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• 5 radiogeochemical datasets were used to map the geogenic indoor radon potential.
• An indoor radon potential was determined for each criterion using ANOVA.
• A combined indoor radon potential was determined and mapped.
• The radon potential based on indoor radon measurements only was mapped.
• The two maps were compared to validate the predicted geogenic radon potential.
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This paper presents a relevant approach to predict the indoor radon potential based on the combination of the
radiogeochemical data and the indoor radon measurements in the Quebec province territory (Canada). The
Quebecministry of health asked for such amap to identify the radon-prone areas tomanage the risk for the pop-
ulation related to indoor radon exposure. Three radiogeochemical criteria including (1) equivalent uranium (eU)
concentration from airborne surface gamma-ray surveys, (2) uranium concentration measurements in sedi-
ments, (3) bedrock and surficial geology were combined with 3082 basement radon concentration measure-
ments to identify the radon-prone areas. It was shown that it is possible to determine thresholds for the three
criteria that implied statistically significant different levels of radon potential using Kruskal–Wallis oneway anal-
yses of variance by ranks. The three discretized radiogeochemical datasets were combined into a total predicted
radon potential that sampled 98% of the studied area. The combination processwas also based on Kruskal–Wallis
one way ANOVA. Four statistically significant different predicted radon potential levels were created: low,
medium, high and very high. Respectively 10 and 13% of the dwellings exceed the Canadian radon guideline of
200 Bq/m3 in low and medium predicted radon potentials. These proportions rise up to 22 and 45% respectively
for high and very high predicted radon potentials.
This predictive map of indoor radon potential based on the radiogeochemical data was validated using a map of
confirmed radon exposure in homes based on the basement radon measurements. It was shown that themap of
predicted radon potential based on the radiogeochemical data was reliable to identify radon-prone areas even in
zones where no indoor radon measurement exists.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

In the last decades, studies showed that radon and its decay products
are carcinogenic to humans and were classed as a group 1 substance
(IARC, 1988). Alpha particles emitted from radon gas and its solid
decay products are the second leading cause of lung cancer after tobacco
smoking (WHO, 2009).Many countries developedmaps of radon-prone
areas to manage the exposure of their population to high indoor radon
concentrations (Alexander and Devocelle, 1997; Appleton and Miles,
2010; Apte et al., 1999; Ball and Miles, 1993; Barnet et al., 2006; Doyle
Drolet).

ghts reserved.
et al., 1990; Gundersen and Schumann, 1996; Heincke et al., 2008;
Kemski et al., 2008; Lévesque et al., 1995; Martel, 1991; Savard et al.,
1998; Skeppström and Olofsson, 2006; Smethurst et al., 2008; USEPA,
1993). After Health Canada lowered the Canadian radon guideline
from 800 to 200 Bq/m3 in 2007 (Health Canada, 2007), an Action plan
about radon was prepared by the Quebec intersectorial radon commit-
tee. Mapping the radon-prone areas all over the Quebec territory was
one of the main objectives of this Action plan. This new tool would
help public health authorities identify populations living in zones with
potentially high indoor radon levels and determine uniform and inte-
grated management strategies.

There are two distinct approaches to map radon-prone areas:
1) maps based on direct indoor radon concentrations and 2) maps
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based on geological information relevant to radon (Miles, 1998). Be-
cause Quebec is a vast territory with sparsely populated regions, the in-
door radon concentration coverage is not uniform. There aremany areas
with nonexistent or limited indoor radon measurements. Mapping the
radon-prone areas for the entire province of Quebec was done by
combining radiogeochemical measurements and indoor radon con-
centration measurements. The radiogeochemical data selected to
map radon-prone areas were based on their availabilities and their
redundancies in international studies: (1) equivalent uranium (eU)
concentration from airborne surface gamma-ray measurements,
(2) geochemistry (uranium concentration in sediment samples), and
(3) geology (bedrock units and surficial deposits) (Drolet, 2011).
Drolet et al. (2013) showed that there are positive proportion relation-
ships (PPR) between the radiogeochemical measurements and the
basement radon concentration measurements. They also showed that
those PPR along with statistical studies are efficient to determine a
radon potential based on each criterion individually.

The objective of this paper is to create a map having four different
levels of radon potential (low, moderate, high and very high) based on
the combination of the individual radon potentials calculated from the
three above radiogeochemical criteria. The combination methodology
is a statistical approach that uses Kruskal–Wallis one way analyses of
variance by ranks (ANOVA). The paper also presents a validation of
the thresholds set for the radiogeochemical data relevant to indoor
radon levels and a combinationmethodology of these radiogeochemical
data into a map of predicted radon potential.

