly different.
MA GR GN These three groups were not significantly
— different

Figure 11. Results of least significant difference groupings for
emanation and liquid scintillation analysis. Rock groups
are arranged by increasing nmean radon concentration. Sets of
brackets are intended only to depict which rock groups were
not significantly different. Therefore, other conbinations
or pairs of groups were significantly different.
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significantly different.
Liquid scintillation precision

Two samples were collected at each site for liquid
scintillation analysis. This provides the opportunity for
testing the precision of liquid scintillation analysis by
applying a paired difference T-test to the data. The

results of the two neasurenents for each site are listed in

table 8. A one-sanple paired T-test was perfornmed on the

di fferences between the two neasurenents obtai ned for each
site. The null hypothesis tested states that the nean
difference equals zero. The difference data are shown in
figure 12. The figure shows that the data contain outliers,

so it was first trimred before applying the test. The

T-statistic calculated fromthe tri mmed data is shown bel ow.

AT

T = 0.914

where: X = 5%trimed nean difference =8.7 pG /L

S = trimred standard deviation = 64.7 pG /L

N = 46
The critical T-value at the 95 percent confidence |evel is
2.021. Since the sanple statistic is less than 2.021, the
nul I hypothesis is accepted with 95 percent confi dence.
Therefore it is inferred, based on the sanple, that there is
no significant difference in radon concentrations measured

in paired liquid scintillation sanples.
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TabIe 8.
I
Si

)]
()]
Q
3
(0]
[

(pG /L)
342 = 17.7
675 + 19.5
292 i 16.5
254 + 18.2
325 + 18.2
691 i 18.5
2002 = 27.7
1593 = 25.1
1958 + 27.5
1113 . 23.0
1297 = 24.1
2842 JI 35.9
1698 = 26. 2
891 JI. 22.1
1362 + 28.8
288 = 22.7
1215 JI 21.8
7949 +. 85.0
2241 + 29.2
2065 = 27.6
1264 JI 22.6
484 i 18.3
3432 + 40.8
284 + 17.2
1238 J: 22.9
1114 J1I 22.3
1018 Ji 21.9
1063 +. 22.2
359 i 19.4
175 J: 18.3
4949 + 56.4
3193 += 39.4
1532 = 22. 4
452 + 16.7
9879 +103. 7
2013 i 28.1
1553 i 25.7
238 + 18.2
2693 + 34.3
4298 + 49.8
2648 Ji 34.1
285 + 15. 4
49 JI 23.6
62 J: 23.8
842 + 28.9
104 = 15.1
3165 + 49.9
1967 += 44.4
1125 + 26.3
417 + 19.2
722 + 20.5
1419 + 24.8

L.S. sanple
(pG /L)
370 + 17.
651 + 19.
331 . 16.
152 JI 17.
539 JI 19.
709 JI 18.

1816 = 26.
1498 JI 24.
2327 JI  3o0.
1185 JI 23.
1241 _+ 23.
2832 i 35.
1659 *. 26.
926 JL 22.
1397 J~ 29.
340 ~ 23.
1245 + 22.
7644 J1 82.
2121 *= 28.
2086 JI 27.
1170 + 22.
516 +_ 18.
3330 = 39.
311 + 17.
1276 + 23.
1083 + 22.
1024 += 21.
1103 = 22.
323 JI 19.
186 + 18.
4834 d~ 55.
3119 *= 38.
1460 JlI 22.
497 JI 17.
9942 J: 104.
1975 + 27.
1439 + 25.
234 + 18.
2762 + 35.
4524 + 52.
2620 = 33.
267 = 15.
52 JI 23.
94 + 24.
857 + 29.
91 + 14.
3073 = 49.
1948 + 44.
1090 + 26.
484 i 19.
690 =+ 20.
1486 + 25.
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Figure 13 shows a box plot of the differences expressed
as percents. It should be noted that only three of the
val ues are above 40 percent difference, while forty nine of
the fifty two values are bel ow 20 percent difference and
forty three values are below 10 percent difference. These

results show good reproducibility in the paired |liquid

scintillation neasurenents. This is valuable information to
have since it lends credibility to the neasurenent
technique. The relatively few cases of |arger percent
differences may be partially attributable to | eakage of
radon fromone vial of some of the pairs. Looking at table
8, it seens that the greatest percent differences are
associated with | ower radon concentrations, indicating that
the difference expressed as a percent is |arge because the
concentration is low. However, this is not strictly the
case. A nunber of sanple pairs at |ow concentrations have
| ow percent differences between them Figure 14 shows a
pl ot of the differences between radon concentrations
measured in dual LSC sanples versus the mean of dual LSC

sanpl es.

