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Ahstract

We describe the procedures we use in residences for rapid '"grab-
sample" and time-dependent measurements of the air-exchange rate and
radon concentration; the radon source magnitude is calculated from the
results of simultaneous measurements of these parameters. Grab-sample
measurements in three survey groups comprising 10f U.S. houses showed
the radon source magnitude to vary approximately log-pormally with a
geometric mean of 0.37 and a range of 0.0l to 6.0 pCi l"l h~l. Succes-—
sive measurements in six houses in the northeastern United States showed
considerable variability in source magnitude within a given house; in
two of these houses the source magnitude shewed a strong correlation wit:

the air-exchange rate, suggesting znat soii gas influx can be an important

transport precess for indoor radon.

keywords: radon, houses, alr-exchange rate, pollutant sources
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INTRODUCTION

Characterizing radon snources and the p:Jcesses by which radon is
transported into buildings 1s an important component in developing a
comprehensive understanding of radon as a contaminant of indoor air.
For sources such as building materials, domestic water, and natural gas,
characterization is relatively straightforward; however, these sources
do not appear to contribute to indoor radon concentrations in amounts
sufficient to account for the levels observed 1in a large number of
houses surveyed in the United States and Canada. Rather, evidence is
mounting that 1local rock and soil {referred to simply as 'soil"
throughout this paper) are the dominant sources of radon in these
houses. The characterization of soil as a source of indoor radon is dif-
ficult, because, for example, the permeability and radon emanating power
of soil vary with changes in moisture content, radon can migrate over
long distances in soil, and radon ¢an enter a house by either bulk flow

or diffusion.

A potentially important approach in investigating the origin of
radon indoors 1is to calculate the effective radon source magnitude by
simultaneously measuring the radon concentratfon and the air—exchange
rate 1in a house. It is the initial results obtained from such measure-
ments that strongly suggest soil to be the dominant source of radon in a
significant proportion of U.S5. houses. Presuming this to be the case,
we can use measurements of radon source magnitude to ascertain the
potential for high radon levels in a geographic area. Furthermore, by
measuring radon source magnitude continuously 1n conjunction with

meteorological parameters such as wind speed, indoor-outdoor temperature
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difference, and barometric pressure, we can gain a hetter understanding
of processes which transport radon from its source material to indoor

air.

To date, we have measured radon source magnitudes in about 100 U.S.
houses. In most of these homes we used a single simultaneous measurement
of radon concentration and air-exchange rate to determine the radon
source magnitude at one point in time; however, in several we made suc~
cessive measurements of the radon source magnitude over periods of time
ranging from 3 to 30 days. Our most significant findings are: (1) that
the radon source magnitude varies over a wide range from one house to
another; {(2) that the radon source magnitude in a house can change
dramatically even over a period as short as several boursj and (3) that
frequently the radon source magnitude in a single house shows a positive
correlation with the infiltration rate -- consistent with the hypothesis
that soll 1s important as a source of indoor radon and that bulk flow s

important as a transport mechanism, as we shail discuss.

In this paper we describe the instrumentation and techniques used in
our studizs to calculate the radon source magnitudes in residences. We
present the results of successive measurements of source magnitudes
taken in six houses in the eastern part of the United States, and use
these along with the results of a grab-sample survey of 0l houses vari-
ously located 1in the United States as a hasis for discussing some

aspects of the origin and transport of radon in U.S. houses.
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METHODOLOGY
Theory
The mass—balance equation for indoor radon can be written as

dRi(t)
- = Sp(E) + A (EDR (£) = Ag R.(£) = A (E)R (1) , [&Y)

dt

where Ri(t) is the indoor radon concentration, Ro(t) is the outdoor
radon concentration, SR(t) is the indoor radon source magnitude per unit
volume, Av(t) is the air~exchange rate, and Mg is the time comstant

for radiocactive decay of radon (0.00756 hl

). Since Av (almost
always greater than 0.1 h-l) is much larger than Agne We ignore the
third term on the right hand side of Eq.(l). We define the “effective"
indoor radon source magnitude, QR’ as the sum of the first two terms on

the right hand cside of Eq.(l) so that for steady-state conditions we

have
2)

where the superscript s denotes the steady-state value. In this way a
simultaneous measurement of the air-exchange rate and the indoor radon
concentration can bhe used to compute the effective source magnitude,
assuming that steady-state conditlons prevail. The difference between
the effective source magnitude, QR’ and the value for indoor sources,