2. Material and methods

2.1. Material

2.1.1. Existing methodologies to map radon-prone areas
Maps of radon-prone areas based on geological information relevant

to radon have been developed in many countries and were made fol-
lowing differentmethodologies. Some use correlations between geolog-
ical surveys and indoor radon concentrations (Appleton et al., 2011;
Barnet et al., 2006; Chen et al., 2011; Doyle et al., 1990; Friedmann
and Gröller, 2010; Garcia-Talavera et al., 2013; Gruber et al., 2013;
Heincke et al., 2008; Ielsch et al., 2010; Kemski et al., 1992, 2001,
2008; Miles and Appleton, 2005; Savard et al., 1998; Smethurst et al.,
2008; Verdoya et al., 2009; Wattananikorn et al., 2008). Authors set
thresholds on radon-related variables (uranium concentrations in soils
and rocks, equivalent uranium concentrations from gamma-ray
surveys, soil gas radonmeasurements, percentages of dwellings that ex-
ceed the action level and building characteristics) to estimate levels of
radon emission potential. Another radon potential mapping methodol-
ogy is based on a multi-factor scoring system (Chen, 2009; Gundersen
and Schumann, 1996; Skeppström and Olofsson, 2006; USEPA, 1993).
Again, thresholds are set for radiogeochemical surveys and a scoring
system is determined for each criterion. Summing the points attributed
to each criterion gives a total score that is discretized into final radon
potential categories. The multi-factor scoring system methodology
was not applicable to map Quebec radon-prone areas because it is not
effective when only one criterion is available in a territory (Chen,
2009) like it is the case in the highly populated Montréal and Laval
regions where only the geology criterion is available.

2.1.2. Available datasets
The datasets are made of: (1) basement radon concentrations,

(2) equivalent uranium (eU) concentrations from surface gamma-ray
measurements, (3) uranium concentrations in sediments, (4) bedrock
units and (5) surficial deposits. The basement radon measurements
dataset totalizes 3082 data from the Quebec Ministry of Health and So-
cial Services partners including Quebec Lung Association (QLA) (63%)
and Health Canada (37%) (Fig. 1).
Positive proportion relationships were established between
radiogeochemical measurements and 1417 basement radon concentra-
tion measurements conducted in Quebec (Drolet et al., 2013). Equiva-
lent uranium concentrations from surface gamma-ray measurements,
uranium concentrations interpolated from geochemical surveys and
the geology criterion were discretized into statistically similar groups.
Kruskal–Wallis one way ANOVA (with a p-value of 0.05) on basement
radon concentrations within each class were used to calculate thresh-
olds that indicate different levels of radon potential. Equivalent uranium
concentrations from airborne surface gamma-ray measurements were
discretized into three groups while uranium concentrations interpolat-
ed from geochemical surveys and the geologywere discretized into two
groups (Table 1).

Statistical calculationsweremade on basement radon concentration
measurements within each group. Medians, 25th and 75th percentiles,
geometric means and percentages of dwellings exceeding the three
North American radon guidelines (150, 200 and 800 Bq/m3) increase
from the first to the last row of Table 1. Groups in the first row implied
the lowest radon potential while those in the second row, a higher
radon potential level. The gamma-ray spectrometry criterion ≥
1.25 ppm has the highest radon potential. The methodology that com-
bines the radon potential from each criterion into a total radon potential
is presented herein.

2.2. Methods

2.2.1. Validation of the thresholds set for each discretized criterion
The thresholds limiting the statistically different groups were deter-

mined by calculating p-values with Kruskal–Wallis one way ANOVA by
ranks. The hypothesis that the compared groups shared a common
basement radon concentration mean can be rejected at the 95% con-
fidence level when a p-value lower than 0.05 was calculated. Those
p-values were calculated from the basement radon concentration
dataset that included 3082 indoor radon measurements.

2.2.2. Combination of the radon potentials based on the three criteria
The information for the three radiogeochemical criteria was extract-

ed for each of the 3082 basement radon concentration measurements
using ESRI's ArcGIS 10.0 (ESRI, 2012). Table 2 shows the possible groups
for the three criteria. A “No data” group was added for the airborne
gamma-ray spectrometry and the geochemistry criteria because these
predictors do not cover entirely the Quebec territory contrary to the
geology criterion. By adding a “No data” value to the gamma-ray spec-
trometry and geochemistry criteria, all the three criteria have a possible
value at each cell in the studied area. The size of the cells is inhomoge-
neous between the three criteria. The uranium concentrations in sedi-
ment dataset are made of a 100 m × 100 m grid and the bedrock unit
dataset of a 40 m × 40 m grid. The eU concentrations from surface
gamma-ray measurement dataset are made of multiple surveys having
their grid sizes ranging from 25 m × 25 m to 1 km × 1 km. Non-
dimensional values (0–1–2–N.D.) were also associated to each group
as a simplification. For example, a basement radon concentration occur-
ring in a region where there is a gamma-ray concentration of 2 ppm in
equivalent uranium (“≥1.25 ppm of eU” group), with non-existing
interpolated geochemical data (“No data” group) and over a uranium-
rich bedrock unit not confined by a silt/clay barrier (“Radon-prone
units” group) was associated to non-dimensional values 2, N.D., and 1.
Having four airborne gamma-ray spectrometry groups, four geochemis-
try groups and two geology groups, there are 32 possible scenarios.
Powers of two values (2n where n is a non-negative integer ranging
from 0 to 9 herein) were also attributed to each group (Table 2).
Summing the powers of two related to each scenario leads to 32 unique
summations ranging from 273 to 648 (Table 3). Previous example
(2–N.D.–1) could be expressed as 4–128–512 in terms of powers of
two and would represent scenario 644 (4 + 128 + 512 = 644).