In general, the results of hypothesis tests should be
taken with some reservation. Factors which can affect test
validity and power should be considered. This is
particularly true when considering the effect of a variable,
such as geol ogy, on neasured radon concentrations. Since
i nferences are made about the popul ation based on smal |
sanpl es, anything which could influence how representative
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the sanple is can influence the power of the tests. For
i nstance, the way site selection was perforned is of great
significance froma statistical viewpoint. In addressing
t he i ssue of geol ogical influence on radon concentrati on,
within each rock group sites should be selected in a

conmpl etely random nmanner with equal probability of sel ection

for each one. A sanpling problemexists in the |iquid
scintillation data because of the fact that sanples were not
collected at all of the sites. This resulted in a nonrandom

sanpl e and unbal anced sanpl e si zes between rock groups, both
of which can effect the power of the analysis of variance
test. During sanple collection and anal ysis, systenatic
error should be m nim zed by enphasi zi ng consi stency in
procedure. In this study, only one sanple was coll ected
fromeach site for enmanati on anal ysis. Collecting two or
nore to obtain an average for each site would i nprove
statistical power. Sanpling was carried out over the course
of about five nonths, including a sumer during which the
sout heast experi enced a severe drought. The potenti al
effect of the water shortages or the tine span itself on
measurements is sonmething that can only be specul at ed about,
but which may have had a significant influence on results.
Lower limt of detection
A measure of the detection capability of analytical

equi pnent and procedures is the lower linmt of detection
(LLD). The LLD of a sanple counting systemis primrily

dependent on the standard devi ati on of the background of the
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system (Currie 1968). The relationship for calculating LLD

is shown bel ow.

LLD = 1.695 X 2 X V5~X S, X K
bkg

where: 1.695 = critical Z-value at 95% confi dence
Shkg™ st andard devi ati on of background (cpm
sbkg:O. 19 cpm for enmnation anal ysis
s =0.95 cpmfor LSC anal ysis
K = factors converting cpmto pG/L
The LLD for emanation analysis is 10.6 pC /L, and for LSC
analysis it is 40.6 pG /L.

Quality control
Quality control neasurenments were performed on the

el ectronic counting systemfor emanati on analysis on a daily
basi s when the systemwas in use. A standard activity
reference scintillation cell containing a long |ived al pha
emtter (not radium 226) was counted in the sane way that
sanple scintillation cells were counted. This was done for
the purpose of nonitoring the variation in counts obtained
with the electronic counting system Ten one mnute counts
wer e taken successively and averaged to arrive at a daily
val ue. These daily values were used in a chi-square
goodness of fit test. If the systemis functioning properly
then the relative frequency distribution of the daily val ues
should fit a poisson distribution (Knoll 1979). The

chi-square test statistic calculation is shown bel ow.
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2 2
X = (N1)S /7 X

X = 258

wher e N = nunber of data points = 56
s = standard devi ation = 334. 3 counts
X = nmean of the data = 23732. 6 counts

This chi-square val ue exceeds the critical value, which
indicates that there was nore fluctuation in the counting
system than can be accounted for by random stati sti cal
variation. The plot in figure 15 shows the daily val ues
plotted versus tine. There is a definite pattern in the
dat a about the nean val ue drawn at 23, 732 cpm Thi s
supports the X2 test result because a uniformdistribution
(no pattern) of the data about the nean |line would be
expected if the fluctuation in the counting system could be
accounted for by statistical variation al one. From t hese
observations one could conclude that the performance of the
counting systemis suspect. However, it should be noted
that the percent fluctuation of the daily quality control
val ues about the nean is |ow (average = 1.2 percent).
Al t hough figure 15 shows evidence of i nconsistent
performance of the counting system the percent fluctuation

fromthe nmean was never greater than 2.9 percent.
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CONCUJ sI ONS