S is small if the indoor radon concentration is much greater than the

R?

outdoor concentration, as is often the case.
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By continuously measuring the radon concentration and the air-
exchange rate, we can calculate the source magnitude even under changing

conditions. FEquation (1) is solved to obtain

R (£") - R (0
“Q>p,er = o Ry Ao, @

where <>g ./ indicates a time—~weighted average over the interval 0 to t’
?

of the contents of the brackets. Because we measure radon averaged over

finite time intervals, we do not know Ri(t') or Ri(O). We approximate

these two quantities as

Ri(t') =15 ( <Ri> .+ <Ri> ),

0,t t',2t’

and

R {0) = % ( <R,>_ + R0 ) %)

t',0 0,t

We further roximate <R, (t
e further approximate R1( ) Av(t)> , by <Ri(t)>0,t' <Av(t)>0,t"

o,t

This approximation is accurate as long as there is no correlation between
Ri and Av, or as long as hoth of these parameters do not vary sianificantly
during a measurement interval. Assuning a continuous rmeasurcment of radon

concentration, our estimate of the effective radon source magnitude is

( <R.> - <R,> , )
= i-¢,,00 + <R.>

i 0,t'

t',2t'
2t'

<A > L)

< > =
% 0,t' v o,t’
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Grab-Sampling: Technique and Instrumentation

Radon

Grab-sample measurements of radon are made using scintillation
cells, either cells fabricated in our laboratory after the design of
Lucas (Lu57) or commercially-available cells (EDA, Model RDX 388). The
procedure used for taking the sample varies: (1) The sauple 1is taken
directly with the scintillation cell which is then either counted in the
field or sgent back to our laboratory for analysis. (2) The sample is
taken in a radon-impermeable sampling bag (Environmental Measurements,
Inc., air-sampling bag, made of Tedlar) which 1s seunt back ta aur
laboratory and analyzed by transferring a portion of the sample to a
scintillation cell. (3) A metal vessel of known volume {typically 1
liter) 1s used to collect the sample, and then returned to our labora-
tory where the radon is extracted by passing the sample through a
glass-wocl trap cooled to ~196° C in a liquid NZ bath; the extracted
radon is then transferred to a scintillation cell. This procedure is
described by Lucas (Lu77), and our implementation of it is reported by
Ingersoll (In80). The procedure for concentrating radon is important
for measurement precision and improvement of our sample throughput rate

wher measuring radon concentrations below about 1 pCi/l.

The scintillation cells are calibrated in batches. A calibration
factor 1s determined for the batch by filling several of the cells with
a known amount of radon, derived from a standard-reference-method solu-

226Ra (National Bureau of Standards). The response of indivi-

tion of
dual cells within the batch is checked by filling several cells with a
constant, unknown concentration of radon, and comparing their count

rates. The responses of individual cells fabricated at Lawrence Berke-~
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ley Lahoratory (LBL) have been found to be within a range of 5%. We
occasionally check our calibration factor against those independently
deternined by other laboratories. (In a recent check we were among six
of the nine laboratories participating whose calihration factors agreed

within a range of 10Z (Ge81).)
Alr-Exchange Rate

We measure air-exchange rate by tracer gas decay, most commonly
using sulfur hexafluoride (SFB)' but occasionally ethane, ac the tracer.
The tracer gas is injected into the house and mixed to a uniform concen-
tration by means of portable fans or the furnace fan. The concentration
is monitored over time and the resulting data are fit to an exponential

decay curve of the form

C(t) = C(0) exp (-A,t) , )

where the time constant, AV , 18 the air-exchange rate.

SF6 concentrations are measured with a commercially-available, non~-
digpersive infrared (NDIR) analyzer (Foxboro-Wilks, Model Miran 101).
The analyzer is calibrated by measuring its response to gases derived

from compressed-air tanks containing known concentrations of SF6.

Continuous Measurement: Techniques and Instruments

Radon

The radon concentration is measured over time with a Continuous

Radon Monitor (CRM) developed by Thomas (Th79), and designed and f-bri-
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cated at LBL. Figure 1 presents a schematic Jdiagram of our most recent
version of the CRM, whose unique feature is that the output is pro-
vided as an analog rather than a digital signal, simplifying the inter-
face of the CRM to recording devices (strip-chart recorder or a data
logger). The output voltage has a range of 0 to 1023 mV, corresponding
to 0 to 1023 counts in the counter. After reaching 1023 the counter
automatically resets. Converting the count total to an analog voltage
introduces an uncertainty on the order of one count, which is insignifi-
cant compared to the statistical uncertainty in measuring radioactive
decay. We use three-hour integration intervals for analyzing the CRM

data.