Fig. 1. Location of the basement radon concentration measurements of the Quebec dataset.

Table 2
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Kruskal–Wallis one way ANOVA by ranks was performed on base-
ment radon concentrations within scenarios (Table 3) to determine if
some of the scenarios were statistically similar, i.e. the basement
radon concentrations within these scenarios share a common mean at
the 95% confidence level. The ANOVA and p-values were calculated
with SigmaStat's functions featured into SigmaPlot 12 (Systat Software
Inc.). If a p-value above 0.05 was calculated when comparing two sce-
narios, the basement radon concentration distributions within these
two scenarios were not significantly statistically different. The radon
emission potential associated to these two scenarios could then be
statistically similar, i.e. the exposition to a specific radon level could be
statistically the same. This methodologywas used to regroup statistical-
ly significant similar scenarios into groupings.

Starting with the 32 scenarios presented in Table 3, two scenarios
were initially removed from the regrouping analysis (scenarios 328 and
584) because there is no basement radon measurement included in
these scenarios. Regrouping analysis then started with 30 scenarios, all
of them containing at least one basement radon concentration
measurement.
Table 1
Discretized criteria into three (airborne gamma-ray spectrometry) or two (geochemistry
and geology) statistically different groups based on the Kruskal–Wallis one way ANOVA
results (from Drolet et al., 2013).

Airborne gamma-ray
spectrometry (x: eU
concentration in ppm)

Geochemistry
(y: U concentration
in ppm)

Geology

1) x b 0.75 y b 20 No uranium-rich bedrock or
uranium-rich bedrock confined by a
silt/clay barrier

2) 0.75 ≤ x b 1.25 y ≥ 20 Uranium-rich bedrock not confined
by a silt/clay barrier

3) x ≥ 1.25 – –
All scenarios were compared to scenario 273, which represents
the theoretically lowest radon potential (non-dimensional values
0–0–0). The Kruskal–Wallis one way ANOVA were calculated for all
pairs individually. Scenarios statistically similar to scenario 273 (p-
value N 0.05) were regrouped to create grouping 1. The remaining sce-
narios were compared to grouping 1 and the statistically similar
scenarios were included to the grouping 1.

Kruskal–Wallis one way ANOVA by ranks were performed between
the scenarios not included in grouping 1 and the scenario having theo-
retically the highest radon potential; scenario 580 (non-dimensional
values 2–2–1). Again, all pairs were analyzed individually and statisti-
cally similar scenarios were regrouped to create grouping 2. The
remaining scenarios were compared to grouping 2 tomerge the scenar-
ios statistically similar to grouping 2.

Scenarios statistically similar to minimum and maximum radon po-
tential scenarioswere included in groupings at this point. Kruskal–Wallis
Non-dimensional values and powers of two attached to each group for the three
radiogeochemistry criteria. (N.D. means “No data” groups).

Radiogeochemistry
criteria

Groups Non-dimensional
values

Powers of
two

Gamma-ray
spectrometry

b0.75 ppm of eU 0 1
0.75 to 1.25 ppm of eU 1 2
≥1.25 ppm of eU 2 4
No data N.D. 8

Geochemistry b10 ppm of U 0 16
10 to 20 ppm of U 1 32
≥20 ppm of U 2 64
No data N.D. 128

Geology Non radon-prone units 0 256
Radon-prone units 1 512



Table 3
Non-dimensional values and powers of two (in parenthesis) associated to the 32 possible
scenarios. The last column shows the 32 unique powers of two summations. N.D. repre-
sents the “No data” groups.

