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Assessing exposure to granite countertops—part 2: Radon
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Radon gas (**Rn) is a natural constituent of the environment and a risk factor for lung cancer that we are exposed 0 as a result of radioactive decay
of radium (***Ra) in stone and soil. Granite countertops, in particular, have received recen! media aliention regarding their potential lo emit radon.
Radon flux was measured on 39 full slabs of granite from 27 different varieties to evaluate the potential for exposure and examine determinants of radon
flux. Flux was measured at up {o six pre-selected locations on each slab and also al areas identified as potentially enriched after a full-slab scan using a
Geiger-Muller detector. Predicted indoor radon concentrations were estirated from the measured radon flux using the CONTAM indoor air quality
model. Whole-slab average emissions ranged from less than limit of detection to 76.4 Bg/m*/h {(median 3.9 Bq/m%/h), similar to the range reporied in
the literature for convenience samples of small granite pieces. Modeled indoor radon concentrations were less than the average outdoor radon
concentration (14.8 Bq/m?>; 0.4 pCi/ly and average indoor radon concentrations {43Bg/m*; 1.3 pCi/l found in the United States. Significant within-slab
variability was observed for stones on the higher end of whole slab radon emissions, underscoring the limitations of drawing conclusions from discrete

samples.
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Introduction

Concrete, brick, gypsurm, stone, and other structural building
materials have long been recognized as a source of radon in
residential and other buildings (Ingersoll, 1983; Mustonen,
1984; NCRP, 1987b; Stranden, 1988; Khan et al., 1992; Lee
et al, 2001; Sahoo et al,, 2007). Given their low emission
rates of radon and the potential for entry of radon into
occupied areas to be impeded by surface finishes (for
example, paint and flooring), most structural building
materials have been thought to make a negligible contribu-
tion to radon exposures inside a structure (NCRP, 19872, b,
1993). However, with the increased use of natural stone as a
functional and ornamental feature inside Liomes, such as a
kitchen or bath countertop, it is important to determine
whether these natural stones can be a meaningful source of
radon in indoor environments.

These “stone” materials are typically referred to as
“granite”, but in fact can consist of a variety of rock-types
that include granite and marble (hereafter collectively
referred to as “granite”). Radon flux for these stones has
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been previously reported to range from 0.01 to 13.5Bg/m*/h
among ~500 samples of structural and unidentified
granite building materials obtained from several nations of
Africa, Asia, and the Middle East (Khan et al.,, 1992:
Chao and Tung, 1999; El-Dine et al,, 2001; al-Jaraliah,
2001; al-Jarallah et al., 2001, 2005; Petropoulos et al., 2002;
Fazal ur et al., 2003; Stoulos et al., 2003; Sundar et al., 2003;
Arafa, 2004; Gsmaniiogln, 2006: Singh et al, 2008;
Sonkawade et al., 2008}). The extent to which the granite
samples examined in those studies represent inventories of
natural stone countertops has not been evaluated. Moreover,
thorough exposure assessments of radon ermissions from these
types of stones were not conducted. Consequently, the potential
for natural stone materials used as kitchen and bathroom
countertops to be an important source of radon exposure in
indoor air has not been assessed in a rigorous manner.

To address this knowledge gap, radon flux was determined
for 39 full slabs of granite intended for sale as countertop
material in the United States. As an installation of counter-
top typically includes most or ali of a slab, estimates of
the slab-average radon flux are a primary product of the
investigation. Potential covariates of slab-average radon
flux, such as surface condition of the slab, intra-siab variation
of radon flux, and radium activity concentrations, were
evaluated as predictors of radon emissions for possible use in
future analyses. Indoor air concentrations of radon released
from granite countertops inside 2 home were estimated from
the measured fluxes used as input for a generally accepted
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indoor air quality model. Finally, granite countertop-related
radon exposure was characterized using normative data and
guidance published by the US Environmental Protection
Agency.

