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Abstract

To identify the most applicable technology for the short-term assessment of domestic ra-
don levels, comparative assessments of a number of integrating detector types, including
track-etch, electret and activated charcoal were undertaken. Thirty—four unremediated dwell-
ings in a high—radon area were monitored using track-etch detectors exposed for one-month
and three-month periods. In parallel, one-week measurements were made in the same homes
at one-month intervals, using co-located track-etch, charcoal and electret detectors exposed
simultaneously, while three of the homes were also monitored by continuous-sampling detec-
tors at hourly intervals over extended periods. Calibration of dose-integrating devices against
each other and against continuous-monitoring systems confirmed good responsivity and line-
arity. Although track-etch, charcoal and electret devices are suitable in principle for one—week
measurements, zero-exposure offset and natural radon variability cause many one-week results
to be equivocal, necessitating repetition of the measurement. One-week exposures can be
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reliable indicators in low—radon areas or for new properties, but in high-radon areas, the use of
three-month exposures is indicated. This analysis also established confidence limits for short-
term measurements.
© 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

Radon is a naturally-occurring radioactive noble gas, having variable distribution
in the geological environment as a decay product of uranium found, in differing de~
grees, in a wide range of rocks and soils and in building materials incorporating or
manufactured from these sources. There are three naturally occurring isotopes of ra-
don, 222Rn, a direct product of 226Ra in the 238U decay-series with a half-life of 3.8
days; 220Rn, a decay product of 232Th, with a half-life of 55.6 s; and Zla, a decay
product of 235U, with a half-life of 3.6 s. Radon has high mobility, enabling it to move
out of underlying rocks and ground-water into caves, mines and the built environ-
ment. Of the three isotopes, 222Rn is the most significant, its relatively long half-life
enabling it to migrate quite significant distances within the geological environment
before decaying. Although radon dissipates rapidly once in outdoor air, it can
concentrate in the built environment. For UK dwellings, the mean radon level is
around 20 Bq m"3, compared to 4 Bq m‘3 in outside air (Wrixon et al., 1998) but
levels up to 17,000 Bq m"3 have recently been found in residential prOperties
(NRPB, 2004).

Ionising radiation is well known to have adverse health effects, and inhalation of
radon and its progeny 218Po and 214Po adsorbed onto atmospheric particulates is
currently believed (Darby et al., 2005; Krewski et al., 2005) to provide the majority
of the dose to the respiratory system. This results in damage to the sensitive inner
lining of the lung, increasing the risk of cancer, and it is further estimated that the
annual mortality from exposure to radon in buildings represents 9% of all deaths
from lung cancer, and 2% of all cancer deaths, in Europe (Darby et al., 2005).
The total annual mortality from this type of cancer in the UK is between 30,000
and 35,000 (UK Dept. of Health), suggesting that between 1800 and 2100 deaths an-
nually are caused by exposure to radon and its progeny.

Indoor radon levels are subject to a number of variations. In addition to the nat-
ural daily cycle, other longer temporal and spatial cycles are evident, related to oc-
cupancy, weather conditions and seasonal factors, indoor radon levels being
generally higher in winter than in summer. As the risk of lung cancer increases with
increasing radon exposure, the preferred measure of this risk is the long-term average
radon level, the current UK recommendation being the use of three—month measure-
ments in conjunction with the application of a Seasonal Correction Factor (Pinel
et al., 1995; Gillmore et al., 2005). In some circumstances, however, particularly



94 CI. Groves-Kirkby er al. / J. Environ. Radioactivity 86 {2006) 92—109

during the house-sale process or when confirming that safety measures in new homes
are satisfactory, a measurement extending over three months is impractical or inap-
propriate. The question then arises as to whether short-term measurements, al—
though probably less reliable, have sufficient value to be of use. We explore here
the issue of the viability of short-term measurements in detail, highlighting issues re-
lating to detectors and protocols.