Non-dimensional values
associated to gamma-ray
spectrometry

Non-dimensional
values associated to
geochemistry

Non-dimensional
values associated
to geology

Powers of
two
summations

0 (1) 0 (16) 0 (256) 273
0 (1) 1 (32) 0 (256) 289
0 (1) 2 (64) 0 (256) 321
0 (1) N.D. (128) 0 (256) 385
1 (2) 0 (16) 0 (256) 274
1 (2) 1 (32) 0 (256) 290
1 (2) 2 (64) 0 (256) 322
1 (2) N.D. (128) 0 (256) 386
2 (4) 0 (16) 0 (256) 276
2 (4) 1 (32) 0 (256) 292
2 (4) 2 (64) 0 (256) 324
2 (4) N.D. (128) 0 (256) 388
N.D. (8) 0 (16) 0 (256) 280
N.D. (8) 1 (32) 0 (256) 296
N.D. (8) 2 (64) 0 (256) 328
N.D. (8) N.D. (128) 0 (256) 392
0 (1) 0 (16) 1 (512) 529
0 (1) 1 (32) 1 (512) 545
0 (1) 2 (64) 1 (512) 577
0 (1) N.D. (128) 1 (512) 641
1 (2) 0 (16) 1 (512) 530
1 (2) 1 (32) 1 (512) 546
1 (2) 2 (64) 1 (512) 578
1 (2) N.D. (128) 1 (512) 642
2 (4) 0 (16) 1 (512) 532
2 (4) 1 (32) 1 (512) 548
2 (4) 2 (64) 1 (512) 580
2 (4) N.D. (128) 1 (512) 644
N.D. (8) 0 (16) 1 (512) 536
N.D. (8) 1 (32) 1 (512) 552
N.D. (8) 2 (64) 1 (512) 584
N.D. (8) N.D. (128) 1 (512) 648
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one way ANOVA was calculated on ungrouped scenarios to test if there
was one or more statistically significant intermediate groupings.

3. Results

3.1. Validation of the thresholds set for each discretized criterion

The thresholds for the airborne gamma-ray spectrometry (Table 4)
and the geology criteria (Table 5) were confirmed with the basement
radon concentration dataset that includes 2098 measurements in
Table 4 and 3082 measurements in Table 5.1

For the geochemistry criterion, an intermediate group was deter-
mined from the Kruskal–Wallis onewayANOVA results. The 1064 base-
ment radon measurement dataset covered by the interpolated
geochemical surveys and the Kruskal–Wallis one way ANOVA results
show that there is three statistically significant different groups
“0–10 ppm”, “10–20 ppm” and “≥20 ppm” (Table 6). The three groups
present an increase in the percentage of dwellings exceeding 200 Bq/m3

and three different radon potential levels are distinguishable.

3.2. Combination of the radon potentials based on the three criteria

Scenarios statistically similar to minimum and maximum radon
potential scenarios (273 and 580) were regrouped into groupings 1
and 2 based on the Kruskal–Wallis ANOVA results (Table 7).

Scenario 552 (N.D.–1–1) was included to grouping 2 because there
was only one basement radon measurement associated to this scenario
with a concentration of 429 Bq/m3, which is higher than themedians of
1 The geology criterion covers the entire territory including all the available
measurements.
all the scenarios in this paper. Future radon measurements will help
classifying this scenario in a less arbitrary way.

Also, after merging all the statistically similar scenarios to scenario
580 into the grouping 2, all the remaining scenarios at this point were
compared to the grouping 2. p-Values above 0.05 were calculated
from the Kruskal–Wallis one-way ANOVA between grouping 2 and sce-
narios 641 (0–N.D.–1) and 644 (2–N.D.–1). These scenarios were in-
cluded to grouping 2. Because they are not directly statistically similar
to scenario 580 (2–2–1), these scenarios (641 and 644) and scenario
552 (only 1 measurement of 429 Bq/m3) were removed from the
Kruskal–Wallis one-way ANOVA on all the scenarios included into the
grouping 2 (Table 7). An asterisk was added to these three scenarios
and this is why there is only 9 degrees of freedom for the calculation
of the p-value in the lowest part of Table 7.

At this step, there were twenty-two scenarios included into two
groupings, eight ungrouped scenarios and two scenarios excluded
from the regrouping analysis due to the lack of basement radon mea-
surements (scenarios 328 and 584). The eight remaining scenarios
were all compared with a Kruskal–Wallis one-way ANOVA to test if
they were all statistically similar. A p-value lower than 0.05 when com-
paring the eight ungrouped scenarios confirmed the presence of two or
more intermediate groupings. The remaining scenarios were compared
to the scenarios that have the lowest and highest median between the
remaining ones (scenario 385 for the lowest median and scenario 388
for the highest median). Kruskal–Wallis one-way ANOVA results deter-
mined two intermediate groupings presented in Table 8.

All the 30 scenarios included in the regrouping analysis were
grouped into one of the four groupings. A last Kruskal–Wallis one-way
ANOVA was performed on the four groupings to validate the statistical
homogeneity on the basement radon concentrations within each
grouping and the statistical heterogeneity on the basement radon con-
centrations between the four groupings (Table 9). A p-value lower
than 0.05 confirmed that the four groupings were statistically different.