Methods

Overview

A total of 39 different slabs of natural sione intended for sale
as granite countertops were evaluated, with at least one slab
from each of 27 unique varieties of stone. Three slabs from
each of six varieties of granite were analyzed to assess the
variability that can exist across slabs of the same type. Along
with assessing flux across granite varietes, the study design
allowed for: assessment of intra-slab variability; comparison
of full-slab evaluation versus discrete sampling; and identi-
fication of factors that may influence radon flux, Market
.share was determined from 1 year of the most recent sales
data obtained from 13 of the largest suppliers of granite
in the United States, representing nearly 800,000 sales
of granite from 18 countries.

Testing was first conducted on intact, full slabs, with each
slab measuring ~3m x 1.8m x 3.2cm. Radon flux was
determined simultaneously at up to six evenly distributed
and pre-determined locations selected using a standardized
grid template. These measurements at pre-determined
locations were supplemented by screening the entirety of
cach slab using a Geiger-Muller {GM) counter to identify
potentially enriched areas defined as > 500 counts per minute
{c.p.m.} of radioactivity). A value of 500 ¢.p.m. was selected
as the criteria for identifying potentially enriched areas based
on pilot testing (7=757), in which 99.6% of measure-
ments were <250¢.p.m., and only 3 measurements were
> 500 c.p.m. Flux measurements were also obtained at these
potentially enriched areas. During all sampling evenis for
radon flux, slabs were placed in a horizontal position across
supports ~1m above the ground. The supports only made
contact with a limited area of the slabs, which enabled free
flow of air underneath the slab. Seven of the slabs were
selected for additional testing to characterize radon emissions
from the unpolished, bottom surface of the granite. Two
small pieces 6.5 cm x 13 cm were then cut from opposite ends
of each slab and measured for radon flux (o determine
whether discrete samples could be a useful predictor of
whole-slab radon emissions.

Radon Flux Measurements

For intact, full-slab sampling, radon flux was measured at
each sitc using a flux chamber connected 1o a real-time radon
monitor with a rapid response time {(Durridge Rad-7 Radon
Monitors, Bedford, MS, USA). The radon monitor has a
reporied accuracy range of + 5%, and the reported precision
is +54% at 37Bg/m® (1pCi/l) and *12% at 740 Bg/m’

2

(20 pCifi) for 1-h average measurements. The radon monitor
was purged for at least 10 min before beginning a test. For
each test, the flux chamber (volume of 0.0016 cubic meters
{(m’) and surface area of 0.038 square meters {m?)) was fit to
a rubber gasket, placed on the granite surface at the pre-
specified location, and weighted with 0.9 kg {2 pounds) to
seal the gasket against the surface. The monitor and tubing
added an additional 0.0013m° to the flux chamber setup,
bringing the total volume to 0.003 m>. The radon monitor
drew and returned air at a flow rate of 0.7 I/min, resulting in
constant air pressure in the flux chamber. Air from the flux
chamber was passed through a desiccation column to remove
any moisture,

One-hour integrated radon concentrations were recorded
every hour, for a minimum of 24h. These measurements
were subsequently characterized as follows:

G = Co(1 — &™) (1)

where C, is the 1-h average radon concentration at time ¢
(Bg/m%), Ciar is the saturated radon concentration (Bg/m?),
k is total instantaneous loss rate for radon {per h), and ¢ is
the elapsed time (h). In this equation, k is the sum of loss
by radioactive decay of radon, diffusion through the slab,
and any leakage between the sampling system and the
granite slab. The parameters Cy, and k were estimated from
equations (1) using an iterative curve-fitiing method imple-
mented with the NLIN procedure in SAS statistical software
(SAS Institute, Cary, NC, USA).

Radon flux was then calculated using the estimate of
Cea and k, based on the following equation:

Fo CaX Vxk 2)

A \

where F is the flux (Bg/m?/h), ¥ is the total volume of
sampling system (m®), and A is the surface area under the
flux chamber (m?).

For granite slabs that had potentially enriched areas identified
using the GM (3 out of 27 granite varieties), slab-average flux
was calculated using a weighted average approach based on
the percent of surface area represented by each test chamber,
For the remaining stones, slab-average flux was calculated as
the average of the results for the six pre-determined locations.