The CRM 1s calibrated following the procedure of Busigin et al.

(Bu79); the radon concentration is calculated as follows:

- 0.13 <R,> , (n

<R 17¢'~3h, ¢’

et e T 219 e ey

where n is the net count rate in min-l. Aside from calibration uncer-

tainties, the relative standard deviation 1in the measurement of a
steady-state radon concentration is typically 6% at 5 pCi/l, 21%Z at 1

pCi/1, and 48% at 0.4 pCi/1 (Na8l).

Air-Exchange Rate

We have developed an automated system, the Aardvark, for continu-
ously measuring the air-exchange rate and the radon concentration in an
occupled residence. It is described in detail in another report (Na&l).
Briefly, the Aardvark uses the tra:er gas decay technique with SF6 to

measure the afr-exchange rate. The operation of the system is



controlled by a microcomputer system, whiich also performs preliminary
data analysis. The data are recorded on magnetic tape and printed on a

terminal.

The mechanical system of the Aardvark is presented in Figure 2. As
illustrated, a blower 1s used to draw and return air at a total raie of
80 1/m through as many as four sampling lines and up to four delivery
lines. A bypass loop provides 20 1/m to the SF6 analyzer and 2 1/m to a
CRM which is interfaced to the system. The analyzer 1s automatical.y
calibrated at wuser-specified iIntervals by measuring its response to

three concentrations of SF6 drawn from compressed=air tanks.

To ensure good distribution and thorough mixing of the tracer gas in
a house with a forcad—air furnace, we use only one delivery line,
instaliing its end in the return-air duct _f the furnace system. A
relay 1s used to bypass the thermostat and turn on the furnace fan dur-
ing injection of the tracer gas. In a house that does not have air-
distribution ductwork, mixing Is accomplished by using three or four
delivery lines, attaching the end of each to a portable fan which is
turned on durineg injection. In either case, three or four sampling lines
are used to reduce the dependence of the ailr~exchange rate measurement

on the location af the sampling point(s).

M r-exchange rates are measured by the Aardvark over 90-minute
intervals. The average of two consecutive measurements is used in equa-—

tion (5) to ca’zulate the radon source magnitude.
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RESULTS

Survey of Radon Source Magnitude in U.S. Housingz

Radon source magnitudes were Jerermined in a survey comprising three
housing groups: "energy-efficient” houses in the U.S. (one in Canada)
(16 houses, Ho80); conventional houses in the San Francisco Bay Area (29
houses, Be79); and conventional houses in rural Maryland (56 houses,
Mo81). Although this survey was not Intended to he a random sampling,
we believe the results provide an inaication of what we mizht expect

generally in the U.S. housing stock.

On the night prior to measurements occupants were asked to close
windows and doors to establish a corresnondence between the radon con=-
centration measured and the ratio of source magnitude to air-exchange
rate. Upon first entering the house, we collected cne to three grab-
samples of air for radon analysis; the samples were taken from the main
livirz space, well away from doors and windows. A tracer-gas decay
measurement of the air—exchange rate was then made over 2 one to two—

hour interval. A summary of these measurements is presented in Tahle I.

In all three housing groups the air—exchange rates were Jound to be
fairly low ~- an arithmetic mean of 0.41 h-l. In as much as 211 doors
and windows were closed dnuring the measurements, these values revresent
infiltration only (i.e., uncontrolled Ileakage through the building
envelope). Furthermore, because most of the measurements were made in
the spring and summer when the weather is mild, we can assume that the

average annual infilcration rate for these houses 1s hieher than the

values we report.
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A histogram (see Figure 3) of radon source magnitudes measured in
all 101 houses shows a broad distribution of values, ranging from 0.01
to 6 pct 171 h~l. 1Individual measurements are distributed in an approx-
imately log-normal fashion, with a geometric mean of 0.37 pCi ]-1 h-l,
and a geometriec standard deviation of 4.0. The geometric means of the
radcn concentrarion and radon source magnitude measured in the San Fran-

cisco Bay Area houses were considerably lower than che corresnonding

values for the other two housing groups.