An increase from grouping 1 to grouping 2 in themedians, 25th per-
centiles, 75th percentiles and percentages of dwellings that exceed the
three North American radon guidelines is shown in Table 9. The radon
potentials associated to these four groupings, thus, also increase. The
four groupings were renamed from the radon potential level that they
imply for a more convenient use in the last sections:

- Grouping 1 = Low radon potential;
- Grouping 3 = Medium radon potential;
- Grouping 4 = High radon potential;
- Grouping 2 = Very high radon potential.

The first class to present at least 20% of the dwellings exceeding
200 Bq/m3 is grouping 4. It is a threshold in some countries, like in
Norway, where such an area is considered as a high-risk zone (Strand
et al., 2005). This is why the terminology “High radon potential”was as-
sociated to grouping 4. Grouping 2, which presents 45% of the dwellings
exceeding 200 Bq/m3 (more than two times the thresholds) was
renamed “Very high radon potential”. The first two groupings (1 and
3) do not have null radon potentials (renamed low radon potential
and medium radon potential, respectively), but they are significantly
lower than the last two groupings (4 and 2).

3.3. Radon potential maps

A scenario number and a radon potentialwere attributed to each cell
based on the previous regrouping analysis results. Possible radon poten-
tial levels are low, medium, high and very high. A fifth level (unknown
radon potential) was added because of the scenarios 328 and 584 that
are not sampled by the actual basement radon concentration measure-
ment dataset. Fig. 2 shows the radon potential based on the combina-
tion of the three criteria for the province of Quebec. The size of each
cell in Fig. 2 is the same as the coarsest predictor used to determine its
radon potential ranging from 40 m × 40 m to 1 km × 1 km.



Table 5
Kruskal–Wallis one way ANOVA on the two confirmed groups of radon potential based on the geology criterion. The percentages of dwellings above the three thresholds are arithmetic
values.

Group n Median
(Bq/m3)

25th
percentile
(Bq/m3)

75th
percentile
(Bq/m3)

Geometric
mean
(Bq/m3)

Geometric standard
deviation
(Bq/m3)

% [Rn] ≥
150 Bq/m3

% [Rn] ≥
200 Bq/m3

% [Rn] ≥
800 Bq/m3

Potentially low radon emission
level based on geology

2470 68 33 141 70 2.7 23.2 14.7 0.7

Potentially high radon emission
level based on geology

612 100 37 219 92 3.1 36.4 27.5 1.6

χ2 = 31.449 with 1 degree of freedom (p-value between two groups ≤ 0.001; statistically significant difference).

Table 4
Kruskal–Wallis onewayANOVAon the three confirmedgroups of equivalent uraniumconcentration fromairborne surface gamma-raymeasurements. Thepercentages of dwellings above
the three thresholds are arithmetic values.

Group
(x in ppm of eU)

n Median
(Bq/m3)

25th
percentile
(Bq/m3)

75th
percentile
(Bq/m3)

Geometric
mean
(Bq/m3)

Geometric standard
deviation
(Bq/m3)

% [Rn] ≥
150 Bq/m3

% [Rn] ≥
200 Bq/m3

% [Rn] ≥
800 Bq/m3

0 b x b 0.75 742 57 30 122 63 2.6 18.9 12.4 0.3
0.75 ≤ x b 1.25 869 81 39 172 83 2.8 30.3 20.7 0.7
x ≥ 1.25 487 126 59 224 117 2.8 42.3 28.7 2.5

χ2 = 113.629 with 2 degrees of freedom (p-value between three groups ≤ 0.001; statistically significant difference).
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Fig. 3 shows a map of the radon potential based only on the direct
3082basement radonmeasurements. Thismapwas generated by calcu-
lating the percentage of dwellings above the Canadian radon action
level of 200 Bq/m3 for each municipality. Regional county municipality
(RCM) is the county-like political entity used to create the map. It is a
large political/administrative entity made of a cluster of approximately
10 to 40 municipalities. A minimum of 5 basement radon measure-
ments per RCM was required to calculate the radon potential based on
direct basement radon measurements, as suggested by Drolet et al.
(2013). The same radon potential was attributed to each municipality
that has at least one basement radon measurement within the RCM. In
some areas where the indoor radon sampling is dense (e.g. Montréal,
Québec, Gatineau and Mont-Laurier), the radon potential was calculat-
ed for each municipality and not for the entire RCM.