The performance of the liquid scintillation technique
in conparison to the emanati on techni que was not as
expected. This is reflected in the paired difference
T-test, which found a significant difference between
measur enment s obtai ned using the two techni ques. In seventy
five percent of the cases the liquid scintillation
nmeasurenent was | ower. The reason for this may involve the
liquid scintillation sanpling technique itself, as well as
the sanple vials used. During collection a sanple is taken
froman open pool of water, therefore particular attention
nmust be given to this step in order to mnimze radon | oss.
The foil vial cap seals used during collection my be a
significant source of radon | eakage. In future work of this
type these vial caps should be replaced with ones that are
capabl e of form ng better seals. Caps with cone shaped
plastic |iners are recomended. More than one enmanati on
sanpl e should be collected in order to obtain an average
result to conpare with an average liquid scintillation
result. Although there were statistically significant
di fferences between radon concentrations measured by the two
anal ytical techniques, the percent difference data in
appendi x IV show that nost of these differences are of a
t ol erabl e nagni tude considering the early stage of
i mpl enentation of the liquid scintillation analysis
technique. Forty of fifty two values are bel ow 25 percent

difference and only five values are above 45 percent
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di fference. This was a first attenpt at using the LSC
net hod i n the Radi ol ogi cal Hygi ene Laboratory and the
results obtained with this nmethod were not as expected.

Quality assurance liquid scintillation anal yses of sanpl es

of known radon concentrati on would be useful for cross
checki ng the accuracy of the system Future efforts ai ned
at refining this newer nethod should prove nore successf ul
with the aid of suggestions made in this report. Mre work
with the liquid scintillation nmethod is warranted
consi dering the advantages of this techni que over enmnati on
analysis. The liquid scintillation analysis procedure is
aut omat ed and consequently is nuch I ess tine and | abor
i ntensi ve than enmnati on anal ysi s.

The results of liquid scintillation anal yses on dual
LSC sampl es coll ected showed good reproducibility. The
pai red di fference T-test on the dual LSC neasurenents
i ndi cates that the nean difference between dual sanples is
equal to zero. Forty three of fifty two of the differences
are bel ow 10 percent difference and forty nine are bel ow 20
percent difference. The liquid scintillation calibration
efficiency (10.86 cpm pCG) was in good agreenent with the
expected value of 10 £+ 1 cpm pC (Larry Kani pe, personal
communi cati on). One hundred percent efficiency would
correspond to 11 cpnipC (Prichard 1977).

The anal ysis of variance perforned on the grouped data
from both anal ytical nmethods indicates that there is a

difference 1in mean radon concentration in groundwater
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sanpled fromthe five geol ogi cal groups. The box plots in
Figures 7a and 7b show this quite well. This strengthens
t he hypothesis that geol ogy can be used as a predictive
variable for radon concentration in groundwater. Sanples
fromthe gneiss/schist and granite rock groups contained the
hi ghest | evels of radon, the mafic and nmetavol cani c groups
showed internedi ate | evel s and sanples fromthe coastal
plain region contained the | owest radon concentrations. The
| east significant difference groupings in figure 11 show
that for both anal ytical techni ques, the grouping test
categorized together the mafic and nmetavol canic as well as
the granite and gnei ss/schist groups. But in the case of
the liquid scintillation data, other groups were categorized
together as well (the mafic, granite and gnei ss/schi st
groups). This indicates that sonme significant differences
were not detected by LSC anal ysis, while they were detected
by the emanation analysis method. This discrepancy in the
| east significant difference groupings can be partially
attributed to the unbal anced sanple sizes representing the
five rock groups of the liquid scintillation data. A nore
conplete set of liquid scintillation nmeasurenents would give
the anal ysis of variance and | east significant difference

tests much nore power.
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APPENDI X 1|

Settings for scintillation cell counting el ectronics

Canberra nodel 1400 NI M bin and hi gh vol tage supply
wer e powered through an SG Waber nodel 24 nultiple
outlet strip.

The preanplifier, anplifier, single channel anal yzer
and counter-tinmer were powered through the N M bin.

Hi gh voltage = 1000 volts

Coar se gai n =50
Fine gain =1

| nput node dial = differential negative

I ntegrate dial = out

Differentiate dial = 2 m croseconds

Uni pol ar out put range dial = 10 volts negative
BLR di al = out

| nput to anp at nornmal input jack
Qut put from anp at uni pol ar out put jack

Qutput from SCA to positive scaler input jack
Upper | evel discrinnator (w ndow) = open
Lower | evel discrimnator = 0.5

Set to dual disc

Adj ust timer settings as needed
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I APPENDI X 11

Procedure for liquid scintillation analysis

Sanpl

Sanpl

i ng equi prrent

1. A20 M syringe with 18 gauge needle (large bore).
2. Sanpling funnel about 4 inches in dianeter.

3. Threaded faucet adaptor.
4

Several feet of clear plastic tubing to connect
adapt or and funnel.