Time-Dependent Measurements cf Radon Source Magnitude in Selected U.S.

Houses

In the six houses located in the northeastern United States, we
measured rtadon source magnitudes over periods of 3 to 3D days. Five of
these houses, located in New York and Maryland, were bhuilt within the
last ten vyears; all were tract houses, built with some attention to
energy efficiency. The sixth house, located in New Jersey, is over 100
years old but has heen retrofitted to reduce energv usc. In three of
the houses radon measurements were maa. continuously and air-exchange
rate measurements were matde fntermittently, typically once per day. In
the other three houses, hoth air-exchange rate and radon concentration

were monitored continuously over three- to five-day periods.

Four of the houses, those in New York and New Jersey, were accupied-
during the measurements. Because of the cold weather, the windows and
doors In all of the houses were claosed almast all of the cime. A sum—
mary of the results is presented In Table 2, which gives both the arith-
metic mean and the range of the radon concentration, the air-exchange

rate, ~nd the radon source magnitude for each of the six houses. With
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the exception of Roch 49, which exhibits a much lower radon concentra-
tion and source magnitude, the mean values of each parameter obtained
for these houses are narrovwly distributed. The radon source magnitudes,
especially in CB, AM-1 and 5G-1, were found to vary significantly over
the monitoring period, and the air-exchange rates were found to vary

over a comparable or narrower range.

We observed a positive correlation between the measured air-exchange
rate and radon scurce magnitude for five of the houses, as indicated in
Figures 4 through 8. (In the case of Roch 49, the concentrations of
radon were too low to determine whether or not such a correlation
existed.) Figures 4 and 5 ar~ scatter piots of the measurements made in
CB and Roch 6, respectively, and the 1line plotted in each figure
represents the least-squares fit to the data. TFor CB this 1line has a

1 h-l; the

slope of 2.57 pCi 17}, and a y-fncercept of 0.23 pCi 17
respective values for Roch 6 are 1.09 pCi 1! and 0.21 pci 1t oeTl,
Figures 6, 7, und 8 are plots of the air-exchange rate and radon source
magnitude vs. time measured in Roch 60, AM-1 and 5G-l1, respectively.
The avevage wind speed, derived from measurements made on-site at five-
minute intervals, is also plotted for AM~1 (Ke81). 1In each of the three
houses, the highest peaks in the radon source magnitude correcpond in
time with the highest peaks in the air-exchange rate. This correspon-
dence is most evident in Figure 7, the plot for AM-1, showing that on
4/18 when the radon source magnitude increased from 0.7 to 2.6 and then

1

decreased to 0.35 pCi l-l h™ ', the air-exchange rate increased from 0.26

to 1.22 and then decreased to 0.72 h™L,
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DISCUSSION

Source Magnitude Distribution

Knowledge of the distribution of radon scurce magnitudes in U.S.
housing would contribuie greatly to efforts towards characterizing pub-
lic exposure to indoor radon, as well as towards designing programs to
veduce that exposure. Because our survey did not represent a random sam—
pling of U.S. houses, the distribution of values we have reported may
well differ from the actual distribution of radon source magnitudes.
For example, half of the 16 energy-efficient houses surveyed were solar
homes, generally relying on rock-bed heat storage, a potentially signi-
ficant source of radon. The other two housing groups, although they
reflect more typical desjgn and construction practices, were selected
from only two geographic areas of the country. Our data mav also show a
seaconal bias since most measurements were made in the spring and summer
=--~%:; 1if, as we have observed, large variations in radon source mag-
nitude occur over time, then it is very possible that systematic differ-
ences also occur from one season to another. Another item affecting the
interpretation of these measurements is the contribution of radon ia the
outside air to the effective radon source magnitude. When trying to
ascartain the effect of changes in the air-exchange rate on indoor radon
concentrations, particularly for houses at the lower end of the distri-

bution, this factor assumes importance.