Comparing Figs. 2 and 3 provides the efficiency of the model at cor-
rectly predicting the radon potential. The areas confirmed to be radon-
prone from the basement radon measurements (Fig. 3) were compared
to the areas predicted to be radon-prone from the combination of the
three radiogeochemical data (Fig. 2). The comparison is made for deter-
miningwhether amunicipality/RCM is radon-prone or not from the base-
ment radon measurements (Fig. 3) and then checked against the map of
the predicted radon potential (Fig. 2) whether this area was predicted to
be radon-prone or not. Eq. (1) is used to calculate the efficiency:

Efficiency %ð Þ ¼
areapredictedtoberadonprone ornotð Þ

fromtheradiogeochemicaldata
areaconfirmedtoberadonprone ornotð Þ fromthe

basementradonmeasurements

� 100:

ð1Þ

Table 10 shows the efficiencies of the predictions from Eq. (1).
Table 6
Kruskal–Wallis one way ANOVA on the three groups of uranium concentration interpolated
arithmetic values.

Group
(x in ppm)

n Median
(Bq/m3)

25th
percentile
(Bq/m3)

75th
percentile
(Bq/m3)

Geomet
mean
(Bq/m3

0 b x b 10 702 66 26 143 67
10 ≤ x b 20 260 88 41 203 93
x ≥ 20 102 195 118 358 181

χ2 = 71.743 with 2 degrees of freedom (p-value between three groups ≤ 0.001; statistically s
This comparison showed that 85% of the area located in municipali-
ties where less than 20% of the dwellings exceed 200 Bq/m3 (green in
Fig. 3) has a low or medium predicted radon potential (green or yellow
in Fig. 2). For the municipalities with 20 to 40% of the dwellings above
200 Bq/m3 (orange in Fig. 3), 32% of the area has a high or very high pre-
dicted radon potential (orange or red in Fig. 2). This percentage grows
up to 41% (orange or red in Fig. 2) for the municipalities where more
than 40% of the dwellings exceed the action level (red in Fig. 3).

4. Discussion

According to the results presented in Tables 7 and 8, the eU concen-
trations from airborne gamma-ray surveys have the biggest impact in
the determination of the radon potential levels. All the scenarios that
have a non-dimensional value of 2 for the gamma-ray spectrometry
predictor (≥1.25 ppmof eU) are included in the very high radon poten-
tial grouping, except for scenario 388 who is in the high radon potential
grouping. This predictor is strongly correlated to basement radon con-
centration measurements. The main problem is that the airborne
gamma-ray surveys cover only 15–20% of the Quebec territory. This is
the reason why this study suggests using all the three available predic-
tors together to determine the radon potential. 98% of the studied zone
has a radon potential defined by the proposedmodel. Such an important
coverage is caused by the use of quantitative and qualitative data
together to determine the radon potential. The model may cover 100%
of the studied zone when the scenarios 328 and 584 will be sampled
with future basement radon measurements.

The efficiency of the model to predict high indoor radon concentra-
tions (more than 20% of the dwellings above 200 Bq/m3) is affected by
the method used to calculate it and the way the collected data are dis-
tributed. The ratio between the area predicted to be radon-prone by
the radiogeochemical data approach and the area confirmed by the
from geochemical surveys. The percentages of dwellings above the three thresholds are

ric

)

Geometric standard
deviation
(Bq/m3)

% [Rn] ≥
150 Bq/m3

% [Rn] ≥
200 Bq/m3

% [Rn] ≥
800 Bq/m3

2.9 23.2 16.4 0.7
2.9 33.1 25.8 2.7
3.1 61.8 48.0 7.8

ignificant difference).



Table 7
Kruskal–Wallis one-wayANOVA results on the basement radon concentrationswithin sce-
narios when comparing statistically similar scenarios to the theoretically lowest radon po-
tential scenario (273 for grouping 1) and to the theoretically highest radon potential
scenario (580 for grouping 2).

Grouping 1  

273 (0–0–0) 159 44 25 93 

280 (N.D.–0–0) 276 61 22 141 

289 (0–1–0) 90 52 29 108 

296 (N.D.–1–0) 2 61 15 106 

321 (0–2–0) 8 39 16 56 

392 (N.D.–N.D.–0) 444 50 26 93 

529 (0–0–1) 23 41 22 118 

545 (0–1–1) 4 43 15 154 

577 (0–2–1) 2 15 15 15 

χ2 = 11.853 with 8 degrees of freedom (p–value=0.158; scenarios are statistically similar)

Grouping 2  

Scenario number
(non–dimensional values)

n Median
(Bq/m3)

25th percentile
(Bq/m3)

75th percentile
(Bq/m3)

Scenario number
(non–dimensional values)

n Median
(Bq/m3)

25th percentile
(Bq/m3)

75th percentile
(Bq/m3)