For the discrete sample testing, two pieces obtained from
the corners of each slab were measured for radon flux {denoted
Cl and C2). Each 6.5cm x 13¢m sample was separately
placed inside the flux chamber described above and the bottom
of the chamber was sealed against an impermeable aluminum
membrane. All flux calculations were conducted in the same
manrner as for the full-slab surface testing. In addition to the
flux measurements, the radium-226 (226Ra) activity of each
corner sample was measured using gamma spectroscopy with
a high-purity germanium detector, the details of which are
described in Myatt et al. {2009).
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Exposure Modeling

The CONTAM multi-zone indoor air quality model (Walton
and Dols, 2003) developed by the National Institute of
Standards and Technology (NIST) was used to estimate
indoor radon concentrations followin g a previously published
methodology (Myatt et al,, 2008; MacIntosh et al,, 2009).
Briefly, airflow among indoor and outdoor zones of the
building {that is, rooms and ambient air) in CONTAM
occurs through flow paths such as doors, windows, and
cracks. The empirical power law relationship between airfiow
and pressure differences across a flow path is ysed to calculate
inter-zonal flow in the model. Airflow between indoor zones
induced by a recirculating, forced air heating and cooling
system can also be simulated with CONTAM. Ornce airflows
among zones are established, pollutant concentrations based
on sources and sinks in each zone are calculated using mass
balance equations.

The model was run under four scenarios— two home
ventilation conditions (natural ventilation and forced air
heating and cooling) for each of two residential building
templates developed by NIST. The home templates represent
a post-1990, two-story detached home and a pre-1940,
single-story detached home (Table ). An important variable
in modeling expected indoor air contaminant concentrations
is the home ventilation rate, typically measured as air changes
per hour (ACH). Air exchange rates in residential buildings
vary based on the type of construction, variability in weather,
and geographic region (ASHRAE, 2005). Typical air
exchange rates for residential buildings in North America
range from a seasonal average of about 0.2 ACH for tightly
constructed homes to upward of 2 ACH for loosely
constructed housing (ASHRAE, 2005). Additional studies
have shown that an ACH of ~0.5 is a reasonable estimate of
average seasonal air exchange rate for residences (Grimsrud
et al., 1982; Palmiter and Brown, 1989; Ek et al., 1990;
Parker et al., 1990). The low end of the range, 0.2 ACH, was
used as the annual average ACH for the naturally ventilated
newer home scenario and the average of 0.5 ACH was used
for the naturally ventilated older home scenario,

A radon flux of 1 Bq/m?/h and the surface area parameters
identified in Table 1 were used to perform unit emission
model runs with CONTAM. Results from the unit emission
model runs were then scaled to represent the full range of
radon flux values measured in this study. The modeling
results are summarized on a whole-house average and room

Table 1. Characteristics used to estimate indoor uir radon concentrations for

average basis for each residential scenario to characterize the
variation of estimated countertop-related indoor radon
among and within homes. In addition, the average of the
four residential scenarios is reported for the slab-average flux
of each granite type included in this study to provide an
estimate of the potential slab-specific contribution to indoor
radon.

Sales data of 2 months obtained from a natural stone
supplier were used to estimate the surface area of granite
countertop in homes. The average installation calculated
from these data comsisted of 4.7m? (50ft%) and 1.7m>
(1811%) of granite countertop in kitchens and bathrooms,
respectively. Countertop allocated to bathrooms was divided
among the bathrooms in each template. The total footprint
of 6.4m> (68 ft?) was exirapolated to an overall surface area
for radon flux of ~13.4m? (144 %) accounting for potential
emissions from the top, boitom, and edges of the countertop.

Statistical Analysis

Statistical analyses were performed using SAS Statistical
Software (SAS 9.1.3 Service Pack 4; SAS Institute), and
include summary descriptive statistics, Wilcoxon Signed-
Rank Sum tests, Spearman rank correlations, linear regres-
sion, and linear mixed effects models. In regression models,
outcome variables were natural log-transformed to satisfy
normality assumptions. Non-linear curve fitting used to
estimate k and C, was performed with initial parameters
of 1.27 and 0.06, respectively. Statistical significance was
defined at the o« =0.05 level.