We mention two other factors which, although potentially important,
are unlikely to have much influence on the measured distribution: (1)
the uncertainties assoclated with the imprecision in measuring radon

concentrations and the air=-exchange rates as well as in approximating
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steady-state conditions, and (2) the apparent variability in radon
source magnitude over short time periods within a given house. These
two factors could cause a dispersion of the values reported here even if
all of the houses had the same mean value; howsver, even this disper-
sion would not account for the wide range of source magnitudes observed
in our survey. In other words, in spite of these considerations we con—
clude that the radon source magnitudes in U.S. houses are indeed widely
distributed, and a substantial fraction are on the order éf several pCi

17yl

In most of the houses with source magnitudes on the order of 1 pCi
1ol o more, it 1s unlikely that building materials or damestic
water are the dominant sources. Ingersoll measured rtadon emanation
rates from 100 samples of concrete from across the United States and
found values ranging from 0.2 to 2.0 pCi kg_i h_1 (In81). If wa take
the case of a one-story house with 2.4 m ceilings, then a 0.2 m-thick
3

concrete slab with a typical density of 2000 kg m ° would contribute

- -
only 0.02 to 0.2 pCi 1l “ h 1 to the scurce magnitude. We took a few

measurements of radon in tap water in Maryland and found concentrations
on the order of 1000 pCi/l; using Hess’ observation that 10,000 pCi/1 of
radon in water typically results in 0.65 pCi/l of radon 1in air in a
house with an alr-exchange rate of 1 h-l, the resulting source magnitude
-1

would be 0.07 pCi I_!h On the other hand, Wilkening reports that

data from roughly 1000 measurements of radon flux from soill range up to

2 2 -2),

s"2 (mean value of 0.4 pCl m “ s a value which would

1.4 pCi m
contribute 2.1 pCi 1-l -l (meani value of 0.7 pCi 1"~y to the source
magnitude in the house postulated above, assuming the flux from the soil

into the house is the same as the flux from uncovered soil (Wi72). The
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fact that even the maximum flux from uncovered soil is not large enough
to account for the highest indoor source magnitudes observed supgests
the possibllity that in some cases radon may be more efficiently tran-—

sported from scil into a house than into the atmosphere.

In addition to the variations observed from one house to another our
survey revealed a significant difference in radon source magnitude
between the San Francisco Bay Area and t'e communities studied in rural
Maryland., This difference suggests that radon source magnitude may
depend on geological or structural factors. If so, it may be useful to
conduct limited surveys of radon source magnitudes in a region to deter-
mine whether radon levels are high enough to justify further measure-

ments in that area.

That radon source magnltudes show a broad log~normal distribution
has importaﬁt implications for any effort to control public exposure to
radon in houses. For such a distribution, the best cost-benefit ratio
can be obtained by addressing control efforts toward those houses with
the highest source magnitudes. Since the source magnitude in closed
houses appears to be more broadly diu:ributed tham the air-exchange
rate, specifying a minimum air-exchange rate for all houses does not

appear to be a cost—effective control strategy.

Correlation Between Alr-Exchange Rates and Radon Source Magnitude

The correlation between air-exchange rate and radon source magnitude
is evident in Figures 4~8. The correlation is particularly clear for
the two houses with the highest (mean) source magnitudes, CB and AM-l.

It 1s our hypothesis that in th_se two houses, and perhaps in Roch 6,
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Roch 60 and SG-1, as well, surrounding soil is the dominant source of
radon; the radon enters the house in high concentration with soil gas
that i{s driven by the same forces that cause infiltration -~ wind speed
and 1indoor-outdoor temperature difference. A simple model consistant
with this correlation is that on average a constant fraction of the air
that infiltrates the house comes from the soil and carries with it a
high concentration of radon; as the wind speed and temperature differ-
ence increase, the flow rate of soll gas into the house also increases,
therefore, the radon source magnitude increases. For example, 1f the
radon concentration 1in the soil gas 1is 500 pCi/l, a commonly reported
value, then the soil gas portion of infiltratfon air need be only 0.5%
of the total (corresponding to 16 1/m at an air-exchange rate of 0.4
h_l) to account for the slope of the line in Figure 4. The y-intercept
of 0.2 pCi ]"l h—1 could represent the contribution to the source magni-
tude of radon diffusing from and through the building materials. Much
of the scatter in these data could reflect changes in the concentration

of radon in the soil gas at the soil/house interface, or changes In the

fraction of infiltrating air coming from the soil.