276 (2–0–0) 15 141 44 501 

292 (2–1–0) 45 155 61 366 

322 (1–2–0) 15 197 67 390 

324 (2–2–0) 46 245 140 491 

530 (1–0–1) 49 155 74 285 

532 (2–0–1) 8 204 123 376 

546 (1–1–1) 7 233 155 418 

548 (2–1–1) 22 257 104 562 

*552 (N.D.–1–1) 1 429 429 429 

578 (1–2–1) 18 178 106 435 

580 (2–2–1) 13 188 156 301 

*641 (0–N.D.–1) 82 126 33 288 

*644 (2–N.D.–1) 17 111 54 226 

χ2 = 9.898 with 9 degrees of freedom (p–value=0.359; scenarios are statistically similar)

: Bases of comparison

Table 8
Kruskal–Wallis one-way ANOVA results on the basement radon concentrations within the
two intermediate groupings.

Grouping 3 

274 (1–0–0) 123 74 37 152 

385 (0–N.D.–0) 374 63 33 119 

386 (1–N.D.–0) 463 78 37 152 

648 (N.D.–N.D.–1) 212 74 30 148 

χ2 = 4.211 with 3 degrees of freedom(p–value=0.240; scenarios are statistically similar)

Grouping 4 

Scenario number
(non–dimensional values)

n Median
(Bq/m3)

25th percentile
(Bq/m3)

75th percentile
(Bq/m3)

Scenario number
(non–dimensional values)

n Median
(Bq/m3)

25th percentile
(Bq/m3)

75th percentile
(Bq/m3)

290 (1–1–0) 89 89 48 159 

388 (2–N.D.–0) 321 104 52 178 

536 (N.D.–0–1) 49 96 28 185 

642 (1–N.D.–1) 105 93 30 231 

χ2 = 1.195 with 3 degrees of freedom (p–value = 0.754; scenarios are statistically similar)

: Bases of comparison
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basement radonmeasurements neglects the variability of the predicted
radon potential into a municipality. This fact is amplified for large
suburb municipalities like Gaspé. In this large municipality (up to
1120 km2), most of the habited zones are on the coast. This region has
black shale and has a high predicted radon potential from the
radiogeochemical data model. The inland uninhabited zone has a low
predicted radon potential from the radiogeochemical data model be-
cause the underlying bedrocks mostly consist of sandstone, siltstone
and/or limestone (Globensky, 1993). According to the basement
radon measurements, more than 40% of the coastal dwellings exceed
200 Bq/m3 in thismunicipality (Fig. 3)which confirms the high predict-
ed radon potential based on the radiogeochemical data (Fig. 2). On the
other hand, the inland zone is considered a radon-prone area because
“more than 40% of the dwellings exceed the action level” is applied to
the entire municipality. The ratio between predicted radon-prone
zones and validated radon-prone zones is then lowered, and so is the
calculated efficiency of themodel. 36% of the area located in municipal-
ities where more than 20% of the dwellings exceed 200 Bq/m3 (radon-
prone municipalities) has a high or very high predicted radon potential
from the radiogeochemical data. Moreover, this percentage might be
higher by eliminating large uninhabited zones so the model is consid-
ered efficient to predict high indoor radon concentrations.

The municipalities with less than 20% of the dwellings exceeding
200 Bq/m3 are less affected by the contingence effect presented in this
section. With 85% of the area located in these municipalities having a
low ormediumpredicted radon potential, themodel is efficient to high-
light lower radon-risk zones.

This approach was used to validate the model because there were
only 3082 basement radon concentration measurements available for
this study. Another way to validate a model is by using a training set
of data to develop the model and a validating dataset to measure its
efficiency (Papadopoulou-Vrynioti et al., 2013). The power of the statis-
tical analysis based on Kruskal–Wallis one-way ANOVA would be
reduced by pulling out a validation dataset. Some scenarios would
include less basement radon measurements or would not be covered.

Nonetheless, the radon potentialmodel has some limitations. Basing
a system of classification on Kruskal–Wallis one-way ANOVA that in-
cludes groups with less than 10 basement radon concentration mea-
surements (like in Table 7) has a relatively high degree of uncertainty
due to the log-normal distribution and high degree of variability associ-
ated with indoor radon measurements. Future basement radon mea-
surements will increase the power of the statistical analysis. Also, the
internal validity of the three criteria used to predict the indoor radon
potential was presented by Drolet et al. (2013). Positive proportion re-
lationships (PPR) were demonstrated between the three criteria and
the basement radon concentration measurements. But uncertainties
on the three criteria were also presented which create variability in
the model. The external validity of the model (its capacity to be gener-
alized to other contexts (geology, house type, climate))was not demon-
strated. One should have to use the same methodology in another
province or country to do so. The thresholds set on the radon related
criteria may vary and not the same three criteria may be available for
a different study, but one would end up with a map having statistically
significant different levels of predicted radon potential by using the
methodology presented herein.