Quality Assurance

Quality assurance samples were obtained in the field
throughout the period when radon flux measurements were
made. Repeated measurements were made on alternate
sampling days from 2 location on a single slab with relatively
low radon flux (average of 3.8 Bq/mz/h) to provide conti-
nuing calibration and to establish the method limit of
detection (LOD). The LOD was 0.8 Bq/m?/h, calculated as
three times the standard deviation of repeated testing on the
control sample. In addition, radon concentrations in air of
the test room were measured on alternate days to control
for potential variation in background levels of radon. The
average indoor radon concentration during the sampling
period was 37 Bq/m’> {1 pCifly, similar to the median indoor
radon concentration for the United States {Marcinowski

homes with natural ventilation and forced air central air conditioning

CONTAM Age Air exchange rate per hour No. of floors

Horme surface area, m? (1%

No. of bath  Countertop surface area, m? (#%)

Template

Natural (Forced air) Home Kitchen Bathroom Kitchen Bathroom
DHT72 Before 1940 G.5 0.4 177 {1900) 28 (300) 18.6 (200) 2 4.7 (50) 1.7(18)
DH28 After 1990 0.2 0.2 2 279 (3000) 18.6 {200) 34.4 (370) 3.5 4.7 (50) 17 (18)
Journal of Exposiure Science and Environmental Epidemiology (2009), 1-10 3
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et al, 1994). Sampling devices were rotated between field
tests and quality assurance tests to limit any potential
instrument bias.

A three-phase diagnostic test was used to quality assure the
estimates of Cy; and k& obtained from the curve-fitting
procedure: (1) data points were plotted with the correspond-
ing best-fit curve and visually inspected for anomalies or
outliers, (2) final flux chamber concentrations had to exceed
74 Bg/m® (2.0 pCi/l) {which is approximately four times the
sensitivity of the instrument), and (3) model R? values had to
be greater than 0.40. Samples failing any of these criteria
were determined to be less than LOD and assigned a value
of % LOD for statistical anafyses. Emission rafes were not
blank corrected for purposes of estimating slab-average flux
and indoor radon levels.

Results

Radon Flux Measurements

Summary statistics for radon flux measurements from the 39
granite slabs (27 unique varicties) are shown in Table 2, with
results presented in order of decreasing market share. Resulis
are shown separately for measurements taken on the top or
bottom of the stone, whether or not the bottom had a
fiberglass backing, and whether the measurements occurred
at pre-defined sampling locations (*“Grid”) or potentially
enriched areas identified with the GM (“Off-Grid™). Siab-
average radon flux ranged from <0.8 to 79 Bq/m?/h, with a
median of 3.9 Bq/mz/h (average 9.6 Bq/mz/’h). The maxi-
mum flux value for any single sample was 1,300 Bg/m%/h.
For the slab with the maximum value (stone no. 24), the
small area represented by the maximum flux combined with
very low emissions from the bottom of the slab indicate a
full-slab emission rate of 79 Bq/m?/’h.

Of the seven granite slabs selected to characterize radon
emissions from the unpolished, bottom surface of the
granite, two had fiberglass mesh backing on the bottom
surface, a material and technique that is commonly used to
provide structural support to a slab. Radon emissions from
bottom surfaces with backings were up to three orders of
magnitude lower than the top surface, even though these two
slabs were on the high end of the distribution for radon
emissions on the top surface (Table 2). The results of a paired
analysis between the polished and unpolished surface
(Wilcoxon Signed-Rank Sum test) for the five granite slabs
that did not have the fiberglass mesh backing indicate that
radon emissions from the unpolished surface were similar to
the polished surface, on average (difference 0.1-6.0 Bq/m?/h;
P=0.76; n=35).

The slab-average radon emission results in Table 2
incorporate fiux vaiues from the underside when measured.
For several slabs that had backing on the underside but
no corresponding measurements, the expectation is that the
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side with backing would have significantly reduced radon
emissions. However, as we did not have measurements
to confirm this effect for all slabs with backing, the results
presented did not have any correction applied and are
presumed to provide an overestimate of emissions.