The data for AM-l1 also show a strong correspondence hetween radon
source magnitude and the air-exchange rate, particularly on 4/18 when
the air-exchange rate steadily rose over a period of 20 hours, increas-
ing greatly during the middle of this period concomitantly with an
increase in wind speed. During the first 15 hours of this period, the
radon source magnitude also increased strongly; however, at noon, when
the last significant increase {in air-exchange rate (to 1.2 h-l)
occurred, the radon source magnitude declined by nearly 25%. In fact,

throughout this period it appears that the increases in rvradon source
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magnitude become smaller relative to the inereases in the air-exchange
rate. It is possible that the concentration of radon in the soil gas
drops as the soil gas is drawn into the house at a higher rate. That

the source magnitude dropped to a low value of 0.35 pCi 1"1 n1

that
afternoon, even though the air-exchange rate was still fairly high at

0.7 b}, 1s consistent with this hypothesis.

The correlations we observed between air-exchange rate and radon
source magnitude would not be expected to apply if the changes in air-
exchange rate were a result of opening windows and doors or changing the
rate of mechanical ventilation. As pointed out earlier, measurements in
these houses were made during winter and spring when the outside tem-
peratures are vrelatively low, and therefore, we assume that the doors
and windows were closed as much as possible. Given these conditions the
changes 1in air-exchange rates can be assumed to reflect chaéges in
weather conditions which appear also to affect the radon sour:e magni-

tude in come of these houses.

We have considered various explanations for the observed correlation
between radon source magnitude and air-exchange rate, but in the case of
two houses, CB and AM-1, the data seem to point quite clearly to the
aforementioned soil~gas theory. For example, since we include in our
calculation of source magnitude the contribution from outdoor radon, we
expect a positive correlation between the source magnitude and the air-
exchange rate; however the observed slopes are much steeper than the
slope of the regression 1line resulting from this effect alone, which
would equal the outdoor radon concentration, typically 0.1 pCi/l. Errors

in measuring the air-exchange rate could also lead to a false correla-
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tion. For example, if the radon concentration and air-exchange rate
were constant, then a scatter plot of a serles of measurements of radon
source magnitude and air-exchange rate would show a positive correlation
with a slope equal to the radon concentration. The range of air~
exchange rates in such a plot would reflect the precision of the meas-
urement . How precise our air-exchange rate measurements are 1s diffi-
cult to estimate and probably varies from one house to another, depend-
ing on the mixing rates within the house and on the number and location
of sampling lines. The first eight measurements in Roch 60 indicate
that 1t 1is possible to achleve a standard deviation of less than 0.05
h-1 in the measurement of alr—exchange rate. Such a level of precision
is sufficient to preclude the possibility that the correlation between
air-exchange rate and radon source magnitude for CB and AM-1 is duc to
measurement wuncertainty. In the case of Roch 6, Roch 60 and SG-1 how-
ever, the apparent correlations could reflect measurement uncertainty in
as much as the mcasurements of air-exchange rate in each of these houses

are distrihuted over fairly narrow ranges.

CONCLUSIONS

We have measured radon source magnitudes 1in over 100 houses by
simultaneously measuring the radon concentration and the air-exchange
rate; in six of these houses source magnitude measurements were made
over time, in some cases continuously. The data from these measurements
corroborate the hypothesis that soil is an important source of 1indoor
radon in U.S. houses, and, furthermore, support the theory that soll gas
influx, rather than molecular diffusion, ifs the dominant transport pro-

cess by which radon from soil enters ho :3es, at least in those with
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large source magnitudes.

Such studies could be fruitfully extended in at least two direc~
tions: A well-designed survey project could be undertaken to determine
the actual distribution of radon source magnitudes {n the U.S. housing
stock to provide a basis for regulatory action aimed at controlling pub-
lic exposures to radon. Continuous measurement of the source magnitude
over a period of three months to a year in individual houses where
source magnitudes are high would also be useful, especially if measure=~
ments of the radon concentration in soil gas, the rad n flux through an
opening between the house and the soll, and weather parameters were made

simultaneously.
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Table 1. Data trom 10l-House Survey of Radon C on and Air Rate

Air-Exchange | Source Magn}zude
No. of | Redon (pCi/1) | Rate (h~1) (pci 171 w1y
Monttoring Pertod | Houses | gma cspb | oma gsob | au2 G5DY)
U.S. Energy‘—c Fay- August
Efficient 1973 16 2.6 2.2 0.23 2.2 0.61 2,8
Residences
San Frantiscud Saly-September 23 0.4 2.3 0.28 2.5 0.10 2.5
Bay Area 1979
Marylande'i May-Oc:ober 56 1.8 4.0 0.35 2.2 0.62 3.4
1980
Total 101 1.2 4.0 0.31 2.3 0.37 4.0