Following a description of the project methodology, results will be presented from
a year-long study of radon levels in homes in the County of Northamptonshire, in
the United Kingdom, utilising a number of types of radon detector. This area, iden-
tified in the map in Fig. 1 (Miles and Appleton, 2005), was designated as a radon
Affected Area in 1992 by the UK National Radiological Protection Board (now‘part
of the Health Protection Agency), and has a mean annual radon concentration of
70 Bq m4, with around 5600 homes in the county anticipated to exhibit radon con-
centrations in excess of the UK Action Level of 200 Bq In—3 (Green et al., 2002).
Some aspects of this study have already been reported (Phillips et al., 2004; Denman
et al., 2004a,b; Denman et al., in press; Gillmore et al., 2005). The implications of the
results are discussed and recommendations arising from them, particularly the value
and reliability of a short-term testing protocol, are made.

2. Method

2.]. Experimental procedure

To define a ‘reference’ technology for relating short-term to long-term exposure
results, dose-integrating detectors were assessed by making direct comparison with
instantaneous radon data for corresponding exposure periods obtained from two
Durridge RAD-7l systems. These were operated in three properties for extended pe-
riods spanning the full year of the project, and had been calibrated prior to com-
mencement of the study. To ensure reliable correlation, short-term exposures of
detectors were carried out in the immediate vicinity of the RAD-7 systems.

2.2. Radon detector selection

Dose-integrating radon detectors were procured from suppliers who had submitted
detectors to the UK National Radiological Protection Board (NRPB) Inter—Compar-
ison ofPassive Radon Detectors (Howarth and Miles, 2002). The final detector inven-
tory included 1400 track—etch (Alter and Fleischer, 1981) devices from two different
suppliers, 600 activated charcoal detectors (George, 1984) and 50 electrets (Kotrappa
et al., 1988) (reusable devices that were deployed for a total ofnearly 1000 exposures).
Best practice was followed at all times in respect of detector handling and analysis.
The majority of detectors were placed and collected by trained personnel, ensuring

1 Durridge Co., 7 Railroad Avenue, Bedford, MA 01730, USA.
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Fig. 1. Radon map of England, showing location of Northamptonshire (after Miles and Appleton, 2005).

data rigour and resulting in a return rate close to 100%, much higher than that
achieved in many postal based projects, which depend on occupier compliance.

2.3. Property selection

Starting from a pre—existing confidential database of unremediated domestic prop-
erties with known elevated radon levels in a high-radon area around Northampton,
U.K., a short-list of 60 potential candidate dwellings was identified. Following fur-
ther assessment, a sub-set of 37 dwellings was identified (34 of which subsequently
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successfully completed the monitoring programme) as suitable for long-term moni-
toring, which took place during the period April 2002—May 2003. The dwellings
were selected to include a variety of type, construction era and construction/furnish-
ing features, as indicated in Tables 1—3, respectively.

Northamptonshire is a county of essentially sedimentary rocks, mainly of the
Lower and Middle Jurassic age (Gillmore et al., 2005). Highest radon levels are
found on Northampton Sand (Thompson, 1897; Hains and Horton, 1969), where
more than 20% of homes can be over the Action Level, while the lowest levels occur
on Oxford Clay and Blisworth Clay, where less than 1% of homes are over the Ac-
tion Level. Radon Potential data for the dwellings taking part in the study were ob-
tained from the British Geological Survey, whose assessments are derived from
geologically-based interpretation of radon measurements in dwellings, provided by
the NRPB without prejudicing confidentiality undertakings to householders and
Government (Miles and Appleton, 2001). Ninety—four percent of the dwellings were
situated on a common geology (Northampton Sand), 91% were in areas where more
than 30% of dwellings were estimated to exhibit radon levels in excess of the Action
Level and-41% were located in a compact area (radius 400 111).

Of the 34 properties completing the programme, 20 were monitored for four con-
secutive three-month periods and simultaneously for 12 consecutive one-month peri-
ods; the remaining properties were monitored for periods of nine months (four
properties), six months (six properties) or three months (four properties). In addition,
one-week measurements were made in all properties at approximately one—month in-
tervals, using co-located sets of track-etch, activated charcoal and electret detectors
exposed simultaneously. In a small number of properties, further comparisons were
made with continuous-monitoring techniques over periods of up to six m’onths.