There was a strong, positive relationship between slab-
average radon flux and within-slab variability (Spearman
r=0.96; P<0.01) (that is, slabs at the higher end of radon
flux exhibited the greatest within-slab variability) (Figure 1a).
For one slab at the higher end of radon emissions, the
difference between the minimum and maximum  flux
measurements spanned three orders of magnitude, whereas
several slabs at the lower end of emissions had all
measurements less than the detection limit. Similarly,
comparing slabs of the same color {six types), slabs at the
higher end of radon emissions exhibited greater within slab
variability than those at the lower end.

Radon flux from discrete corner samples (C1 and C2)
is also presented in Table 2. Radon flux for the two corner
samples obtained from each slab were significantly correlated
(Spearman r=0.64; P<0.01), although flux differed by
approximately a factor of 10 for seven pairs of corner
samples. Cl and C2 samples were independent significant
predictors of log-transformed slab-average flux in linear
regression analyses (P<0.01). The slopes from the models
suggest a two unit increase in slab-average flux for every
unit increase in discrete sample flux, on average, yet for
some sampiles, the discrete samples are 10-fold higher than
slab-average flux. This general lack of predictability is
evidenced by the R? values from the models, which indicate
that the discrete corner samples explain a relatively small
amount of variability in slab-average flux (R*=10.32 (Cl);
0.23 (C2)).

As expected, radium content, measured in Bg/kg (Myatt
et al., 2009), from the discrete corner samples was signi-
ficantly associated with radon flux from the same samples
(Spearman r=0.76; P<0.01) (Figure 2). Additionally,
in linear regression analyses, ***Ra activity measured in the
corner samples was a significant predictor of slab-average
flux, on average {(P<0.01), yet the model R> values were
moderately low (R?=0.41 (C1}; 0.38 (C2)).

Predicted Contribution to Indoor Radon
The predicted whole-house average radon concentrations
for the four scenarios (old and new home, with both run
under two ventilation rate conditions) are all <15.2 Ba/m’
(0.4pCi/l) for the full range of slab-average radon fluxes
presented in Table 2. The newer home {template DH28) had
higher predicted radon concentrations compared with the
older home (template DH72), which can be explained by the
lower ACH in the newer home (0.2 ACH versus 0.4-0.5
ACH).

Results for the newer home (template DH28) under the
natural ventilation scenario are presented in Figure 3.

jology (2009}, 1-10
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Table 2. Continued

Min Median Max Slab avg Cl

Std dev

N Mean

Side Location

Back mesh

Granite name

% Market

Granite

share

color no

4.9

14
210

2.6
100

6.0 1.5
74

5.3
120

Grid

Top

Nile Gold 3

5

Off-Grid

Grid
Grid

5.2 1.8 1.7

6.0
8.1

4.2

32
4.1

1.0
1.5

12
12

44
59

Top

Kashumir Gold

25

6.0
21

Bottom
Top
Top
Top
Top

30
14

3.1
12

83 23

13

6

Grid

Kashmir Gold 2

48 27

26

27

Grid

Kashmir Gold 3

Golden Peach
Shiva Pink

0.95
3.0

1.8 0.97

2.2
85
8.8
8.6

16
57

1.8
5.5

1.5
2.1

0.31
2.1

1.8
54
5.7

48

4

Grid
Grid

0.2
<0.01

26
27

55

30
34
4.0

57

24
2.0
5.6

NA

4

Grid
Grid
Grid

Bottom

Top
Top

1.4
2.7

13

4.8
13

4.2
7.6

57

Shiva Pink 2
Shiva Pink 3

33

9.8
57

1

Off-Grid

Estimated radon concentrations in the source rooms
(kitchen, bathroom) were higher than the corresponding
whole-house concentrations, although the degree of between-
room variation was muted for the forced air ventilation
scenario because the central fan and supply air distribution
system provided a relatively homogeneous distribution of
radon throughout the home. Although kitchen concentra-
tions are higher in the naturally ventilated home, the forced
air ventilation scenario actually yielded higher whole-house
radon concentration estimates owing to a more uniform
distribution of air throughout the home.

Measured radon flux from this study, predicted indoor
radon concentration, market share data, and radon reference
values are presented in Figure 4. The six granite types for
which radon flux was measured from three slabs are denoted
with an asterisk (*} in Figure 4. The variability observed
among the triplicate slabs is depicted, with bars showing the
range in slab-average radon emissions. The granite types that
constitute the majority of slabs sold are on the lower end of
radon emissions and exhibit the least variability. Granite
types on the higher end of radon emissions generally
exhibited greater variability and account for <1% of the
market share.