N
3on = L3 Inx
exp [N 5 n 1]

N

Pasp = exp{ I [In X, - In(@n)?
1

(§-1)

“Source: Hollowell, C.D., Berk, J.V., Boegel, M.L., Ingersoll, J.G., Krinkel, D.L.,
and Nazuroff, W.W., 1580, Radon in Energy-Efficienc Residences, Lawrence
Berkeley Laboratory Report LBL-9560, Berkeley, CA.

dSc»urce: Berk, J.V., Boegel, M.L., Ingersoll, J.G., Nazaroff, W.W., Stitt, B.D.,
and Zapalac, G.H., 1979, "Radon Measurementa and Emanaticn Studies," in
Energy Efficient Buildings Program: chapter from the Enetgy and Environ~

ment Uivision Annnal Report 1979, Lawrence Berkeley Laboratory Report
LBL-10704, Berkeley, CA.

®Source: Moschandreas, D.J., Rector, H.E., and Tierney, ¥.0., 1381, A Survey Study
of Residential Radon Levels, Geomet Technologies Report ES5-877, Rockville,

fIn six of these 56 houses, the radon concentration was found to be less than the
detection limit of the measurement procedure (0.4 pCi/l with 50 relative standard
deviation). For these houses the radon concentration was assumed to be 0.1 nCi/l
for purposes of calculating the geometric mean radon concentration and source
magnitude.
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Table 2.

Summary of Radon Source Magnitude Measurements

for S§ix Houses Monitored Over Time

Radon Sourc%

House Monitoring No, of Radona A:Lr-ExchanEea Magnitudea’
ID Location Period Meag. (pCi/l) Rate (h°1) (et 171 n-l)
E;b N.J. 11/16- 36 3.2 0.41 1.3
b 12/17/80 (0.7-5.1) (0.1-0.87) (0.0-3.3)
ROCH 6 N.Y. 1/8- 25 1.6 0.38 0.65
1/22/81 (0.8-2.2) (0.21-0.35) (0.3-0.9)
b
ROCH 49 N.¥. 2/6- 11 G.1 0.40 0.05
2/29/81 (0.0-0.4) (0.21-0.57)  (0.0-0.2)
ROCH 60° N.Y. 4/16 32 2.2 0.31 0.7
d 4/20/81 (1.2-3.0) (D.18-0.45)  (0.4-1.3)
AM-1 M. 4/16~ 28 2.9 0.44 1.1
4/20/81 (0.6-5.5) (0.15-1.22)  (0.3-2.6)
SG~1" MD. 4/21- 18 2.3 0.28 0.65
4/23/81 (1.4-3.3) (0.14-0.60)  (0.1~1.4)

tracer gas decay one or two times per day.

continuously by tracer gas decay.

continuor 3ly by trazer decay.

~24—

Occupied house, radon measured by CRM, air-exchange rates measured by
Occupied house, radon measured by CRM, air-exchange rates measured

Unoccupi¢ 1 house, radon measured by CRM, alr-exchange rate measured

The mean radon source magnitude is rounded to the nearest 0.05 pCi 1”

Arithmetic mean values for three-hour intervals; range of values given
in parentheses.

1
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3.

Figure Captions

Schematic diagram of the Continuous Radon Monitor (CRM).

Schematic diagram of the mechanical system of the Aardvark, an
automated system for continuously measuring air-exchange rate and

radon concentration in occupied houses.

Frequency distributlon of radon source magnitude. For cach house,
the radon entry rate per unit house volume is calculated as the
product of the radon concentration and the air-exchange rate,

measured after the house had teen closed for several hours.

Scatter plot of radon source magnitude versus air-exchange rate
for house, CB. The data were collected betwnen Novenmber 16 and
Necember 17, 1980. The line represents a least-squares fit tc the

data.

Scatter plot of radon source magnitude versus ailr-exchange rate
for house, Roch 6. The data were collected be’ween January 8 and
January 22, 198l1. The line represents a least—squares fit tu the

data.

Plot of air~exchange rate and radon source magpitule versus time

for house, Roch 60.

“iot of wind speed, air-exchange rate, and radon source magnitude

versus time for house, AM-l.

Plot of air-exchange rate and radon source magnitude versus time

for house, 56G-1.
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