2.4. Detector management

Detectors were exposed according to the NRPB protocol (Wrixon et al., 1998),
care being taken to avoid areas of high relative humidity, e.g. bathrooms or kitchens.
This protocol uses two detectors, one placed in the main living room (generally
at ground level) and one in the main bedroom (usually on the first—floor). The pro-
tocol calculates a weighted average of the two readings, the bedroom being assigned
a weighting of 0.55, the living room 0.45, reflecting their relative occupancies.

Table 1
Dwellings completing the project: type
Type Total Percentage
Detached 17 50
Semi-detached , 9 26
Link 4 12
Bungalow 4 12

Total 34
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Table 2
Dwellings completing the project: construction era
Date of initial construction Total Percentage

Pre—l950 . 17 50
1950—1970 5 15
1971—1980 7 20
1981-1990 5 15

A Seasonal Correction Factor (Pinel et al., 1995) is then applied, depending on the
start month of the exposure. Within each three-month period, each dWelling had:

0 Three-month (90-day) track-etch exposures in living room and main bedroom.
a Three consecutive one-month (28-day) track-etch exposures in living room and

main bedroom.
a A number of 7-day, track-etch, activated charcoal and electret exposures in living

room and main bedroom.

The 7-day exposures were managed to ensure that detector exposure was
168 i 2 h, with 28-day exposures similarly managed to ensure exposure was
672 :L- 2 h.

On completion of the required exposure, detectors were sealed in accordance with
the manufacturer’s specifications, further sealed in double plastic bags and mailed as
quick1y as possible to their respective manufacturers/suppliers for processing. This
latter requirement was particularly pressing for activated charcoal devices, since the
adsorbed radioactivity continues to decay once the exposure is completed. Electrets
were measured in-house using proprietary equipment supplied by the manufacturer.

2.5. Ethical issues

The work reported here was carried out in accordance with the participating in—
stitutions’ ethical codes of practice. All householder details were anonymised,

Table 3
Dwellings completing the project: construction and furnishing features
Feature Total Percentage
Construction materials

Brick 14 40
Brick/breeze 16 47
Stone 4 12

Cellar 10 29
SuSpended wood floors 14 40
Fitted carpets .

Full 20 58
Partial 5 15

Double glazing 29 85
Central heating 34 100
Open fireplace (lounge) 23 68
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any necessary geographical identification being maintained by the use of UK
postcodes.

3. Results

3.1 . Reference technology

Fig. 2 shows typical short-term radon concentration variability reported by the
RAD-7 systems, showing the diurnal order-of-magnitude range typically experi-
enced. Fig. 3 similarly shows typical mean weekly radon concentrations derived from
RAD-7 monitoring in three properties, normalised to the overall mean for each
property to facilitate comparison.

Fig. 4 shows the results from one-week exposures, plotted against the average ra-
don levels determined from RAD—7 measurements in the respective properties over
the periods corresponding to the short-term exposures, together with the line ofunity
slope, while Table 4 summarises linear regression parameters from these plots, to-
gether with comparable data from one-month and three-month exposures.

Analysis of the one-week regression parameters leads to the following conclusions:

o Track-etch detectors represent extremely well the time-averaged real-timeradon
(gradient = 1.01) and exhibit extremely good linearity (correlation coefli-
cient = 0.99) with a moderate background offset (35 Bq m‘3).

o Electret detectors represent relatively well the time-averaged real-time radon
(gradient = 1.07), with good linearity (correlation coefficient = 0.98) and a sig-
nificant background offset of 105 Bq m‘3.

o Activated charcoal detectors have the smallest background offset, 1.5 Bq m‘3,
With good linearity but significantly more scatter, particularly at higher radon lev-
els, than exhibited by the other classes of detector (correlation coeflicient = 0.96).
The raw results from the processing of exposed detectors, provided by the detec-
tor supplier, indicated a constant gradient of 1.22, suggesting that these detectors
respond ‘faster’ to radon than the other types of detectors. Subsequent discussion
with the supplier, however, confirmed that a “margin of error” correction, equal
to +22.2% had been included in the processing protocol provided by the detector
manufacturer (Ahern, 2003). Once this is taken into account, the regression slope
for charcoal detectors against time-averaged radon determinations reduces to es-
sentiall y unity, with background of 1.24 Bq m’3, as indicated in Table 4. This cor-
rected value is used in all subsequent discussion.