Discussion

Slab-average radon flux observed in this study was similar to
radon emissions reported previously for samples of granite
building materials. In 14 peer-reviewed studies representing
over 500 granite samples collected around the world, radon
flux ranged from 0.01 to 13.5 Bq/mz/h {Khan et al., 1992;
Chao and Tung, 1999; El-Dine et al.,, 2001; al-Jarallah,
2001; al-Jarallah et al., 2001, 2005; Petropoulos et al.,
2002; Fazal ur et al., 2003; Stoulos et al.,, 2003; Sundar
et al., 2003; Arafa, 2004; Osmanlioglu, 2006; Singh et al.,
2008; Sonkawade et al., 2008). In comparison, we found
slab-average radon flux of <0.8-79 Ba/m*/h. The previously
published reports do not include detailed information on
the types of granite that were evaluated, thus those fux
measurements cannot be linked to specific types of granite
sold as countertop. Moreover, descriptions contained in these
papers indicate that the samples include granite intended for
uses other than countertops in residences. Nonetheless, radon
emission characteristics of the countertop slabs included in
this study and the graniie samples reported in other reports
seem to be similar,

Some of the slabs in our study exhibited z substantial
amount of spatial variability in radon flux, as indicated by
the modest strength of the association between radon flux
found for (1) multiple locations on a single slab; (2) comer
samnples of the same stone; and (3) individual sample results
and estimates of slab-average flux as well as the effect of
surface conditions such as polishing and fiberglass mesh
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Figure 1. Relationship between slab-average radon flux and within-slab variance {a), and radon flux measured from corner pieces (C1 + C2) from

the same slab (b).
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Figure 2. Relaliogship of radium activity concentration (Bg/kg) and
radon flux (Bg/m?/h) in one set of corner samples.

backing. The strong concordance observed between the
226Ra-series activity and radon flux in the corner samples
indicates that the intra-slab variation of radon flux reflects
heterogeneity of “**Ra concentrations in the stone.
Intra-slab varation of radon flux could also be influenced
by the concentration gradient in the fux chamber, and
any corresponding back diffusion through the slab. This
cffect would manifest as a difference in the overall loss
rate (k}, estimated using the curve-fitting method between
locations with high and low flux. However, we found no
significant association between 4 and flux (linear mixed
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Figure 3. Whole-house and room-specific predicted indoor radon
concentrations in a model home under a natural ventilation scenario.

effects model; P=0.56), which suggests that differences in
back diffusion among test locations are not an important
contribuior to the intra-slab variation in radon fux that
was observed.

Variability of radon flux within a slab was also found to be
influenced by the presence of fiberglass mesh backing that
was present on some of the stones. Radon emissions from the
side with backing were up to three orders of magnitude lower
than the polished side intended to be the top surface of
the counter. Measurementis taken on a countertop surface
without accounting for backing material on the underside
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could potentially lead to incorrect conclusions regarding full-
slab radon emissions. Additional testing would be required to
determine whether mesh backing helps mitigate the overall
flux of radon from granite countertops. Emission rates
were observed to be similar on the unpolished side of a slab
for slabs without backing. Further research would need
to be conducted to verify whether emission rates could
vary between the two surfaces, perhaps as a result of
differences in surface area and porosity caused by the
polishing process.

The extent of within-slab variation in radon flux indicates
that exposure assessments for granite countertop-related
radon need to consider the full slab rather than spot
measurements. Reliance on an elevated flux or radium
measuremert from a smail sample may lead to an erroneous
conclusion that the entire slab will make an important
contribution {o radon emissions {conversely, a low measure-
ment on a localized area may lead to a conclusion that
the entire slab is low emitting). This finding underscores
the importance of full-slab evaluations, particularly for
higher-emitting slabs, which showed increased intra-siab
variability.