5. 20 m liquid scintillation counting vials with |ined
SCrew on caps.

6. Mneral oil scintillation fluid (H gh Efficiency,
order # PSS-007H, New Engl and Nuclear, Pilot Chem cals
Division, 575 Al bany St., Boston, MA 02118).

i ng procedure
1. Prepunmp well several m nutes.

2. Locate a faucet for sanpling as close to the
wel | head as possible, nmake certain it does not draw
wat er from a storage devi ce.

3. Connect threaded faucet adaptor.

Attach clear plastic tubing to adaptor.

4.
5. Fit free end of tubing to funnel
6. Turn on faucet and allow water to flow until all air
is purged fromthe collection hose.

7. Holding funnel upright, reduce water flow rate
all owi ng an overflowi ng pool to formin the funnel
W t hout aeration or signiticant turbulence.

8. Insert tip of hypoderm c needle about 1 to 2 inches
bel ow surface of water, draw several mlliliters into

Phe §yringe and discard water (repeat a few nore
I es) .

9. Again imerse the needle and very slowy draw
slightly nore than 10 nl of water into the syringe
while attenpting to mnimze turbulence in the sanple.
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10- with syringe pointing upward carefully eject air
and excess water to obtain a final sanple volume of 10
m s.

11. Subrerge needle to the bottomof a scintillation
counting vial already containing 10 ml of cocktail.
Slowy eject water at the bottomof the vial while
attenpting to mnimnmze turbulence in the sanple.

%g. TightLyrgap vial, label appropriately and note tinme

col IFect i“on.

13. Inmediately coll ect another sanple repeating steps
6 through 12.

~ _
NOTE: It is inportant to have mninal airspace inside
the capped vial after sanple collection. Radon
escapi ng into such an airspace woul d not be counted
during processing. Adjust volumes used accordingly.

Counti ng equi prent
1. Standard activity vials.

2. Background vi al s.

3. Packard Tri-Carb 300 liquid scintillation counter,
program settings:

Term nators: m nutes=50, % devi ati on=2
Radi onucl i de=manual

W ndows: A LL=0 KeV UL=2000 KeV
B: LL=5 KeV UL=1850 KeV
C: LL=0 KeV UL=5 KeV

Q P=yes

AEC=no i

SCR=A/ B

# vials/std=l, #vials/sanglezl, # counts/vial =l

BKG=manual : A=0, B=0, C=

% of standar d=no

low cpmreject: A=0, B=0, C=0

D vi de factor K=l

Dat a node=cpm

NOTE: The actual counting windowis B (5 to 1850

KeV). Use counts fromthis window as gross cpmto
cal Cul ate radon concentrati on.

Count i ng procedure

1. Preprogramcounter with program settings above.

. Prepare at |least t background vials usin
gisti{léﬁamater in place o sanplegmater. J
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3. Set appropriate nunber program marker to count a set
of sanples tw ce and insert the marker at the front of
a sanple holding tray.

4. Shake all vials to be counted (background, standard
and sanple vials) for about 15 seconds to thoroughly
m x the aqueous and organi c phases. Check for | eaks
around caps. Liquid phases will reseparate quickly.

5. Load background vials in front, standard activity
vials next and pairs of sanple vials last in sanple
hol ding tray. e addi tional trﬁys_dlrectly behi nd
first tray if there are nmore than 10 vials.

6. Load trays in counter, initiate counting by
si mul taneously depressing the "forward" and "enable”
spots on the key pad.

7. As trays are advanced toward the pickup point
observe to nake certain that the first vial is picked
%ﬁ’ Al so make certain you understand the order in
hich vials will be counted (wite it down) and the
time and day the first vial began counting.

8. The entire set of vials should count through tw ce
with no periods of interruption between series of
counts. The second set of counts are used in
calculations. This allows tinme for radon daughter
equi libration inside the vials. Aternatively, set
vials aside for four hours after shaking. Start the
counter at a time when it is unlikely soneone wl |
interrupt it because you need to be able to infer the
m dpoi nt of counting time for each vial based on when
the first vial started and the el apsed tinme the counter
hastbe?n counting under the programas listed on the
printout.
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] APPENDI X |11
Procedure for aqueous radiuin-226 standard dilutions

Al'l work was done in a fune hood on absorbent paper

whi | e wearing rubber gloves. Afterward, all materials
were nonitored with™a thin end wi ndow GM tube. No

cont am nati on was det ect ed.