One-month and three-month results must be treated with more caution than the
one-week data due to the smaller numbers of data-points. However, these data con-
firm the basic features of the one—week data. Specifically:

a Linearity remains good for all types of detector (correlation coefficients close to
unity).
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Fig. 2. Typical short-term radon concentration variability, as monitored using RAD-7 system.

c Track-etch detectors represent reasonably well the time-averaged real-time ra-
don, with gradients close to unity.

o The decreasing background observed as exposure time increases (Table 4) reflects
the increased precision associated with extended measurements and is consistent
with the regression model obtained from the one—week results.

3.2. One-week (7-day) measurements

On the basis of the foregoing results, it was concluded that the activated charcoal
detector, with its good linearity and almost negligible background offset, represented
the best Option for relating short-term (i.e. one-week) and long—term measurements
statistically. Results from activated charcoal detectors were therefore used as refer-
ence for assessing the results from other short-term detectors in the majority of prop-
erties, where the limited number of RAD-7 systems available had precluded real-time
monitoring.

All sites showed strong week—on-week variability. Using one-week activated char-
coal outcomes from each property as reference, the accuracy with which these were
represented by track—etch and electret detectors was explored. Results are shown in
Fig. 5, for track-etch detectors exposed for periods of one week, one month and
three months, and in Fig. 6 for electrets exposed for 7 days, in each case with the line
of unity slope superimposed for convenience of reference.
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Table 4
Regression parameters for dose-integrating detectors vs. RAD-7

Track-etch Charcoal Electret Track-etch Track-etch
One-week One-week One-week One-month Three-month

Slope 1.01 1.22 1.07 0.93 1.00
Intercept 35.6 1-52 104.8 4.3 1.35
Correlation coefiicient 0.99 0.96 0.98 0.99 1.00

Table 5 summarises the principal conclusions of the one-week comparison against
activated charcoal, presenting regression parameters for track-etch and electret de-
tectors against the corrected activated charcoal outcomes. Both track-etch and elec-
tret systems show good linearity against charcoal, with gradients of 1.01 and 0.93,
respectively, with corresponding correlation coefficients, of 0.89 and 0.79. However,
these are poorer than in the correlation against RAD-7 results summarised in Table
4, reflecting the uncertainties in the comparative values obtained using the measure-
ment techniques.

3.3. One-month (28-day) measurements

Fig. 7 shows the seasonal variation in outcomes from one-month exposures, cal-
culated as the mean normalised (relative to the annual mean for each dwelling)
radon level for all properties taking part, referred to the month of commencing
the exposure, together with RAD-7 results from one dwelling (Property A). Also
shown is the Seasonal Correction Factor for one-month exposures. Over the period
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Fig. 5. Radon levels reported from one—week track-etch exposures vs. radon levels reported from simulta-
neous one—week activated charcoal exposures. Cross: one week, closed diamond: one month, open square:
three months, continuous line: unity slope.
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Fig. 6. Radon levels reported from one-week electret exposures vs. radon levels reported from simulta-
neous one-week activated charcoal exposures.

May 2002—April 2003, the combined one-month seasonal variation in track—etch
outcomes does not match the outcome from RAD-7 monitoring of Property A over
the corresponding period, and shows evidence of a discontinuity between April (of
2003) and May (of 2002). Unfortunately, the available RAD—7 data do not span
the full 12-month period. Moreover, the one-month seasonal variation observed in
the track-etch outcomes over the period May 2002—April 2003 does not match
the cyclical behaviour of the Seasonal Correction Factor.

3.4. Three-month {90 day) measurements

Fig. 8 shows the seasonal variation in outcomes from three—month exposures, cal-
culated as the mean normalised (relative to the annual mean for each dwelling)_radon
level for all properties taking part, referred to the month of commencing the expo-
sure. Also shown is the Seasonal Correction Factor for three-month exposures, again
plotted against the month of commencement.