Testing of multiple locations and sides of a slab and
calculation of slab-average radon flux as described here is one
possible approach for evaluating granite countertop materials
on a whole-slab basis. The requirement of aumerous detailed
measurements and the possibility of selecting locations that
are not representative of total slab emissions of radon are
limitations of this approach. Whole-slab testing in large-scale
environmental chambers could also be employed to
characterize radon flux from an entire slab. We found good

3

agreement between the predicted indoor radon concentration
determined from whole-slab radon flux characterized using
the grid sampling approach in this study (2.1 Bg/m?;
0.056 pCi/l} and a full-chamber test (1.2Bq/m* 0.033
pCi/l) applied to a granite couniertop that was cut and
finished for use in a home. In addition to these methods,
portal screening devices for the ***Ra-series, possibly similar
to the detectors used at points of entry in airports and other
sensitive locations, could also be effective for obtaining
estimates of whole-slab radon flux.

Estimated Indoor Radon Concentrations

The majority (82%) of granite slabs tested in this study have
radon emissions that correspond to predicted indoor radon
concentrations < 1.9Bg/m™ (0.05 pCifl). For the highest
emitting slab in a tightly constructed house (worst case analysis
for this study), the predicted whole-house annual average radon
concentration is <11.1Bq/m* (0.3 pCi/l). To characterize
exposure 1o radon in indoor air of residences as a result of
emissions from granite countertops, indoor air concentrations
estimated from the measured radon fiux can be compared with
relevant benchmarks that include: ( 1) radon contributions from
other sources in the home, (2) exposure guidelines for radon,
and (3} background levels of radon.

Information on radon emissions was compiled for
concrete, gypsum, and brick reported in the scientific
literature to facilitate a comparison with emissions from
granite countertops observed in this study. The average
radon ernissions for gypsum and concrete are 4 Bq/mz/h and
8 Bq/m*/h, respectively, calculated based on over 300
measurements of these common building materials (Ingersoll,
1983; Mustionen, 1984; Chao and Tung, 1999; Petropoulos
et al.,, 2002; Stoulos et al., 2003; Maged and Ashraf, 2005; de
Jong et al,, 2006; Kobeissi et al., 2008; Ngachin et al., 2008;
Sonkawade et al, 2008). Although the average radon
emission rates for these building materials are similar to
granite measured in this study (3.9Bq/m%h) and in the
scientific literature (1 Bq/m?/h; 15 studies cited in the first
paragraph of the Discussion), it is important to consider
the mass of material in a home that may be emitting
radon. A typical surface area potentially ermitting radon for a
granite countertop is 13m* (144 1t%), whereas that surface
area may be 40 times higher for gypsum (550 m?), and 10
times higher for concrete (140m?). These data suggest
that emissions of radon from granite countertops may be
a minor fraction of total radon emissions from building
materials for a home constructed of concrete or gypsum
board walls.

The US Environmental Protection Agency has established
an action level of 148Bq/m® (4.0 pCijly for radon in
residential indoor air (US EPA, 1993). Similarly, the ICRP
recomnmends an action level for radon in indoor air of
dwellings that is no lower than 200 Bq/m’® (5.4 pCi/) (ICRP,
2005). In specific reference to building materials and radon,
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the EC states that the amount of radium in building materials
shouid be below a level where it is likely to be a major
contributor to radon concentrations in indoor air that exceed
200 Bg/m® (5.4 pCi/l) (BEuropean Commission, 1999}, The
market-share-weighted average concentration of radon in
indoor air attributable to emissions from granite countertops
measured in this study was estimated 1o be ~0.3Bg/m’
(0.009pCift), ~400 times lower than the action level
recormmended by the EPA. However, a limitation of this
analysis is that the stones from this study represent ~30% of
market share. The indoor radon concentration estimated for
the highest emitting stone (11.1 Bq/m?; 0.3 pCi/l), is approxi-
mately one-tenth of the US Environmental Protection
Agency action level of 148 Bg/m’ {4.0pCi/l), one-fourth
of the average concentration of radon in indoor air of US
homes (48 Bg/m®; 1.3 pCi/l) (Marcinowski et al., 1994), and
about equal to the average outdoor radon concentration in
the US of 14.8 Bg/m® (0.4 pCi/l) {INCRP, 1987y,
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