Three anpul es of aqueous radi um 226 (4.45 nanoC /gram
were received fromthe E.P.A in Las Vegas, Nevada.
Each anpule came with a certificate of calibration
|'isting total act|V|tg, vol une and nmass. The total
vol une of each was 5.35 ni 5.35(gran), and the total
activity in each anpule was 23.8 nQC .

(150 IIEF?URNI mh OcIi slt'iql\{l (L-I(IJI\IQA\/a‘ ert r IT%I éCiad [ o}NasSoldLthl iu(t)r?dvxélg
used to thoroughuy rinse the insides of a 100 m
a

Yolunetric flask an 100 mcroliter Eppendorf pipette
i p.

2. Most of the acid was then poured into the
volunetric fl ask

3. The seal ed anpul e of radi umwas then broken open
and the contents poured into the volunetric flask.

4. Sonme of the remai ni ng uncontam nated acid was
pi petted into the anpul e using the Eppendorf pipette.

5. This acid rinse was poured into the flask, followed
by all the remaining unused acid sol ution

6. Enough distilled water was added to bring the total
XQ!E”E of the solution in the flask up to the graduated

The fl ask contained 23.8 nC radium226 in 100 ni

distilled water and 0.064M HNG3 . This corresponds to
a concentration of 238 pCG/m . The acid was necessary
to prevent excessive plating of radiumon the insides
of the flask. The anpul es received fromthe E. P. A
contained 0.05M HN®3 . The final dilutions were made

Z. Q:fresh 0. 064M HNO 3 sol ution was nmade from 1. 6M

t ock.

8. The acid was use rinse two thoroughly cleaned

S dto
emanation bubblers, five liquid scintillation counting
vials and a 1 m glass pipette. The acid rinse was

di scar ded.
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he first bubbler (labelled #2) was then prefilled

9. T
with 14 m distilled water and the other (labelled #3)
with 13 nl distilled water.

10. Each vial received 10 mMl scintillation fluid

(m neral oil based, from New Engl and Nucl ear) and then

distilled water, decreasing in 1 nml increnents, such
that 9 mM went into the first vial and 5 M went into
the fifth vial.

11. The solution in the volunetric flask was agitated
and using the 1 nml glass pipette, 1 m aliquots were
di spensed to bring the total volunes of the bubblers
and vials to 15 and 20 m respectively. The vol unes
and activities in each standard are given bel ow.

Bubbl er #2 Bubbl er H3
14 Ml wat er 13 Ml water |

1 mM radium 2 mM radiumf
238 pCi 476 pd

vi al

#1 Vi al #2 Vi al #3 Vi al #4 Vi al #5

10 ml scint 10 Ml scint 10 ml scint 10 Ml scint 10m
9O nmM water 8 M water 7 M water 6 M water 5m
1 mM Ra 2 nmM Ra 3 mM Ra 4 M Ra 5m

238 pCi 476 pG 714 pCi 952 pCi 1190 pG

12. The tops of the bubblers were put in place
(stopcocks closed) and silicone sealant was applied to
the exterior of the joint.

13. Silicone was applied to the threads and |i ner
i nside each vial cap before capping the vials.

14. All standards were | abell ed with nuclide and
activity.
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APPENDI X | V

Rock type Rn-222; emmpation Rn-222: liquid scint Pent diff
(pAG7L) (pGi/L)