As with the one-month outcomes, the three-month seasonal variation observed in
the track—etch outcomes over the period May 2002—April 2003 does not match the
behaviour expected by application of the Seasonal Correction Factor, and the

3:25:01} parameters for track-etch and electret vs. activated charcoal as baseline
Track-etch Electret Track-etch Track—etch
One-week One—week One-month Three-month

Slope 1.01 0.930 0.97 1.04
Intercept 56.37 125.54 77.32 32.49
Correlation coefficient 0.89 0.79 0.77 0.78
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assessment and the present study, with some 65% of the properties surveyed experi-
encing increased radon levels.

3.5. Estimation of mean radon Ievelsfrom one-week, one~month
and three-month outcomes

For each property and exposure period, the ratios of one-week and one-month
outcomes to the corresponding three-month outcomes were calculated, giving results
for one-week and one-month track-etch, one-week electret, and one-week activated
charcoal, all vs. three-month track-etch. Fig. 9 plots the distribution of ratios of ac-
tivated charcoal and electret one-week results to the corresponding three-month
track—etch outcomes, together with log-normal fits to these data. Comparable plots
were obtained from the other comparisons.

Using mean and standard deviation for each dataset, 95% confidence levels were
derived representing the probability that one-week or one-month radon levels were
within 5 %/10% /20% of the three-month. radon level, summarised in Table 6. De-
rived from this analysis, Table 7 indicates the threshold levels above/below which
there can be 95% confidence that the indicated annual level is greater/less than
the Action Level of 200 Bq m'3.

4. Discussion

4.1 . Reproducibility

In evaluating the performance of any method of radon measurement, it is critically
important to use some form of primary standard. Although the study reported
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Fig. 9. One-week/three-month ratios —- activated charcoal and electret vs. Gamamdata three-month. Solidbars: charcoal, solid line: charcoal log-normal fit, hatched bars: clectret, broken line: electret log-normal fit.
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Table 6
Probabilities that one-week and one-month outcomes represent three-month track-etch outcomes
Required accuracy (%) Charcoal (%) Electret (%) Track-etch (%) Track-etch (%)

One-week One—week One-week One-month
5 6.6 4.9 5.7 11.1
10 13.2 9.9 11.4 22.0
20 26.5 19.9 22.8 42.1

here was essentially comparative, based largely on single-exposure detectors pro-
cured from a number of validated suppliers, one element, namely the two RAD-
7 systems deployed throughout the study, had been calibrated immediately prior
to the study, and were therefore considered to be reliable secondary standards.
While the possibility is acknowledged that even a perfect set of comparative meas-
urements obtained using two methods might simply result from the two methods
being equally biased, in practice this is unlikely, and the correlations found here
are believed to be real.

4.2. Action Level indicators

A11 detector systems exhibit good linearity with mean radon level during exposure
and all appear intrinsically suitable for use in Domestic and Workplace applications.
Short-term (i.e. 7-day) exposures are possible but a greater proportion of results will
be equivocal than if one-month or three-month exposures were employed, necessitat—
ing repeat exposures. Statistical analysis confirmed that for individual one-week
track-etch, activated charcoal and electret outcomes less than 75, 68 or 59 Bq m'3,
respectively, the annual average is guaranteed (95% confidence) to be below the
UK domestic Action Level (200 Bq m‘3). These outcomes are in good agreement
with the NRPB recommendation (Miles et al., 2004) that “if a well-conducted char-
coal measurement yields a result of 75 Bq m—3 or less, it can be taken as very likely
that the true annual average does not exceed the Action Level of 200 Bq m”3”. Sim—
ilarly, the upper level is set at the point where there is 95% confidence of exceeding
the 200 Bq 1211‘3 level.