Since June 2007, the Canadian radon guideline was lowered from
800 to 200 Bq/m3. In 2009, a radon potential map was asked by the

Unlabelled image


Table 9
Kruskal–Wallis one-way ANOVA results on the basement radon concentrations within the four groupings. The percentages of dwellings above the three thresholds are arithmetic values.

Grouping n Median
(Bq/m3)

25th
percentile
(Bq/m3)

75th
percentile
(Bq/m3)

Geometric
mean
(Bq/m3)

Geometric standard
deviation
(Bq/m3)

% [Rn] ≥
150 Bq/m3

% [Rn] ≥
200 Bq/m3

% [Rn] ≥
800 Bq/m3

Grouping 1 1008 51 25 104 55 2.6 16.0 10.2 0.5
Grouping 3 1172 70 36 139 71 2.6 22.5 13.3 0.3
Grouping 4 564 96 45 185 90 2.6 32.1 21.5 0.0
Grouping 2 338 170 74 313 156 3.1 56.2 45.0 5.3

χ2 = 266.440 with 3 degrees of freedom (p-value between four groups ≤ 0.001; statistically significant difference).
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Quebec intersectorial radon committee as one of the main objectives of
its Action plan about radon. The methodology presented herein fur-
nishes a new tool that identifies radon-prone areas. More indoor
radon concentrationmeasurements are required to refine the definition
of such zones. This refinement of the model would help the concerned
sanitary authorities to determine their management strategies. Also,
the radon potential map suggests some zones where there are more
dwellings above the Canadian radon guideline. The sanitary authorities
may use the radon potential map to promote indoor radon measure-
ments and mitigation measures to their populations. Nonetheless, the
Quebec Ministry of Health and Social Services suggests to citizens that
the only safe way to know the level of radon exposure in a dwelling is
to measure it, regardless of its location in the radon potential map.

5. Conclusion

Combining the three radiogeochemical criteria relevant to indoor
radon concentrations into scenarios and then into total predictive
radon potentials is currently the most effective way to map radon-
prone areas due to the small number of available basement radon
Fig. 2. Quebec predicted radon potential based on the combination o
concentration measurements. The PPR (positive proportion relation-
ships) between basement radon concentration measurements and
three radiogeochemical criteria were validated. The methodology
combined the radiogeochemical information into scenarios andmerged
statistically similar scenarios from the Kruskal–Wallis one way ANOVA
results. The merged scenarios were converted into predicted radon
potential levels. It allows to develop a map of predicted radon potential
on almost the entire studied zone (98%) compared to the map of con-
firmed radon potential based on the basement radon measurements
which sampled approximately 15% of the studied zone. Future base-
ment radon measurements will refine the scenario classification and
the model may evolve. Zones where scenarios 328 and 584 occur
would likely be sampled by future basement radon measurements to
determine their radon potential because it is presently unknown. Also,
new gamma-ray surveys and/or uranium concentration measurements
in sediments maymodify the classification of some scenarios that has a
“No data” classification. Also, the radon surveys from the petroleum in-
dustrymay be used to confirm the emission level of the geological units.
The existing combined map of the radon potential is the best currently
available means for predicting low and high radon concentrations in
f the radon potentials from the available radiogeochemical data.



Fig. 3. Quebec radon potential based only on the 3082 basement radon measurements.

Table 10
Efficiency of the predicted radon potential based on the radiogeochemical data for the three classes of municipalities. Classification of the municipalities is based on the percentage of the
dwellings that exceed the action level of 200 Bq/m3 within their boundaries.

Classified municipalities based on the percentages
of the dwellings that exceed 200 Bq/m3

Total area
(km2)

Area predicted to be non-radon prone from
the radiogeochemical data (green or yellow in
Fig. 2) in the specified municipalities (km2)

Area predicted to be radon prone from the
radiogeochemical data (orange or red in
Fig. 2) in the specifiedmunicipalities (km2)

Efficiency (%)

Less than 20% of the dwellings exceed 200 Bq/m3

(confirmed to be non-radon prone from the
basement radon measurements; green in Fig. 3)

59,848 50,964 50964
59848 ¼ 85%

Between 20 and 40% of the dwellings exceed 200 Bq/m3

(confirmed to be radon prone from the basement radon
measurements; orange in Fig. 3)

15,363 4886 4886
15363 ¼ 32%

More than 40% of the dwellings exceed 200 Bq/m3

(confirmed to be radon prone from the basement radon
measurements; red in Fig. 3)

10,322 4257 4257
10322 ¼ 41%
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Quebec. Public health authorities may use it to promote indoor radon
measurements and mitigation actions in high risk zones to protect the
Quebec population against radon-related lung cancer.
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