cP 1693 ' 25.8
cP 911 -t 37 .5 850 + 29.0 4-7.0
CP 656 -Hi1ie .9
CP 598 £ 17 .2
cP 372 f 13 .3
cP 216 -* 10.1
cP 202 f 10.8
cP 152 8.7
cP 126 7.6
cP 107 £ 6.9
CcP 106 "t 13 .8 78 23. 9 4-30. 4
cP 106 6.6
cP 10a 4 7.1
cP 92 .1
cP go f 13 .6 50 23. 6 4-56.1
cpP g9 ¥ 6.7
CcP 87 - 6.1
cP g5 4,- 6.6
cP 62 4+ 5.5
cP 54 Y 5.9
6N 3424 T+ 78 .0 3119 +: 49 .7 4-9.3
GN 3376 1" 74 .7 3156 +39 .0 4-6.7
GN 3032 f 78 .8 2728 + 34 .7 4-10. 6
GN 2906 % 67 .7 1453 +25 .0 4-66.7
GN 2729 * 32 5 ;
GN 2403 Y 72 8 2181 -+"28 .6 4-9.7
GM 2221 ™ 61 5 2142 + 29 .1 4-3.6
GN 2172 * 62, 4 1909 + 26 .s 4-12.9
GN 2133 ¥ 64. 3 2634 £33 .9 -21.0
GN 2110 * 65. 4 2076 + 27 .7 4-1.6
aN 2090 * 61. 4 1994 + 27 o 4-4.7
GN 1793 % 60. 6 1545 -N 24 .8 4-14.8
GN 1636 * 52, 1 1496 -725 3 4-9.0
GN 1570 th 55 5 1269 + 23 9o 4-21.2
GN 1515 == 57, 1 1679 + 26. 1 -10.2
GN 1273 * 45. 5 1149 + 23 1 4-10.3
GN 1108 * 47. 4 988 Z/\ %% 3 4-19.7
aN 504 it 31. 2 N T8, 7 -16. 4
GN 229 * 21. 5 236 + 18. 2 -3.3
GN 3252 Y 77. 6 4%1/ 5£9 9 -30.2
GN 310 & 23. 0 + 19 a -36.9
GN 18585 £203. o
anN 1062 " 57. 1 1958 44. 3 4-0.2
GR 25601 *107. 9
6R 20237 7 91. 9
GR 7836-%:120. 7 7797 *- 83.5 4-0.5
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5490 -+ 50.7
5337 #: 50.2
4777 %£45.0 ) .
3296 +#93.0 2837 +35.8 +15.
1609 £25. 6 . .
1306 + 46. 8 1230 £21.9 +6.
1252 +44. 8 1108 +26. 2 +12.
1034 + 20.3
986 + 21. 3 . -
904 +39. 1 663 *£19. 5 +30.
503 =+ 29.4 N .
335 = 23. 4 312 + 16.6 +7.
134 + 9.1
99 + 7.3
20 £ 3.2
11061 *144. 4 9911 +104.1 +11.
3491 + 75.1 4892 + 55.9 -33
2567 -~ 31.0 ;
1416 *47.0 1496 + 22.3 -5.
1292 '49. 4 1099 +22.2 +16.
1097 + 49. 3 1083 + 22.4 +1.
1071 + 44.5 1257 + 22.9 -16.
828 + 36.8 706 = 20.4 +16.
599 + 32. 6 1217 = 22.4 - 68.
574 + 31.9 1021 + 21.9 - 56.
527 + 28.8 474 + 16.9 +10.
405 + 26.5 341 =+ 19.3 +17.
273 £ 21. 4 276 +15. 3 -1.
268 + 22.2 297 + 17. 3 -10.
181 =+ 20.3 180 %£18. 4 +0.
125 -~ 8.5
87 =+ 7.8
3901 + 42.7 .,
3406 + 76.3 3381 + 40.3 +0.
1536 + 53.5 1380 = 28.9 +10
1396 £+ 25.6
1089 + 20.2 -
1% L A28
847 + 20.5 eh e i
677 x35. 8 432 +19.0 +44.
655 +35.5 . .
611 + 34.7 203 £ 17.7 +100.
596 £16. 1 . }
554 + 30.5 500 -f- 18.4 +10.
554 + 15.0
5443 14.9 . ,
501 #15.5 356 £ 17.7 +33.
482 -N 13.4 . .
356 -+- 23.3 314 + 22.8 +12.
289 #10.5

116 -'-14.5 98 + 15.0 +17.

» o
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M/ 106 dr 7. O
M/ 73 = 6. 8

Appendi x I'V. Radon concentrations in pC /L as determ ned by
emanation and liquid scintillation anal ysis. Rock
types: CP = coastal plain, GN = gneiss & schist, GR =
granite, MA = mafic, M = netavol canic. Percent

di fference between emanation and liquid scintillation
measurenents (Pent diff) was cal cul ated as the absol ute
val ue of the emanation result mnus the liquid

scintillation result, divided by the average of the two
results, all tinmes 100. A plus sign associated with
val ues of percent difference indicates that the
emanation result was larger, a mnus sign indicates the
liquid scintillation result was |arger.
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