Using the known percentage of homes in the counties of Cornwall, Northampton-
shire and Buckinghamshire (areas of the UK with high, moderate and low numbers,
respectively, of properties with radon levels above the Action Level (Green et al.,
2002)), calculations were made of the proportion of measurements with each of
the methodologies resulting in positive indications of radon levels above and below

Table 7
Threshold confidence limits (95%)
Confidence level (95%) Charcoal Electret Track—etch Track-etch NRPB advice
(Bq m-s) One-week One-week One-week One-month Three-month
Lower 68 59 75 109 130
Upper 522 667 518 478 300
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the Action Level, and of the proportion of results which will be equivocal. Results
are summarised in Table 8, which indicates the ranges of measurement over which
short-term radon concentrations derived from the various detector technologiesand exposure periods can be regarded as definitive (95% confidence) indicators ofmean annual levels below or above the Action Level of 200 Bq m‘3. Results fallingbetween these bounds must be regarded as equivocal, necessitating a repeat determi-
nation for resolution. It is evident that 7-day measurements are noticeably more use-
ful in areas with low and medium numbers of properties with radon levels in excessof the Action Level, where the majority of results will be reliable indicators. In anarea, such as Cornwall, with a high proportion of properties with radon concentra-tions in excess of the Action Level, the majority of 7-day results will be equivocal,with only around 5% of results being definitely abnormal. The improved accuracy
offered by three-month determinations in this situation is a significant benefit.One-week exposures would also be suitable for newly-constructed houses with radonprecautions where radon levels are expected to be low. '

4.3. Seasonal Correction Factor issues

Application of a Seasonal Correction Factor implies repetition of the seasonalconditions affecting radon emanation with an annual periodicity, the assumption be-ing made that this periodicity has a sinusoidal form (Pinel et al., 1995). The lack ofcyclical continuity, demonstrated during the course of the present programme by thegeneral disjoint in radon levels between May 2002 and April 2003, suggests that ad-ditional influences, possibly climatological, are driving radon emanation. Similar ev-idence has been reported elsewhere (Martz et al., 1991). Seasonal Correction Factorsare derived from ‘averaged’ data collected from a variety of geologies, many of whichare granitic or otherwise uranium-rich. Although geological influences on radon em-anation have been noted in the literature (Gunby et al., 1993), the present study hasbeen limited essentially to a single, non-granitic geology, viz. Northampton Sand.

Table 8
Action Level thresholds — statistics in high, medium and low—radon counties
Locality Relative One-week One-month Three-month One-week One-week Three-month% above to Action track-etch track—etch track-etch electret charcoal (NRPB)Action Level Level (%) (%) (%) (%) (%) (%) .
High Below 36.2 54.3 55.4 30.2 35.5 61.3Cornwall Equivocal 56.2 40.3 35.1 66.3 60.0 25.923.3% Above 4.6 5.4 9.5 3.5 4.50 12.8
Medium Below 71.4 81.7 82.6 63.3 68.20 85.9Northamptonshire Equivocal 27.7 17.0 15.2 36.0 30.9 10.96.99% Above 0.9 1.4 2.2 0.7 0.9 2.6
Low Below 85.9 93.5 93.5 78.4 83.1 95.9 _Buckingaamshire Equivocal 14.1 6.3 6.3 21.6 16.9 3.81.19% Above 0.0 0.2 0.2 0.0 0.0 0.3
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The observed disparity between the present results and those expected from applica-
tion of a conventional Seasonal Correction Factor raise a number of questions re-
quiring resolution:

0 Do individual geologies exhibit local seasonal variation?
0 Does seasonal variations remain constant from year to year?
0 Are seasonal variations in individual dwellings similar?

5. Conclusions

In order to identify the most applicable technology for short-term domestic radon
measurements, comparative assessments of track-etch, electret and activated char-
coal detectors were undertaken. Thirty—four unremediated dwellings in a high-radonarea were monitored using track-etch detectors exposed for one-month and three-
month periods. In parallel, one-week measurements were made at one-month
intervals, using co-located track-etch, charcoal and electret detectors exposed simul-
taneously, while three homes were also monitored by continuous-sampling detectors
at hourly intervals over extended periods. Calibration of dose-integrating devices
against each other and against recently—calibrated secondary-standard continuous-monitoring systems confirmed good responsivity and linearity. Although track-etch,charcoal and electret devices are suitable in principle for one-week measurements,
zero-exposure offset and natural radon variability cause many one-week results tobe equivocal, necessitating repetition of the measurement. One—week exposures can
be reliable indicators in low-radon areas or for new properties, but in high—radonareas, the use of three-month exposures is indicated. This analysis also established
confidence limits for short-term measurements.
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